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Introduction
Amentoflavone is one of the plant-derived biflavonoids 
currently being explored for potent pharmacological activities. 
It is considered as the dimeric form of monoflavonoid apigenin 
and has been identified in various medicinal plants with known 
bioactivities [1,2]. Biflavonoids are unique biologically active 
naturally-occurring compounds for which the attentions of 
researchers have been drawn over the years. They have been 
reported to possess higher potency and effectiveness compared 
to their corresponding monoflavonoid components in various 
experiments [3]. A biflavonoid can be linked by C-C or C-O-C 
bonds in homo or hetero subunits combination. Flavone-flavone, 
flavanone-flavone and flavanone-flavanone are the common 
subunits found in plant-derived biflavonoids [1,4]. However, 
the connecting linkages are present at diverse positions yielding 
more than a hundred biflavonoids which have been isolated 
and structurally characterized till date [1,5]. Recent reports 
have shown that synthetic biflavonoids are now produced for 
specific therapeutic uses [6]. Biflavonoids are generally known 
for a wide number of pharmacological potentials in different 

countries and they are found in limited number of plants with 
interesting medicinal and pharmacological properties. For 
instance, amentoflavone was firstly identified in the Selaginella 
species (Selaginella pachystachys, Selaginella tamariscina 
(Beauv.) Spring and Selaginella nipponica) in 1971 by Okigawa 
et al. [7] and to date, more than 120 locally available plants 
with folkloric medicinal applications have been named across 
the world to contain this biflavonoid [8]. Such important plants 
include Garcinia livingstonei, Ginkgo biloba, Selaginella 
tamariscina, Ginkgo subelliptica, Hypericum perforatum, 
Xerophyta plicata, Chamaecyparis obtusa, Ouratea multiflora, 
Juniperus phoenica, Semecarous anacardium, Selaginella 
sellowii, Ochna schweinfurthiana, Selaginella doederleinii, 
Ouratea stipulata and, Euphorbiaceae, Cupressuceae spp, 
Calophyllaceae, Podocarpaceae plant families [2,7].

As common to polyphenolic compounds, potent pharmacological 
activities have been documented for amentoflavone by numerous 
researchers. While Coulerie et al. [9] reported the anti-viral effect 
of amentoflavone, Ndongo and coworkers [10] described the 
cytotoxic effect of the biflavonoid on various cancer cell lines. 
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The apigenin dimer possesses anti-diabetic, hepatoprotective, 
antimalarial, antiinflammatory, antihyperlipidemic and anti-
oxidation activities [2,10-15]. Amentoflavone has also shown 
beneficial therapeutic potentials on central nervous systems 
(neuroprotection) and cardiovascular system [16]. The 
biflavonoid was reported for its potent in vitro antimicrobial 
(antibacterial and antifungal) effects against diverse pathogenic 
fungal strains [17]. Other researchers have also observed 
the antidepressant, radioprotective, anti-senescence, anti-
angiogenic as well as anti-ulcerative colitis properties of the 
naturally-occurring biflavonoid [18-23].

In frantic efforts to identify the target for the known bioactivities 
of amentoflavone, various in vitro and in vivo experiments have 
been carried out in recent time. Among the reported human 
proteins (enzymes and receptors) susceptible to amentoflavone 
antagonistic effect are phosphodiesterases (PDE3 and PDE5) 
which are found in adipose tissue and other tissues [8,24,25]. 
The biflavonoid also displayed inhibitory activity against nitric 
oxide synthase, fatty acid synthase, acetylcholinesterase and 
cytochrome proteins (CYP3A4 and CYP2C9) [13,26,27]. Using 
both in vitro and in silico experiments, Lee et al. [1] documented 
the allosteric inhibitory potential of amentoflavone against 
protein tyrosine phosphatase 1B (PTP1B). The biflavonoid 
inactivated NF-kß [28] and modulated benzodiazepine GABA 
(A) receptor at the allosteric site [29]. Hanrahan and coworkers 
[29] also reported the biflavonoid for its antagonistic mechanism 
on kopioid receptor. It can also inhibit the enzymatic function of 
vascular endothelial growth factors (VEGFs), human cathepsin 
B (1) and α-amylase [30-32].

