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Abstract



Kojic acid is a natural antifungal and antibacterial agent that has been extensively studied for its
tyrosinase inhibitory and metal coordination properties. Tyrosinase is a metalloenzyme with two
copper ions in the active site. It is widely accepted that the tyrosinase inhibitory activity of kojic acid is
related to its ability to coordinate metals. Over the past five years, we have used kojic acid to
synthesize new and efficient bis-kojic acid chelators of iron and aluminium. In parallel, we investigated
whether the de novo designed ligands could interfere with proper tyrosinase functioning. The present
study combines our experience with inhibition and coordination studies of the new ligand: Kojic-pAla-
Kojic. Research aimed at the assembly of a new potent tyrosinase inhibitor was based on the well-
known crystal structure of the enzyme. Two questions were whether two kojic acids could act better
than one and to what extent the length and kind of linker could ameliorate metal coordination, and
inhibitory activity. Our results show that Kojic-BAla-Kojic has high affinity for Fe(l11), Al(I11), Zn(I1),
Cu(ll) and strong tyrosinase inhibitory effect and it can be proposed for use in industrial and

pharmaceutical applications.



1. Introduction

The compound 5-Hydroxy-2-hydroxy-methyl-y-pyrone was discovered in the latter part of the 19"
century and since 1916 is known as Kojic acid (KA) [1]. It is produced as an antibiotic by Aspergillus
and Penicillium species and inhibits the enzymatic activity of mushroom tyrosinase [2] (EC 1.14.18.1),
an ubiquitous enzyme containing two copper ions. The dinuclear copper center of tyrosinase catalyzes
the ortho-hydroxylation of monophenols, oxidation — of catechols [3], quinonization of
dihydroxycoumarins [4], 0-aminophenols and aromatic o-diamines [5; 6].

The active site of tyrosinases exists in three states: deoxy-tyrosinase, oxy-tyrosinase and met-tyrosinase
[7] (Scheme 1). The conversion of met- to deoxy-tyrosinase requires a two-electron reduction step. The
deoxy-form can reversibly fix molecular oxygen leading to the oxy form. Although the mechanism of
the reaction is not fully understood, it is generally accepted that ortho-diphenol oxidation occurs via
Michaelis-Menten Kkinetics, whereas monophenols hydroxylation is characterized by a phase of latency
[8]. Both cresolase and catecholase cycles produce ortho-quinones, which are further spontaneously

rearranged into polymeric pigments [9].

<Scheme 1>

The copper binding site is located at the heart of two pairs of hydrophilic antiparallel a-helices [10].
Each of the two copper ions is coordinated by 3 histidine residues: Cu-A by His61, His85 and His94;
Cu-B by His259, His263 and His296 [10]. The side chain rotational freedom is limited by histidine
hydrogen bonds (61, 94, 259, 263) to peptide carbonyl oxygen atom as well as phenylalanine wedged
between histidines (Phe90 between His94, His259, His296 and Phe292 between His6l, His263,

His296). Furthermore, His85, is covalently linked via a thioether to Cys83 which fixes the orientation



of the histidine side chain [10]. The exact role of this post-translationally formed thioether bond
remains unclear but a direct role in catalysis can be excluded because it is not conserved [11].

Because the metal ion Cu” is classified as a soft acid, it has a lower affinity for intermediate bases like
imidazole and a higher affinity for interactions with thiol groups (soft bases). Bearing in mind that the
Cys83-Met85 thioether bond is contained within the flexible loop connecting the rotating helices a3
and a4, we hypothesized a structural role for cysteine residue in the deoxy form of tyrosinase.

The metal coordinating sphere is hydrophilic and located within the aromatic hydrophobic shell of
phenylalanines. The Cu-B site is more rigid than the Cu-A site which contains histidine residues in
different helices (His61 at the end of helix a3, His94 at the beginning of a4, His85 in the loop
connecting a3 and o4).

