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Melanin is a dark color pigment biosynthesized naturally in most living organisms. Fungal
melanin is a major putative virulence factor of Mucorales fungi that allows intracellular
persistence by inducing phagosome maturation arrest. Recently, it has been shown that the black
pigments of Rhizopus delemaris of eumelanin type, that requires the involvement of tyrosinase (a
copper-dependent enzyme) in its biosynthesis. Herein, we have developed a series of compounds
(UOSC-1-14) to selectively target Rhizopus melanin and explored this mechanism therapeutically.
The compounds were designed based on the scaffold of the natural product, cuminaldehyde,
identified from plant sources and has been shown to develop non-selective inhibition of melanin
production. While all synthesized compounds showed significant inhibition of Rhizopus melanin
production and limited toxicity to mammalian cells, only four compounds (UOSC-1, 2, 13, and
14) were selected as promising candidates based on their selective inhibition to fungal melanin.
The activity of compound UOSC-2 was comparable to the positive control kojic acid. The selected
candidates showed significant inhibition of Rhizopus melanin but not human melanin by targeting
the fungal tyrosinase, and with an ICsg that are 9 times lower than the reference standard, kojic
acid. Furthermore, the produced white spores were phagocytized easily and cleared faster from
the lungs of infected immunocompetent mice and from the human macrophages when compared
with wild-type spores. Collectively, the results suggested that the newly designed derivatives,
particularly UOSC-2 can serve as promising candidate to overcome persistence mechanisms of
fungal melanin production and hence make them accessible to host defenses.

Introduction

Melanin is predominantly dark-colored polymer widely distributed in bacteria, fungi, plants,
and animals [1]. Several biological functions of melanin have been reported including

its role as free radical scavenger, as cation-binding material, and as protection from UV
radiation [1]. In fungi, melanin is more likely correlated with spore formation, virulence of
pathogenic fungi, and evasion from host defense mechanisms or stressful environmental
conditions [2,3]. In mammals, melanin is produced in specialized pigment-producing

cells known as melanocytes [4]. In mammals, melanin pigments play several diverse and
important roles, including thermoregulation, camouflage, and sexual attraction [5].

It has been reported that melanin can provide the pathogenic fungi including Rhizopus
delemarwith a protective shield from host defensive mechanisms and hence allow their
persistence in the human body through antigen mimicry mechanism [6]. The presence of
pathogenic fungi in the human body in a dormant state facilitates their pathogenesis once the
conditions are appropriate.

Melanin can be classified into two major classes, eumelanins, and pheomelanins. R,
delemar melanin has been identified as of eumelanin type [6]. Eumelanin is a black/

brown colored cross-linked polymer of the monomer 5,6-dihydroxyindole (DHI) and

5, 6-dihydroxyindole-2-carboxylic acid (DHICA). The rate-limiting step in eumelanin
biosynthesis is the enzymatic oxidation of tyrosine or L-3,4-dihydroxyphenylalanine (L-
DOPA) to its corresponding O-dopaquinone [7]. It is the only step in eumelanin biosynthesis
that is controlled by an enzyme, named tyrosinase [8,9]. Although the crystal structures

of most tyrosinases are similar, there are key differences among tyrosinases from different
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sources. For instance, both fungal and human tyrosinases showed key differences [10-12].
Specifically, the mushroom tyrosinase is a cytosolic enzyme while the human tyrosinase is

a membrane bound [13]. Furthermore, mushroom tyrosinase is a tetramer contains binuclear
copper-binding site which is located in the bottom of the active pocket. Each copper ion
co-ordinated by three histidine residues. The ligands of the first Cu-A are His 61, His85,
and His94, while the second Cu-B surrounded with His259, His263, and His296 [14]. In
contrast, the human tyrosinase is a monomer that is highly glycosylated during its complex
maturation process. Human tyrosinase contains binuclear zinc site instead of the copper ions
in the case of mushroom tyrosinase. Zn-A is co-ordinated with His192, His215, and His224,
while Zn-B is co-ordinated with his377, His404, and His381 [15].

Numerous compounds were identified as tyrosinase inhibitor from natural and synthetic
sources, such as kojic acid, hydroquinone, arbutin, 4-methoxycinnamic acid, and
rhododendrol (Figure 1). However, they show instability and undesirable side effects
including cytotoxicity, dermatitis, skin cancer, and neurodegenerative disorders because of
interaction with human cells [16-18]. Furthermore, most identified inhibitors lack clinical
efficacy since they were evaluated using mushroom tyrosinase as a target. On the other hand,
despite the potent fungal tyrosinase inhibition activities of the naturally isolated aldehyde,
cuminaldehyde (Figure 1), it shows significant toxic activities [19,20].

The aim of this research study is to design and synthesis safe and selective compounds
with promising inhibitory activity on fungal melanin biosynthesis in particular 7. delemar
which is the main cause of the lethal infection, mucormycosis [6]. To achieve this goal,
cuminaldehyde was employed as a lead structure to develop optimized inhibitors for
fungal melanin biosynthesis with high activity and enhanced physicochemical properties
and limited toxicity.

Materials and methods

General chemistry procedures

Most chemicals and solvents were of analytical grade and, when necessary, were purified
and dried by standard methods. Reactions were monitored by thin-layer chromatography
(TLC) using pre-coated silica gel plates (kiesel gel 60 F254, BDH), and spots were
visualized under UV light (254 nm). Melting points were determined using a Gallenkamp
melting point apparatus and are uncorrected. Column chromatography was performed with
Merck silica gel 60 (40-60 uM). IH-NMR and 13C-NMR spectra were recorded on a Bruker
spectrometer at 500 MHz. Chemical shifts were expressed in parts per million (ppm) and
coupling constant Jvalues were represented in Hz. Mass spectroscopic data were obtained
through electrospray ionization (ESI) mass spectrum. Detailed synthesis and spectroscopic
data of UOSC-1-14 are described in Supplementary Information.