Human 15-Lipoxygenase, tyrosinase and α-glucosidase are 
few of the recently identified targets of amentoflavone for the 
anti-inflammatory, anti-browning and anti-hyperglycemic 
activities respectively. However, the mechanism of interaction 
between the biflavonoid and these proteins has not been clearly 
unraveled. Previously, our research team has reported the 
interaction patterns of amentoflavone against α-amylase [33], 
as well as morelloflavone with few other Garcinia biflavonoids 
against 3-hydroxy-3-methylglutaryl-CoA (HMG-COA) 
reductase [34]. As part of these ongoing studies to wholly 
investigate the mechanisms responsible for beneficial health 
effects of naturally-occurring biflavonoids, computational 
approach was adopted herein to build plausible binding models 
of amentoflavone with human α-glucosidase, 15-lipoxygenase 
and tyrosinase to provide insights into their precise interaction 
signatures towards understanding its mode of inhibition and 
potency against these proteins.

Materials and Method
Selection and preparation of target proteins
The crystal structure of proteins used in the current research 
was obtained from the Brookhaven protein data bank (http://
www.rcsb.org/pdb). Human α-glucosidase (maltase) (PDB ID: 
3TOP), 15-lipoxygenase (PDB ID: 3V99) and tyrosinase (PDB 
ID: 2Y9X) were used as the starting coordinates. Each protein 
structure was visualized using the molecular graphics program 
PyMol intended for the structural visualization of proteins. 
The macromolecules were found in complex with ligand and 

crystallographic water molecules which were deleted prior 
molecular docking procedure. The active site of each protein 
was identified with reference to the co-crystallized ligand.

Preparation of reference ligands
Acarbose, linoleic acid mimetic and tropolone (the co-crystallized 
inhibitors) were used as the reference ligand for α-glucosidase, 
15-lipoxygenase and tyrosinase respectively. The structure of 
acarbose (CID 41774) and tropolone (CID 10789) were obtained 
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov). The 3D format (sdf) of pyrimido[4,5-b][1,4]benzothiazine 
derivative previously reported as 15-lipoxygenase was prepared 
using ChemAxon software (http://www.chemaxon.com).

Preparation and optimization of the biflavonoid structure
The chemical structure of the biflavonoid (amentoflavone) 
used in this docking study was retrieved from NCBI PubChem 
database (http://www.ncbi.nlm.nih.gov/pccompound) with CID: 
5281600 and prepared using ChemAxon software (https://www.
chemaxon.com). Identification and selection of the biflavonoid 
were based on information from the literature. The other ligands 
were used as control ligands, one control ligand for each protein. 
Marvin-Sketch v15.11.30 was used to sketch the 2D-coordinates 
of the ligands. The structures were then cleaned up in 2D and 
converted to 3D geometry using the Conformers suit of the 
software based on the Merck molecular force field (MMFF94). 
The MDL SDfile (.sdf) format of the ligands was finally docked 
into the active site of the targets using the AutoDock Vina.

Validation of molecular docking procedures
A key strategy towards validation of docking procedure is to 
accurately regenerate both the binding pose and molecular 
interaction of the co-crystallized ligand on the X-ray structure 
of the protein structure. In this study, the ligand found at the 
binding site of each experimentally determined protein crystals 
was deleted. Then, each ligand (.sdf format) was separately 
prepared using Marvin sketch as described above and re-docked 
into the active site. The binding poses and molecular interaction, 
majorly hydrogen bond in this case, were compared to that of 
the x-ray diffraction crystal structures.

