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 Abstract: Cancer is one the most common health issues worldwide, with 

cancer-related mortality of 9.5 million in 2018, with an expectation 
to become 29.5 by 2040. Among others, acute myeloid leukemia 
(AML) is common among older people. FLT3 mutations are one of 

the most common genetic aberrations found in Acute Myeloid 
Leukemia and are associated with poor prognosis. Herein, we 
attempt to identify natural compounds as potential candidates to 

treat AML by targeting the FLT3 kinase domain using in silico 
approaches. The COCONUT database, which contains 407,270 

natural compounds, was HTVS against the FLT3 kinase domain 
active site, and promising compounds were subject to molecular 
docking. Finally, frontier compounds were validated further using 

molecular dynamic simulation. In total, ten compounds were 
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identified with docking scores higher than Quizartinib (-11.606 

kcal/mol), with the best three compounds showing a docking score 
of -18.052, -15.772, and -16.767 kcal, respectively, and compound 

2 showing excellent stability in molecular dynamic simulation. 
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Introduction  

Acute Myeloid Leukemia (AML) is a hematological malignancy that is characterized by 

a rapid clonal expansion of abnormally differentiated myeloid progenitor cells.[1] AML is the 

second most common form of leukemia in adults and children, and it accounts for 31% of all 

adult leukemia cases.[2] The 5-year relative survival rate for people over 20 is 28%, and 69% 

for people younger than 20. [2] The American Cancer Society estimates that acute myeloid 

leukemia stats in the United States for 2023 will be 20,380 new cases and 11,310 deaths, and 

most of them will be adults. [2] The large majority of AML cases (about 97%) are due to 

genetic mutations, with the remaining cases due to inhibition of maturation of myeloid stem 

cells due to mutations, chromosomal translocations, or changes in molecular levels in patients 

with an underlying hematological disorder.[3] It is important to delineate these genetic 

abnormalities in order to risk stratify patients and determine appropriate treatment.[3] FMS 

(Feline McDonough Sarcoma)-Like Tyrosine Kinase 3 (FLT3) is a type III receptor tyrosine 

kinase that plays an important role in hematopoietic cell survival, proliferation, and 

differentiation.[4] Mutation of FLT3 is one of the most common genetic mutations, arising in 

25-30% of all acute myeloid leukemia (AML) patients.[5][6] FLT3 gene mutations could be 

classified into two types: Internal Tandem Duplications (ITD) and Tyrosine Kinase Domains 

(TKD); these mutations will activate FLT3 signaling and promote blast proliferation.[5] Patients 

with FLT3-ITD mutations have a higher risk of relapse, which increases its clinical 

significance.[5] In preclinical studies, FLT3 inhibitors were capable of competing with ATP to 

bind to the active pocket of the kinase domain, inhibiting autophosphorylation and 

phosphorylation of downstream targets.[1] The first-generation FLT3 inhibitors are multi-

kinase inhibitors that are not selective to FLT3, such as Midostaurin (Figure 1, 1) and Sunitinib 

(Figure 1, 2),[1] while second-generation FLT3 inhibitors, such as Quizartinib (Figure 1, 3) and 

Gilteritinib (Figure 1, 4) were developed to inhibit FLT3 mutation in patients with AML 

selectively.[1] Although patients initially respond very well to FLT3 inhibitors, the clinical 
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duration of response is often short-lived as patients relapse with more aggressive and drug-

resistant diseases.[1] 

 

Figure 1: FLT3 Inhibitors in clinical trials 

  

According to Yamaura et al.,  FF-10101 (Figure 2, 5) was confirmed to have excellent 

potent anti-leukemia activity in AML cells with numerous FLT3 mutations in vitro and patient-

derived xenograft (PDX) models. [7]  Regardless of the allelic ratio of FLT3-ITD to wild-type 

FLT3, FF-10101 was capable of reducing cell viability. [7]  

 

 