Cuminic acid was prepared from oxidation of cuminaldehyde following a reported procedure
[21]. For the synthesis of ethyl 4-substituted benzoate (3), a mixture of appropriate 4-
substituted benzoic acid 2 (10 mmol), absolute ethanol (20 ml), and concentrated sulfuric
acid (2 ml) was refluxed for 3 h. Excess ethanol was distilled under reduced pressure and

the resulting oil was rendered alkaline with aqueous sodium bicarbonate and extracted with
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methylene chloride (2 x 50 ml). The combined organic extract was dried over anhydrous
sodium sulfate and distilled under reduced pressure to give the corresponding ester in a yield
of 68%. For the synthesis of 4-substituted benzoic acid hydrazide (4), to a solution of ethyl
4-substituted benzoate (3) (10 mmol) in ethanol (10 ml), excess hydrazine monohydrate

(5 ml) was added. The reaction mixture was refluxed for 24 h, and left to cool to room
temperature. The formed precipitate was collected by filtration, washed with water followed
by cold ethanol to remove excess hydrazine and left to dry to give the corresponding acid
hydrazide. For the synthesis of 3-substituted-4-(4 substituted-benzyloxy) benzaldehyde (7),
to a mixture of substituted benzyl chloride (5) (10 mmol), K,CO3 (12 mmol) and KI (trace
amount) in 20 ml acetonitrile, 3-substituted-4-hydroxybenzaldehde (6) was added dropwise
under inert nitrogen and stirred overnight, and then evaporate under reduced pressure. The
crude mixture was quenched with water and the resulting un-dissolved solid was collected
by filtration, washed with water, dried, and re-crystallized from aqueous ethanol to give

the titled compound. For the synthesis of 4-substituted benzoic acid [3-substituted-4-(4-
substituted-benzyloxy)-benzylidene]-hydrazide UOSC-1-14, a mixture of the acid hydrazide
(4) (10 mmol) and appropriate aromatic aldehydes (10 mmol) (7) in glacial acetic acid (6
ml) was heated at reflux for 3—4 h until the reaction was completed. The reaction mixture
was concentrated under reduced pressure, cooled and the solid obtained was filtered and
crystallized.

Biological evaluation

Organism and growth conditions—The spore-forming fungus, Rhizopus
delemar-9980, was maintained on potato dextrose agar (PDA) plates [33]. To test the

effect of UOSC compounds on fungal melanin production, a fungal inoculum of 2 x 10°
colony-forming unit (CFU)/ml was suspended in PD broth and streaked evenly on a PDA
plates. The agar plates were cut into 1 cm discs using cork borer. The discs were suspended
separately into a 12-well plate containing 1 ml PD broth mixed with different concentrations
of UOSC-1-14 compounds. The plates were incubated for 3 days at 37°C in the dark. Kojic
acid and cuminaldehyde were employed as positive controls, while DMSO (the solvent used
to dissolve UOSC compounds) was used as negative control. Kojic acid is the common
reference used to inhibit melanin production. Cuminaldehyde is the lead compound used

as scaffold to synthesis UOSC compounds [20]. The fungal growth was monitored visually
until the negative control wells showed the production of fully grown black spores. For
melanin quantifications, clear pictures were taken for all wells at the same magnification
power. The black color of Rhizopus spores were assessed by setting a ‘threshold’ of the
black color using the tool followed by measuring the intensity of the black color using
ImageJ (1.52n for Windows) [22]. In parallel, the fungal hyphae were collected, dried by
cheese cloth followed by taking the weight.

To identify the melanin inhibitory concentration of the newly synthesized compounds,

a pilot experiment was conducted. R. delemar spores were incubated in liquid media
containing different concentrations (6.3, 12.5, 25, 50, and 100 pg/ml) of UOSC-1-14
compounds and kojic acid. The experiment was repeated at 5, 10, and 15 pg/ml for UOSC
or 12.5, 25, and 50 pg/ml for kojic acid. The lowest concentration (10 pg/ml) of UOSC
compounds that showed significant inhibition in melanin production and limited toxicity on
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normal fibroblasts was selected for subsequent experiments. However, 50 pug/ml kojic acid
was selected since it is the only concentration caused persistent melanin inhibition activity.

Inhibition of tyrosinase activity and calculation of IC5o—The inhibitory activity
of UOSC-1-14 compounds on the diphenolase activity of mushroom tyrosinase was
investigated using L-DOPA as a substrate. Mushroom tyrosinase is commercially available
from Agaricus bisporus (Cat. # T3824-25KU, Sigma—Aldrich). The spectrophotometric
activity assay for tyrosinase was performed according to the previously reported method
[23] with modifications. Briefly, 30 units (0.01 mg) of tyrosinase enzyme were pre-
incubated with the compounds (dissolved in DMSO) in phosphate buffer (pH 6.8) at
concentrations 1, 5, 10, 25, 50, 75, and 100 pg/ml for 20 min at 25°C. L-DOPA solution
(0.5 mM) was added to the mixture and the reaction was monitored with the change in
absorbance at 470 nm due to DOPA chrome formation. All measurements were in triplicate
for each concentration. Kojic acid and DMSO were employed as positive and negative
controls, respectively. The inhibition percentage was calculated from the below equation:

Inhibition ratio (%) = [(B - S)/B] % 100, where Band S are the absorbance for the blank
and samples. The IC50 was calculated according to Ismaya et al. [23]. The IC5q values were
calculated using GraphPad Prism 5.0 software.

To evaluate the activity of the developed compounds on R. delemar melanin production,
fungal spores were treated with UOSC-1, UOSC-2, UOSC-13, UOSC-14, kojic acid (as
positive control), cuminaldehyde (the lead compound), and DMSO as negative control for
3 days at 10 ug/ml. The same weight of the grown hyphae (0.9 g) was grinded using

the mortar and pestle method. The total protein of fungal hyphae was extracted using 300
ul triton lysis buffer containing 30 pl protease inhibitor (50 mM Tris, 150 mM NacCl, 5

mM EGTA, 1% Triton-X100) followed by centrifugation at 14 000 rpm at 4°C for 10

min. The supernatant was separated and the extracted protein was quantified using Pierce
BCA protein assay kit (Cat# 23227, Thermo Scientific). A pilot experiment was performed
using protein extracted from untreated-fungal hyphae in order to determine the optimal
concentration of protein and L-DOPA and incubation time. The same protein weight (50 g)
of treated-, control-treated, and non-treated fungi was employed in tyrosinase activity assay
as mentioned before. Briefly, fungal protein extracts were mixed with 10 mM L-DOPA in 0.5
M sodium phosphate buffer (pH 6.8) and incubated in dark at 37°C for 3 h. The developed
dark color due to melanin production was measured using microplate reader at 475 nm.
Data obtained were expressed as mean + standard error of the mean of three independent
experiments.

