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 Understanding the metabolism of cytotoxic compounds of quinone family is importance 
in cancer therapy because they have been successfully explored for their anti-tumor activity. 
Quinone which form radical semiquinone (by reductase enzymes) to generate Reactive Oxygen 
Species (ROS) is associated to be anticancer drug candidate. However, molecular mechanism 
of those compounds to reductase enzymes has not yet clearly understood. This study aimed to 
understand molecular interaction of quinones to oxidoreductase enzymes such as cytochrome 
P450 reductase or ubiquinone reductase (NQO1), or apoptosis inducing factor (AIF) which is 
recently reported as NADH: quinone reductase. In silico approach was applied to find the best 
affinity of each compound to enzymes. Optimize ligands were employed using Marvin sketch 
program. Molecular interaction using autodock vina software was built to measure important 
residues for quinone reduction. Docking analysis showed that generally quinones prefer bound 
to cytochrome P450 reductase rather than NQO1 or AIF. The number of ring seems affect to the 
affinity, but not for its functional groups. Residues analysis confirmed that reduction of quinone 
is NAD(P)H: dependent. The result revealed that all ligands have high possibility to compete 
with their redox couples which is needed in its capacity as an anti-cancer drug.
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 Drugs belonging to the quinone family 
have been successfully explored for their anti-tumor 
activity. Understanding the cellular metabolism of 
their cytotoxic compounds is importance in the field 
of oncology for finding new therapeutic strategy. 
Generally, cytotoxicity of quinones is related to its 

rapid redox cycling which associated with Reactive 
Oxygen Species (ROS) generation to provoke 
oxidative stress. Quinones undergo either one-
electron reduction to form radical semiquinones 
or two-electron reduction to form less toxic 
compound hydroquinones.1,2 Those formations may 
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Table 1. Validation parameters of docking program

Receptor-Ligand P450-NAP NQO1-DTC AIF-NADH

% similarity of contact residues  86% 100% 73%
RMSD 0.97 1.68 1.51

Fig. 1. Ligand position relative to its receptor. P450 reductase and NAP (experiment or refference) (A); NQO1 
and DTC (experiment or  refference) (B);  AIF and NADH (experiment or refference) (C). RMSD was employed 
base on the position of ligand on crystal structure (as reference) compare to docking result using autodock vina 

software

react with oxygen to produce superoxide radicals 
O2

.-. Those formations have a short lifetime in the 
cells and reactive.3 The ROS radical consequences 
on the occurrence a series of chain reactions of 
neutral species in the cells or transformation into 
other types of ROS such as hydrogen peroxide 
formation. ROS is highly damaging for cells such 
as vandalized an important macromolecules which 
consequences on the disruption of their normal 
functions in the cell. Excessive ROS production 
will be detrimental to cells by damaging lipid 
membranes, proteins, and DNA.3–5 Normal and 
cancer cells have different ROS limit level. The 
researchers reported that cancer cells have an 
endogenous ROS concentrations greater than 
normal cells.6,7 Increasing the amount of ROS in 
cancer cells does not necessarily affect to cell death, 
due to differences limit of oxidative stress in cancer 
cells. Therefore, it becomes important to study the 
strong stress agents to kill cancer cells. 
 The use of compounds that produce 
ROS as their main mechanism for cell death, 

are often selected as a drug clinically, although 
their mechanism to produce ROS has not 
clearly understood yet. Some quinones are used 
as chemotherapy, such as mitoxantrone and 
menadione. Their reduction ability is believed to 
be responsible in ROS production. Mitoxantrone 
is anticancer agents that used clinically for the 
breast cancer, leukemia, lymphoma, and a variety 
of other malignant tumors treatment.8,9 Menadione 
has two capacities considered in doing lethal action 
as an anticancer agent; involved in the redox cycle 
related to ROS production10,11 and menadione has 
arylation capacity to form conjugation product 
with thiols proteins in the cell caused a decline 
in the levels of antioxidants in the cells.11–14 Two 
capacities of menadione has been confirmed by in 
silico study that showed menadione can interact 
with NADH domain (correlated with menadione 
induced ROS production) or FAD domain of AIF 
(correlated with arylation capacity of menadione).15

