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Abstract

Overweight and obesity are common health problems in modern society, particularly in
developed countries. Excessive body mass has been linked to numerous diseases, such as
cardiovascular diseases, diabetes, and cancer. Fat mass and obesity-associated protein (FTO)
activity have direct impact on food intake and results in obesity. Inhibition of FTO activity
may cause weight loss and reduce obese-linked health risks. We investigated the poten-
tial weight loss effects of traditional Chinese medicine (TCM), particularly by inhibiting
FTO functions. Molecular docking was performed to screen TCM compounds from TCM
Database @ Taiwan (http://tcm.cmu.edu.tw). Three candidates were identified that contained
either a tetrahydropyridine group or potent electronegative phenol group in the structure
scaffold. Molecular dynamics simulation analysis of the docking poses of each complex
indicated stabilizing trends in the protein-ligand complex movements. In addition, the num-
ber of hydrogen bonds increased throughout the 20 ns simulation. These results suggest that
these TCM candidates could be potential FTO inhibitors through competitive inhibition.

Key words: Obesity; Traditional Chinese Medicine (TCM); FTO; Docking; Molecular
Dynamics.

Introduction

The fat mass and obesity-associated protein (FTO), as the name suggests, has
been linked to human obesity (1, 2). In mice models, the regulation of blood
glucose metabolism in liver by FTO further implied relationships between FTO
and obesity (3, 4). Genome-wide association studies and mouse models further
determined FTO gene as one of the critical genes that could induce obesity (3-6).
FTO is also involved in obesity related diseases, such as cardiovascular diseases
(7, 8), hypertension (9), polycystic ovary syndrome (10), and type II diabetes (11).
Recent studies further suggest that FTO gene may be linked to Alzheimer’s dis-
ease (12), breast cancer (13), susceptibility to cognitive degradation (14, 15), and
infertility (16).

FTO is a member of the AlkB family of 2-oxoglutarate-dependent oxidative DNA/
RNA demethylases. This protein is associated with demethylation of 3-methylthy-
mine in single-stranded DNA (17) and is associated with food intake (18, 19) and
pre-adeposite differentiation (5, 20). Overexpression of F70 has been reported to
affect fat metabolism and cause obesity (21). Scientific evidence strongly supports
the relationship between FTO and obesity (22-24).

According to the 2011 World Health Organization’s (WHO) statistical report
based on statistics collected in 2008, over 1.5 billion adults over the age of 20 are
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considered overweight, in which 200 million men and nearly 300 million women
are obese (25). Moreover, nearly 43 million children under the age of five were
overweight in 2010 (25). Obesity has been reported to induce cardiovascular dis-
ease, diabetes, and cancer (4, 26). In 2008, over $147 billion US dollars were spent
in resolving obesity-related diseases (12). Considering FTO is closely associated
with obesity, regulation of FTO expression is consequently a potential target in
fighting this disease (27, 28).

This study aimed to identify potential FTO inhibitors or its precursors from tradi-
tional Chinese medicine (TCM). TCM is a common traditional medical practice
among East Asia. Compared to synthetic drugs, the medical contents of TCM
could be easily extracted and analyzed. In addition, existing TCM documents pro-
vide relevant information for the medical uses of a perspective drug. Current stud-
ies have further identified many potential TCM applications, such as anti-cancer
(29), anti-inflammation (30), and cardiotonic effects (30). However, few scientific
analysis of TCM treatment against obesity was reported. This study focused on
identifying TCM compounds that inhibit lipid uptake through FTO pathways. In
silico pharmacology methods have been adopted for high throughput compound
analysis in modern drug development (31-43) and was employed in this study. The
compatibility between FTO and over 20,000 TCM compounds from TCM Data-
base@Taiwan (http://tcm.cmu.edu.tw) (44) was assessed using structure-based
virtual screening algorithm. The identified potential compounds were subjected
to molecular dynamics (MD) simulation to determine their respective binding sta-
bilities within FTO.

