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Abstract: The binding of fluoroquinolones, the most commonly prescribed antibiotics, with melanin is
well explored. However, their binding patterns and exact mechanism of interaction with tyrosinase, a
key enzyme in melanogenesis, are not explored yet. Thus, in the present study, seven fluoroquinolone
drugs were selected to characterize their interactions with the tyrosinase enzyme: ciprofloxacin,
enoxacin sesquihydrate, ofloxacin, levofloxacin, sparfloxacin, moxifloxacin and gemifloxacin. The
results confirmed that all the drugs execute excellent enzyme activity, with an inhibition range from
IC5p = 28 £ 4 to 50 £ 1.9 uM, outperforming the standard hydroquinone (IC5y = 170 uM). Later,
kinetic studies revealed that all the drugs showed irreversible, but mixed-type, tyrosinase inhibition,
with a preferentially competitive mode of action. Further, 2D and 3D docked complexes and binding
analyses confirmed their significant interactions in the active region of the target enzyme, sufficient
for the downstream signaling responsible for the observed tyrosinase inhibition. Thus, this is the
first report demonstrating their mechanism of tyrosinase inhibition, critical for melanin-dependent
responses, including toxicity.
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1. Introduction

Fluoroquinolones are a group of synthetic, broad-spectrum antibiotics patented in the
late nineties, including norfloxacin (1978), pefloxacin (1979), enoxacin (1980), ciprofloxacin
(1981), fleroxacin (1981) and ofloxacin (1982) [1], and are still used today. In Figure 1, the
general structure of fluoroquinolones, with an accepted numbering scheme for positions
on the molecule, is shown. In the 1980s, there was a big revolution when enoxacin, an
analog of nalidixic acid, was derived with a significantly increased spectrum of antibacte-
rial activity [2]. Ciprofloxacin, the most successful and widely accepted fluoroquinolone,
was marketed in 1986; since then, fluoroquinolones have become recognized as promis-
ing agents for controlling a wide range of infections, including gastrointestinal, urinary,
respiratory, skin and ocular infections [2-5]. This class of compounds has enhanced phar-
macokinetic properties, with extensive and potent activities against parasites, bacteria and
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mycobacteria, including resistant strains that outperform the bactericidal drugs existing
previously [5,6]. However, in an attempt to retain their effectiveness, the present guidelines
mostly recommend this class as second-line agents to prescribe when narrow-spectrum
antibiotics have failed [7].

Figure 1. General structure of fluoroquinolones, using the accepted numbering scheme for positions
on the molecule. The radicals R!, R?, R5, R” and R® indicate possible positions for structural
modification; X usually corresponds to a C or N atom. Adapted with permission from [8].

Despite their excellent antibacterial properties, phototoxicity is a rare, but character-
istic, side effect of fluoroquinolone antibiotic use [9], which is believed to be associated
with UVA-induced drug degradation, resulting in the formation of reactive oxygen species
(ROS), causing oxidative damage to cell components, including lipids, proteins and nu-
cleic acids [10-13]. Fluoroquinolone-induced skin phototoxicity may appear in vivo, with
different degrees of severity, as exaggerated sunburn-like lesions, blisters, scaling, edema,
erythema, eczematosus and bullous eruptions in areas of the skin exposed to sunlight or
artificial UVA radiation [9,14-17].

Melanocytes, a heterogeneous group of cells, have the ability to produce a pigmented
protein called melanin, primarily responsible for skin, hair and eye color. Tyrosinase,
being a limiting enzyme for melanogenesis, affects melanin biosynthesis significantly. It
catalyzes the hydroxylation of L-tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA) and
L-DOPA to dopaquinones [18], resulting in the accumulation of melanin pigments. There
are two types of epidermal melanin, eumelanin and pheomelanin, known for their photo-
protective and photo-toxic properties [19,20]. Melanin bears antioxidant properties, and
a strong affinity for drugs and other chemical substances. Therefore, it efficiently filters
toxic substances and protects body tissues from oxidative and chemical stress. The affinity
of melanin for drugs restricts their access to cell receptors, and then releases them from
the complexes in non-toxic concentrations, protecting the tissues from their undesirable
side effects. However, the affinity of melanin for drugs may result in them becoming
over accumulated in cells. In particular, their long-term intake and the slow release of
their metabolites may elevate the level of noxious substances stored on melanin, causing
degeneration in the melanin-containing cells (present in the eye and skin) and surrounding
tissues [21-23]. It was suggested that the toxic reactions of fluoroquinolones [24-26],
tetracyclines [27,28] and phenothiazines [29], directed to pigmented tissues, may be related
to the accumulation of drugs in melanin biopolymers. The effect of fluoroquinolone
antibiotics, such as ciprofloxacin [26], lomefloxacin [30], sparfloxacin [26], norfloxacin and
moxifloxacin [31,32], on the antioxidant status and melanin synthesis in normal human
melanocytes (HEMa-LP) is extensively studied, with all suggesting melanin-associated
drug-induced toxicity. It has been demonstrated that fluoroquinolones bind well to melanin-
rich tissues [33,34]; the relation between the affinity of fluoroquinolones to melanin and skin
or eye toxicity is well documented, but the mechanism of their interaction with tyrosinase,
a key player in melanin synthesis, is not reported.
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Thus, the following fluoroquinolone drugs with a single active compound were
purchased and screened for comparative tyrosinase activity: ciprofloxacin, enoxacin sesqui-
hydrate, ofloxacin, levofloxacin, sparfloxacin, moxifloxacin and gemifloxacin. Later, to
explore the mechanism, type of enzyme inhibition and possible interactions of the test
drugs with tyrosinase, enzyme kinetic in vitro studies and molecular docking in silico
studies were performed, adding in the existing understanding of drug-induced, tyrosinase
rooted, melanin-associated toxicity.

