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SUMMARY

Fungal infections currently remain as a common problem in public health. Actu-
ally, drug discovery programs are oriented to the searching for lead structures.
Virtual screening and molecular docking constitute great alternatives in order to
find hit compounds. Novel infection targets can also be defined and employed toge-
ther with molecular docking tools in drug discovery programs. Thus, thirty-two
natural compounds were docked within the active site of N-myristoyl transferase
(NMT) as antifungal enzyme target. From tested compounds, alkaloids, flavonoids,
xanthones, and quinones exhibited strongest mean interaction with NMT than
terpenoids, coumarins and phenolics. Particularly, affinities for one aporphine alka-
loid, a prenylated flavonoid and two xanthones resulted to be comparable with that
of previously reported synthetic inhibitor. Several hydrophobic and polar contacts
were demonstrated by comparing different computational tools. The present results
let to establish three possible lead structures to develop antifungal drugs although

subsequent SAR analyses are still required.
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RESUMEN

Acoplamiento molecular de compuestos de origen natural como
inhibidores de la N-miristoil transferasa en el descubrimiento de
nuevos agentes antiﬁ’mgicos

Las infecciones causadas por hongos contintian siendo un problema de salud publica
en la actualidad. De hecho, existen diversos programas para el descubrimiento
de férmacos enfocados en la busqueda de estructuras plantilla. EI mapeo virtual
junto con docking molecular constituye una alternativa importante para encontrar
potenciales estructuras promisorias. Mediante herramientas de docking molecular
se pueden definir nuevos blancos terapéuticos para combatir diversas infecciones.
Por tanto, se llevd a cabo el estudio del acoplamiento molecular a treinta y dos
compuestos de origen natural, empleando la N-miristoil transferasa (NMT) como
blanco enzimatico antifingico. De los compuestos ensayados, alcaloides, flavo-
noides, xantonas y quinonas mostraron interaccion media mas fuerte con la NMT
que los terpenos, cumarinas y fenélicos. Particularmente, la afinidad encontrada para
un alcaloide aporfinico, un flavonoide prenilado y dos xantonas resulté comparable
con la encontrada para un inhibidor sintético reportado. En el presente trabajo se
demostraron varias interacciones tanto hidrofébicas como hidrofilicas mediante
diversas herramientas computacionales. Los resultados encontrados permiten esta-
blecer tres posibles estructuras promisorias para el desarrollo de firmacos antifun-

gicos, aunque se requiere atn de estudios de relacion estructura-actividad.

Palabras clave: docking molecular, productos naturales, antifiingicos, N-miristoil

transferasa.

INTRODUCTION

So far, fungal infections remain being a public health problem. The use of antimicro-
bial drugs always carries the risk that resistance appears due to adaptable nature of the
microorganism populations [1]. At this regard, continuous searching for antifungal
agents on new targets or new action mechanisms is still required. Systemic antifun-
gal agents can be generally grouped on basis of their action mechanism in pathogenic
fungi, mainly in cell membrane, cell wall and intracellular action [2]. In depth, eight
targets have been defined for antifungal therapy as follows: fungal ergosterol synthesis
inhibitors, squalene epoxidase inhibitors, ergosterol disruptors, glucan synthesis inhi-
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bitors, chitin synthesis inhibitors, nucleic acid synthesis inhibitors, protein synthesis
inhibitors and microtubules synthesis inhibitors [3].

N-Myristoyl transferase (NMT) catalyzes the transfer of the 14-carbon saturated fatty
acid myristate from myristoyl-CoA to the N-terminal glycine residue of a variety of
eukaryotic cellular and viral proteins [4-6]. NMT’s are involved in a wide variety of
biological processes and include protein kinases, kinase substrates, protein phospha-
tases, a-subunits of many heterotrimeric G-proteins and endothelial cell nitric oxide
synthase [6]. NMT participates in diverse biological processes, including signal trans-
duction cascades and apoptosis [4, 5]. NMT has even been employed as drug target for
human pathogens as Candida and proposed as drug target of antitrypanosomatid and
antimalarial therapeutics [7]. NMT has been reported as a potential drug target since
it is involved in signaling networks and it is essential for the growth of human patho-
gens such as C. albicans [8]. The accepted action mechanism of NMT is schematized
in Figure 1a [9, 10].