Several previous reports have described kojic acid and its derivatives as inhibitors of melanin
formation, both in vitro and in vivo [12; 13], speculating a possible role for copper coordination
mechanisms [14]. In 2011, Fishman et. al. determined a tyrosinase structure from Bacillus megaterium
(TyrBm) with bound kojic acid, the first tyrosinase structure with a bound ligand. The kojic acid
molecule occupies identical positions in both subunits of TyrBm and is bound strongly by interactions
with Phe, Pro, Asn and Arg residues. As opposed to the previously suggested modes for copper
complex formation, the ligand was oriented with the hydroxymethyl towards the active site at the
relatively far distance of 7 A. Hence, the position and orientation of kojic acid causes an obstruction of
the active site that could lead to inhibition of the tyrosinase enzyme.

In literature different kojic acid derivatives are reported as tyrosinase inhibitors. These studies mainly
investigated the ability of the synthesized kojic acid derivatives to improve inhibitory properties by
converting the methylene hydroxyl group into ester [15], hydroxylphenyl ester [16], glycoside [17] and

amino acid derivatives [18-21].



Kojic acid was reported as well as chelating agent for trivalent and bivalent metal ions [22-25].
Encouraged by the promising results obtained in our previous reports of L1-L9 kojic acid derivatives
(Figure 7, names of the ligands previously published as iron(l11) and aluminium(l11) chelators) [26-30],
we focused the present study on the synthesis of Kojic-BAla-Kojic. We studied iron(ll),
aluminium(ll), zinc(I1) and copper(ll) complexes and compared the results with previously published
data. Moreover, we evaluated the tyrosinase inhibition efficacy of the new molecule and compared with
low effective inhibitors of melanin [27-30] in order to know whether two kojic acids were better than
one and if the length and kind of linker could improve inhibitory activity.

The ligand protonation and complex formation constants with copper were studied and compared with
the results of low effective inhibitors.

2. Experimental

2.1 Reagents

HCI, KCI, KOH, D,0 and ethanol were Sigma Aldrich products; 5-hydroxy-2-hydroxymethyl-pyran-4-
one was obtained from TClI EUROPE N.V. Carbonate free potassium hydroxide solutions were
prepared according to Albert and Serjant [31]. All chemicals used for synthesis (Tos-OSu, dioxane,

triethylamine, ethyl acetate, DMSO and MgSQO,) were purchased from Sigma Aldrich.

2.2 Synthesis of (5-hydroxy-4-oxo-4H-pyran-2-yl)methyl 3-({[(5-hydroxy-4-o0xo-4H-pyran-2
yl)methoxy]carbonyl}amino)propanoate (Kojic-pAla-Kojic, KSAK).

The synthesis was performed according to a recently described method [32] (Scheme 2).

<Scheme 2>
Kojic acid (5.4 g, 38 mmol) and Tos-OSu (5.6 g, 21 mmol) [33; 34] were suspended in 40 mL of

dioxane followed by dropwise addition of triethylamine (8 mL). After stirring the reaction mixture at
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65°C for 1 h, the solvent was evaporated under reduced pressure. After extracting the sample using a
saturated sodium carbonate solution, the water fraction was acidified with HCI. The reaction product
was extracted with ethyl acetate and dried over MgSO,. The solvent was then evaporated and further
purified by preparative HPLC according to the procedure described in section 2.2.2. Sample identity
and purity were confirmed by NMR (Figure S1), ESI-MS (Electrospray lonization-Mass Spectrometry)

(Figure S2) and HPLC.

Analytical data: 92% yield, ESI-MS Found: 382.0810 m/z; calculated 382.0769 m/z for
(C16H15N010)*, *H NMR (DMSO — ds, 500 MHz) § 2.50 (t, 2H, J = 6.6Hz), 3.18 (q, 2H, J = 6.4Hz,
J=12.72Hz), 4.78 (s, 1.8H), 4.87 (s, 2H), 6.30 (s, 1H), 6.39 (s, 1H), 7.50 (t, 0.8H, J = 5.5Hz), 7.99 (m,
2H). °C NMR (DMSO-ds, 500 MHz) & 33.64, 36.41, 61.2, 61.3, 111.9, 112.5, 139.7, 139.8, 146.0,

155.1, 161.4, 162.5, 170.5, 173.6.