2. Materials and Methods
2.1. Chemicals

Mushroom tyrosinase, 3,4-dihydroxyphenylalanine (L-DOPA), mono-sodium phos-
phate monohydrate, di-sodium phosphate dihydrate, hydroquinone, sodium hydroxide
and dimethyl sulfoxide (Sigma Aldrich, St. Louis, MI, USA) were used. Seven fluoro-
quinolone drugs with a single active compound were purchased from the local pharmacy.

2.2. In Vitro Anti-Tyrosinase Activity

The mushroom tyrosinase was used to screen the anti-tyrosinase activity of the tested
antibiotics, following the method described previously [34]. Briefly, 20 pL of tyrosinase
(30 U/mL), 140 pL of phosphate buffer (20 mM, pH 6.8) and 20 uL of the test drug’s
solution were mixed in a 96-well plate (SPL, Gyeonggi-do, Korea) and incubated at 25 °C
for 10 min. Later, 20 pL of 0.85 mM 3,4-dihydroxyphenylalanine (L-DOPA) was added and
the plate was incubated again at 25 °C for 20 min. Finally, the formation of dopachrome
was tracked at 450 nm using a plate reader (BioTek, ELX800, Winooski, VT, USA) and
the experiment was performed in triplicate. Hydroquinone was used as a standard. The
following formula was used to find the percentage of tyrosinase inhibition necessary to
calculate 50% inhibition (ICsp). We used the following formula to calculate the % inhibition:

ODsample

Inhibition activity (%) = [1 — ODcontrol

] x 100 1)
ODgsample means the optical density of the test drugs, while ODgntro) means the optical
density of the blank (without a test drug and without a standard drug).

2.3. Kinetic Analysis of Tyrosinase Inhibition Activity

The kinetic mechanism of enzyme inhibition was determined by following the method
reported previously [35]. Different drug concentrations, as indicated in the graphs, were
used for the Lineweaver-Burk plot and Dixon plot; however, 0.0625 to 2 mM substrate
L-DOPA concentration was used in all the kinetic studies. The pre-incubation period was
the same as in the mushroom tyrosinase inhibition assay protocol. After enzyme addition,
the formation of dopachrome was tracked for 5 min with 30 s intervals at a wavelength of
450 nm.

The type of enzyme inhibition was assessed by Lineweaver—Burk graph plotting the
inverse of velocities 1/V versus the inverse of substrate concentration 1/[S] mM !, and
the inhibition constant Ki was determined by Dixon graph plotting 1/V versus the drug
concentrations. Later, series of experiments were performed to find the mode of reversible
or irreversible inhibitory enzyme behavior, and complexes formed between the drugs
and enzyme.

2.4. Molecular Docking Studies
2.4.1. Repossession of Mushroom Tyrosinase from PDB

The crystal structure of mushroom tyrosinase was retrieved from the Protein Data
Bank (PDB), with the code PDBID 2Y9X [36]. Energy minimization of the target structure
was carried out by using the conjugate gradient algorithm and AMBER force field in
UCSF Chimera 1.10.1 [37]. The stereo-chemical properties, and Ramachandran graph and
values of the mushroom tyrosinase structure were assessed by the MolProbity server [38],
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while the hydrophobicity graph was generated by Discovery Studio 4.1 Client [39] (https:
//discover.3ds.com/discovery-studio-visualizer-download, accessed on 21 April 2021).
Moreover, the online tool VADAR 1.8 [40] (http:/ /vadar.wishartlab.com/, accessed on
21 April 2021) was used to find the protein architecture and statistical percentage values.

