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Abstract: Understanding the role of AIF modulate menadione cytotoxicity may lead
Apoptosis Inducing Factor (AIF) contribution as potential target of cancer drugs. Previous
studies reported the impact of mitochondrial AIF to cytotoxicity of menadione (2-methyl-1,4-
naphtoquinone). Specifically, recent study revealed that AIF depletion reduced the level of
thiodione (arylation product of menadione and reduced gluthatione, GSH) and increased
endogenous GSH. However, how AIF modulate menadione-GSH arylation, has not been
elaborated yet. This study investigated the involvement of AIF to arylation capacity of
menadione using in silico approach. Molecular interaction between residues on AIF and
functional groups of menadione were investigated using AutoDockVina software. The result
confirmed that AIF is involved in the conjugation of menadione and GSH to form thiodione.
AIF also tends to stabilize thiodione formation rather than interact with menadione or GSH
directly. Moreover, AIF doesn’t show transferase catalytic site which reinforce the notion that
AIF stabilizes conjugate product-thiodione.
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Introduction

Apoptosis Inducing Factor (AIF) is mitochondrial protein that play a role in programmed cell death in
caspase-independent manner. Several studies reported that certain cancer drugs impact to AIF response. Those
drugs exhibit toxic effect in association with oxidative stress. One of them is menadione (2-methyl-1,4-
naphtoquinone; vitamine K3), a drug belonging to the quinone family at elevated concentrations is studied for
its anti-cancer potential. Clinically, menadione belong to the group of drugs from the class of quinones which in
high concentrations studied for potential anti-cancer. Pharmacologically, menadione importantly was used as a
chemotherapeutic agent in diseases such as leukemia and gastrointestinal cancer™%>.
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Two capacities of menadione are considered to be responsible for its lethal action; First, redox cycle
associated with ROS production. Second, arylation capacity to form conjugation product with cysteine
functional group of key proteins in the cell. Rapid redox cycling of menadione is associated with its ability to
do one-electron to form semiquinone radicals and two-electron reduction to form hydroguinone that less toxic
than semiquinone radical. In addition of its lethal formations, menadione can bind to thiols protein in the cell,
caused a decline in the levels of antioxidants in the cells*>°. One event detected in the experiment is the
fluorescent product between menadione and antioxidant GSH, which is known as the ‘thiodione'"®.

Several studies reported that menadione is associated to the response of mitochondrial Apoptosis
Inducing Factor (AIF)***°'* Moreover, biophysical studies revealed that menadione could easily enter the
mitochondrial membrane? and it does not cause disruption of mitochondrial membrane potential®, this
situation allow menadione to interact with mitochondrial proteins such as AlIF. This is in agreement with recent
study that revealed the link of menadione cytotoxicity and AIF without causing the lost of mitochondrial
membrane potential and kept the AIF inside the mitochondria during its action'*. The response of AIF to
menadione induction, suggests that the lethal action of AIF connects with both cytotoxic mechanisms of
menadione. Many reports revealed reductase activity of AIF 3'4!>1%% and subsequent studies linked this activity
to menadione cytotoxicity®'®. While, lethal action of AIF in the modulation of thiodione formation is rarely
studied. Recent study revealed that AIF modulate arylation capacity of menadione in cancer cell model™. The
study revealed that AIF depletion reduced the level of thiodione (arylation product of menadione and reduced
gluthatione) and increased endogenous reduced gluthatione™. However, how molecular interaction of AIF in
the presence of menadione has not been elaborated yet. Study the role of AIF in menadione cytotoxicity is
important for finding new target therapy targeting AIF. As well as its survival activity, the lethal action of AIF
could not be separated of its 3D structure. For instance, murine AIF has several domains; FAD (aa 122-262 and
aa 400-477) and NADH (aa 263-399) binding domain associated with oxidoreductase activity for cell survival
4 C-terminal domain (aa 478-610) which is considered as pro-apoptotic domain***®, and N-terminal domain
which is used to anchor in mitochondria*’.This research was designed to know the interaction mode between
AIF and some ligands, which is important in oncology field especially to the development of cancer resistance
and could contribute for finding a new cancer therapies targeting AlF.This study focus on the investigation of
molecular interaction between functional groups of compounds which is involved in menadionearylation and
residues of AIF using computational approaches.