2.2.1 Synthesis of 1-{[(4-Methylphenyl)sulfonyl]oxy}pyrrolidine-2,5-dione (Tos-OSu)

The protocol used for the synthesis of Tos-OSu was similar to that previously described in the literature
[33; 34]. Briefly, N-Hydroxyimide (93 mmol) and tosyl chloride (100 mmol) were dissolved in
tetrahydrofuran (100 mL) and triethylamine (14.7 mL) was then added over 20 min. After 40 min, the
solvent was removed in vacuo and 100 mL of 5% hydrochloric acid was added. The product was
filtered off, washed twice with water and crystallized from ethyl acetate to give Tos-OSu. Analytical
data: 92% vyield, ESI-MS Found: 292.02 m/z; calculated 292.03 m/z for (C11H11NO5S +Na)*, *H
NMR (CDCls, 500 MHz) § 2.44 (s, 3H), 2.76 (s, 4H), 7.35 (d, 2H, J = 8.4 Hz), 7.87 (d, 2H, J = 8.4 Hz).

3C NMR (CDCls, 500 MHz) & 21.8, 25.4, 129.6, 130.3, 131.3, 147.3, 168.7.

2.2.2. Purification of Kojic-fA4la-Kojic



Preparative reversed-phase HPLC was performed on a Tosoh TSKgel ODS-120T column (21.5 mm x
300 mm) (Tosoh, Tokyo, Japan) using the same solvent system, gradient 0.5% min™ and a flow rate of
7 mL min™. The crude product was analyzed by analytical HPLC using a Thermo separation HPLC
system with UV detection (210 nm) on a Vydac Protein RP C18 column (250x4.6 mm, 5 mm) (Grace,
Deerfield, IL, USA), with a gradient elution of 0-80% B in A (A = 0.1% TFA in water; B = 0.1% TFA

in acetonitrile - H,0, 4 : 1) for 45 min (flow rate 1 mL mL?, rt).

2.3.  Spectrophotometric—potentiometric measurements

The combined spectrophotometric-potentiometric method used in the present study has been previously
described [26]. Ligand concentration (depending on absorptivity values) was 0.5mM. Spectra were
recorded in the 200-400 nm spectral range using a 0.2 cm path length. Iron(l1l) complex formation
studies were made with the use of 0.5mM ligand concentration and metal to ligand molar ratio 1:1. The
Vis spectra were recorded in the 300-800 nm range using a 1 cm path length. The AI(lIT), Cu(ll) and
Zn(1l) complexes were studied with the use of only potentiometric method; 0.5mM ligand
concentration and metal to ligand molar ratio 1:1. Potentiometric data were processed using
Hyperquad2013 software [35], while spectrophotometric data were obtained by the HypSpec program
[36].

2.4. NMR measurements

'H NMR spectra were collected on a Bruker Advance 300 spectrometer at 300.13 MHz in DMSO with

a5 mm sample tube at 25°C; chemical shifts were referenced to residual solvent signal (3.5 ppm).

2.5.  ESI-MS analysis of complexes



All MS experiments were performed on a Bruker microTOF-Q spectrometer (BrukerDaltonik, Bremen,
Germany), equipped with an Apollo Il electrospray ionization source with an ion funnel. The
instrument parameters have been previously described [30]. Collision energy was optimized for each
product to obtain the best fragmentation. The solutions of 0.1mM ligand with 0.1mM metal ions were
prepared in water:methanol (50:50) and incubated for 24h before measurements.