2.4.2. Preparation of Ligands and Molecular Docking Simulation

The chemical structures of ciprofloxacin, gemifloxacin, enoxacin, levofloxacin, moxi-
floxacin, ofloxacin and sparfloxacin were sketched using the ACD/ChemSketch tool and
energy minimized using the visualizing software UCSF Chimera 1.10.1 [38]. The PyRx
docking tool was used to perform the molecular docking experiment for all the ligands
against mushroom tyrosinase. The grid box center values of X = —0.4045, Y = 21.8847
and Z = —42.2150, and the size values, were adjusted to X = 30.0478, Y = 28.5792, and
Z =21.2800 for a better conformational position in the active region of mushroom tyrosi-
nase. All the synthesized ligands were docked separately against mushroom tyrosinase,
with a default exhaustiveness value of 8. The predicted docked complexes were evaluated
on the basis of the lowest binding energy (Kcal/mol) values and structural activity rela-
tionship (SAR) analyses. The three-dimensional (3D) graphical depictions of all the docked
complexes were created using Discovery Studio (2.1.0) and UCSF Chimera 1.10.1.

3. Results and Discussion

The present study was designed to investigate the unexplored mechanism of selected
fluoroquinolone drug-enzyme interactions and their binding patterns, critical for melanin-
dependent responses and important for the cosmetic, medicine and agriculture industries.

Our result confirmed that all the selected antibiotics (Figure 2) i.e., ciprofloxacin,
enoxacin sesquihydrate, gemifloxacin, levofloxacin, moxifloxacin, ofloxacin and sparfloxacin
showed excellent tyrosinase inhibitory activity with IC50 & SEM values 37 & 2, 28 & 4,
34+2,39+2,50 £1.9,40 £ 2 and 30 £ 2.8 uM, respectively. Interestingly, all the drugs
outperformed the standard hydroquinone (ICsy = 170 uM). Additionally, norfloxacin was
tested for comparison, and it was found to be a tyrosinase inhibitor with ICsy = 820 uM.
The selected fluoroquinolones are known for their broad-spectrum antibacterial activity.
These drugs were selected due to their excellent bioavailability, easy synthesis, low toxicity,
ability to kill different clinical pathogens and, most importantly, they have been used as
antibiotics for a long time. The fluoroquinolones are synthetic fluorinated analogues of
naldixic acid, which are important for cosmetics, medicine and agriculture [41-43]. A cyclo-
propyl moiety at position 1 (ciprofloxacine, gemifloxacin, moxifloxacine, and sparfloxacine)
is considered to be the most potent modification against anaerobic bacteria [44], and any
bulky substituent at position 7 (gemifloxiacine and enoxacine) is very close to the topoi-
somerase IV binding site, resulting in a lower level of microbiological activity [45,46].
Moreover, 3-carboxylate (ciprofloxacine, levofloxacine, moxifloxacine, ofloflaxacine and
sparfloxacine), fluoro groups (enoxacine and gemifloxacine) and 4-carbonyl groups are
important for antimicrobial activity [47]. Substituents at position 5 (sparflaxacine) change
the overall steric configuration of the molecule. The addition of an amino group, as in the
case of sparfloxacine at position 5, can remarkably increase the in vitro activity against
Gram-positive bacteria and Toxoplasma gondii [47,48]. The addition of fluorine at position 6
(ciprofloxacin, levofloxacin, moxifloxacin, ofloxfloxacine and sparfloxacine) is used widely
nowadays, due to their clinical importance, which improves antimicrobial activity as com-
pared to the original quinolone compound [49]. Any kind of substitution at positions 1, 7
and 8 plays a key role in the overall biological activities of the compounds under develop-
ment [50]. It was observed that enoxacin exhibited the most potent tyrosinase inhibitory
activity, with the lowest ICs; of 28 uM. Position 8 is important, as it affects the steric config-
uration, similarly to position 5, by substitution, accessing the binding sites of enzymes [51].
Thus, the presence of an ethyl group at position 1 plays a very important role in tyrosinase
inhibitory activity, as it was shown to have higher activity than the reference hydroquinone.
The role of the 1-cyclo propyl group in ciprofloxacin and 1,8 cyclo compounds in ofloxacin
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and levofloxacin was also studied, which exhibited a higher tyrosinase inhibition potential
than moxifloxacin, but lower than gemifloxacin. Hence, the ICs5j values of all the tested
drugs were found to be 3-6 times lower than the standard hydroquinone. An important
observation is that sparfloxacine exhibits comparable inhibition activity to the most potent
enoxacine drug, which is because of the bulkiness at position 7, and the bulk here also
increases the anti-anaerobic activity [52]. It is worth noting that antibiotics already on the
market show excellent anti-tyrosinase activity, which may give them an advantage over any
new synthetic drug that requires a medical trial before considerations. Their interactions,
binding patterns and dose-dependent effect on melanin have been studied widely [26-32].
However, to study their unexplored binding mechanism with tyrosinase, a key enzyme for
melanogenesis, a kinetic study is performed.