 The difference of quinone types and its 
environment affect the oxygen radicals rate, which 
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Fig. 2. Three dimension (3D) structure of receptors and optimized ligands. The crystal structure of  receptors 
(NQO1, P450 reductase, and AIF) were retrieved from the PDB (http://www.rscb.org/pdb) by removing 

heteroatoms, ligands and water molecules bound to the receptor. Optimized ligand were obtained by optimizing 
structures with dreiding force field using marvin sketch software

consequences to cell damage.16 Cytotoxic level of 
quinones is also affected by enzymatic reducing 
systems.17,18 For instance, P450 reductase is an 
enzyme that play a major role in one-electron 
reduction of anticancer compounds. Other enzyme 
involved in one-electron reduction is ubiquinone 
oxidoreductase contained in the mitochondria 
(mitochondrial NADH-dependent ubiquinone 
oxidoreductase)18 or the AIF.19 While, two-electron 
reduction of quinones generally are catalyzed by 
NAD(P)H:quinone oxidoreductase 1 (NQO1, DT-
diaphorase). This enzyme catalyzes the formation 
of a neutral compound_hydroquinone, which 

is less reactive than radical semiquinone.20 The 
molecular mechanism of quinones to those enzyme 
s has not yet understood. The aim of this study is 
to understand molecular interaction of quinones 
to reductase enzymes  such as cytochrome P450 
reductase, ubiquinone reductase (NQO1), and 
apoptosis inducing factor (AIF) which is also 
reported as NADH: quinones reductase.19

MaTerial and MeThods

 The crystal structure of  NQO1, P450 
reductase, and Apoptosis Inducing Factor (AIF) 
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Table 2. Affinity energy of quinones to P450 reductase, NQO1, and AIF

Receptor/Ligand P450 reductase NQO1 AIF
 (kcal/mol) (kcal/mol) (kcal/mol)

1,4-benzoquinone -5.2 -4.3 -4.8
2-methyl-1,4-benzoquinone -5.1 -4.3 -4.8
1,4-naphthoquinone -7.1 -5.9 -6.5
2-methyl-1,4-naphthoquinone -6.7 -5.5 -6.9
Antraquinone -8.4 -6.4 -8.1
Mitoxantrone -7.8 -5.2 -7.8
NADH n.d -6.6 -9.3
NAP -8.8 n.d n.d
DTC n.d -7.2 n.d

Caption: n.d: not determined

with Protein Data Bank (PDB) code subsequently 
2F1O, 1AMO, and 3GD4 in complex with its 
ligands were retrieved from the PDB (http://www.
rscb.org/pdb)21,22 Three original ligands of each 
enzyme used in this study; Bishydroxy [2H-1-
benzopyran-2-one,1,2-benzopyrone] (C19H12O6, 
DTC), Nicotinamide Adenine Dinucleotide 
Phosphate (C21H28N7O17P3, NAP), and Nicotinamide 
Adenine Dinucleotide (NADH) (NADH).
General Procedure
Protein and ligand preparation
 The complexes, heteroatoms and water 
molecules bound to the receptor molecules were 
removed from each protein structure. Finally 
hydrogen atoms were merged to the target receptor 
molecules. Protein preparation have done using 
Autodock Vina software.23 The ligands were taken 
from each crystal structure of the enzymes. DTC 
is ligand of NQO1, NAP is a ligand of P450, and 
NADH is a ligand of AIF. Quinone compounds 
were used as ligands are 1,4-benzoquinone, 
2-methyl-1,4-benzoquinone, 1,4-naphthoquinone, 
2-methyl-1,4-naphthoquinone (menadione), 
antraquinone, 1,4-dihydroxy-5,8-bis[2-(2-
hydroxyethylamino)ethylamino]-anthracene-
9,10-dione (mitoxantrone). Ligand structures were 
sketched using marvin sketch software. Dreiding 
energy lowest was built to optimize all ligands 
using marvin sketch software. The optimized 
ligands were prepared for docking studies.
docking analysis
 The docking analysis of AIF with ligands 
was carried out by autodock vina docking software 
which is most commonly available software. Grid 

resolution was set to 1 Å, located to NADH binding 
domain. Docking analysis of AIF-menadione and 
dreiding energy lowest of menadione were taken 
from previous report that showed -6.3 kcal/mol and 
34.05 kcal/mol respectively.15