2.6.  Enzyme Extraction, purification and tyrosinase activity

The mushroom tyrosinase (EC 1.14.18.1) from Agaricus bisporus was purified as previously described
[37]. Tyrosinase inhibitory activity was determined by a spectrophotometric method. The compound
solution was prepared in 10% DMSO solution. Each sample was diluted in a test tube with 0.05 M
sodium phosphate buffer (pH 6.8). This was followed by the addition of 0.04-0.35 mL (S)-2-Amino-3-
(3,4-dihydroxyphenyl)propanoic acid (L-DOPA, 10 mM) solution (in 10 mM acetic acid) and 0.034
mL mushroom tyrosinase (200 units/mL). The 2.000 mL solution was mixed, incubated for 10 min at
25°C and the absorbance measured at 476 nm. The experiment was repeated with different inhibitor
concentrations: 0.069, 0.139 and 0.279 mM. The absorbance of the same mixture without inhibitor was
used as control with the addition of 10% DMSO water solution for its inhibitory effect. The percent
inhibition of tyrosinase activity was calculated using the equation below:

% inhibition = (A-B)/A x 100
where A represents the absorbance at 476 nm without the test sample, and B represents the absorbance
at 476 nm with the test sample at the same substrate concentration.
In order to calculate 1Csy values, 2 mM stock solutions of tyrosinase inhibitors (kojic acid and KBAK)
were prepared in 10% ethanol/water mixture. ICso values were determined after addition of various
inhibitors amounts to enzyme assays to determine a range of inhibitors needed to encompass the ICs
value. Each 1 mL assay contained a fixed amount of enzyme, inhibitor, 3 mM L-DOPA (final

concentration), and 100 mM phosphate buffer (final concentration) pH 6.5. The inhibition was also
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characterized in terms of an 1Csy value by using GraFit Version 7.0.3 program (Erithacus Software

Ltd., Horley, Surrey, UK) based on the following equation:

Range
y=—7", =t Background

1+(m)

where Range is the maximum y range, and s is a slope factor. The x axis represents the concentration of

analyte. Data fitted to this equation are displayed with a logarithmically scaled x axis.

3. Results and discussion
3.1. Ligand deprotonation

The new ligand KBAK has three potential protonation sites and indeed we determined three protonation
constants from combined potentiometric-UV titration data calculated by HypSpec software [36] (Table
1). In Figure 1, the four molar absorptivity spectra are reported, each representing a differently
protonated form. The [LHs]* band has the highest intensity at 268 nm (e=10998 Mcm™). The first
deprotonation at pH 2.9 can be attributed to nitrogen atom and does not significantly change the
spectrum. The [LH,] band displays maximum intensity at 268 nm and does not differ in shape from the
band of the fully protonated ligand. The two kojic acid units are separated by the hydrophobic linker
and ligand is not symmetric; each kojic unit deprotonates at different pH levels: 7.15 and 8.44. The
[LH] and [L]* bands are different: [LH] band presents two maxima at 250 nm (e=6400 M*cm™) and
317 nm (¢=5403 Mcm™); the [L]? band has a maximum absorptivity at 317 nm (e=8218 M?em™).
The charge of the molecule depends on the pH of the solution (Figure 2); negatively charged forms are
in equilibrium at neutral pH.
<Figure 1>

<Figure 2>



<Table 1>
The first and second protonations attributed to the kojic acid units differ significantly from the kojic
acid protonation constant (7.70 [26]). This is due to the formation of the intramolecular hydrogen
bonds previously reported by us for kojic acid derivatives [26-28; 30].