Molecular docking and scoring
For ligand docking and target-ligand complex analysis, 
Autodock Vina suite on PYMOL [35,36] was used. First, based 
on the already present co-crystallized ligand in the pdb file, 
the inhibitor binding site was defined with grid parameters and 
coordinate of origin (x, y and z) set as shown in Tables 1 and 
2 to include all the amino acid residues at the active site. This 
gives enough space to enhance adequate ligand rotation and 
translation. The spacing between grid points was maintained 
at 0.375 angstroms. All optimized ligands were docked 

Protein name Receptor 
(PDB ID)

Centre X 
(Å)

Centre Y 
(Å)

Centre Z 
(Å)

α-Glucosidase 3TOP -30.62 35.65 26.44
Tyrosinase 2Y9X -10.02 -28.82 -43.6

15-Lipoxygenase 3V99 8.48 -79.18 -25.58

Table 1. Grid center coordinates (X, Y and Z) used for the docking 
runs.
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to the active site of the proteins. Throughout this in silico 
investigation, the rotatable bonds of the ligands were set to be 
free and a total of 10 docking runs were performed for each 
ligand with the number of modes set to 10 so as to achieve more 
accurate and reliable results. The best results obtained based on 
the binding configuration and binding affinity was chosen for 
further analysis.

Data analysis
Protein-ligand complex visualization, interaction depiction 
and snapshots were achieved using PYMOL. Validation of the 
molecular interaction was done using Ligplot and Proteinsplus 
(an online server), especially for hydrophobic bond and pie-
stacking interactions [37,38].

Results and Discussion
Herein, in silico experimental procedures were employed to 
prepare the binding models of amentoflavone with selected human 
therapeutic proteins including α-glucosidase, 15-lipoxygenase 
and tyrosinase to gain insights into the biflavonoid binding 
signature and molecular interaction as inhibitor of the proteins. 
The choice of the current study was informed by the dearth of 
information on the precise amentoflavone-targets interaction 
profile in the literature. The chemical structure of amentoflavone 
and its monomeric flavonoid (apigenin) are presented in Figure 
1. Amentoflavone belongs to the biflavonoid class of naturally-
occurring biflavonoids and has attracted attention of researchers 

over the last few decades due to theirits pharmacological 
activities. It comprises of two apigenin monomers connected 
by a covalent C3' - C8" linkage [2, 8]. It is known that the type 
of linkage present in biflavonoids is a key determining factor 
for them to gain particular molecular interaction pattern which 
can inhibit a protein as a target. The different positions of 
the hydroxyl and methoxyl moieties on the biflavonoids also 
influence their binding pose, fitness as well as interaction within 
a putative binding pocket of an enzyme and can eventually 
determine their inhibitory potential [1, 33]. In a related manner, 
apigenin is an important flavonoid with numerous reported 
bioactivities in in vitro, in vivo and in silico experiments [39]. 
The potency of amentoflavone has been proven higher compared 
to apigenin in various reports [40-42]. Amentoflavone has been 
reported for its antidiabetic, anti-hyperglycemic, anti-browning, 
antitumor and anti-inflammatory properties in vitro [32,43,44]. 
Vigorous computational analyses are often used in the current 
trend of searching for possible targets for these bioactivities as 
well as inhibitors from natural and synthetic sources as potential 
replacements for the present day drugs in the management of 
diseases associated with the targets functions. It is thus envisaged 
that an in silico study, as carried out here, is crucial in providing 
corroborating information and revealing the specific interactions 
which make such bioactivities possible as well as the precise 
pattern of such interactions. As shown in Table 3, the calculated 
physicochemical properties substantiate amentoflavone and 
apigenin as biologically active natural compounds.

Protein name Crystal resolution (Å) Spacing (Å) X point (Å)  Y point (Å) Z point (Å)
α-Glucosidase 2.881 0.375 120 120 120

Tyrosinase 2.78 0.375 100 100 100
15-Lipoxygenase 2.252 0.375 200 200 230

Table 2. Grid box spacing and parameters (X, Y and Z points) used in this study for the docking.