Figure 2: Chemical structure of compound FF-10101 

 
Moreover, Wang et al. reported on the development of resistance to FLT3 inhibitors 

and identified a triple-kinase inhibitor Pexidartinib (PLX3397) (Figure 3, 6) capable of 

addressing this resistance by effective strategies, such as avoiding steric hindrance with 

mutated residues in FLT3 receptors and introducing shorter (methyl amine) linker between the 

middle and tail pyridine rings that produce favorable interactions to enhance its efficacy. [8] 
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Figure 3: Chemical structure of Pexidartinib (PLX3397) 

 
Tong et al. mentioned the ability of proteolysis targeting chimeras (PROTACs) (Figure 

4, 7) to target degradation of tyrosine kinase receptors at low nanomolar concentrations that 

aims to develop a FLT3 PROTAC, which proved to be successful in inducing degradation of 

FLT3-ITD protein in MOLM-14 cells and MV4-11 cells. In comparison to quizartinib, this FLT3 

PROTAC exhibited greater selectivity and more than 3.5-fold increased potency in MV4-11 cells 

and MOLM-14 cells. [9] 

 
 

Figure 4: Chemical structure of PROTACs 

 

In the past decades, incredible efforts have been made to collect novel natural products 

from microbes, plants, and other living organisms, to estimate their anticancer properties, and 

to investigate their mechanism of action.[10] It is estimated that between 1981 and 2019, 

approximately 25% of all newly approved anticancer drugs were derived from natural 

products. such as, vincristine, etoposide and paclitaxel.[10]  

The purpose of this study is to find potential candidates for treating acute myeloid 

leukemia by targeting the FLT3 kinase domain using an available natural products database. 

High throughput virtual screening (HTVS) was performed on over 407,270 natural products 

from the COCONUT database, followed by docking and molecular dynamics. The hits 

underwent further pharmacokinetic studies using SwissADME to find the best ten candidate 

compounds as potential inhibitors. 
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Results and discussion  

Molecular Docking 

HTVS was conducted on the 71,230 compounds that met the criteria of filtration, 

followed by standard precision docking (SP) for the top 100 compounds into the active site of 

the FLT3 kinase domain; the top ten compounds that were obtained in the docking step are 

presented in Table 1.  

 
Table 1: Docking scores of frontier candidate compounds and their interactions 

 

Compound ID 
Docking score 

(kcal/mol) 
Residue/Interaction 

Distance 
(Å) 

1 -18.052 

Asp829/HB-Acceptor 2.040 

Asp829/HB-Acceptor 1.940 

Asn701/HB-Donor 2.230 

Asp698/HB-Acceptor 2.170 

Cys694/HB-Donor 2.100 

Cys694/HB-Acceptor 1.890 

2 -17.884 

Arg834/HB-Donor 2.260 

Asp829/HB-Acceptor 2.170 

Asp829/HB-Acceptor 2.040 

Leu616/HB-Acceptor 1.890 

Leu616/HB-Acceptor 1.770 

Cys694/HB-Donor 1.770 

Ser618/HB-Acceptor 2.260 

3 -16.767 

Arg834/HB-Donor 2.220 

Asp829/HB-Acceptor 2.290 

Leu616/HB-Acceptor 1.690 

Cys694/HB-Donor 1.840 

Cys694/HB-Acceptor 1.720 

Tyr696/HB-Acceptor 1.880 

4 -16.470 

Asp696/HB-Acceptor 2.160 

Asp696/HB-Acceptor 1.640 

Asp696/HB-Acceptor 1.630 

Asn701/HB-Donor 1.850 

Cys694/HB-Acceptor 1.680 

Cys694/HB-Donor 2.440 

5 -16.326 

Cyc694/HB-Acceptor 1.680 

Cyc694/HB-Donor 2.440 

Asp696/HB-Acceptor 1.540 

Asp696/HB-Acceptor 1.840 

Asp696/HB-Acceptor 1.610 

Asp696/HB-Donor 1.910 

Cys694/HB-Donor 2.060 

Asp829/HB-Acceptor 2.020 
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Asn701/HB-Donor 1.710 