There are several chemical structure types which have demonstrated antifungal activity
such as azoles, morpholines and other heterocyclic compounds [3]. In the same way,
different natural compounds have been reported as possible antifungal agents, inclu-
ding phenols, flavonoids, coumarins, quinones, saponins, xanthones, alkaloids and ter-
penoids [11-13]. However, the screening of a great number of compounds is a limiting
step in current researches. Virtual screening is a powerful computational tool that let
to accomplish a preliminary searching of active compounds by means of molecular
data banks [10]. Molecular docking consists of accurately prediction of the structure
of a ligand within the constraints of a receptor binding site and to correctly estima-
tion of the binding strength [14, 15]. Although docking scores are highly susceptible
to preparation conditions of active sites and ligands, the comparison of them under
exactly determined conditions constitutes a great indicative of the relative activity of
the tested molecules as inhibitors of the target enzyme [14-18]. Molecular docking has
increased its use as a fundamental tool of research on drug discovery and has been then
improved in recent years [16-18].

164



Molecular docking study of inhibitors of N-myristoyl transferase

Figure 1. Schematic representation of the action mechanism of NMT (a) and its quaternary struc-

ture with each subunit in a different color (b).

The aim of the present research was to perform a molecular docking study of thirty-
two naturally-occurring compounds against N-myristoyl transferase from Candida
albicans. The docked natural compounds were previously reported as possible antifun-
gal leads. Here NMT is proposed as an important antifungal agent target. The results
are also analyzed by means of pharmacophore modeling.
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METHODOLOGY

Thirty-two natural compounds were selected as common reported antifungal natu-
ral compounds from literature [11, 13]. All chemical structures were sketched in
ChemBioDraw Ultra 12.0 (CambrigdeSoft) and shown in Figure 1. Conformational
searching was carried out in Spartan’14 (Wavefunction, Inc.) employing AM1 semiem-
pirical method. Geometry optimization of the lowest energy conformer was accom-
plished by density functional methods (DFT) at the B3LYP/6-31G* level. The same
procedure was repeated with the structure of 33, a reported synthetic heterocyclic

inhibitor (Figure 1).

TERPENOIDS

7: R'=R*=R*=R’=H; R?=CH ;R*=COOH
8: R'=OH; R’=H; R*=R'=R’*=R’=CH,

Figure 2. Chemical structures of the analyzed compounds.

NMT pdb file was downloaded from Protein Data Bank (PDB) with the code 1IYL
(Figure 2). The structure of the protein was submitted for removing of hydrogen atoms
and crystalized ligand structures. The active site was delimited based on reported resi-
dues at PDB and complemented with searching of close residues until 5 A far crysta-
llized inhibitor supported by AutoDock Tools (The Scripps Research Institute). Thus,
active site was constituted by following residues: Asp-110, Phe-117, Tyr-225, Leu-337,
Tyr-354, Asn-392, Cys-393, Leu-394, and Leu-451. All molecular docking assays were

carried out using flexible residues.
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Figure 2. Chemical structures of the analyzed compounds (continued).

Ligand and protein was docked employing AutoDock/Vina [19]. This program is
based on the Iterated Local Search global optimizer by means of which several steps
of mutation and local optimization are performed and then accepted by Metropolis
criterion [19]. The strongest docked pose was analyzed in Pymol (Schédinger). All
calculations were performed in a Dual Intel Xeon® processor CPU @ 2.6 GHz of Intel
system origin, with 16 GB DDR3 RAM. Ligand preparation processes was run under
Microsoft Windows 8 operating system while docking was compiled under Ubuntu
12.04 operating system.
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Figure 2. Chemical structures of the analyzed compounds (continued).

Residual interactions maps were obtained with Discovery Studio (Accelrys software
Inc.) using the AutoDock/Vina outputs (pdbqt files) for compounds that exhibited
highest affinity energy. Pharmacophore analysis was also performed for those com-
pounds. This analysis was accomplished with pharmacophore modeling tool from
LigandScout (Gerhard Wolber and Inte:Ligand GmbH). Suitable pdb files from Dis-

covery Studio were used as input in LigandScout.
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RESULTS AND DISCUSSION

Performance of the AutoDock Vina algorithm on NMT - ligand complexation was
evaluated by re-docking protocol applied on co-crystallized structure of 33. Ten runs
for 33 were carried out and root mean square deviation (RMSD) values were then cal-
culated. A mean RMSD of 2.08 A (+0.45 A) was found. This RMSD value was accep-
ted as validation criteria for the docking algorithm. Moreover, some difference between
co-crystallized and calculated pose can be expected due to the freedom degrees of the
structure of 33. The calculated pose was also validated by observing molecular contacts
with NMT pocket residues and comparing them with those reported in the crystal
structure of the NMT-33 complex.