Materials and Methods
Virtual Screening

Over 20,000 3D small TCM molecules were collected from TCM Database @
Taiwan (44). Duplicate compounds were discarded and the remaining compounds
were subjected to Lipinski’s Rule of Five (45) to identify drug-like candidates. The
resulting 7,500 TCM compounds were adjusted to physiological settings using the
Prepare Ligand module in Discovery Studio 2.5 (DS 2.5; Accelrys Inc., San Diego,
CA) and virtually screened against the FTO crystalized protein structure from RCSB
Protein Data Bank (PDB ID: 3LFM) (46). The docking site was defined by the
3-methylthymidine from the same FTO structure data. CHARMm force field (47)
was applied to the FTO prior to docking. Docking algorithm was performed using
DS 2.5 LigandFit module (48). Multiple dock scores of each docking pose were
calculated.

Molecular Dynamics Simulation

MD simulation was performed for the candidate docking poses using the Dynamic
Cascade protocol from DS 2.5. Each input complex was minimized by Steepest
Descent (500 steps) in fixed conformation, followed by 500 Conjugate Gradient
steps in flexible conformation. Each complex was then heated for 50 ps from 50K to
310K and equilibrated for 200 ps. The MD trajectory of each complex was monitored
for 20ns under fixed temperature (NVT canonical ensemble) with the Berendsen
thermal coupling method (49).

In the production procedure, the NVT canonical ensemble was performed with
0.4ps of temperature coupling decay time for the Berendsen thermal coupling
method for 20ns (50). The MD trajectory was analyzed using Analyze Trajec-
tory module in DS 2.5. The SHAKE algorithm was performed to fix the hydrogen
atoms.



Results and Discussion
Docking

Table I shows the ranking of nine TCM candidates and the control, 3-methylthymi-
dine, based on their Dock Scores. The top two compounds, (S)-tryptophan-betaxan-
thin, and 3-methoxytyramine-betaxanthin obtained significantly higher Dock Scores
than the other candidates, suggesting high initial binding affinities. Nevertheless, all
candidates demonstrated much higher Dock Score than 3-methylthymidine, which
scored 47.18. The piecewise linear potential (PLP) scores gave more detailed infor-
mation of hydrogen bond (H-bond) contributions to the binding (50). (S)-Tryptophan-
betaxanthin, 3-methoxytyramine-betaxanthin, gallic acid, and 3-methylthymidine
showed higher contributions of H-bond to the binding affinities. Additionally,
higher potential mean force (PMF) values (51) on these compounds further sup-
ported protein-ligand compatibility. As shown in Figure 1, the candidates were
docked into the cavity enclosed by beta sheets, where the surroundings were

Figure 1: 3D structure of FTO protein and its binding site. (A) Whole FTO protein where the ligand
binding site was surrounded by the residues in stick style. (B) Closeup view of the binding site with an
attached ligand (Lapatinib).

473

Suppression of Fat Mass
and Obesity-Associated
Protein




474

Chang et al.

predominately polar residues (Figure 1(B)). Based on the 2D structural informa-
tion (Figure 2), (S)-tryptophan-betaxanthin and 3-methoxytyramine-betaxanthin
shared structural similarities at the tetrahydropyridine-2,6-dicarboxylate region as
well as the ethylidene linker to a second ring structure. The other candidates, except
canavanine, are molecules centralized with a single phenyl structure, which were

structurally more related to 3-methylthymidine (Figure 2).
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Figure 2: 2D-scaffold structures of (A) 3-Methylthymidine (control), and top nine TCM candidates,
(B) (S)-Tryptophan-Betaxanthin, (C) 3-Methoxytyramine- Betaxanthin, (D) Gallic Acid, (E) 4-O-meth-
ylgallic Acid, (F) Syringic Acid, (G) Ethacrynic Acid, (H) Ferulic Acid, (I) Caffeic Acid, and