6 -16.310 

Leu616/HB-Acceptor 1.860 

Asn701/HB-Donor 2.370 

Asn701/HB-Donor 2.210 

Asp698/HB-Acceptor 1.970 

Asp829/HB-Acceptor 2.350 

Cys694/HB-Donor 1.960 

7 -16.156 

Cys694/HB-Acceptor 1.630 

Cys694/HB-Donor 1.970 

Asp829HB-Acceptor 2.000 

Ser705/HB-Acceptor 1.690 

8 -16.055 

Cys694/HB-Donor 1.980 

Cys694/HB-Acceptor 2.020 

Asn626/HB-Donor 2.350 

Leu616/HB-Acceptor 2.050 

Ser705/HB-Acceptor 2.130 

9 -15.966 

Leu616/HB-Acceptor 1.980 

Leu616/HB-Acceptor 1.740 

Glu661/HB-Acceptor 2.000 

Cys694/HB-Acceptor 1.950 

Arg834/HB-Donor 2.310 

10 -15.772 

Cys694/HB-Donor 1.700 

Ser705/HB-Acceptor 1.660 

Asp698/HB-Acceptor 1.960 

Asp829/HB-Acceptor 1.630 

Asn701/HB-Donor 2.190 

Glu661/HB-Acceptor 1.890 

Cys644/HB-Donor 1.740 

Quizartinib -11.616 
Cys695/HB-Acceptor 2.080 

Glu661/HB-Acceptor 2.040 

 

The active site of the FLT3 kinase domain (PDB ID: 4XUF) has a cave shape and contains the 

following amino acids: His809, which is positively charged; Asp829 and Glu661, which are 

negatively charged. Ala612, Leu802, Leu668, Leu818, Leu616, Val624, Val675, Tyr696, 

Met664, Phe691, Met665, Ile827, Val675and Tyr693 are amino acids with hydrophobic side 

chins, and Cys694, Cys695, Cys828 form sulfhydryl bridges, as well as Gly697. The crystal 

structure of the FLT3 kinase domain is presented in Figure 3. 
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Figure 5: The crystal structure of the FLT3 kinase domain surface presentation (left) and ribbon 
presentation (right) 

 
 

As can be seen in Table 1, compound 1 was able to form up to six hydrogen bonds (H-bond 

with a distance less than 3.30 Å considered strong) [11]  with residues, Asp829 (2 HB), Asn701, 

Asp698, and Cys694 (2 HB) which results in a docking score of -18.052 kcal/mol, which 

indicated solid interactions with the active site of the protein. Following, compound 2 also 

showed an excellent docking score of -17.884 kcal/mol, and it was able to form seven H-Bonds 

with residues Arg834, Asp829 (2 HB), Leu616(2 HB), Cys694, and Ser618. It is worth 

mentioning that even though compound 2 was able to form more hydrogen bonds than 

compound 1, compound 1 was able to fit tight inside the cavity of the proteins and hence 

formed more favorable Van der Waal interactions, Figure 6. 
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Figure 6: Interactions of compounds 1 and 2 inside the active site of the FLT3 kinase domain 

 
 

Compound 3, with a docking score of -16.767 kcal/mol, and compound 4, with a docking 

score of -16.470 kcal/mol, were both able to form six H-bonds with protein residues.  

  

 

Figure 7: Interactions of compounds 3 and 4 inside the active site of the FLT3 kinase domain 

 

Compound 5 with docking score (-16.326 kcal/mol), formed up to six H-bond with residues 

Cys694 (1.680 Å—Acceptor), Asp698 (1.540 Å—Acceptor, 1.840 Å—Acceptor, and 1.610 Å—

Acceptor), Asp829 (2.020 Å), Asn701 (1.710 Å). Compound 6 with docking score (-16.310 

kcal/mol), formed six H-bond with residues Leu616 (1.860 Å), Asn701(2.370 Å—Donor and 