Table 1. Receptors and ligands used in this study

Receptor | AIF with PDB code 3GD4 GST with PDB code 1B48

Ligand FAD NADH
Dreiding energy:221.44 kcal/mol Dreiding energy:211.94 kcal/mol
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NADPH GSH
Dreiding energy:230.05 kcal/mol Dreiding energy:68.2 kcal/mo
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Experimental
Protein and ligands preparation for computational study.

The crystal structure of Apoptosis Inducing Factor (AIF) and gluthatione-S-transferase (GST) with
PDB code subsequently 3GD4 and 1B48 in complex with its ligands were retrieved from the Protein Data Bank
(http://www.rsch.org/pdb)*®*°. The water molecules, complexes, and heteroatoms 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 AutoDockVina software.”® Ligands used in this study,
they are Flavin Adenine Dinucleotida (FAD), Nicotinamide Adenine Dinucleotide (NADH), Nicotinamide
Adenine Dinucleotide Phospate (NADPH), 2-methyl-1,4-naphthoguinone (menadione), reduced gluthatione
(GSH), and menadione-S-gluthatione (thiodione). Ligands were sketched using Marvin Sketch software.
Dreiding energy lowest was built to optimize all ligands using Marvin Sketch.

Superposition and active site analysis.

3D structure alignment of AIF and GST was employed in order to know the folding similarity of both
protein, especially on transferase binding domain. This analysis was performed by FATCAT structural
alignment®’. Alignment result become a standard to create grid boxes for investigating transferase domain on
AIF. This domain used as target domain of menadione binding. Then, interaction analysis was applied to find
contact residues of menadione on AIF. Then, transferase residues of GST used as standard for finding the
transferase catalytic site of menadione binding on AlF.

Docking studies using AutoDockVina.

The docking analysis of AIF with ligands was carried out by AutoDockVina docking software which is
most commonly available software. Grid resolution was set to 1 A, located to FAD or NADH binding domain.
Superposition of 3D structure of AIF and GST was studied in order to know the folding similarity of both
protein, especially on transferase binding domain. This analysis was performed by FATCAT structural
alignment.* Affinity energy indicated the easy binding of ligand and receptor.

Interaction receptor-ligand analysis.

Interaction between docked ligand and its receptor analyzed by AutoDockVina software Energy
analysis of AIF with ligands was carried out by AutoDock tools. Parameters that measured are a number of
close residues, hydrogen bond, and the distance between functional groups of ligand and close residues of
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receptor. Further analysis was applied to investigate the suitability of functional group and residues in order to
measure the type of other interaction.

Results and Discussion
Investigation transferase catalytic site of AIF.

Generally, arylation between quinone and antioxidant in the cells is associated with Gluthatione-S-
Transferase (GST). GST facilitates the conjugation of GSH to xenobiotic substrates to form gluthatione-S-
xenobiotic-conjugate for detoxification purpose. Base on this fact and previous result that showed the
contribution of AIF in menadione-GSH arylation, this part focus on the investigation of transferase catalytic site
of AIF (compared to GST). Structural alignment of AIF and GST (as a template), was applied using FATCAT
flexible program, which aligned AIF and GST database. The alignment result showed that transferase domain of
GST was aligned to N-terminal and FAD domain of AIF (excluding the NADH domain residues). When AlF
was aligned to GST, AIF has only 5.6% identity and 13.43% similarity transferase residues of GST (Figure 1).