3.2.  Complex formation studies

3.2.1. Copper and zinc complexes
KBAK forms mononuclear complexes with copper ions at pH 2, which become dinuclear complexes at
pH 3. The presence of one proton in the [CuLH]" complex can be attributed to one kojic acid unit, and
discards the possibility of ring-closed mononuclear coordination. At pH 6.23, the [Cu,L;] complex is
formed, while at pH 7.28, 8.83 we observe displacement of protons of the water molecules in the
coordination sphere (Figure 4). The ESI-MS studies of the copper complexes at neutral pH (Figure S4,
S5) confirm the formation of [CuLH]" and [Cu,L,H]* complexes.
The interesting results arising from the ms/ms experiment (Figure S7) with mononuclear complex
(442.994 m/z) make it possible to locate the metal ion in the unsymmetrical complex. Figure 3 shows
the possible fragments that can be obtained from the two different complexes reported as A and Z,
respectively. In Table 2 and Figure 3, with the exception of the A5-Z5 and A6-Z6 pairs, we can see that
Al fragment of the complex is equal to Z1, A2 to Z2 and so forth. A6, Z6 and A5 fragments are not
present in the spectrum, while Z5 yields an intensive signal. The presence of Z5 suggests that metal
coordination by kojic acid (B) occurs closer to the nitrogen atom. The simulated spectra are in perfect
agreement with the observed signals (Figure S6-8, Table S1).

<Table 2>

<Figure 3>

<Figure 4>
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The stoichiometry of the zinc complexes is not different from that of copper complexes (Figure 4),
although the zinc complexes are weaker (Table 3). The pZn (6.1) value is much lower than pCu (8.3).
[ZnLH]" complexes start to form at pH 4, whereas [Zn,L,H]" complexes start to form at pH 5. At pH
7.9, the [Zn,L;] complex is formed and at pH 9.44 water molecules in the coordination sphere are
deprotonated. The mono- and dinuclear complexes were confirmed by the ESI-MS experiments (Figure
S10). The ms/ms experiment (Figure S11) with [ZnLH]* complex (443.99 m/z) shows the coordination
of zinc ions by the B kojic acid unit (Table S2, Figures S12,S13).

3.2.2. Iron and aluminium complexes

The ligand starts forming monomeric complexes with iron ions at pH lower than 1. Their presence is
indicated by the spectra within the range of 400-700 nm (Figure 5). The values for molar absorptivity
with maximum absorption at 500 nm correspond to those of kojic acid complexes, confirming the
formation of mononuclear complex. At pH 2, dinuclear complexes form with water molecules in the
coordination sphere. In ESI-MS spectrum (Figure S9) we can observe an intensive signal at 434.995
m/z corresponding to [Fe,L,]*" complex (Figure S9, Panel A) and a low intensity signal at 453.005 m/z
corresponding to [FeL(H,0)]" complex (Figure S9, Panel B). The signal indicating [FeL(H.O)]" could
refer to a breakdown product of the [Fe,L,(H,0),]** complex (Figure S9 Panel D) that we observe
deprotonated at neutral pH.

<Figure 5>

<Figure 6>
The stoichiometry of aluminium complexes is the same as that of iron complexes, although the pAl
value (12.7) is lower than the pFe value (18.5) (Table 3). The mononuclear complex [AILH] * exists
from pH 2 to pH 6 (Figure 6). The dinuclear complex [Al,L,H] starts to form at pH 3 and at pH 4.3
loses its last proton. The presence of mono (single charged) and dinuclear (double charged) complexes

is confirmed by two overlapping signals at 406.039 m/z in the ESI-MS spectrum (Figure S3 and Figure
11



S3.1.). Two of the coordination water molecules in the coordination sphere are forming most likely
bridges between two aluminium ions. In the ESI-MS spectrum (Figure S3) we observe a signal at
424.050 m/z for [AIL(H,0)]", which confirms the importance of water in the complex structure. The
signal corresponding to [AIL(H,O)]" could indicate a breakdown product of the [AlLy(H,0),]*"
complex that we observe deprotonated at neutral pH.

<Table 3>

3.3. Tyrosinase inhibition studies

Over the past 5 years we have synthesized several different kojic acid derivatives (Figure 7) with the
aim of individuating effective iron and aluminium chelating agents. One of the requisites of a ligand
used in chelation therapy is that it must not interfere with proper enzymatic activity. This issue was
carefully considered when evaluating our molecules for tyrosinase inhibitory activity. In the present
study, we compare the results obtained on the tyrosinase inhibitory activity of seven biskojic
derivatives and a mono kojic derivative L7.