Donor 2.210 Å—Donor), Asp698 (1.970 Å), Asp829 (2.350 Å), Cys694 (1.960 Å). 
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Figure 8: Interactions of compounds 5 and 6 inside the active site of the FLT3 kinase domain 

 
 
Compound 7 with docking score (-16.156 kcal/mol) formed four H-bond with residues Cys694 

(1.630 Å—Acceptor and 1.970 Å—Donor), Asp829 (2.0 Å), Ser705 (1.690 Å). Compound 8 with 

docking score (-16.055 kcal/mol) formed five H-bond with residues Cys694 (1.980 Å—Donor 

and 2.020 Å—Acceptor), Asn626 (2.350 Å), Leu616 (2.050 Å), Ser705 (2.130 Å).  

 

  

 

Figure 9: Interactions of compounds 7 and 8 inside the active site of the FLT3 kinase domain 

 

 
Compound 9 with docking score (-15.966 kcal/mol) formed five H-bonds with residues Leu616 

(1.980 Å—Acceptor and 1.740 Å—Acceptor), Glu661 (2.0 Å), Cys694 (1.950 Å), Arg834 (2.310 

Å). Compound 10 with docking score (-15.772 kcal/mol) formed seven H-bond with residues 

Cyc694 (1.70 Å), Ser705 (1.660 Å), Asp698 (1.960 Å), Asp829 (1.630 Å), Asn701 (2.190 Å), 

Glu661 (1.890 Å), Lys644 (1.740 Å). 
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Figure 10: Interactions of compounds 9 and 10 inside the active site of the FLT3 kinase domain 

 
 
Quizartinib, the co-crystal inhibitor of 4XUF with a docking score of -11.616 kcal/mol, formed 

two H-Bonds with residues Cys695 (2.080 Å) and Glu661 (2.040 Å); it was also used to validate 

the docking process by comparing the obtained pose with the crystal pose, which resulted in 

RMSD of 0.698 Å. 

  

 

Figure 11: Interactions of the co-crystal inside the active site of the FLT3 kinase domain and overlay 

of the co-crystal pose (yellow) and docked pose (cyan) 

 

Physiochemical properties                    

All compounds showed a molecular weight higher than 500 Da except compound 5, 

which had a molecular weight of 432.38 Da. Compounds 2, 4, 5, 7, 8, and 9 have less than 

ten rotatable bonds, while compounds 1, 3, 6, and 10 have less than fourteen rotatable bonds, 

which indicate that they will have a lower toxicity and higher selectivity index. [12]  
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All compounds had over ten H-bond acceptors except for compound 5, which had ten H-bonds; 

notably, compound 1 had nineteen H-bond acceptors. Most compounds had H-bond donors 

within a range of eight to ten, while compounds 4 and 5 had 6 and 7 H-bond donors, 

respectively. 

The topological surface area (TPSA), which counts for the number of oxygen and nitrogen 

atoms within the compound, TPSA is related to the brain blood barrier (BBB); the preferable 

TPAS is 70 -140 Å2, compounds with TPSA lower than 70 Å2 will penetrate the BBB and will 

inter the CNS, which will lead to side effect issues, while compounds with TPSA higher than 

140 Å2 will have a short half-life time. All compounds have a topological polar surface area of 

more than 200(Å), with compound 8 having the highest TPSA of 333.38 Å2. cLogP is a measure 

of compound lipophilicity; according to the rule of five, compound lipophilicity should not 

exceed five, and a clogP higher than five will cause the compound to have solubility and 

permeability issues [13]. Most compounds showed a clogP lower than 1.35. Finally, compounds 

1, 2, 3, 6, 9, and 10 were moderately soluble, while compounds 4, 5, and 7 were soluble. 