superposition analysis
 Superposition of 3D structure of receptors 
were studied in order to know the folding similarity 
of both protein, especially on transferase binding 
domain. This analysis was performed by FAT CAT 
rigid/flexible-structure alignment.24

resulTs and discussion

Validation of docking system
 This report begins by showing the 
validation result of docking program setting in 
order to confirm the feasibility of system used. 
Ligand-receptor interaction on crystal structure 
was used as reference, such as a number of 
contact residues, the type of contact residues, 
the number of hydrogen bonds, and Root Mean 
Standard Deviation (RMSD). This information 
was retrieved from PDB. All parameters were 
compared to docking experiment of each ligand-
receptor interaction. When the experiment has 
high similarity with the reference and the value 
of RMSD d” 2, the experimental system will 
be approved. The result showed that the setup 
of docking program used in this experiment is 
good enough in predicting the receptor-ligand 
interactions. (Table 1, Figure 1) 
 After validating the docking system, three 
reductase enzymes as receptor and quinones as 
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Fig. 3. Binding pocket of P450 reductase to each quinones

ligands were prepared in order to get the lowest 
energy for interaction. Three dimensional structure 
of P450 reductase (1AMO), NQO1 (2J1O) and AIF 
(3GD4) were prepared by removing their original 
ligand and water molecules from the complexes. 
(Figure 2) Quinone compounds were prepared as 
ligand by optimizing the structure using dreiding 
energy force field. (Figure 2) 
 The number of ring affect to quinone’s 

affinity to enzymes. Docking results between 
reductase enzymes and quinones are tabulated 
in Table 2. Docking analysis showed that 
anthraquinone have higher affinity of all enzymes 
compared to other quinones. Affinity energy of 
anthraquinone < naphtaquinone < benzoquinone. 
The number of benzene rings seems affect to the 
affinity, affinity will increase with increasing 
number of rings. These results seem to be in line 
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Table 3. Ligands properties and its contact residues on P450 reductase

Ligands Contact residues on  Water Solubility, pH 7.4 Polar Surface 
 P450 reductase  Area (PSA)

1,4-benzoquinone ser596,  val605, tyr604 High (higher than 0.06 mg/ml) 34.14
2-methyl-1,4-benzoquinone val605, tyr604 High (higher than 0.06 mg/ml) 34.14
1,4-naphthaquinone gly565, ser596, val605,  High (higher than 0.06 mg/ml) 34.14
 tyr604, met636
2-methyl-1,4-naphthaquinone val605, tyr604, ser596,  High (higher than 0.06 mg/ml)  34.14
 gly565, met636
anthraquinone  cys566, ser596, tyr604,  Low (higher than 0.01 mg/ml) 34.14
 gln606, met636
Mitoxantrone arg298, leu300, pro533,  High (higher than 0.06 mg/ml)  152.11
 gly534, tyr564, 
 cys566, asp572,ser596, 
 tyr604, val605, 
 met636, asn635

Caption: Contact residues of enzyme were performed as results of docking analysis. Ligand properties parameters (water solubility 
and polar surface area) were measured using marvin sketch software. 

Fig. 4. Folding alignment between AIF (3GD4) to P450 reductase (1AMO) or NQO1 (2F1O). AIF has 65% 
folding similarity to P450 reductase (A). AIF has 35% folding similarity to NQO1 (B)

with previous studies which revealed that AIF 
was able to perform the most efficient enzymatic 
activity against benzoquninone, followed by 

naphthoquinone and anthraquinone [19]. The 
lower the affinity of benzoquinone to AIF, with 
the same rate constant of the enzyme, it will make 
AIF perform more efficiently. 
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Fig. 5. Docking interaction analysis of of 2-methyl-1,4-benzoquinone to P450 reductase, NQO1, and AIF