<Figure 7>

<Figure 8>

In Figure 8, the percentage inhibition of kojic acid (84%) is compared with that of its analogues. The
results show that KBAK has the highest inhibition efficiency (91%), ligands L1-L5 have low inhibition

efficiency (24-36%), while L6 and L7 have no influence whatsoever on tyrosinase activity.

Based on these preliminary results, we decided to investigate the inhibitory activity of the most
promising ligand KBAK and compare with KA. Figure 9 shows the activity of the enzymes (Ctrl 1 and
Ctrl 2) acting on the substrate L-tyrosine after 30 (A) and 90 min (B), respectively. At increasing
concentrations of KA, the tyrosinase-mediated formation of the pigment dopachrome was delayed after

30 min (Figure 9A). In the presence of KBAK at the same concentration, the inhibitory activity became
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much stronger, as demonstrated by the complete lack of melanin formation even after 90 min of

incubation (Figure 9B).

ICso values for tyrosinase inhibitors can vary for a number of reasons, including choice of assay
conditions, rate determinations, solvent considerations, and also the purity of the tyrosinase [38]. For
instance, reported 1Csq values for kojic acid vary from 10 to 300 puM [38]. Under our experimental
conditions the ICsy value for KBAK was equal to 6.8+0.9 pM, whereas that of kojic acid was
amounting to 35.4+4.3 uM. Although our findings cannot explain the mechanism of KBAK inhibition,
we can notice that the ICs of the new inhibitor is approximately 1/5 that of kojic acid. This result is
lower than that of most effective Kojic-Phenylalanine-Kojic (1/382) reported in the literature [15].

<Figure 9>

Our tyrosinase inhibition studies were performed and compared with the data of Kobayashi et al.
prepared under the same experimental conditions [15]. Nevertheless, the extracted mushroom enzymes
had low homology with the more complex mammalian ones (22-24% sequence identity with 48-49%
sequence coverage) [39]. Recent [39] reports suggest that inhibition studies with human tyrosinase

could be more informative.

The two-step synthesis of KBAK is time and cost-saving in comparison with the multi-step synthesis of
other kojic acid derivatives as tyrosinase inhibitors [15; 21]. In the catalytic activity test, KBAK proved
to be a better inhibitor than kojic acid, and above all, was far more effective after 30 and 60 min
(Figure 9). This strong inhibitory effect cannot be explained by the contemporary presence of two kojic
acid units, since the L1-L6 and L9 ligands possess two kojic acid units and are less effective than
KBAK and even kojic acid alone. Neither is L7 an antagonist of tyrosinase activity. Initially, we
hypothesized that the presence of an aromatic ring in the ligand structure (L2, L3, L5, and L7) could

facilitate docking into the active site of tyrosinase, similarly to kojic acid conjugates with phenylanine

13



[15]. According to this hypothesis, Phe90 residue could form n-7 stacking interactions between the
aromatic rings of the linker. However, the results of our laboratory tests showed exactly the contrary.
Neither the hydrophilic chain between the two kojic units of L9, nor the shorter and more hydrophobic
chains of L1 and L4 resulted to be capable of increasing inhibitory activity, the latter two yielding

slightly better results.

4. Conclusions

The neutral form of KBAK at physiological pH together with its low molecular weight suggests high
bioavailability. The chemical properties are in agreement with Lipinski’s rules [40] for orally active
drug (no more than 5 hydrogen bonds; no more than 10 hydrogen bond acceptors; a molecular mass

less than 500 Daltons) and candidate it for pharmaceutical applications.