 
Figure 1. Chemical structure of apigenin and amentoflavone.

Table 3. Physicochemical properties of the amentoflavone and apigenin, its monoflavonoid.

Ligand Chemical 
formular Molecular weight No of HB acceptor No of HB donor No of rotatable bonds

Amentoflavone C30H18O10 538.464 10 6 3

Apigenin C15H10O5 270.24 5 3 1
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Interaction profile of amentoflavone with human 
α-glucosidase (maltase)
The protein α-glucosidase remains as one of the validated 
therapeutic targets in the management of diabetes mellitus 
especially in type 2 diabetes. Thus, the protein is a major 
molecular target for anti-diabetes drugs like acarbose, the 

control ligand in this study [45]. In order to have insights on 
the antidiabetic mode of action of amentoflavone, molecular 
docking study was performed against human α-glucosidase and 
the results obtained were analyzed. These are shown in Figure 
2. First, two crystal structures of the enzyme co-crystallized 
with different inhibitors (acarbose and miglitol) were retrieved 

 

 

 
Figure 2. α-Glucosidase (maltase) structure complexed with ligands 2a) Superimposition of crystal structures; PDB ID: 3L4W (cyan) and 3TOP 
(green) to verify the binding site. 2b) Binding configuration analysis of miglitol (red) on α-glucosidase (PDB ID: 3L4W) compared to acarbose 
(yellow; PDB ID: 3TOP). 2c) Surface representation of the protein showing the pocket on the active site with miglitol (red) and acarbose (yellow) 
occupying the binding site. 2d) Validation of docking protocols revealed comparable binding poses for the co-crystallized ligand (acarbose, 
yellow) and the docked acarbose (grey). 2e) Comparable binding configuration of amentoflavone (grey) versus acarbose (yellow) on human 
α-glucosidase. 2f) Amentoflavone bound to both the binding pocket and the solvent exposed region within the active site, establishing various 
molecular interactions with amino acid residues. Hydrogen bond (red dashed lines) forming residues are shown in grey. 
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and superimposed (Figure 2a) to identify their binding location 
on the protein. Miglitol and Acarbose belong to the group of 
inhibitors currently deployed to manage blood glucose levels 
in type 2 diabetes, which targets digestive α-glucosidases as 
well as α-amylases for inhibition [46]. Analysis of their binding 
profile showed that they bind at the active site, buried deep into 
the active site. Acarbose displayed a much more occupation 
of the active pocket and the solvent exposed region (Figure 
2c). The acarbose structure was therefore used to validate the 
reliability of the docking results. As revealed in Figure 2d, the 
in silico procedures regenerated a comparable binding pose for 
the reference ligand (acarbose) which suggests that the protocol 
used in this study could be relied upon to predict accurate 
binding mode of the compound evaluated. From the results, 
amentoflavone interacts directly with the maltase enzyme at the 
active site in a manner similar to acarbose Figure (2e) and can 
hence, prevent substrate access. The apigenin dimer can bind 
tightly with the active site of human maltase with favourable 
lesser ∆G value Figure (2f). This finding is in agreement with 
the reports of Aminudina et al. Compared to the control ligand 
(acarbose) with binding energy -8.8 kcal/mol, the binding energy 
(-11.4 kcal/mol) estimated for the biflavonoid against the enzyme 
(Table 4) indicates its very high affinity to the protein at the 
active site and thus, amentoflavone possesses potent inhibitory 
capacity against the biological functions of α-glucosidase. 
High affinity binding is probably due to its ability to fill up the 
binding pocket. Furthermore, the significantly higher affinity 
of the biflavonoid is also attributable to the increasing number 
of interaction of the subunits with amino acid residues in both 
the putative binding pocket and the solvent exposed area of the 
protein. Serendipitously, this result is consistent with 98.8% 
inhibitory activity and IC50 values of 6.4 µM and 8.09 µM 
reported for the biflavonoid in previous in vitro experiments 
[32,43]. Among the biological effects known for amentoflavone 
are hypoglycemic and antidiabetic effects. The current study 
has shown interaction with α-glucosidase as, at least a part, in 
the mechanisms for such bioactivities. Moreover, the results 
validate the biflavonoid as one of the antidiabetic ingredients 
in the medicinal plants containing it. Earlier, Kim et al. [47] 
has reported that amentoflavone has the potential to block 
the catalytic activity of yeast α-glucosidase. The molecular 
interaction analysis of the docking results herein indicated 
that amentoflavone forms 3 hydrogen bonds with residues 
Asp1420, Lys1460 and Arg1510 of the enzyme. In addition, 
the interaction results suggested π-π stacking between aromatic 
rings of the biflavonoid with that of the residue Phe1560 and 
Phe1559. Furthermore, the bulky structure of amentoflavone 
participated in hydrophobic interaction with Phe1559, Met1421 
and Phe1560. These interactions contribute to the enzyme-