Kinetic studies—A series of experiments were performed to determine the inhibition
kinetics of compound UOSC-2. The inhibitor concentrations were 1, 2.5, and 5 uM, while
the substrate (L-DOPA) concentrations were set at 0.625, 1.25, 2.5, and 5 mM in all kinetic
studies. Pre-incubation and measurement time was as the same as mushroom tyrosinase
inhibition assay. The tyrosinase inhibition rate was then calculated using Lineweaver-Burk
plot using GraphPad prism. The Michaelis—Menten constant (K,) and the maximum
reaction velocity (Vimax) were calculated at different concentrations of L-DOPA for 10 min
[24].
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Melanin staining of melanoma cell line—Melanoma cells line (B16 cells) were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 1U/ml
penicillin, and 100 mg/ml streptomycin. Cells were passaged routinely and maintained at
37°C and 5% CO». For each experiment, 5000 cells were seeded into each well of a clear
flat-bottom 96-well plate and allowed to adhere for 24 h. The cells were then incubated

with the tested compounds at a concentration of 10 ug/ml in triplicate. Kojic acid and
DMSO were employed as positive and negative controls, respectively. The plates were then
incubated for 24 h, followed by treatment with staining solution (1% aqueous ferric chloride
(30 ml) and 1% aqueous potassium ferricyanide (10 ml), combine and mix well) by adding
0.1 ml to each well and stand for 10 min [25]. The excess solution was removed and washed
with distilled water twice. An equal volume of phosphate buffer was added and photos using
inverted microscope were taken prior to analysis.

MTT cell viability assay—The reduction of yellow tetrazolium salt 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to measure cellular
metabolic activity as a proxy for cell viability [26]. To measure the toxicity of UOSC
compounds, fibroblasts (HFF-1) cell lines were cultured until reached 80% confluency. A
96-well plate was seeded with 4000 cells per 100 pl media and incubated at 37°C for 24

h. All compounds at 100 pg/ml were added onto the cells and incubated for further 24 h.
Freshly prepared MTT solution (5 mg/ml) was added to each well (20 ul per well) and
followed by incubation for 2 h at 37°C. The supernatants were then removed and 100 pl
DMSO was added and incubated until formazan violet crystals were developed and the
ODg4g Were measured.

In vivo virulence studies of white versus wild (black) types Rhizopus spores
—Immunocompetent mice were infected intratracheal with 108 fungal spores according

to Andrianaki et al. [6]. The mice were anesthetized by intraperitoneal injection of 0.2

ml mixture of ketamine (82.5 mg/kg, Phoenix, St. Joseph, MO) and xylazine (6 mg/kg,
Lloyd Laboratories, Shenandoah, 1A). The intratracheal injection of the fungal spores

was performed according to Luo et al. [27]. The mice were then euthanized by cervical
dislocation at different time points including 4, 24, and 72 h, the lungs were homogenized,
and fungal CFU counts were assessed. All animal studies have been taken place at the
Lundquist Institute for Biomedical Innovations, Torrance, CA, U.S.A. Animal studies were
approved by the IACUC of the Lundquist Institute for Biomedical Innovations at Harbor-
UCLA Medical Center and according to the NIH guidelines for animal housing and care.

De-melanization of Rhizopus spores enhanced the phagocytosis and
clearance activities of macrophages—~Peripheral blood was obtained in EDTA
vacutainer collection tubes from healthy male and female individuals after signing an
informed consent form approved by the Institutional Review Board (IRB) of the Lundquist
Institute for Biomedical Innovations at Harbor-UCLA Medical Center. The blood was
pooled in a 50 ml falcon tube. Peripheral blood mononuclear cells (PBMCs) were isolated
from the whole blood by density gradient centrifugation through over layering 12.5 ml blood
over 10 ml Histopaque-1077 (Sigma) followed by centrifugation at RCF 400 for 25 min

at room temperature without brakes. Interfaces containing PBMCs were collected, washed
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in RPMI-1640 (Sigma), counted and seeded into 96-well tissue culture plates at a density

of 10 000 cells per 200 pl of RPMI-1640 media supplemented with 10% fetal bovine

serum (Sigma) and 1% penicillin/streptomycin (Sigma). At least six wells were employed
for each treatment per each experiment. Plates were incubated for 24 h at 37°C and 5%

CO». Supernatants including floating non-monocytic cells were removed by gentle wash
with pre-warmed PBS. Spores were added at a final ratio of 2 : 1 phagocyte. Co-cultures
were incubated for 2, 5, and 16 h. At the end of each time point, non-phagocytosed spores
were gently rinsed away with PBS and the remaining macrophages were incubated with cold
water for 30 min to allow the lysis of phagocytes. The obtained lysates from each well were
diluted and cultured on PDA (HiMedia) for 24 h at 37°C.

Procedures of molecular modeling—Molecular modeling for the binding of UOSC
compounds with either the mushroom or the human tyrosinases was performed according to
Hamdy et al. [28] and Debnath et al. [29].

Preparation of the target enzymes.: The crystal structures of both mushroom (2Y9X)
and human (5M8M) tyrosinases were downloaded from the Protein Data Bank at http://
www.rcsh.org. The energy of the system was minimized using MOE 2008.10 (Molecular
Operating Environment) available at http://www.chemcomp.com.

Preparation of the ligands.: The compounds were prepared with MOE 2008.10. The
structures of the compounds and the energy minimization were carried out using MOE
2008.10. The placement criteria were adjusted to be MMFF94x force field until RMSD
gradient of 0.05 kcal mol~1 A was reached.