 
Table 2: Physicochemical properties 
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1 

 

760.65 12 19 9 293.96 0.12 
Moderately 

soluble 

2 

 

600.48 7 15 9 257.04 0.26 
Moderately 

soluble 
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3 

 

740.66 10 17 9 275.5 0.54 
Moderately 

soluble 

4 

 

533.42 8 14 6 236.48 -0.56 Soluble 

5 

 

432.38 3 10 7 181.05 -0.12 Soluble 

6 

 

756.66 10 18 10 295.73 0.04 
Moderately 

soluble 

7 

 

600.48 6 15 10 268.04 -0.03 Soluble 

8 

 

854.68 5 18 12 333.39 4.16 
Poorly 

soluble 

9 

 

600.48 7 15 9 257.04 0.4 
Moderately 

soluble 
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10 

 

688.63 12 16 8 247.43 0.75 
Moderately 

soluble 

Quizar

tinib 

 

561.68 10 6 3 135.6 3.6 
Poorly 

soluble 

 

Molecular dynamics 

The docking procedure lacked the flexibility of the protein residue; hence, to validate 

the results obtained from the docking step, molecular dynamic (MD) simulations were 

implemented. MD mimics the cell environment, where the ligand-protein complex immerses in 

a box of water with Na and Cl as neutralizer ions, Figure 10. 

 

 

Figure 12: The ligand(cyan) – protein(yellow) complex surrounded by water (white box) and Cl atoms 

(green balls) 

 

Compounds 1, 2, and 3, along with the reference drug, were subject to 100 ns molecular 

dynamic simulations inside the active site of the FLT3 kinase domain.  

The root mean square deviation (RMSD) was used to monitor the conformational of the protein 

backbone in addition to the movement of the ligand inside the active site, considering the first 

frame of the simulation as a reference.  
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Protein RMSD 

The conformation of the protein backbone during the MD simulation is critical; a protein 

that fluctuates higher than 3.00-4.00 Å considered unstable, and denaturation is taking place. 

[12] 

The RMSD of the ligand-protein complexes is monitored during the simulation as a function of 

time, with respect to C𝛼 initial position. [12] The obtained RMSD is plotted in Figure 11. As 

can be seen in Figure 11, most protein complexes were stable with RMSD of less than 2.5 Å, 

which indicates that these compounds do not affect the protein conformation during the 

simulation. 

  

 

 

Figure 13: The RMSD of the C𝛼 atoms of the protein backbone of compounds 1, 2, 3, and quizartinib 

– protein complexes. 

 

The ligands RMSD were also monitored during the simulation with respect to their initial 

position inside the active site of the protein and reported as a function of time, Figure 12.  
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Figure 14: The RMSD of the heavy atoms of the compounds 1, 2, 3, and quizartinib – protein 
complexes. 

 

As can be seen in Figure 12, compound 1 starts to fluctuate from the beginning till the end of 

the simulation and reaches an RMSD of 9.00 at around 80 ns of the simulation time; this 

fluctuation is coming from the movement of the ligand outside the active site of the protein as 

it can be seen in Figure 13. 

 

 

 

Figure 15: Snapshoots of compound 1 at 0ns (orang) and 100ns(green) of simulation time inside the 

active site of the protein 
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On the other hand, compound 2 was so stable inside the active site of the protein that it 

moved by 2.00 Å at the beginning of the simulation and held the position till the end of the 

simulation. 

 

 

Figure 16: Snapshots of compound 2 at 0ns (orang) and 100ns(green) of simulation time inside the 

active site of the protein. 

 

Compound 3 showed a fluctuation at around 4.00 Å from the start to the end of the simulation 

time. This fluctuation is due to the size of compound 3, which makes it able to form and lose 

H-bonds with surrounding residues, Figure 15. 

 

 

Figure 17: Snapshoots of compound 3 at 0ns (orang) and 100ns(green) of simulation time inside the 
active site of the protein 
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Finally, quizartinib showed good stability inside the active site of the protein, with an RMSD of 

less than 2.00 Å from the start till the end of the simulation, Figure 16.  