KBAK form with Fe(lIl), Al(II), Cu(ll) and Zn(ll) metals mono- and dinuclear complexes. The
molecule is selective for trivalent ions with pFe and pAl higher than pCu and pZn values. The strength
of iron and aluminium complexes with KBAK is similar to those formed with L2 and L4 (Table 4).
Among previously synthesized bis-kojic acid derivatives, KBAK is the weakest copper and zinc

chelator.
<Table 4> [26-30; 41; 42]

L1-L6 and L9 ligands form [CuL] nad [Cu,L,] complexes, while KA and L7 ligands form [CuL;]
complexes. The strength of the complexes, evaluated by pCu values (the higher the pCu the stronger
the coordination), does not influence the inhibitory properties. In fact, the most effective inhibitory

ligands (kojic acid and KBAK) had the lowest pCu values (Table 4).

The mechanisms underlying kojic acid inhibition are not yet fully understood and although our findings

offer some insight, further research is warranted to explore this topic.
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In conclusion, the key to success of the KBAK as a tyrosinase inhibitor could rely on the peculiarities
of the chain between the two kojic acid units. Indeed, its hydrophobic properties are sufficient to allow
for a perfect fit into the active site of the enzyme, without creating any unconformity with Phe90.
However, this hypothesis is based solely on results obtained in the laboratory and needs to be

confirmed by computational studies of docking and crystallographic data.
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Figure Captions
Scheme 1. Schematic representation of the reactions at the catalytic center of fungal tyrosinase.

Scheme 2. Schematic representation of the synthesis of (5-hydroxy-4-oxo-4H-pyran-2-yl)methyl 3-
({[(5-hydroxy-4-oxo-4H-pyran-2 yl)methoxy]carbonyl}amino)propanoate (Kojic-pAla-Kojic, KBAK).
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Figure 1. Molar absorptivity spectrum of the new KBAK ligand using the HypSpec program, 0.2 cm

path length and ligand concentration 5-10* M. The charges have been omitted for simplicity.

Figure 2. Distribution diagram of the ligand calculated with the Log B values shown in Table 1, using

5-10* M ligand concentration.

Figure 3. Theoretical ms/ms fragments of the CuLH complex (442.997 m/z).

Figure 4. Speciation plots of ligand complexes with copper(ll) (top) and zinc(Il) (bottom) calculated
on the basis of stability constants reported in Table 3 using a ligand concentration 5- 10* M and metal

to ligand molar ratio 1:1. Charges are omitted for simplicity.

Figure 5. Spectra of the [FeLH]** complex in a pH range of 0.80-2.10 obtained using a ligand

concentration 5-10* M and metal to ligand molar ratio 1:1 and 1 cm path length.

Figure 6. Speciation plots of ligand complexes with iron(l11) (top) and aluminium(lll) (bottom)
calculated on the basis of stability constants reported in Table 3 using a ligand concentration 5-10™* M

and metal to ligand molar ratio 1:1. Charges are omitted for simplicity.
Figure 7. Molecular structures of previously studied tyrosinase inhibitors.

Figure 8. Diagram of tyrosinase inhibition. The percent inhibition of tyrosinase activity calculated
as:% inhibition = (A-B)/A x 100; A represents the absorbance at 476 nm without the test sample, and B
represents the absorbance at 476 nm with the test sample at the same substrate concentration. The

experiment was repeated with different inhibitor concentrations: 0.069, 0.139 and 0.279 mM.

Figure 9. Inhibitory effect of KA and KBAK on catalytic activity of mushroom tyrosinase after 30 min
(A) and 90 min (B) of incubation. Two different concentrations (40 and 80 uM) were tested.
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Table 1. Protonation constants of the new ligand KBAK calculated with HyperQuad2013 program at

25°C and 0.1 M KCI ionic strength using the ligand concentration 5-10* M . Charges are omitted for

simplicity.