(J) Canavanine.
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The docking poses of the top three candidates and 3-methylthymidine were further
analyzed (Figure 3). Based on the docking pose of 3-methylthymidine, the H-bond
to Arg96 and the pi-pi interaction with His231 were suggested as critical interactions
for binding affinities (Figure 3(A)). H-bonds mediated by Arg96 were also observed
in the top three ligands. Comparatively, His231 showed slightly weaker pi-mediated
interactions in the docking poses. For (S)-tryptophan-betaxanthin, the nitrogen on
the linker region had weak pi-cation interaction with His231 at a distance of 6.7 A,
which was not captured by the 6.0A cutoff (52). Additional H-bonds between
FTO and (S)-tryptophan-betaxanthin were seen at Asp233, Arg322, and Tyr108,
which were associated with the carboxyl groups on the ligand. 3-methoxytyramine-
betaxanthin showed stronger pi-cation interaction with His231 at the initial docking
pose (Figure 3(C)). Similar to (S)-tryptophan-betaxanthin, 3-methoxytyramine-
betaxanthin formed a number of H-bonds with between ligand carboxyl groups and
residues Arg322, Asn205, and Arg316. Additionally, 3-methoxytyramine-betaxanthin
also formed H-bonds with Ala227 and Ser229. Gallic acid has distinct binding
poses due to structural differences from other ligands (Figure 3(D)). Intriguingly,
Arg96 played a more significant role pi-cation interactions. Residue Arg322 formed
an H-bond with the carboxyl group on gallic acid. All candidates demonstrated
higher numbers of intermolecular interactions than 3-methylthymidine, which sug-
gest their potencies in competitive inhibition of FTO. MD simulation was then
conducted to analyze the dynamic binding stabilities of each candidate.

(A)
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Figure 3: The docking poses of (A) 3-Methylthymidine, (B) (S)-Tryptophan-Betaxanthin, (C) 3-Methoxytyramine-Betaxanthin, and (D) Gallic acid within the
FTO binding site. The pi interactions and H-bonds formed with the main peptide chain are represented by orange line and green dash lines, respectively.
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Molecular Dynamics (MD) Simulation

A 20ns MD simulation was performed for 3-methylthymidine and the top three
candidates. Root mean square deviation (RMSD) was measured to assess the mag-
nitude of position displacement before and after simulation. The protein-ligand
complex RMSDs (Figure 4(A)) showed stabilizing trends after 6 ns and the RMSDs
were maintained at approximately 1.6 A for all ligands. Based on ligand RMSDs
(Figure 4(B)), the top three ligands stabilized after approximately 5 ns of simulation.
Intriguingly, 3-methylthymidine showed higher fluctuation rate than the candidates.
This could suggest that the three TCM candidates have higher binding stabilities
to FTO. Nevertheless, the RMSD fluctuation of the control is limited within 1.2 A,
suggesting moderate binding stability (Figure 4(B)). The total energy trajectories
for all ligands also indicate stabilizing trends (Figure 4(C)). Binding stabilities were
also suggested by total energy trajectories, in which (S)-tryptophan-betaxanthin has
the lowest energy state, followed by 3-methoxytyramine-betaxanthin and gallic
acid. 3-Methylthymidine has comparatively higher energy states than the candi-
dates, which correspond to the Dock Score rankings shown in Table I.

Considering the significant role an H-bond plays in molecular docking, we tracked
the H-bond occupancies for all complexes with a 2.5 A cutoff during MD (Table II).
3-Methylthymidine formed a total of Eight H-bonds, in which the H-bonds formed with
Arg322 and Cys308 were most stable with 49.90% and 44.20% occupancies, respec-
tively. These two H-bonds were stabilized at the end of the simulation. The H-bonds
with Arg96 showed more fluctuation, but the relative poses were maintained (Figure 5).
Although H-bonds formed at His231, Asp233, Glu234 and Thr320 with 3-methyl-
thymidine have low occupancies according to Table II, these H-bonds were mostly
formed (with cutoff of 3 A) near the end of the simulation (Figure 5).
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Figure 4: Trajectories of (A) Complex RMSD, (B) Ligand RMSD, and (C) Total energy over the
20ns MD simulation.



Over the 20ns simulation, (S)-tryptophan-betaxanthin formed four stable H-bonds
of over 95% occupancies at 2.5 A cutoff, which suggested that Arg322 (three bonds)
and Ala227 (one bond) were the predominant residues contributing to ligand sta-
bility (Table II). With 3.0A cutoffs, most of the weaker H-bonds were revealed
as participants for protein-ligand stabilization (Figure 6). Intriguingly, the H-bond

Table I
Docking results of top nine TCM compounds and the control 3-methylthymidine. Data was ranked by
Dock Scores.