amentoflavone complex stability and are essential for inhibition 
of the protein catalytic functions by the apigenin dimer. In 
comparison, acarbose established complex hydrogen bonds with 
the enzyme. However, it lacks π-π stacking and hydrophobic 
interactions. This observation might have contributed to its 
reduced potency (9.95 µM) as previously reported [48] which 
is consistent with the affinity predicted for the compound in this 
study.

Interaction profile of amentoflavone with tyrosinase
Inhibition of tyrosinase has evolved as a promising therapeutic 
concept in the treatment of human hyperpigmentary disorders 
including lentigo, freckles, senile lentigines, melasma, age 
spot and ephelide in human skin and, in agricultural uses (anti-
browning in farm products). In addition, excessive production 
of melanin precursors often leads to generation of highly 
reactive compounds such as quinones metabolites which have 
been implicated in the initiation of cell damage or death [49-
51]. Therefore, efforts have been put into the search for potent 
inhibitors of tyrosinase most importantly from natural products 
possibly due to their reduced toxicity compared to the synthetic 
agents. Amentoflavone, a plant-derived biflavonoid, was 
investigated as potential inhibitor of this enzyme here using 
computational approach. The docked result with the lowest 
binding energy and best binding pose was selected as presented 
in Figure 3. The crystal structure chosen as the starting coordinate 
of the protein (PDB ID: 2Y9X), as downloaded from protein 
databank, was found in complex with a co-crystallized inhibitor 
(tropolone). As seen in Figure 3a, the protein structure contains 
two cupper ions. Tyrosinase, the enzyme catalyzing the main 
and rate limiting steps in melanogenesis, has been described as 
a copper-containing metalloenzyme which is multifunctional 
exhibiting both monophenolase and diphenolase activity during 
mammalian melanin production [52,53]. Proper coordination of 
the copper ions is crucial for the enzymatic activity [54]. After 
docking, the observed binding free energy of amentoflavone was 
-9.4 kcal/mol. The result suggests a direct interaction between 
the biflavonoid and tyrosinase (Figures 3b and 3c), while the 
reduced affinity compared to α-glucosidase binding indicates 
that the compound moderately inhibited the activity of the 
enzyme (Table 4). However, amentoflavone displayed a better 
affinity relative to tropolone against tyrosinase (Table 5). The 
OH moieties on the aromatic rings of the biflavonoid formed 
2 hydrophilic interactions with amino acid residues Asn260 
and His85. Hydrophobic interaction was observed with Val283 
while cation-π interaction was found with residue His263. 
These residues as well as their specific interactions have been 
significant in the inhibition of tyrosinase by known inhibitors. 
The cation-π interaction of His263 is also present in interaction 

Ligand Protein (Target)
Estimated 

binding energy 
(kcal/mol)