Align 1B48.A.pdb 221 with 3GD4.A.pdb 445
Twists 5 ini-len 136 ini-rmsd 6.40 opt-equ 145 opt-rmsd 3.57 chain-rmsd 19.53 Score 127.31 align-len 268 gops 123 (45.90%)
P-value 5.78e-01 Afp-num 25873 Identity 5.60X Similarity 13.43%
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Note: positions are from POS: the nusbers between alignments are block index - Block6 1B48A| 3GD4A

Figure 1. Structure alignment of AIF and GST. Red arrow indicate transferase contact residues of GST.
Yellow box indicate identity residues of AIF and GST.
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Figure 3. The position of ligands relative to FAD on FAD binding domain of AIF

Further investigation address to transferase catalytic site of GST aligned to AIF. Figure 1 showed
transferase residues of GST are Glyl4, GIn54, Val55, Thr68, Phelll, and Argl3. Among of them, AIF has
only one identical residue; Arg190 which corresponds to Argl31 of GST. Moreover, further analysis showed
that Arg190 does not belong to recognize residues of menadione or GSH binding to AIF (Figure 3).

Binding Energy Analysis of menadione or GSH on FAD Domain of AlF.

After approving that AIF does not have transferase residues, further investigation was performed in
order to investigate other mechanism of AIF to modulate menadionearylation. As mention above that arylation
capacity of menadione involving thiol proteins, computational study was applied to determine the affinity of
arylation precursors; menadione or GSH to AIF. Given that in the modulation menadione cytotoxicity AlIF does
not use its nuclease activity (associated with C-terminal domain of AIF) and during that time AIF stay inside
mitochondria (associated with N-terminal domain)', computational approach focus on FAD and NADH
domain of AIF. The result showed that affinity energy of AlF-menadione on NADH domain -6.9 kcal/mol, it is
higher than AlF-menadione on FAD domain that showed -7.3 kcal/mol. The same phenomenon was shown by
AIF-GSH, -6.3 kcal/mol on NADH domain compare to -7.3 kcal/mol on FAD domain of AIF. Further
investigation on arylation product of menadione-GSH showed that AlF-thiodione -7.0 kcal/mol on NADH
domain compare to -7.7 kcal/mol on FAD domain of AIF. These results showed that arylation precursors or its
product has better affinity to FAD compare to NADH domain (Table 2). Meaning, the tendency of AlF to use
its NADH domain is lower than FAD domain, in presence of menadione or GSH.

Table 2. Affinity energy of ligands to NADH or FAD binding domain of AIF

Affinity energy on NADH | Affinity energy on FAD Ligand Stability to FAD
Ligands binding domain binding domain on FAD domain (%)
(kcal/mol) (kcal/mol)
Menadione -6.9 -7.3 48
GSH -6.3 -7.3 48
Thiodione -7.0 -1.7 51
FAD n.d -15.2 100
NADH -9.3 n.d n.d

Note :n.d (not determined)
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Table 3. Strenght binding of ligands to residues on FAD binding domain of AIF

Ligands/number of interaction on Number of hydrogen Number of Van der Waals
ligand binding bonds interactions

Menadione 1 5

GSH 3 4

Thiodione 2 11

Binding Energy Analysis of Thiodione to AIF

After confirming the lethal function of AIF on menadionearylation, further investigation was employed
to understand the mechanism of AIF to modulate menadionearylation. Menadione, GSH, and thiodione were
docked to AIF on FAD domain. The result showed that thiodione has better affinity to AIF compare to
menadione or GSH (Table 2). Energy affinity showed -7.3 kcal/mol on AlF-menadione (or AIF-GSH)
interaction, compared to -7.7 kcal/mol on AlF-thiodione interaction. The number of Van der Waals interaction
11 on AlF-thiodione compare to 5 on AlF-menadione or 4 on AIF-GSH (Table 3). Then, interaction analysis
of ligand-receptor showed that thiodione was recognized by 13 residues of AlF (compare to menadione with 7
residues or GSH with 10 residues of AIF) (Figure 2). These results indicated that AlF-thiodione binding more
stable compare to AlF-menadione or AIF-GSH.