Name PLP1 PLP2 PMF Dock Score
(S)-Tryptophan-Betaxanthin 96.31 96.24 158.99 276.12
3-Methoxytyramine-Betaxanthin 84.13 84.26 116.84 247.05
Gallic Acid 57.37 61.80 117.57 106.73
4-O-Methylgallic Acid 12.30 18.21 8.25 106.71
Syringic Acid 56.08 54.61 111.54 106.39
Ethacrynic Acid 25.07 32.66 42.17 106.27
Ferulic Acid 17.22 21.25 14.88 106.01
Caffeic Acid 14.97 19.41 13.32 105.59
Canavanine 49.99 49.91 101.37 104.80
3-Methylthymidine* 69.56 58.21 119.41 47.18

*Control.

mediated through Tyrl08 at initial docking was broken at the beginning of the
simulation, suggesting a possible alternation in binding poses. Nevertheless, the
broken H-bond was brought back to approximately 3 A after 0.5 ns of simulation.

Comparatively, high-occupancy (>95%) H-bonds in 3-methoxytyramine-betaxan-
thin were observed at Asn205, Ala227, His231, and Arg316 (Table II). As shown
in Figure 7, the H-bond between Arg316 and ligand atom O23 acted as a temporary

Table IT
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H-bond occupancies of the control and the top three candidates over the 20ns MD simulation.

Ligand H-bond  Ligand atom Amino acid Max. distance ~ Min. distance ~ Average distance ~ H-bond occupancy
3-Methylthymidine 1 H30 THR320 : OG1 4.20 2.48 34 0.10%
2 H34 CYS308:0 2.99 1.98 2.51 44.20%
3 014 ARG322 : HH22 3.09 1.78 2.48 49.90%
4 014 ARGY6 : HH21 3.77 2.09 2.82 18.80%
5 014 ARGY6 : HH22 3.62 2.07 2.76 22.60%
6 03 GLU234 : HN 3.78 2.39 2.95 1.80%
7 H34 HIS231 : NE2 3.95 2.49 3.18 0.10%
8 H30 ASP233 : OD2 5.01 1.87 3.26 9.60%
(S)-Tryptophan-Betaxanthin 1 H34 ALA227:0 3.08 1.8 22 94.00%
2 028 ARG322 : HE 2.67 1.77 2.11 99.20%
3 028 ARG322 : HH21 2.76 1.82 221 98.40%
4 029 ARG322 : HH21 2.48 1.66 1.94 99.90%
5 025 ASN205 : HD22 3.56 2.19 2.85 5.80%
6 022 VALY%4 : HN 3.63 2.44 3.02 0.30%
7 023 TYRI108 : HH 3.81 2.24 2.86 2.20%
8 025 ASN205 : HD21 4.49 2.34 3.31 0.30%
3-Methoxytyramine-Betaxanthin 1 H29 HIS231 : NE2 2.74 1.9 222 96.00%
2 H42 ALA227:0 2.79 1.74 2.16 97.20%
3 022 ARG316 : HH21 3.17 2.25 2.67 10.40%
4 023 ARG316 : HH21 3.95 1.71 2.83 19.90%
5 022 ARG316 : HH22 2.87 1.78 22 94.50%
6 022 ASN205 : HD22 2.54 1.73 2.02 99.70%
7 023 ASN205 : HD22 4.05 1.94 2.56 50.40%
8 019 VALY%4 : HN 3.95 2.46 3.16 0.10%
9 023 ARGY6 : HH21 5.16 2.18 3.41 1.70%
Gallic Acid 1 H16 TYR108 : OH 2.61 1.81 2.14 99.50%
2 H17 TYRI108 : OH 3.30 2.02 2.68 20.00%
3 08 TYRI108 : HH 3.33 2.29 2.85 1.20%
4 09 TYR108 : HH 2.46 1.58 1.92 99.90%
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Figure 5: H-bond distance trajectories of 3-methylthy-

midine in FTO protein during 20ns MD simulation.

Figure 6: H-bond distance trajectories of (S)-trypto-
phan-betaxanthin in FTO protein during 20ns MD simu-
lation.
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Figure 7: H-bond distance trajectories of 3-methoxytyramine-betaxanthin in FTO protein during
20ns MD simulation.

ligand binder which the binding distance lengthened over time during the simu-
lation. Intriguingly, O23 formed H-bonds with Arg96 and Asn205 after approxi-
mately 2ns (Figure 7). The distinct changes associated with O23-linked H-bond
distance trajectories suggested alteration in ligand pose. This change could also
account for the fluctuation in ligand RMSD at 2 ns simulation (Figure 4(B)).
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Figure 8: H-bond distance trajectories of gallic acid in FTO protein during 20ns MD simulation.
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Figure 9: MD simulation snapshots of 3-methyl-
thymidine (A, B), (S)-tryptophan-betaxanthin (C, D),
3-methoxytyramine-betaxanthin (E, F), and gallic
acid (G, H).