No of 
hydrogen 

bond

Residues involved 
in hydrogen bond 

formation

Residues involved 
in hydrophobic 

interaction
Residues involved 

in π-cation stacking

Amentoflavone

α-Glucosidase -11.4 3 Asp1420, Lys1460, 
Arg1510 

Met1421, 
Phe1559, Phe1560 Phe1560, Phe1559

Tyrosinase -9.4 2 Asn260, His85 Val283 -

15-Lipoxygenase -10.8 3 Gln413, Gln363, 
Gln609

Asn180, Leu607, 
Phe177, Ala410 Phe177

Table 4. Estimated binding energy and interaction profile of amentoflavone with the proteins.
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Figure 3. Binding model of amentoflavone with tyrosinase 3a). 3D structure of tyrosinase showing tropolone (red), a known inhibitor at the active 
site and the copper ions (Cu-A and Cu-B). The copper ions are essential for catalytic functions of the enzyme. 3b) Amentoflavone (blue) occupying 
both the active-site pocket and the solvent exposed region on tyrosinase protein. All depictions are made using PYMOL displaying only residues 
that are essential at the active site. Hydrogen bond (red dashed lines) forming residues are shown in green 3c) Comparative binding pose between 
tropolone and amentoflavone on tyrosinase active site. 

Control ligand Protein Estimated binding 
energy No of hydrogen 

bond

Residues involved 
in hydrogen bond 

formation

Residues involved 
in hydrophobic 

interaction(Target) (kcal/mol)

Acarbose α-Glucosidase -8.8 6
His1580, Asp1279, 
Asp1526, Arg1510, 
Asp1157, Lys1460

-

Tropolone Tyrosinase -6.4 1 Cu-B

Phe264, Phe292, 
Gly281, His259, 
Val283, Ser282, 
His61, His263, 

Ala286 and Met280,

“Inhibitor 4d” 15-Lipoxygenase -7.5 1 Ala672 Ile406, Phe610, 
Phe555

Table 5. Estimated binding energy and interaction profile of the control ligands.

with tropolone [54-56]. Much more importantly, amentoflavone 
interfered via hydrogen bond formation with one of two cupper 
molecules. This forms a part of the mechanism for tyrosinase 

inhibition by the biflavonoid. However, this interaction with 
only one of the copper ions (Cu-B) instead of both ions suggests 
the moderate activity of amentoflavone against the protein. 
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This observation is also correlated by the reduced affinity of 
the compound (-9.4 kcal/mol). Potent inhibitors of tyrosinase 
possibly interact with the two copper ions. Within the enzyme 
active site, the copper molecule (Cu-B) is coordinated by 
four histidine residues. Specific synthetic or natural inhibitors 
interactions could displace the Cu2+-coordination or chelate the 
ions which are required for catalysis [49,57,58]. For instance, 
tropolone, which is reportedly one of the most effective inhibitors 
of tyrosinase was observed competing against substrates for 
binding to the copper ions at the active site of tyrosinase (Table 
5). The potency of tropolone has been associated with chelation 
of the cupper ions and thus making them unavailable for the 
enzyme use. In this study, hydrogen bonding with copper B 
(Cu-B), hydrophobic interaction with residues Ser282, Phe292, 
Met280, Phe264, His259, Val283, His263, Ala286, His61 and 
Gly281 as well as cation-π interaction with residue His263 
contribute to the tyrosinase-tropolone complex stability with 
IC50 4 µM [56]. The amino acid His65 is one of the residues 
responsible for the coordination of the Cu2+ ions via hydrophilic 
interaction. By establishing hydrogen bond with this amino acid 
residue, amentoflavone could distort the participation of His65 
in the coordination and hence, eventually lead to inhibition of 
the protein catalytic function. Tropolone is reportedly the most 
potent synthetic inhibitor of tyrosinase which can effectively 
chelate the important copper ions within the active site (Figure 

3a) [58,59]. A detailed observation of the amentoflavone-
tyrosinase complex revealed that the compound inserted the 
ring C of its second apigenin subunit into the binding pocket in 
a comparable manner to tropolone (Figure 3c). 