b

F
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-
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Figure 2. Study drugs (a) ciprofloxacin, (b) enoxacin sesquihydrate, (c) gemifloxacin, (d) levofloxacin,
(e) moxifloxacin, (f) ofloxacin, (g) sparfloxacin and (h) hydroquinone. Their structures are adopted
with permission [8,53].

3.1. Mechanism of Enzyme Kinetics

To understand the mechanism of enzyme inhibition, oxidation of the L-DOPA indicator
of diphenolase activity was determined from Lineweaver-Burk and Dixon plots. The
Lineweaver-Burk plots, in the presence of most potent drugs, i.e., enoxacin sesquihydrate,
ciprofloxacin, ofloxacin, levofloxacin, sparfloxacin, moxifloxacin and gemifloxacin, are
shown in Figures 3 and S1-56, respectively. Additionally, a kinetic study for norfloxacin
was also performed (Figure S7). The plots (1/V versus 1/[S]) showed straight lines with
different slopes. Their analysis revealed that Vmax reduces with K;, shift and increasing
drug concentration, which indicated that they inhibit tyrosinase by dual distinct channels
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and show a mixed type of inhibition. This revealed that antibiotics can bind with a
free enzyme (E), as well as with the enzyme-substrate (ES) complex [54]. The insightful
analysis of EI and ESI binding affinities showed their mixed-type mode of inhibition. The
secondary replots of slope versus concentration of the test drugs showed the EI dissociation
constant (Ki) (Figures 3b1 and S1-57(b2-b8)), while the ESI dissociation constant (Ki")
was shown by the secondary replots of intercept versus concentration of the test drugs
(Figures 3c1 and 51-57(c2—c8)). Both the Dixon plot (Figures 3d1 and S1-57(d2-b8)) and
secondary replot of the Lineweaver-Burk plot were used to calculate the Ki. The Ki values
ranged from 0.1 to 0.4 mM (Figures 3bl and S1-57(b2-b8)) and the Ki’ values ranged
from 0.8 to 2 mM (Figures 3cl and S1-57(c2—c8)). The analysis showed lower dissociation
constant values for Ki compared to Ki’, demonstrating more prosperous binding between
the enzyme and antibiotics [55], justifying their preferred competitive mode of inhibition.
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Figure 3. (al) Lineweaver—Burk plot for inhibition of tyrosinase enzyme in the presence of various
concentrations of enoxacin sesquihydrate (as indicated) and L-DOPA concentrations (0.0625, 0.125,
0.25,0.5, 1 mM and 2 mM). (b1) The insets represent the plot of the slope from Lineweaver-Burk plot

versus inhibitor. (c1) The secondary replot of the Lineweaver—Burk plot, 1/V (y-intercept) versus
various concentrations of inhibitor. (d1) The Dixon plot of the reciprocal of the initial velocities versus
various concentrations of the test drug. (e1) Relationship between the catalytic activity of tyrosinase
and various concentrations of the test drug.
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3.2. The Inhibitory Effect of Drugs on Diphenolase Activity of Tyrosinase

The tyrosinase inhibition behavior by the most potent drugs, i.e., enoxacin sesqui-
hydrate, ciprofloxacin, ofloxacin, levofloxacin, sparfloxacin, moxifloxacin, gemifloxacin
and norfloxcin, was assessed by reversibility plots (Figures 3el and S8(a2-a8)). For the
catalysis of L-DOPA, the plots of enzyme activity versus the concentration of the enzyme
(0.44,0.88,1.75,3.5, 7 and 14 pg/mL) in the presence of antibiotics produced a family of
straight lines. The series of parallel straight lines, which had the same slopes for all the
antibiotics, indicated their irreversible binding behavior [56,57] with the enzyme. Thus, our
results confirmed the irreversible binding behavior of the tested drugs with the binuclear
active site of tyrosinase.