Specie Log B Log K
LH 8.44(4) 8.44(4)
LH, 15.59(4)% 7.15(4)
LH; 18.5(1) 2.9(1)

% Standard deviation values were calculated by the HyperQuad2013 program.
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Table 2. Signals (m/z values) obtained for the fragments of the [CuLH]" complex, using a ligand

concentration 1x10™* M and metal to ligand molar ratio 1:1 in H,0:CH3sOH (50:50) solution, pH 7.

Type m/z Type m/z

Al 172.93* Z1 172.93*
A2 186.94 Z2 186.94
A3 202.94 Z3 202.94
A4 230.93 Z4 230.93
A5 244.95* Z5 245.95
A6 258.97* Z6 259.96*
A7 273.98 Z7 273.98
A8 301.97 Z8 301.97
A9 317.97 Z9 317.97
Al10 331.98* Z10 331.98*

* Fragments not present in the spectrum.
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Table 3. Stability constants of metal complexes calculated with HyperQuad program at 25°C
and 0.1 M KCI ionic strength using the ligand concentration 5-10* M and metal to ligand molar
ratio 1:1. Charges are omitted for simplicity. Protonation constants of the ligands and overall
stability constants (log Bpqr) Of the metal complexes were calculated by using egs: pM + gqH +

rL = MpHqL, Bogr =(IMpHaLr1)/( [MIP[H][LT).

Model Fe®* Al cu” zn*
MLH 18.7(1)° 157527  15.03(7F  13.07(5)°

M,L,H ; 30.32(8)  29.23(4°  24.45(2)°
ML, 35.3(1)° 26.09(3F  23.004°  16.55(3)°

MaLoH.1 32.12(9)° 20.4(2)° 15.72(4)? 7.11(4)°
MaLoH-5 28.06(5)° 16.01(2)* 6.89(4)" ;

MaLoH-3 21.00(4)° 8.87(3)* - -

MaLoH-4 12.35(4) 0.73(3)° -12.63(6)* .
MaLoH-g -7.51(5) -18.3(2)*
pM* 185 12.7 8.3 6.1

H., are referred to hydroxo complexes.

% Standard deviation values were calculated by the HyperQuad2013 program.

* Negative logarithm of the concentration of the free metal in solution, calculated for total [ligand] =
10 °M and total [metal] = 10 °M at pH 7.4.
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Table 4. Comparison of pM values for KA, L1-L9 and KBAK ligands.

pM* KA L1 L2 L3 L4 L5 L6 L7 L9 KBAK

pFe  13.3[26] 23.1[26] 18.9[27] 22.2[27] 18.1[28] 19.3[28] 17.7[28] 16.7[28] 17.7[30] 185
PAl  9.1[26] 12.8[26] 11.9[27] 13.9[27] 11.2[29] 11.6[29] 11.8[29] 9.9[29] 10.3[30] 127
pCu  7.3[44] 8.8[43] 10.2[43] 10.5[43] 10.3[43] 10.8[43] 8.5[43] 7.2[43]  9.7[30] 8.3

pZn  6.1[44] 6.6[43] 7.6[43] 7.9[43] 8.8[43] 7.1[43] 7.8[43] 6.1[43]  7.6[30] 6.1

* Negative logarithm of the concentration of the free metal in solution, calculated for total [ligand] =

10°M and total [metal] = 10 °M at pH 7.4.
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Scheme 1
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Graphical Abstract

Tyrosinase inhibition chart

Tyrosinase inhibition

Pictogram

Synopsis

Here we describe the synthesis of a new Kojic-BAla-Kojic molecule, metal coordination studies and its tyrosinase
inhibitory potential compare to previously synthesized molecules. Kojic-BAla-Kojic exhibited affinity for metal
ions and a strong tyrosinase inhibitory effect due to the proper length and kind of linker between two kojic acid

units.
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Highlights

e Synthesis of a new Kojic-f-Ala-Kojic acid derivative
e Kaojic-B-Ala-Kojic is a potent tyrosinase inhibitor
e Stability of Cu?*, Zn?*, Fe*", AI** complexes

e Possible explanation of the inhibitory activity
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