The other subunit conveniently covered the entrance to the 
active site to prevent substrate binding. Earlier, this biflavonoid 
has been reported as one of the inhibitors of tyrosinase 
from natural sources [44,59]. Inhibition of tyrosinase by 
amentoflavone may not be unconnected to the resorcinol 
component in the structure. It is widely known that this moiety 
is critical for enzyme inhibition. Not only that, a derivative of 
the biflavonoid (2,3-dihydro-4',4'"-di-O-methylamentoflavone) 
also showed anti-tyrosinase effect with IC50 98 µM in vitro [60]. 
It is envisaged that optimization of the amentoflavone scaffold 
might yield a useful agent in the treatment of melanin-related 
diseases.

Interaction profile of amentoflavone with human 
15-lipoxygenase
The structural analysis of the human 15-lipoxygenase showed 
that the protein has several binding cavities where ligands can 
interact (Figure 4a). Cavity 1 is the substrate binding pocket 
where competitive inhibitors also bind. Cavity 2 has been 
reported as an allosteric binding pocket for activators/effectors 

Figure 4. Structural analysis of human 15-lipoxygenase 4a) Available binding cavity for ligands. 4b) superimposition of human lipoxygenase 
crystal structures (PDB ID: 4NRE, yellow; 3V99, green and 1LOX, cyan) for identifying the binding site for substrate and inhibitors. 4c) Ligands 
at the active site. Arachidonic acid/substrate (green), substrate mimic (yellow) and an inhibitor, (2E)-3-(2-oct-1-yn-1-ylphenyl)acrylic acid (cyan). 
4d) Binding pose and interaction analysis of amentoflavone at the active site of human 15-lipoxygenase. The iron atom is represented as sphere 
(cyan). Hydrogen bond (red dashed lines) forming residues are shown in grey. 
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Figure 5. Showing the comparative affinity of amentoflavone versus 
reference ligand per target. 

binding. Interaction of a ligand at this site induces structural 
change in the protein structure [61]. The possible role of cavity 
3 has not been clearly defined till date. Identification of the 
binding pocket suitable for a ligand can determine the particular 
activity of an interacting ligand, either inhibition, activation or 
modulation. In the current study, the first step was to identify the 
binding location for amentoflavone on human 15-lipoxygenase. 
Blind docking was carried out using the coordinates shown in 
Table 1 and Table 2. By choosing a box size that completely 
covers the protein structure for molecular docking experiment, 
the ligand is allowed to search for its most suitable binding site 
on the protein. According to this study, amentoflavone relatively 
prefers the active site (Figure 4b) and binds in a similar manner 
to a co-crystallized competitive inhibitor, (2E)-3-(2-oct-1-yn-
1-ylphenyl) acrylic acid (Figure 4c). This indicates that the 
biflavonoid is an inhibitor of the protein displaying competitive 
inhibition type. The 15-lipoxygenase has been implicated 
in many human diseases since the enzyme participates in the 
metabolism of polyunsaturated fatty acids by catalyzing their 
oxidation to a variety of eicosanoids, which serve as secondary 
signal transducers with major impacts on human homeostasis 
[62]. The protein is involved in diseases including inflammatory 
responses, obesity, neurodegenerative disorders, cardiovascular 
disease, cancers and kidney diseases, and metabolic syndrome 
[63]. Therefore, inhibitors of this protein are sought as suitable 
agents for the necessary therapeutic applications including 
chemotherapy [64]. Amentoflavone has been identified in the 
leaves and whole plant of numerous medicinal plants and may 
account at least in part for their pharmacological properties 
including anticancer, antiobesity and antiinflammatory activities 
[2,8,64].