3.3. Molecular Docking and Structural Assessment of Mushroom Tyrosinase

Mushroom tyrosinase (Agaricus bisporus) belongs to an oxidoreductase copper-containing
protein that comprises 391 residues. The mushroom tyrosinase structure has 39% o-helices
(154 residues), 14% p-sheets (57 residues) and 46% coils (180 residues). In the Ramachan-
dran plots, the residues in favored regions and the residues in allowed regions were 95.90%
and 100.0%, respectively (Figure S9). The values of the Ramachandran graph indicate
the good precision for phi (¢) and psi () angles among the coordinates of the receptor
molecules, and most of the residues plummeted into an acceptable region (Figure S9).

The docked complexes of all the drugs against mushroom tyrosinase were assessed
individually, and were compared on the basis pattern of the drug interactions and minimum
energy values. The results confirmed that all the drugs showed good binding energy values
in the active region of the target protein (Figure 4). The autodock standard error is testified
as 2.5 kcal/mol; however, the predicted energy value difference is observed to be less for
all the docking complexes.
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Figure 4. Molecular docking energy graph of test drugs.

3.4. Binding Analyses of Test Drugs and Tyrosinase Enzyme

The in vitro and in silico results showed that enoxacin sesquihydrate has more therapeu-
tic potential and is confined in the active binding pocket of the target protein (Figure 5A,B).
The docking result of the enoxacin sesquihydrate-mushroom tyrosinase docked com-
plex showed two hydrogen bonds at the His85 and His263 residues. The oxygen atom
of enoxacin formed a hydrogen bond against His85, with a bond length of 4.65 A, and
His263, with a bond length of 4.17 A. Our docking results showed good correlation with
the published research, which strengthens our work and its efficacy [34,58,59].
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Figure 5. (A,B) Docking complex (3D) of enoxacin sesquihydrate and tyrosinase enzyme.

In ciprofloxacin docking, hydrogen and hydrophobic interactions have been observed
at different residue positions. The oxygen atoms in the piperazine ring form a couple
of hydrogen bonds with His85 and Asn81; whereas, val283 and Pro284 hydrophobically
interacted with appropriate bond distances. In enoxacin sesquihydrate docking, a single
hydrogen bond was observed at position Asn260, through an oxygen atom. Moreover, a
couple of hydrophobic interactions were reported at His85, His263, His269, Val283 and
His244, respectively. Most importantly, enoxacin sesquihydrate also formed a hydrophobic
interaction with Cu401, through 7-t stacking. In the gemifloxacin docking results, three
hydrogen bonds were observed at positions Asn81, His244 and Asn260, through oxygen
atoms of the drug. Moreover, Ala323 and Val283 also interacted through hydrophobic
interactions. In levofloxacin tyrosinase docking, a couple of hydrogen bonds and hy-
drophobic interactions have been observed at different residue positions. The oxygen
atoms of levofloxacin formed two hydrogen bonds at positions His85 and Asn81, respec-
tively. Moreover, Val283 and Pro284 interacted by forming hydrophobic interactions. In the
moxifloxacin and ofloxacin docking results, a couple of hydrogen bonds were reported at
positions His85 and Asn81, respectively. Moreover, His244 and Val283 interacted through
hydrophobic interactions.

In the sparfloxacin docking complex, a single hydrogen bond was observed at position
Met280, and different hydrophobic interactions were reported at different residue positions,
such as Gly281, Asn260, Phe264, His85, His259, His263, Val283 and ser282, respectively.
Furthermore, both copper ions interacted hydrophobically with the drug. The comparative
results showed that all the drugs bind at binding pocket residues, having slightly different
conformational positions inside the binding pocket, and they showed good correlation
with the published data, which ensures the credibility of the docking analysis. The 2D
conformations, binding poses, and interactions with binding residues of all the drugs are
mentioned in Supplementary Figure S10.

4. Conclusions

In the present study, seven fluoroquinolone drugs were used and their mechanism of
tyrosinase inhibition was explored for the first time. All the test drugs showed excellent
tyrosinase inhibition that outperformed the standard. Among all, enoxacin sesquihydrate
showed the highest tyrosinase inhibitory activity in vitro. The kinetic analysis revealed
that all the drugs showed irreversible, but mixed-type, tyrosinase inhibition, with a pref-
erentially competitive mode of action. Further, the 2D and 3D docked complexes and
their binding analysis confirmed the significant interactions of all the tested drugs in the
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active region of the target enzyme, sufficient for the downstream signaling responsible for
tyrosinase inhibition. Thus, this is the first report demonstrating the mechanism, type of
enzyme inhibition and possible interactions of the test drugs with tyrosinase. This is critical
for melanin-dependent biological responses, and is important to consider during cosmetic,
medicine and agricultural applications in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12104849/s1.
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