Molecular docking.: Compounds UOSC-1, 2, 13, and 14 were docked within the binding
site of mushroom and human tyrosinases. The placement criteria were adjusted to be
Triangle Matcher. Rescoring 1 was selected to be London Gand Retain 10 poses. In our
study, we prefer to make refinement with Force field and rescoring 2 was chosen to be
London G.

Calculation of binding energy.: The free binding energies of the ligands with the active
sites of tyrosinase enzymes were calculated using PlayMolecule software available at https://
www.playmolecule.org [30].

Molecular dynamics simulation.: MD was carried out using GROMACS 5.1.2 software
package [31]. The topology files of mushroom tyrosinase protein (PDB 2Y9X) were directly
created by GROMACS, whereas Acpype software [32] was used to generate topology files
of the compounds. Compounds UOSC-1, 2, 13, and 14 complexes and the enzyme alone
were immersed in the center of the cubic box with margin of 1 nm, and then the boxes
were filled with TIP3P water model. Sodium and chloride ions were added to neutralize
the systems, then the complexes were relaxed via energy minimization using the steepest
descent minimization algorithm until the maximum force is under1000 kcal/mol/nm. The
complexes were equilibrated through two steps, first one was NVT ensemble (constant
number of particles, volume, and temperature) for 100 picoseconds ( ps) to stabilize the
system at 300 K, and the second step was NPT (constant number of particles, pressure, and
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temperature) running for 100 ps. Finally, after the equilibration of each system, 10 ns MD
simulation was performed.

Study approval—All procedures involving the use of mice and human were performed in
accordance with the relevant guidelines and regulations. The use of mice was approved by
the IACUC of The Lundquist Institute for Biomedical Innovations at Harbor-UCLA Medical
Center, according to the NIH guidelines for animal housing and care. Human peripheral
blood collection was approved by the IRB of The Lundquist Institute for Biomedical
Innovations at Harbor-UCLA Medical Center under protocol #11671.

Statistical methods—The data were graphed using Graph Pad 5.0 for Windows
(GraphPad Software, La Jolla, CA, U.S.A.). The statistical significance was analyzed using
one-way analysis of variance (ANOVA) using either Bonferroni’s multiple comparisons test
or Dunnett’s multiple comparison test. P-value < 0.05 was considered significant.

Rational design of UOSC compounds

Cuminaldehyde, a natural volatile oil extracted from a plant source, causes reduction

of melanin production from ~. delemar[20]. Cuminaldehyde has been identified as a
non-specific tyrosinase inhibitor [16,19,33]. We have used cuminaldehyde as a scaffold

to synthesize a library of compounds (UOSC-1-14) with specific potent and safe fungal
tyrosinase inhibition activities, particularly against R. delemar, without affecting the human
tyrosinase.

The newly developed compounds were designed based on the structural comparison of
cuminaldehyde to ligands (Figure 1) known to inhibit fungal tyrosinase enzyme. The
presence of 3D crystal structure of fungal tyrosinase enzyme with various inhibitory ligands
and the help of modeling techniques provided an excellent opportunity for structure-based
design of potential candidates to rationalize the structural elements responsible for the
selective inhibitory activity of the enzyme. The toxic aldehyde group of cuminaldehyde was
replaced with polar hydrophilic acid hydrazide moiety. The lone pair of electrons on N

and carbonyl oxygen provided better hydrogen bond formation with the binuclear copper
active site of the fungal tyrosinase enzyme. Furthermore, the introduction of the proper
lipophilic group with different substitutions influenced the orientation and interaction of the
compounds with the hydrophobic residues at the active site of fungal tyrosinase enzyme
(Figure 2). The aforementioned designs resulted in the synthesis of novel UOSC-1-14
compounds (Figure 3) with enhanced physiochemical properties and selectively to inhibit 7.
delemar fungal tyrosinase.

The newly designed compounds caused effective inhibition of R. delemar melanin

production

To test for the melanin inhibition activity of the newly synthesized compounds, R. delemar
spores were incubated for 3 days in liquid media containing 10 pg/ml of UOSC-1-14
compounds in comparison with 50 pg/ml kojic acid, a general de-pigmentation compound
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[34]. Out of the 14 compounds, UOSC-1, 2, 3, 4, 10, 13, and 14 showed significant
inhibition (One-way ANOVA, P< 0.0001) of R. delemar melanin production (Figure 4A,B).
While UOSC-1, 2, 3, 4, 10, and 14 did not reduce the growth of fungal hyphae (weight range
=~33.1£0.6 - 33.5 £ 0.9 mg), UOSC-13 caused significant reduction in the growth of
fungal hyphae (weight = 20.5 + 2.5 mg) similar to kojic acid (Figure 4A). Thus, UOSC-1, 2,
3, 4, 10, and 14 were selected as potent anti-melanin candidates for the R. delemarfungus.

UOSC-1, 2, 13, and 14 are potent candidates to inhibit R. delemar melanin production

The inhibitory activities of all tested compounds on fungal tyrosinase enzyme were tested
in comparison with kojic acid using a mushroom tyrosinase purified from A. bisporus and
a fresh total cell protein extract of R. delemar. Although all compounds showed significant
inhibition of mushroom tyrosinase activity when compared with kojic acid (One-way
ANOVA, P<0.0001), UOSC-1, 2, 8, 10, 13, and 14 showed the highest inhibition activity
(Figure 5A). On the other hand, the inhibitory effect of the developed derivatives on the
melanin biosynthesis of R. defemarwas the highest with UOSC-1, 2, 13, and 14, kojic acid
and cuminaldehyde (One-way ANOVA, P< 0.0001) (Figure 5B,C). Compound UOSC-2
showed the highest inhibition activity (Figure 5C).