Docking study revealed that amentoflavone sufficiently gain some 
access through the hydrophobic channels of 15-lipoxygenase 
having binding energy of -10.8 kcal/mol (Table 4). The energy 
value suggests that the biflavonoid has very high affinity to the 
protein active site. Interestingly, this result is consistent with the 
potency (IC50 0.04 µM) with 85.3% inhibition earlier observed 
for the compound in wet experiment [43]. The biflavonoid is 
thus a strong competitive inhibitor of human 15-lipoxygenase 
and could be a desirable agent in the treatment of diseases 
associated with the protein functions. The inhibitory potential 
is higher than that of the reference ligand (pyrimido[4,5-b][1,4]
benzothiazine derivative) as given in Table 5 having binding 
energy -7.5 (kcal/mol) with IC50 18 µM [65]. By binding at 
substrate binding pocket, the biflavonoid can disrupt substrate 
access, binding and conversion and hence, enzymatic catalysis. 
Three glutamine residues, Gln413, Gln363 and Gln609, 
participated in forming hydrogen bond with the compound in 
the active site. An essential π-π stacking with residue Phe177 
and, hydrophobic interactions with Asn180, Leu607, Phe177 
and Ala410 were also observed (Figure 4d). Another important 
observation is the interference of amentoflavone with the Fe2+ 
ion at the active site. The nonheme iron has been reported to 
be well conserved in lipoxygenases which possibly suggests its 
significance in enzyme catalysis for the protein [62,66]. Some 
inhibitors of this protein are known to chelate the iron molecules 
within the putative substrate binding site while others can 
convert Fe (III) to Fe (II). These mechanisms of lipoxygenase 

inhibition have been robustly investigated in human neutrophils 
and in isolated lipoxygenase systems [67-69]. 

The inhibition associated with the formation of chelate-iron 
complexes in human lipoxygenase is known to be strong and 
can only be reversed by adding back iron to the experimental 
model. Since this discovery, the Fe (III)-containing active site 
of lipoxygenases has been targeted by synthesizing novel iron 
chelators [70-72]. By establishing a single hydrogen bond with 
the Fe2+ ion, perhaps the amentoflavone can chelate, initiate 
Fe3+ to Fe2+ reduction or at least interfere with the availability 
of the iron for protein use during enzymatic function [72]. 
In this study, it is clear that amentoflavone showed higher 
affinity and accordingly, higher potency against the selected 
targets compared to all the reference ligands employed (Figure 
5). Hence, the chemical structure of this biflavonoid may 
be a critical starting candidate for the development of potent 
pharmaceutical agents capable of improving human health. 
Furthermore, synthetic derivitization of amentoflavone might 
yield valuable novel optimized inhibitors for treatment of 
inflammation, diabetes, cancer and melanin-related diseases.

Conclusion
In conclusion, this study reports the interaction profile and 
inhibitory potential of amentoflavone on the biological functions 
of few of its molecular targets, including α-glucosidase, 
tyrosinase and 15-lipoxygenase. These proteins have been 
implicated in various human diseases. The acclaimed beneficial 
effects of amentoflavone in the treatment of some of the diseases 
necessitated exhaustive evaluation of its precise interaction 
pattern with the targets. The obtained results in the current 
research suggest that the biflavonoid could directly interact with 
the proteins at the active site via competitive inhibition type. 
The bulky structure of the biflavonid permits it to efficiently 
occupy the catalytic site and other regions (the solvent exposed 
areas) of the enzyme, blocking substrate access and binding. 
In addition, interference with essential metal ions at the active 
site of tyrosinase and lipoxygenase by amentoflavone either 
via chelation or coordinate-disruption could result in inhibition 
of the catalytic cycle of the enzymes. The apigenin dimer is 
a potent competitive inhibitor of human α-glucosidase and 
15-lipoxygenase, however a moderate inhibitor of tyrosinase 
protein. Its affinity and potency is relatively higher than that 
of the control ligands. The binding pattern generated for 
the biflavonoid against the enzymes in this study provides 
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explanation and insights into its potency (IC50) against the 
targets. Amentoflavone is validated as a useful candidate and 
its optimization might yield efficacious agents to be applied 
in human diseases where α-glucosidase, tyrosinase and 
15-lipoxygenase have been validated as therapeutic targets.
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