Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 255 (2021) 119669

Spectrochimica Acta Part A: Molecular and

journal homepage: www.elsevier.com/locate/saa

Contents lists available at ScienceDirect

Biomolecular Spectroscopy

5-Substituted isatin thiosemicarbazones as inhibitors of tyrosinase:

Insights of substituent effects i

Run Cheng*°, Wenyan Shi®, Qingyun Yuan "¢, Ruiren Tang?, Yujie Wang®, Di Yang", Xin Xiao",
Jianping Zeng", Jingwen Chen >*, Yanqing Wang **

2 College of Chemistry and Chemical Engineering, Central South University, Changsha 410000, PR China

bSchool of Chemistry and Chemical Engineering, Building Materials Research Academy, Yancheng Institute of Technology, Jianjun East Rd. 211, Yancheng 224051, PR China
€School of Chemistry and Chemical Engineering, Jiangsu University, Xuefu Rd. 301, Zhenjiang 212013, PR China

dCollege of Chemistry and Environmental Engineering, Institute of Environmental Toxicology and Environmental Ecology, Yancheng Teachers University, Xiwang Avenue South Rd.

2, Yancheng 224007, PR China

HIGHLIGHTS

« Seven thiosemicarbazones TSC-ISA-R
as tyrosinase inhibitors were
synthesized.

« The inhibition effects of TSC-ISA-R are
related to the substituent
modifications.

« The inhibition effects of TSC-ISA-R are
correlated closely with affinities to
tyrosinase.

« Three potential non-covalent
interactions are probably involved in
the inhibition.
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GRAPHICAL ABSTRACT

Seven isatin thiosemicarbazone derivatives (TSC-ISA-R) bearing different substituents attached at C-5 of
the indoline ring were evaluated as inhibitors of mushroom tyrosinase (TYR). Three potential non-
covalent interactions rather than complexation including TSC-ISA-R binding with TYR, TYR-L-DOPA com-
plex, and substrate L-DOPA were probably involved in the inhibition of TSC-ISA-R against TYR.

ABSTRACT

Seven isatin-thiosemicarbazone analogues bearing different substituents (R) attached at C-5 of the indo-
line ring, TSC-ISA-R (R = -H, -CH3, -OCH3, -OCFs, -F, -Cl and -NO,), were synthesized and evaluated as inhi-
bitors of mushroom tyrosinase (TYR). The inhibitory behaviour and performance of TSC-ISA-R were
investigated spectroscopically in relation to the substituent modifications through examining their inhi-
bition against the diphenolase activity of TYR using L-DOPA as a substrate. The ICso values of TSC-ISA-R
were determined to be in the range of 81-209 uM. The kinetic analysis showed that TSC-ISA-R were
reversible and mixed type inhibitors. Three potential non-covalent interactions rather than complexation
including the binding of TSC-ISA-R with free TYR, TYR-L-DOPA complex, and with substrate L-DOPA were
found to be involved in the inhibition. The substituent modifications affected these interactions by vary-
ing the characters of the resulting TSC-ISA-R in different degrees. The thiosemicarbazido moiety of each
TSC-ISA-R contributed predominantly to the inhibition, and the isatin moiety seemed to play a regulatory
role in the binding of TSC-ISA-R to the target molecules. The results of theoretical calculations using den-
sity functional theory method indicated a different effect of -R on the electron distribution in HOMO of
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TSC-ISA-R. The LUMO-HOMO energy gap of TSC-ISA-R almost accords with the trend of their experimen-

tal inhibition potency.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Tyrosinase (EC 1.14.18.1, abbr. TYR), also known as phenoloxi-
dase, is a crucial dinuclear copper-containing metalloenzyme widely
present in animals, plants, and microorganisms [1-6]. With the help
of oxygen, the enzyme catalyzes the hydroxylation of tyrosine into o-
diphenols (monophenolase) and the oxidation of o-diphenols into
their o-quinone derivatives (diphenolase) for the production of mel-
anin [7-9]. For mammals, such melanogenesis has been known to
play an important role in multiple physiological and pathological
pathways [9]. However, hyperactivity of TYR was proved to be cap-
able of leading to overproduction of melanin accumulated in skin,
which is implicated in the induction and development of a range of
dermatological disorders, such as freckles, melasma, post inflamma-
tory melanoderma, age spots, and even malignant melanoma [10-
12]. In addition, the TYR-catalyzed conversion of tyrosine to dopa-
gone may cause neurotoxicity, which was found to correlate with
neurodegenerative diseases such as Alzheimer’s as well as Parkin-
son’s and Huntington’s diseases [13]. For insects, TYR activity was
found to be closely associated with the physiological processes
including melanin formation, wound healing, resistance to parasites
and skin keratinization [14]. Furthermore, TYR is responsible for
browning in plant-derived foods, which affects the shelf life of
fresh-cut products and changes their sensory and gustatory proper-
ties as well as nutrition characteristics of the protein [15]. Therefore,
it is quite significant to develop TYR inhibitors since these com-
pounds can not only find potential applications in medication, insec-
ticide, cosmetic and food industry [6,11,12,16], but also be employed
to decipher the catalytic mechanism of TYR [17,18].