Mushroom tyrosinase shows limited homology to mammalian ones (~30% similarity based
on Smith-Waterman sequence alignment, Data not shown) and this renders it as a well-
suited model for studies on melanogenesis [23,35]. Thus, any variation in the activities

of the tested compounds between both mushroom and human tyrosinases will support the
potent inhibition selectivity of UOSC compounds against fungal melanin biosynthesis but
not the human, and hence offers minimal toxicity. Consequently, the inhibitory activities
of UOSC compounds were tested on human tyrosinase (Cat. # T8455-1MG, Fragment
369-3771 Sigma—Aldrich) and melanoma cells (employed as melanin-producing human
cells). Compared with kojic acid, UOSC-6, 7, 8, 12, and 14 showed significant inhibition
of human tyrosinase (P < 0.0001) (Figure 6A). However, UOSC-7, 8, 10, 11, 12, and 14
caused significant inhibition of melanin production from melanoma cells (Figure 6B,C).
Collectively, UOSC-1, 2, 13, and 14 can be considered as excellent candidates against

R. delemar melanin production. Because UOSC-8 showed similar inhibitory activities on
both fungal and human tyrosinase, the compound cannot be selected as candidate (Figures
5A and 6A). Although UOSC-10 showed significant inhibition to fungal tyrosinase but
not human tyrosinase, the compound caused significant inhibition (P < 0.005) of melanin
production from melanoma cells; thus the compound also excluded from the selection. On
the other hand, UOSC-14 showed anti-melanin activities against both fungus and human
(Figures 5C and 6C).

UOSC-1, 2, 13, and 14 showed high tyrosinase-inhibitory activities with limited toxicity

The toxicity of all developed compounds was tested on mammalian cells using the normal
fibroblasts HFF-1 cell line. All tested compounds showed limited toxicity when compared
with kojic acid toxicity (Figure 7, < 0.005). In contrast, the inhibitory activities of all
tested compounds to mushroom tyrosinase were tested at seven different concentrations (1,
5, 10, 25, 50, 75, and 100 ug/ml). Although all tested compounds showed variable inhibitory
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activities to mushroom tyrosinase, UOSC-1, 2, 13, and 14 showed the lowest ICsq of 0.01,
0.0074, 0.0086, and 0.009 uM, respectively (Table 1).

Computational modeling predicted that UOSC-1, 2, 13, and 14 are selective inhibitors of
fungal tyrosinase

To confirm the selectivity of UOSC-1, 2, 13, and 14 to the fungal (represented by
mushroom), but not the human tyrosinase, in-depth docking studies for the interaction of
UOSC-1, 2, 13, and 14 within the hydrophobic binding pocket of mushroom tyrosinase
(PDB:2Y9X) was performed in comparison with their interactions within human tyrosinase
(PDB:5M8M) (Figure 8, Supplementary Figures S1-S3 and Supplementary Information)
[37]. These binding interactions were further compared with the interactions of the enzyme
with its native ligands, tropolone, and kojic acid. Furthermore, the binding mode and
binding energies were investigated using Molecular Operating Environment (MOE) [38]
and PlayMolecule [30], respectively.

Compared with the mushroom tyrosinase enzyme’s binding modes with tropolone and kojic
acid (Figure 8A), the enzyme’s binding mode with UOSC-1, 2, 13, and 14 are buried beside
the copper ions active site, while UOSC-13 and 14 are being displaced away by a small
distance (Supplementary Figure S1 and Supplementary Information). The four compounds
showed rt-p stacking with copper ions ligands (His61, His 85, His259, and His263) which
may lead to a change in the geometry of copper ions center and a disturbance in the

redox reactions of tyrosinase. The four compounds illustrated strong interactions with the
key and reserved residues of the hydrophobic pocket site including Hiss244, Val248, and
Phe264. Moreover, the binding mode of UOSC-2 (Figure 8B) showed that it can occupy
the active center similar to the native ligand. The compound was very close to the copper
ions, while the remaining of the compound’s structure was extended in the binding pocket,
making UOSC-2 as the most promising mushroom tyrosinase inhibitors (Figure 8C) and
may explain its superiority as anti-melanin when compared with kojic acid.

Co-crystallization of kojic acid with human tyrosinase shows a close contact to Zn atom
active site in a distance of 3.3-3.6 A, and a H-bond formed between O-atom of C=0

group and the OH of the key residue Ser394 at distance 2.9 A (Figure 8D). Compared with
kojic acid, UOSC compounds including in particular UOSC-2 moved far away from the Zn
binuclear active site of the human tyrosinase (Figure 8E,F, Supplementary Figure S2 and
Supplementary Information).

To further predict the possible binding mode for each compound within the pocket site

of mushroom tyrosinase, the binding free energy (AGBind) and the binding affinity pKd
[39,40] were calculated (Table 2). It was found that the four compounds showed binding
energies less than the reference compound kojic acid = —5.78 and higher binding affinity
than kojic acid (pKd = 4.28). UOSC-2, which showed the best IC5q = 0.0074 UM, illustrated
the lowest free binding energy (-9.13 Kcal/mol) and the best binding affinity (pKd = 6.76)
(Table 2). This result is in agreement with the concept that a compound with the best 1Cgg
should exhibit the lowest binding energy [40]. The results obtained confirmed that the newly
designed derivatives exhibited good binding mode which conformed to their lowest binding
energies and high binding affinity than kojic acid. Furthermore, the orientation of the four
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compounds within human tyrosinase was far away from the active site and this is conformed
to the higher binding energies; explaining the selectively of the newly designed UOSC-1, 2,
13, and 14 compounds to the mushroom tyrosinase.

Molecular dynamics (MD) simulations was carried out to further confirm the accuracy of
docking results and to obtain a more accurate ligand—protein binding model in a case close
to the natural conditions [41]. Docking of UOSC compounds with the enzyme was tested
using MD simulation for 10 ns. The MD simulations of the produced complexes with the
mushroom tyrosinase were checked for root mean square deviation (RMSD) to confirm the
stability of the protein—inhibitors in the solvent system. The produced complexes showed
low RMSD values (0.15 nm) (Figure 8, Supplementary Figure S3 and Supplementary
Information). Furthermore, the complex produced from UOSC-2 showed smooth RMSD
curves (Figure 8G). The compound reached the equilibrium at 1 ns with ~0.14 nm RMSD
which is less than the enzyme alone (Figure 8G). These results indicated that the most stable
form of mushroom tyrosinase occurred in the presence of the aforementioned inhibitors in
particular compound UOSC-2. Furthermore, the root mean square fluctuation (RMSF) of
UOSC compounds-tyrosinase complexes were high (~0.4 nm) with the first 100 residues,
indicating the high flexibility of this part. The remaining residues showed low RMSF value
(~0.2 nm), particularly the binding pocket residues 200-300 (Figure 8, Supplementary
Figure S3 and Supporting Information). The low flexibility of the binding pocket residues
indicated the stability of the enzyme due to the presence of inhibitors [29]. Furthermore, the
RMSF of UOSC-2 with residues between 240 and 250 in the binding pocket was lower than
the protein alone (Figure 8H), which may be attributed to the H-bond between UOSC-2 and
His244 and Val248.