 P450 reductase-ligand interaction analysis 
showed that naphthoquinones and anthraquinones 
were held by 2 or 3 contact residues more 
than benzoquinones. (Figure 3) Even, other 
anthraquinone, mitoxantrone, interacts with 12 
contact residues. The number of contact residues 
may effect to the bigger affinity of mitoxantrone to 
P450 reductase. While antraquinone, the number of 
benzene ring appears have a greater contribution 
(compared to Van der Waals interaction) to its 
affinity energy value. (Table 3)
 The presence of methyl group on each 
quinone, seems not affect to the affinity (Table 2, 
Figure 2). Other factors such as water solubility 
and Polar Surface area (PSA) do not appear to 
contribute to the affinity of ligand to P450. (Table 
3) Docking analysis of quinones to other reductase 
enzymes (NQO1 and AIF) indicate the similar 
result.  
 Binding energy analysis  showed 
that generally, quinones prefere to bind to 

cytochrome P450 reductase rather than to NQO1 
or AIF. In general, quinones prefer bound to P450 
reductase rather than to AIF or NQO1 (Table 2). 
It may be affected by reduction potential value 
of each quinones. Benzoquinone has reduction 
potential higher followed by naphthoquinone 
then antraquinone.19 Reduction process is often 
achieved stepwise via one-electron reduction. The 
intermediate product (semiquinone molecules) is a 
free radical. The reduction potentials of such one-
electron couples (quinone/semiquinone) are value 
in predicting the direction of many free-radical 
reactions. Meaning, quinone which has higher 
reduction potential’s value tends to interact with 
enzymes that facilitate one-electron reduction. 
It can explain why all ligands (benzoquinone or 
naphthaquinone or anthraquinone) have better 
affinity to P450 reductase then followed by AIF, 
rather than NQO1. This result confirmed the ability 
of AIF to catalyze one-electron reduction.19 Even, 
2-methyl-1,4-naphthoquinone showed different 
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phenomenon. Here, 2-methyl-1,4-naphthoquinone 
interacts to AIF better than interacts to P450 
reductase. Analysis of ligand-receptor interaction 
revealed also that there is a residue that consistent 
interact to each quinones. Tyr604 support quinone 
interaction using Van der Waals interaction. It 
appears that Tyr604 pose 90o to central ring on 
each quinone. Thus, Tyr604 residues may acts 
as recognizer residue the target compound of 
P450 reductase. (Table 3) Here also showed 
that the energy values of quinones-AIF close to 
quinones-P450 reductase (rather than to quinones-
NQO1). The structural alignment of three enzymes 
was applied to explain this situation. FAT CAT 
program revealed that the folding of AIF close to 
P450 reductase rather than NQO1. (Figure 4) 
 Residues analysis confirmed that reduction 
of quinone is NAD(P)H dependent. Several contact 
residues to the binding of NAD(P)H as redox couple 
of quinones, were used to do analysis NAD(P)
H-dependent on quinones-enzymes interaction. 
(Table 2) Here, 2-methyl-1,4-benzoquinone was 
used as a ligand model in order to understand the 
relationship between ligand to its redox couple 
on each reductase enzymes. Receptor-ligand 
interaction analysis showed that contact residues 
of target ligand are fit with contact residues of its 
couple redox. (Figure 5) This result revealed that 
the target ligand has high possibility to compete 
with redox couples, although it requires more 
support factor to overcome the obstacle threshold 
(ex. concentration), given the affinity energy of 
2-methyl-1,4-benzoquinone is under their redox 
partner. These results confirmed that AIF can act 
as NADH:quinone reductase.19

conclusion

 Exploration of compounds that has 
capacity to kill cancer cells is challenge. One 
is to find potential anti-cancer agent which is 
associated with its ability to stimulate oxidative 
stress through generate ROS production. Given 
that cancer cells have higher threshold of ROS than 
normal cells, finding the ROS agent is absolutely 
necessary. One type of compound that is widely 
explored for its anticancer abilities are quinone 
family. Quinone have reduction capacity to form 
radical semiquinone or the less-reactive compound, 
hydroquinone. These reductions is associated 

with reducing enzymes including P450 reductase, 
NQO1, and AIF. This report revealed that in 
general quinones prefer bound to cytochrome 
P450 reductase rather than NQO1 or AIF. Several 
factors indicated influence to this process; the 
amount of quinone ring and reduction potential 
value. Functional groups of the ligand and Polar 
Surface area (PSA) do not appear to contribute 
to the affinity. The lower affinity were found for 
quinones-NQO1 interaction compared to quinones-
AIF or Quinones-P450 reductase interaction. 
Residues analysis confirmed that reduction of 
quinone is NAD(P)H:dependent. Further analysis 
revealed that all quinones have high possibility 
to compete with their redox couples, although 
it requires more support factor to overcome the 
obstacle threshold. Finally, all describes that 
all quinones on this study have the potential as 
anticancer. 
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