Figure 2. Contact residues of ligands on FAD binding domain of AIF. AIF-FAD (A). AlF-thiodione (B).
AIF-GSH (C). AIF-Menadione (D).
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Further investigation was applied in order to understand interaction model of thiodione by AIF. Given
that AlF-thiodione interaction located on FAD domain, binding affinity of original ligand of AIF must be
investigated. Docking study was applied and the result showed that affinity energy of AIF-FAD -15.2 kcal/mol
compare to -7.7 kcal/mol of AlF-thiodione (Table 2). Interaction analysis showed that FAD was held by 20
contact residues of AIF compared to 13, 10, or 7 contact residues on thiodione, GSH, or menadione respectively
(Figure 2). Binding position of each ligands to AIF showed that more than half of thiodione structure is not in
frame of FAD position, even being outside the AIF (Figure 3). Meanwhile the structure of menadione and GSH
in frame of FAD position and were buried inside FAD domain of AIF (Figure 4).

thiodione thiodione thiodione

BN : 2
*' V. ' l’./ /"" A

”C’f@, #1320 — i
FAD ; ‘l | \'Q
o & L

menadione GSH

FAD menadione GSH

Figure 4. Molecular surface analysis of AIF. AIF was prepared as receptor that contain FAD. Ligands
were docked to AlIF on FAD binding domain. All docked ligands were positioned to FAD structure on
FAD binding domain of AIF.

Discussion

Structural alignment result of AIF and GST that revealed AIF has only 5.6% identity and 13.43%
similarity transferase residues of GST, suggests that AIF has a weak tendency to act as transferase. Further
investigation on transferase catalytic site also showed that AIF has only one identical residue (Arg190) from six
transferase residues of GST, even Argl190 does not belong to recognize residues of menadione or GSH binding
to AIF, it indicated that AIF does not have transferase catalytic site.

After approving that AIF does not have transferase residues, docking study showed that the tendency of
AIF to use its NADH domain is lower than FAD domain in presence of menadione or GSH. As
guinonereductase, AlF-menadione interaction supposed to be on NADH domain of AIF. This situation revealed
that AIF tends to modulate arylation capacity of menadione and GSH rather than acts as
NADH:quinonereductase. It confirmed that the lethal action of AIF is not related to its oxidoreductase
activity®®**  Further investigation on AlF-thiodione revealed that AIF tends to interact with thiodione
compare to menadione or GSH. These results in agreement with previous report that revealed the lethal action
of AIF induced thiodione formation in menadione-induced death of U20S cells™.

It’s been proved that FAD is crusial ligand for AIF to stabilize its structure'®*?. This fact supported by
in silico study that showed FAD has stability 200% higher compare to thiodione. It suggests that interruption of
ligands to replace FAD on FAD domain is almost impossible. Although the number of contact residues that
surrounds thiodione is 45% higher compare to menadione or GSH, more than half of thiodione structure is not
in frame of FAD position, even being outside the AIF. Meanwhile the structure of menadione and GSH is in
frame of FAD position and were buried inside FAD domain of AIF. These results also revealed that in condition
thiodione bound to AIF, FAD still attached to FAD domain of AIF. All results reinforce the notion that in
presence of FAD, AIF stabilizes thiodione formation rather than direct interaction to menadione or GSH. In
conclusion, AIF is involved in the modulation of menadionearylation, specifically AIF stabilizes conjugate
product-thiodione.
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Conclusions

Molecular interaction between residues on AIF and functional groups of menadione confirmed that AIF
was involved in the conjugation of menadione and GSH to form thiodione. Moreover, in condition that AlF
aligned to GST, AIF doesn’t have transferase catalytic site which also confirmed that NADH is not required in
the lethal action of AIF induced by menadione.™ Further investigation showed that AIF stabilizes thiodione
formation rather than interact directly with menadione or GSH, in the modulation menadione metabolism.
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