The compactness of inhibitor—-enzyme complexes was measured by the Radius of gyration
(Ry)- The Ry of the four inhibitor—protein complexes was ~2.055 nm and remained steady
over the dynamics measurements (Figure 8, Supplementary Figure S3 and Supplementary
Information). Studying the H-bonds over 10 ns indicated that UOSC-2, 13, and 14 showed
stable and strong H-bonds with the tyrosinase enzyme much better than kojic acid (Figure
8, Supplementary Figure S3 and Supplementary Information). Compared with kojic acid
(Figure 81), UOSC-2 illustrated the most stable and maintained H-bonds (Figure 8J),
supporting its superiority against fungal melanin.

UOSC-2 showed competitive reversible inhibition activity against fungal tyrosinase

The inhibition mechanism of UOSC-2 on mushroom tyrosinase enzyme was determined
using L-DOPA as substrate. The relationship between enzyme activity and its concentration
in the presence of different concentrations of UOSC-2 showed straight lines pass through
the origin. The enzyme inhibition activity due to UOSC-2 is dose-dependent. As the
concentration of UOSC-2 increased, the enzyme activity is reduced, while the amount of
enzyme is not affected (Figure 9A). Moreover, Lineweaver—-Burk plots were generated in
order to determine the inhibition type. The plots of the enzyme activity (1/V) versus the
concentration of substrate (1/[S]) at different inhibitor concentrations gave straight lines,
which all passed through one point. The results indicated that compound UOSC-2 inhibited
the diphenolase activity of tyrosinase in a dose-dependent manner [24]. With increasing the
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concentrations of the compound, K, value increased and V. value remained the same,
while the enzyme activity was inhibited; confirming that the compound is a competitive
reversible inhibitor (Figure 9B).

De-melanized R. delemar (white) spores were phagocytized and cleared faster than the

wild-type (black) spores
To determine the potential incorporation of anti-melanin activity of the inhibitors in fungal
pathogenesis, we treated R. delemar spores with UOSC-2 at 10 pg/ml for 3 days. The
generated white spores were compared for their infectivity with wild-type spores using
the intratracheally infected immunocompetent mouse model as previously described [6].
Infection of mice with de-melanized R. delemar spores (Figure 10A) resulted in rapid
fungal clearance from the lungs, when compared with infection with wild-type melanized
fungal spores (Figure 10B). To discern if the white spores become prone to phagocytosis,
peripheral human blood-enriched macrophages were co-cultured with white and wild-type
spores (Figure 10A) and evaluated at 2, 5, and 16 h time points. The efficiency of fungal
clearance by macrophages was also compared by culturing the macrophages lysates on
fungal growth media (PDA) at the end of each time point. In contrast with wild-type
black spores which persisted in the macrophages without being killed, white spores were
phagocytized more efficiently and cleared faster within ~5 h. No spores clumping observed
in association with macrophages co-cultured with white spores (Figure 10C). The growth of
intracellular white (albino) conidia following macrophage lysis was significantly inhibited as
compared with wild-type conidia (Figure 10D).

Collectively, the newly designed compounds, particularly UOSC-2, are promising candidates
to overcome the persistence mechanism of the pathogenic R. delemarfungus due to melanin.

Discussion

Fungal melanin exhibits efficient resistance mechanisms against most stressful conditions
including human host defensive mechanisms [1]; thus allowing the persistence of the
pathogenic fungi and development of pathogenesis mechanisms. Similarly, R. delemar
which is the most common cause of mucormycosis (a life-threatening infection),
demonstrates unique persistence mechanisms in animal models causing phagosome
maturation arrest [6]. Furthermore, it has been reported that fungal melanin can bind to
antifungal compounds including amphotericin B and caspofungin, thereby reducing their
fungicidal activities [42].

Cuminaldehyde showed significant inhibition of fungal melanin biosynthesis including ~.
delemar melanin [20], and has been reported as potent tyrosinase inhibitor [33], but as
any aldehyde, it has cytotoxic activities on mammalian cells and cannot be used for
clinical applications [43]. Thus, the compound was employed in this study as scaffold to
build potent and selective inhibitors against . delemar melanin biosynthesis. We have
successfully generated a series of compounds that showed potent inhibition of fungal
melanin biosynthesis and significant inhibition of the rate-limiting melanin biosynthesis
enzyme, tyrosinase, and limited toxicity on both melanoma and fibroblasts cell lines. Only
compounds UOSC-1, 2, 13, and 14 were selected as promising candidates inhibitors for
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fungal melanin biosynthesis, since they showed limited effects on human melanin. In
contrast with naturally identified anti-melanin compounds including cuminaldehyde and
synthetic anti-melanin compounds, the newly designed compounds showed significant
selectivity against fungal melanin, particularly R. delemar melanin. This activity may be
attributed to the perfect binding of the aforementioned compounds with the fungal tyrosinase
active site but not the human one.

UOSC-1, 2, 13, and 14 exhibited excellent binding with mushroom tyrosinase, as a
representative to fungal tyrosinase particularly R. delemar, due to (i) the good binding
mode of the compounds within the mushroom tyrosinase active site, similar to the enzyme’s
native ligand, (ii) the vicinity of the compounds to the catalytic copper ions of the active
site and (iii) the interactions of the compounds with the key residues of the binding pocket
as the four compounds illustrated strong H-bonds profile and hydrophobic interactions

with the hydrophobic residues (Hiss244, Val248, and Phe264). These interactions stabilized
the compounds within the active site of fungal tyrosinase. Additionally, the hydrophobic
nature of the four compounds facilitates their hydrophobic interactions with the hydrophobic
residues in the binding site of mushroom tyrosinase, whereas the active site in human
tyrosinase were lining mostly with the hydrophilic residues of the compounds. Therefore,
they are displaced away from the binuclear Zn binding site in the case of human tyrosinase.