Thirty-two compounds previously reported as antifungal substances were selected as
possible lead structures (Figure 2). These were submitted to conformational searching
and the most stable conformer was then optimized at DFT level. Inhibitory potential
of the obtained structures to NMT were evaluated by means of molecular docking.
The results of molecular docking were first analyzed in terms of affinity energy (Table 1).

Table 1. Molecular docking scores of natural compounds inside the binding site of NMT.

Type Compound (l::fli;lr;t(}),l) Common Name

30 -11.1 Dicentrine
28 -9.7 Berberine
29 -9.4 Jatrorrhizine

Alkaloids
32 -9.3 a—allocryptopine
31 -9.0 Glaucine

mean (RSD) -9.7 (8.5%)

19 -10.7 Petalostemumol
22 -10.3 Allolicoisoflavone A
17 -10.1 Hyperoside
18 -10.1 Galangin

Flavonoids 21 -10.0 Piscisoflavone A
23 -9.7 Piscisoflavone B
16 -9.6 Tricetin
20 -9.2 Isopiscerythrone
24 -84 24 ~dihydroxychalcone

(It continues)
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Table 1. Molecular docking scores of natural compounds inside the binding site of NMT.

(Continued)
Type Compound (lif;l;lr:z;l) Common Name
Flavonoids mean (RSD) -9.8 (6.9%)
12 -10.6 Toxyloxanthone C
Xanthones 11 -104 Caledonixanthone E
mean (RSD) -10.5 (1.3%)
13 -10.3 Emodin
14 -9.8 Rhein
Quinones : o
15 -9.5 Anthraquinone derivative
mean (RSD) -9.9 (4.1%)
8 -10.2 Tetraterpenol derivative
4 -9.7 Eudesm-4-en-3-one derivative
7 -9.4 Oleanolic acid
3 -9.1 Clerodanoic acid derivative
Terpenoids 6 -87 Costunolide
5 -8.0 Drimenol
1 -6.4 Limonene
2 -5.3 Borneol
mean (RSD) -8.4 (20.4%)
27 -9.8 Clausenin
25 -6.9 Scopoletin
Coumarins
26 -6.9 6,7-dimethoxycoumarin
mean (RSD) -7.9(21.3%)
10 -85 3,5-dihydroxystilbene
Phenolics 9 -7.8 Crassinervic acid
mean (RSD) -8.2(6.1%)
33 -10.6 Synthetic Inhibitor

Lowest Affinity with the NMT-active site (mean affinity between —7.9 and -8.4 kcal/
mol and high RSD values) were found for coumarins, terpenoids and phenolics (Table

1). Quinones, flavonoids and alkaloids resulted to be very similar regarding mean affi-
nity from analyzed compounds with lower RSD values. Comparable antifungal effect
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could be expected due to NMT inhibition. Xanthones were those with the highest
mean affinity energy toward NMT, and let us to establish them as ideal lead compound
candidates. Moreover, these structures (11 and 12) exhibited very close affinity values
to that of the synthetic inhibitor 33 despite the great chemical structural differences.
In depth, the above mentioned xanthones are quite structurally dissimilar (11 possess a
pyran-ring while 12 possess a furan-ring). However, both compounds are 1,3,5-trioxy-
genated. Simultaneously, pyran and furan rings seem to be not related to NMT inte-
raction according to the found aflinity. Further SAR studies for 1,3,5-trioxygenated
xanthones are therefore required.

On the other hand, NMT-flavonoids interaction values were found to be highly
variable (ranging between —8.4 to —10.7 kcal/mol; RSD = 8.4%) demonstrating that
afhinity depends on structure. On comparing 16, 17 and 18, structure—afhnity rela-
tionships can be observed; 17 and 18 affinities exhibited identical value, indicating
no effect by the presence of galactose moiety at C3—O. Nevertheless, oxygenation at
C3 resulted to be essential to the interaction with NMT-active site (significant diffe-
rence between 16 and 17 or 18 docking scores). Regarding isoflavones 20-22, affinity
demonstrated to be very sensible to the positions of isoprenyl and hydroxyl group. The
interaction 19-NMT was significantly higher to those of other docked flavonoids.
However, other prenylated flavonols were not tested in the present study, so clear con-
clusions can’t be established.