Gallic acid is comparatively smaller than (S)-tryptophan-betaxanthin and
3-methoxytyramine-betaxanthin. Only two H-bonds were observed for gallic acid
during the simulation (Table II). However, the two H-bond occupancies of over
99.00% between ligand and Tyr108 suggested the interactions had strong binding
affinities, despite high deviation in bond distances (Figure 8).

Based on the H-bond distance trajectories, we further compared non-stabilized dock-
ing pose with the stabilized pose for each TCM candidates. Figure 9(A) and 9(B)
show the docking pose of 3-methylthymidine before and after stabilization. Two
additional H-bonds with Asp233 and Glu234 were observed. 3-Methylthymidine

> ®y



was pulled closer toward His231 by pi-pi interaction and the additional H-bonds
(Figure 9(B), Video S1). For (S)-tryptophan-betaxanthin (Figure 9(C) and 9(D)),
the H-bonds with Arg322 were maintained throughout the simulation. More-
over, the two H-bonds with Asn205 shifted to a more stable state in which the
interaction lengths became similar (Video S2). These interactions were believed to
hinder the natural ligands, 3-methylthymidine or 3-methyluracil (53), from docking
onto FTO. With regard to 3-Methoxytyramine-betaxanthin, the tetrahydropyridine
ring rotated during the first two nanoseconds. This rotation brought one of its car-
boxylates closer to the binding residues. Subsequently, additional H-bonds with
Asn205 and Arg96 were formed (Figure 9(E), 9(F)). Although the conformation
change broke the pi-cation interaction with His231, the newly formed H-bonds
were able to maintain the ligand within the binding site, in particular with the key
residue Arg96 (Video S3). Comparatively, gallic acid was a less stable compound
which had high H-bond distance fluctuations. Nevertheless, its binding pose was
maintained by the pi-cation interaction with Arg96. The H-bonds with Tyr108 at
17 ns further restricted the ligand within a pre-defined region (Figure 9(G), 9(H),
Video S4).

Formation of H-bonds at Arg96 and Glu234 are critical to substrate specificity of
the FTO protein (46). The formation of either H-bond or pi-interaction with Arg96
was also observed for the TCM candidates (Figure 9). Though interactions with
Glu234 were not detected in the TCM candidates, other H-bonds formed with the
binding site contribute to stable ligand-protein complexes and the binding of other
ligands within the binding site is unlikely. By blocking Arg96, which is critical to
FTO activity, the TCM candidates show good potential as FTO inhibitors.

Based on the MD simulation, both (S)-tryptophan-betaxanthin and 3-methoxy-
tyramine-betaxanthin have sufficient H-bonds to maintain binding stabilities.
3-Methylthymidine also formed a number of H-bonds that stabilized the protein-
ligand binding poses. Gallic acid was maintained in the FTO docking site in a
more dynamic fashion. Nevertheless, all top three ligands are candidates that may
competitively inhibit FTO functions.

Conclusion

We analyzed both binding affinities and binding stabilities of potential FTO inhibi-
tors from TCM Database@Taiwan (44) using structure-based virtual screening and
MD simulation. All top three ligands obtained higher Dock Scores than the control.
During MD, both (S)-tryptophan-betaxanthin and 3-methoxytyramine-betaxanthin
formed a number of additional H-bonds that might strengthen the protein-ligand
binding affinities. Gallic acid did not form additional H-bonds, but existing H-bonds
and the pi-cation interaction held the ligand at a fixed position. Based on the in silico
analysis, all three candidates were suggested as potential competitive FTO inhibitors
that hinder the protein’s demethylation functions.

Supplementary Material

Supplementary materials consist of videos of the interaction between FTO and
the various potential candidates. Also shown are the snapshots of docking and
re-docking at the FTO binding site. They appear at the JBSD website where the
article appears.
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