The newly designed compounds differ in structures from other reported synthetic and natural
anti-melanin compounds including cinnamic acid, thiosemicarbazone, umbeliferone, and
resveratrol derivatives (Supplementary Figure S4). The free binding energy (AG) of UOSC
compounds particularly compound UOSC-1, 2, 13, and 14 with mushroom tyrosinase was
lower when compared with the aforementioned compounds except chalcone (Table 1). The
results indicated that UOSC compounds and chalcone can strongly and efficiently bind with
the pocket site of fungal tyrosinase. In contrast and compared with UOSC compounds,
chalcone derivatives showed lower AG with human tyrosinase (Table 1), indicating in-
selectivity of chalcone derivatives. Therefore, we can conclude that UOSC compounds
showed efficient and selective binding capacities to fungal tyrosinase.

In conclusion, UOSC-1, 2, 13, and 14 showed significant inhibition activities against

fungal melanin biosynthesis particularly against <. delemar melanin. The aforementioned
compounds showed excellent binding capabilities within the fungal tyrosinase binuclear
copper ions active site but not with the human tyrosinase binuclear zinc-binding site.

This binding capability was attributed to the hydrophobic feature of the new designs, the
substituent that facilitate the orientation of the compounds within the fungal tyrosinase
active site, and the formation of hydrogen bond between the compounds and the fungal
tyrosinase active site. Our new designs are considered as the first report for compounds that
can distinguish between fungal (R. delemar) and human melanin biosynthesis. We propose
that the newly designed compounds can be used effectively either alone or in combination
therapy to ameliorate fungal infections in particular against R. delemar. Moreover, the newly
designed compounds in particular compounds UOSC-1, 2, 13, and 14 can serve as promising
lead drugs for not only Rhizopus infection but also other melanin-dependent serious fungal
infections such as Cryptococcus.
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Other examined inhibitors such as UOSC-6, 7, 8, and 14 significantly affecting human
melanin production, thereby can be developed against diseases with hyper-pigmentation
disorders such as actinic and senile lentigines, melasma, and post-inflammatory
hyperpigmentation, that are considered as major cosmetic problems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of synthetic and natural compounds show the ability to inhibit melanin production
from variable organisms.
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The rational design of melanin biosynthesis inhibitors based on cuminaldehyde scaffold
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isopropy! (cuminaldeyde) or £butyl.
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Figure 4. Effect of UOSC compounds on the melanin production of R. delemar.
(A) Direct effect of UOSC compounds on melanin biosynthesis when incubated for 3 days

with R. delemar spores in liquid culture at 10 pg/ml in comparison with DMSO and kojic
acid as negative and positive controls, respectively. (B) Measurement of melanin production
from R. delemar after treatment was performed using ImageJ. The data was analyzed

using one-way ANOVA and statistical significance was calculated with Dunnett’s multiple
comparisons test and significance level indicated by asterisks (*, £< 0.05: **, £<0.001;
*** P<0.0001). The data display the mean + SEM of three biological replicas.
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Figure 5. Inhibition effect of UOSC compounds at 10 pg/ml on fungal melanin.
(A) Inhibition effect of UOSC compounds on mushroom tyrosinase using ELISA Kits. (B)

Inhibition effect of UOSC compounds on R. delemar tyrosinase enzyme activity compared
with kojic acid and cuminaldehyde. (C) Graphical representation for the inhibition of
UOSC compounds on Rhizopus tyrosinase enzyme activity compared with kojic acid and
cuminaldehyde. The data were analyzed using one-way ANOVA and statistical significance
was calculated using Dunnet’s multiple comparisons test and significance level indicated by
asterisks (*, < 0.05: **, P<0.001; ***, P<0.0001). The data display the mean + SEM of
at least three biological replicas.
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Figure 6. Inhibition effects of UOSC compounds at 10 pg/ml on human melanin.
(A) Inhibition effect of UOSC compounds on human tyrosinase using ELISA kits. (B,C)

Effect of UOSC compounds on the melanoma cell line. The melanin was stained according
to Schmorl Melanin Stain [36] as indicated in the methodology section. (B) Melanin staining
(C) Representative measurement of melanin from melanoma cells by densitometry. The

data were analyzed using one-way ANOVA and statistical significance was calculated using
Dunnet’s multiple comparisons test and significance level indicated by asterisks (*, £<0.05:
** P<0.001; ***, P<0.0001). The data display the mean + SEM of three biological replicas.
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Figure 7. Toxicity of UOSC compounds.
The effect of compounds on mammalian fibroblast cell line using MTT assay. Mammalian

cells were seeded in 96-well plate until confluency followed by incubation with the
compounds overnight prior to MTT assay. The data display the mean of the percentage
of the survival rate of mammalian cells £ SEM of six experimental replicas. A P-value <
0.05 was considered as significant.

Biochem J. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soliman et al.

G ! ) ' H 5 E I 3 T T T T
| = Protein == UOSC2 ] e PrOtEIN mm UOSC1 == UOSC2 | 0 7
04l 1o B
031 g E b ] g |
& 1E .f 1a, il
c = 08 .
E‘ )2 g L(I)L - - E |
. 02 |
] MW 2 5 i
= 01f {0 @
[ “= 0.1 o1 il
' - : L,
1 1 1 L : 1 1
0 il é ‘8 10 Arg200  Ala220  Leu2d0  Asn260 Met280 Asp300 2 () D 4 6 8 10
Binding Pocket residues Time (ns)

Number of H-Bonds

Time (ns)

Figure 8. Computational modeling of UOSC-1, 2, 13, and 14 with fungal tyrosinase compared
with human tyrosinase.