Ligand-enzyme affinity for alkaloids was found to be low (-9.7 kcal/mol as mean
docking score) excepting 30, which demonstrated to achieve an important strong affi-
nity with NMT (~11.1 kcal/mol; Table 1). The presence of a methylenedioxy group
instead two methyl groups was preferred for the interaction with NMT (on comparing
30 with 31). 33 corresponds to a synthetic heterocyclic compound without structural
similarity from 30. This fact let us to expect a different action mode for the above
mentioned compound despite the closely related affinity energy. Compound 30 do
not showed any polar contact with the amino acid residues from the NMT-active site,
indicating a purely hydrophobic interaction with it. Moreover, 3D enzyme-ligand
complex structure (Figure 3a) demonstrated a coplanar location of 30 with respect to
Tyr-225 inferring a strong - m interaction between phenyl rings (~3.6 A).

No polar contacts were detected for compound 19. Instead of these the isoprenyl
group at C¢ on B ring was located between phenyl ring of Tyr-225 and Asn-392 amino
group (3.8 and 3.7 A, respectively) (Figure 3b). Other possible hydrophobic interac-
tion between Tyr-354 and its B ring could be proposed, although this is not a pure -7
interaction due to the lack of coplanarity.
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Figure 3. Docking conformations for selected ligand—enzyme complexes (visualized on Pymol).
NMT -30 (a), NMT - 19 (b), NMT - 12 (c), NMT - 11 (d), NMT - 33 (e). Dotted lines repre-

sent hydrogen bond interactions.

Two hydrogen bondings between amino group of Asn-392 and 12 were found (Figure
3c). An oxygen atom of the dibenzo-y-pyrone moiety and a hydroxyl group at C were
responsible of these polar interactions (2.3 and 2.6 A, respectively). Simultaneously,
a near -7 hydrophobic interaction can be inferred among Tyr-225 and the hetero-
cyclic ring of the dibenzo-y-pyrone moiety (mean distance = 3.6 A). The same polar
contacts were found for 11 (1.9 and 2.6 A; Figure 3d). Moreover, hydrogen bonding
between hydroxyl groups at Tyr-225 and C, of 11 was clearly evident (2.2 A). A weak
hydrophobic interaction between A ring and Tyr-225 (S A aprox.) and a direct 7 - w
interaction between B ring and Phe-240 (mean distance of 3.6 A) were also identified
in the NMT-11 complex. In spite of the differences at molecular level and the found
interactions in 11 and 12, not significant differences on aflinity energy were establis-
hed (0.2 kcal/mol, which can be attributed to the difference inherent to the molecular
docking method). Therefore, 5-hydroxy-dibenzo-y-pyrone structure could be subjec-
ted to further QSAR studies.

In order to improve the information extracted from molecular docking results, docked
molecules were analyzed regarding residual interactions with Discovery Studio (Accel-
rys software Inc.). Residual interactions map (Figure 4) highlights additional enzyme—
ligand interactions that are not evident from the docked results viewed with Pymol.
Here, only hydrophobic interactions between 30 and NMT were defined (Figure 4a).
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In this enzyme-ligand complex, m-electron acceptor character from His-227, Asn-392
and Leu-450 were showed. A double hydrogen bonding between Thr-211 residue and
the carbonyl and hydroxyl groups at y-pyrone moiety was observed for compound 19.
These H-bonds were not evident in the primary docked structure since Thr-211 resi-
due was not considered into the set of residues comprising the active site of the NMT.
The present analysis can determine some interaction from orzho-dihydroxy group of
B ring in 19 with Tyr-354 residue as H-acceptor. Accordingly, Val-108, Tyr-107, Phe-
117, and Phe-339 demonstrated to be 7- and H-donors to 19 interacting thus with
different parts of the molecule (Figure 4b).

298e

A:TYR
225

Figure 4. Residual interactions map for compounds 30 (a) and 19 (b) in the binding pocket of
NMT (generated by Discovery Studio). Donor (green) and acceptor (purple).

Finally, pharmacophore analyses for 11, 12, 19 and 30 were developed (Figure 5)
employing the pharmacophore modeling tool from LigandScout (Gerhard Wolber
and Inte:Ligand GmbH). 77 interaction between aromatic ring at quinoline system
of 30 and Tyr-225 residue was confirmed as the main interaction in the minimum
energy pose for the resulting ligand—enzyme complex (Figure 5a). The importance of
isoprenyl groups as the key hydrophobic regions for the interaction with NMT-pocket
residues was established by pharmacophore modeling (Figure Sb). This fact could be
inferred from the differential affinity energy of 19 from the rest of the tested flavonoids
(Table 1). On the other hand, LigandScout was not able to define interaction between
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19 and Thr-211 residue in spite of the spatial proximity between them (Discovery Stu-
dio showed this interaction as mentioned above and observed in Figure 4b).