 

 

 

Figure 18: Snapshots of the quizartinib at 0ns (orang) and 100ns(green) of simulation time inside the 

active site of the protein 

 

 Protein-Ligand Contacts 

Next, a close look at the interaction between the three compounds and the protein 

residues was conducted, Figure 17. The result is reported as a percentage, where 100% 

represents interaction throughout the whole time, and a higher percentage than 100% 

indicates more than one interaction with the same residue. Compound 1 showed a solid H-

bond interaction with residing Cys694, Asp829, Asp835, and Lys644 in addition to the water 

bridge H-bond toward Asp698. Compound 1 interacts via Van der Waal's (VdW) interaction 

with Ala626, Leu818, and Phe830. Compound 2 also was able to get a strong H-bond 

interaction with residue Asp698, Asp839, Cys694, and Asp829. Finally, compound 3 had a 

strong H-bond toward Cys694 only, with multiple VdW interactions and water bridge H-bonds. 
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1 

 

2 

 

3 

 

 

Figure 19: Protein-ligand contacts of compounds 1, 2, and 3 toward the active site residues of the 

FLT3 kinase domain 
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Material and methods  

All studies were conducted using Schrödinger software.  

 Molecular Docking 

The docking studies were conducted using the Maestro package of Schrödinger LLC, 

which is a powerful software platform for molecular modeling, simulations, and drug discovery; 

it provides tools for molecular design, virtual screening, visualization, and analysis [14]. First, 

the Collection of Open Natural Products (COCONUT) database, which contains 407,270 natural 

products, provides a wealth of information about natural products, including their chemical 

structures, biological activities, and sources, was downloaded from 

https://coconut.naturalproducts.net. The database was filtered, and compounds with 

molecular weight higher than 1000 g/mol were eliminated, along with compounds with a cLogP 

higher than 10, Which resulted in a database of 192,560; the obtained database was washed 

(removing ions), protonated (adding hydrogens), and minimized (optimizing the bond length, 

angle, and dihedral), which made it ready to be docked. Next, the crystal structure of the FLT3 

kinase domain was retrieved from the protein data bank (PDB ID: 4XUF, 3.20 Å) in complex 

with quizartinib as a co-crystal ligand. Finally, the protein was prepared (washed, protonated, 

and minimized) using the Quickprep panel and OPLS4 as a force field. Default settings were 

used for the docking procedure.[15] 

 

 Molecular dynamics 

The MD simulations were carried out using the Desmond simulation package of 

Schrödinger LLC, according to our previous publications' protocols. The NPT ensemble with a 

temperature of 300 K and a pressure of 1 bar was applied in all runs. The simulation length 

was 200 ns with a relaxation time of 1 ps. The OPLS3 force field parameters were used in all 

simulations. [16-22] 

 

Physicochemical properties 

SwissADME was used to conduct additional pharmacokinetic studies, which offer 

comprehensive analysis related to drug properties and Absorption, Distribution, Metabolism, 

and Excretion parameters such as bioavailability, drug-likeness, and potential toxicity, in 

addition to giving indications about the suitability of a compound for further development. [23]  

 

 Conclusions  

In this study, we screened the COCONUT database of African Natural Products to 

identify potential inhibitors against the FLT3 kinase domain (PDB ID: 4XUF) to treat acute 

https://coconut.naturalproducts.net/
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myeloid leukemia. Out of the compounds screened, ten showed better docking scores 

compared to the reference drug Quizartinib (Docking Score -11.616kcal/mol). Compound 1 

had a docking score of (-18.052 kcal/mol), while compound 2 had a docking score of (-17.884 

kcal/mol). Both compounds formed H-bonds with the receptor residues and had desirable 

physicochemical properties, including moderate solubility and molecular weight of more than 

500 Da.   

Furthermore, these candidate compounds exhibited lower toxicity and more excellent 

selectivity to FLT3 receptors as they had an average number of rotatable bonds. Most of the 

compounds showed limited GI absorption, with no BBB penetration nor Cytochrome P450 

isoenzyme interactions. Molecular dynamic simulations indicated that compound 2 remained 

stable within the active site throughout the simulation when compared with other compounds, 

suggesting its potential for further in vitro testing. 
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