(A-C) Interaction of the native ligands (tropolone and kojic acid) and compounds UOSC1
or UOSC-2 within the active site of mushroom tyrosinase. (A) Illustrated the interaction of
native ligand tropolone (yellow stick) and kojic acid (light pink stick) within the active site
of mushroom tyrosinase (PDB:2Y9X). Copper ions represented as copper sphere surrounded
with histidine residues (pink stick). (B) Hlustrated the interactions of UOSC-2 (light brown
stick) with residues (dark green stick). UOSC-2 showed H-bonds (yellow stick) with His244
and Val248. (C) Binding mode of native ligand, tropolone (yellow stick), UOSC-2 (white
stick), and UOSC-1 (brown stick). UOSC-2 occupied the active center similar to native
ligand. UOSC-2 is so near to copper ions at a distance of 3.8 A. The remaining structure

of UOSC-2 extended in the binding pocket, the surface represented as hydrophilic (pink),
hydrophobic (green), and neutral (white). (D-F) Interactions of UOSC-1 or UOSC-2 and
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the native ligand, kojic acid within the active site of human tyrosinase. (D) Illustrated the
interactions of kojic acid (light yellow stick) and UOSC-1 (brown stick) within the human
tyrosinase active site (PDB:5M8M). (E) Illustrated the interactions of UOSC-2 (light brown
stick) within human tyrosinase active site. (F) Illustrated the binding mode of UOSC-2
(white stick), UOSC-1 (brown stick), and kojic acid (yellow stick). Human tyrosinase
surface represented as hydrophilic (pink), hydrophobic (green), and neutral (white). Zinc
ions represented as violet spheres, histidines ligands represented as pink stick and pocket
residues are represented as cyan stick. Kojic acid, the native ligand represented as yellow
stick. H-bonds between UOSC-2 and the active site are green dots, while H-bonds between
kojic acid and the pocket site are red dots. H-bonds between kojic acids and Zn ions are
shorter than the H-bonds between UOSC-2 and Zn ions. The H-bonds between UOSC-2 and
Zn ions are not in accepted H-bond length. (G-J) Molecular Dynamics (MD) simulation

of the newly designed tyrosinase inhibitors. (G) Illustrated the RMSD values over 10 ns
simulations of the protein (black) and UOSC-2 (red). (H) Hllustrated the RMSF values in
nanometer over 10 ns simulations of the protein (black) and UOSC-2 (blue). (I1-J) H-bonds
interaction over 10 ns MD simulation of (I) kojic acid and (J) UOSC-2.
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Figure 9. Activity of mushroom tyrosinase enzyme in the presence of different concentrations of
L-DOPA as substrate and different concentrations of UOSC-2 inhibitor.

(A) A plot of enzyme concentration (S) versus the enzyme activities (V) at different
concentrations of the inhibitor (UOSC-2). The presence of inhibitor did not reduce

the amount of enzyme, but resulted in an inhibition of the enzyme activity. The

UOSC-2 inhibited the diphenolase activity of tyrosinase in a dose-dependent manner.

(B) Lineweaver—Burk plot of mushroom tyrosinase enzyme inhibition by different
concentrations of UOSC-2 (1, 2.5, and 5 uM) in the presence of different concentrations

of L-DOPA as a substrate (0.675, 1.25, 2.5, and 5 mM). The reciprocal tyrosinase inhibitory
activity was plotted against the reciprocal substrate concentration (double reciprocal plot).
The data were obtained as mean values of at least three biological replica of 1/V, the
inverse of the absorbance increases at a wavelength of 492 nm per min of three independent
experiments.
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Figure 10. De-melanization of Rhizopus (white) spores enhanced the phagocytic ability of
macrophages.

(A) White Rhizopus spores developed after treatment with UOSC-2 for 3 days

compared with wild-type black spores. (B) Fungal burden from the lungs of infected
immunocompetent mice (7= 5 per experimental group) with 10° fungal spores. The

mice were sacrificed at the indicated time points, lungs were collected and the lungs

fungal burden were assessed by CFU plating on PDA containing 0.1% triton. The data
were analyzed using Student’s #test and statistical significance was calculated. The data
display the mean + SEM of five different mice. (C) Representative photomicrographs of
macrophages obtained from peripheral blood monocytes incubated with RAizopus spores

at a ratio of 1 macrophage to 2 spores at different time points. Developed white spores
failed to cluster and were eliminated rapidly as compared with non-treated wild-type spores
(indicated by black arrows). Scale bar = 50 um. (D) Viability of spores after phagocytosis
events. At the end of each time point, excess spores were washed with pre-warmed PBS
and the remaining macrophages were lysed. The lysates were further diluted and cultured
overnight on PDA. White spores viable numbers capable of growing on media were reduced
after phagocytosis when compared with wild-type spores. The numbers on the plates (1-4)
indicated the number of replicas per each treatment.
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Calculated ICgq (molar concentration) of the UOSC compounds on mushroom tyrosinase

Table 1.

Compounds  1Csq (UM)
UOSC-1 0.01
UOSC-2 0.0074
UOSC-3 0.0195
UOSC-4 0.0147
UOSC-5 0.034
UOSC-6 0.0837
UOSC-7 >0.1875
UOSC-8 0.0807
UOsSC-9 >0.207
UOSC-10 0.0287
UOSC-11 0.102
UOSC-12 0.043
UOSC-13 0.0086
UOSC-14 0.0099
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Free binding energy (AG) and binding affinity (Pkd) of compounds 1, 2, 13, and 14 and selected known
anti-melanin compounds with mushroom versus human tyrosinase

Table 2.

Mushroom tyrosinase

Human tyrosinase

Cp. no. 1Cgo (UM)  AG (Kcal/mol) Pkd AG (Kcal/mol) Pkd
uosC-1 0.01 -8.10 60 -7.73 5.73
UOSC-2 0.0074 -9.13 6.76 -7.82 5.79
UOSC-13 0.0086 -8.07 598 -7.36 5.45
UOoSsC-14 0.0099 -8.13 6.02 -7.73 5.72
Kojic acid 0.23 -5.78 428 - -
Cinnamic acid - -7.84 - - -
Thiosemicarbazone - -7.40 - - -
Umbeliferone - -7.52 - - -
Reservatrol - -7.40 - - -
Chalcone - -8.61 - -8.96 -
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