For compound 11, several structural requirements to interact with NMT under phar-
macophore modeling were found (Figures 5d). Hydrophobic contacts from B ring
and methyl groups on pyrone moiety were evident. Moreover, hydrogen bonds for
carbonyl, hydroxyl and methoxy groups were confirmed by interacting with Ans-392,
Tyr-354, Tyr-225 residues, respectively. Finally, - interactions among A ring of the
Y-pyrone moiety and near aromatic residues were established as shown in Figure 5d.
For compound 12, hydrophobic contacts for B ring and methyl groups from the furan
ring could be proposed as key interactions (Figure 5c). Furthermore, hydrogen bon-
ding between His-227 and one hydroxyl group in B ring of 12 can be proposed from
the pharmacophore modeling (Figure Sc). Significant differences with regard to the
best docking poses and the corresponding ligand—pocket residues interactions were
found. Therefore, completely different action mechanisms on NMT inhibition should
be expected for the tested and described natural compounds.

(@) / © HIS227A
THN PHE339A | LEU394A
/ {
v d
% e
o)
TYR225A O~ .t Gy= TYRssA
HO
TYRZZSX\/ 0
®) TYR354A @ PHEI17A VAL449A
CYS393A LEU415A
PHE39A 2 LEU451A  TYR354A
VAL390A ILE111A
LEU235A
LEU337A
OH LEU451A
VALI0SASSS
HO \\
PHE117A
TYR225A
HO _‘/
PHE123A ‘
TYRII9A PHE240A
PHEI76A ASN392A
TYRI07A TYR225A

HIS227A TYR354A

Figure 5. 2D pharmacophore modeling for compounds 30 (a), 19 (b), 12 (c) and 11 (d) in the
binding pocket of NMT (generated by LigandScout). Hydrophobic interaction (yellow), 7 - 7 inte-

raction (purple), and Hydrogen bonding (acceptor in green and donor in red) are showed.
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Indeed, compounds 30 and 19 have been reported as antifungal and/or antimicrobial
agents. 30 was reported as the most active alkaloid from Glaucium oxylobum compa-
red with glaucine, protopine, a-allocryptopine, and O-methylflavinantine [20]. In this
study, dicentrine (30) resulted to be highly active against Microsporum gypseum, Tri-
chophyton mentagrophytes and Epidermophyton floccosum (a-allocryptopine was only
comparable against Epidermophyton floccosum). In a similar way, 19 was reported as the
most active compound from a set of seven structurally related flavonoids (four times
more active than others) [21]. This marked activity was demonstrated against Candida
albicans, Cryptococcus neoformans, Mycobacterium intracellulare, Escherichia coli, Sta-
phylococcus aureus and Bacillus subtilus. Compounds 12 and 11 have also been repor-
ted as potential antifungal natural compounds [22, 23]. In these literature reports, 12
showed markedly antifungal activity against Candida albicans [22], while 11 exhibited
the strongest activity against Aspergillus fumigatus [23]. However, Larcher et al. [23]
suggested a chitin synthesis inhibition mechanism. Furthermore, 12 was reported as
inhibitory substance of B. subtilis and S. aureus with medium activity respect another
natural xanthones from Cudrania cochinchinensis [24]. Antifungal activity of natural
and synthetic xanthones have been analyzed and reported against several fungal strains
(25, 26], however there are not previous QSAR analyses.

In conclusion, thirty-two compounds from natural sources were tested as inhibitors of
the N-myristoyl transferase via molecular docking. From docked compounds, xantho-
nes demonstrated to be able to form strong complexes with NMT. However, a prenyla-
ted flavonoid and an aporphine alkaloid were found as those with strongest interaction
with NMT. The present findings let to propose at least four compounds as possible
lead structures as potent inhibitors of NMT. At the same time, NMT could constitute
an efficient and unexplored target for iz-silico antifungal drug discovery researches.
Nevertheless, due to the well-known limitations of the molecular docking calculations,
future studies must be conducted using molecular dynamics simulations in order to
get more reliable data as well as the validation at iz-vitro level of these calculations in
further binding affinity experiments with the aim to perform QSAR studies on com-
pound series from the detected hits as second step in our research.
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