Over the past years, a large number of naturally occurring and
synthetic compounds have been evaluated as TYR inhibitors [19-
22]. In the researches, considerable efforts were concentrated on
the inhibitory mechanism, structure-activity relationships as well
as the molecular design and synthesis. Despite great progress,
there is still a long way to go in these aspects in that few com-
pounds have so far been put into practical applications for various
reasons [12,21]. Studies revealed that there are two copper ions as
the active sites and a lipophilic long-narrow gorge near the active
center in the enzyme [1-6]. Generally, the synthetic TYR inhibitors
were designed by a direct strategy to target the active sites of TYR
by virtue of the donor atoms on inhibitor molecules for potential
coordination with the copper(ll) ions [18,22,23]. Another strategy
is to structurally mimic the natural TYR substrates, L-tyrosine or/
and L-3,4-dihydroxyphenylalanine (L-DOPA) [19-22]. Those con-
taining hydrophobic groups were proven to have strong affinity
to the enzyme and usually displayed high inhibitory potency due
to the strong interactions between the hydrophobic groups and
the residues present in the hydrophobic cavity of TYR [18,22-24].

Thiosemicarbazones (abbr. TSCs), known as chelating agents for
metal ions [25], have been received considerable attention over the
past decades in the field of medicinal chemistry because of their
promising biological implications and remarkable pharmacological
properties [26]. A number of TSC derivatives have also been evaluated
as inhibitors for TYR [22,23,27,28] as well as melanogenesis [12]. In
most cases, those bearing hydrophobic aryl substituents close to the
thiosemicarbazido moieties exhibited more potent inhibition compe-
tency [12,18,22-24,27-38]. In general, the inhibition efficacies of these
TSCs were proposed to be resulted from the enhanced interactions
between their hydrophobic substituents and the hydrophobic residues

in TYR cavity through van der Waals forces, as well as the ability of
their N-N-S tridentate scaffold to chelate the catalytic copper ions
in the enzyme. The representative instances are the aldehyde- and
ketone-TSCs prepared by Jung and coauthors aiming to inhibit
melanogenesis in melanoma B16 cells [29-32]. The introduction of
hydrophobic substituents on the aromatic ring was found to enhance
the inhibitory capacity of the resultant TSCs. Further replacement of
the benzylidene hydrogen in aldehyde-TSCs or the terminal amino
hydrogen (ie. N*-H) of aldehyde- and ketone-TSCs by hydrophobic
groups can appreciably improve the inhibitory efficacy. It is evident
that the hydrophobicity of the substituents introduced to TSC scaffold
can remarkably influence the inhibition potency of the resulting TSCs.

Isatin (i.e. 1H-indole-2,3-dione) is a natural composition found
in certain plants including Calanthe discolor (Lindl.) and Couroupita
guianensis, and also a metabolic derivative of adrenaline hormone
in humans and a component of secretion from the parotid gland
of Bufo frogs [39]. Also, isatin and its derivatives were found to pos-
sess a wide range of pharmacological properties [40,41]. Among
them, the substitution at C-5 position of indoline ring has previ-
ously been associated with increased biological activity for a range
of indole-based compounds [41].

Given the biological and pharmacological properties of TSC and
isatin derivatives, it is expected that the combination of both func-
tionalities in a single entity may give rise to molecules featuring
novel biological activities. Isatin features a six-membered aromatic
and a five-membered anti-aromatic cyclic ring. Insertion of isatin
functionality into a TSC molecule generating isatin-TSC hybrid
may alter hydrophobicity of the TSC, and contribute to its steric
effects through the ability of the bulky ring to occupy the binding
site of molecular targets. Up to now, there have been reports on
isatin-TSCs concerning the evaluation for DNA binding analysis,
antimicrobial [42] and anti-viral [43] activity assay, inhibition
against P-glycoprotein (P-gp) [44]| and mitigation of metal corro-
sion [45]. However, few structures bearing isatin functionality in
the aromatic moiety of TSCs were investigated as TYR inhibitor.
In this study, seven isatin-TSCs with different substituents (R)
attached at C-5 of the isatin ring, TSC-ISA-R (R = -H, -CH3, -OCH3,
-OCFs, -(Cl, -F and -NO,), were synthesized using 4-(2-methoxy-5-
methylphenyl)thiosemicarbazide as a starting reactant. Their inhi-
bition against the diphenolase activity of TYR was evaluated with
L-DOPA substrate using mushroom TYR as a model system. The
structural features of the inhibitors were examined using density
functional theory method at B3LYP level with 6-31G (d) basis set,
and the relevant parameters were obtained. To define the role of
thiosemicarbazido functionality of TSC-ISA-R in the inhibition,
the corresponding parent 5-substituted isatin compounds were
examined in parallel. Moreover, the effects of substituent modifica-
tions of TSC-ISA-R on their affinity to TYR, and further on their
inhibition against TYR activity were tentatively studied. To our
knowledge, this is the first time to report the inhibitory effects of
such compounds on TYR. We hope that this study could offer use-
ful information for the future molecular design of TYR inhibitors.

2. Experimental
2.1. Chemistry and apparatus

All reagents used in this work are of analytical grade, and are
commercially available. All solvents used were purchased from
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Sino-pharm Chemical Reagent Co., Ltd., and purified by the
reported procedures [46] prior to use. Mushroom tyrosinase and
L-DOPA were purchased from Sigma-Aldrich. The reagents for syn-
thesis of the inhibitors, 2-isothiocyanato-1-methoxy-4-methylben
zene, hydrazine hydrate (80%), indoline-2,3-dione, 5-
methylindoline-2,3-dione, = 5-methoxyindoline-2,3-dione,  5-
fluoroindoline-2,3-dione, 5-chloroindoline-2,3-dione, 5-
nitroindoline-2,3-dione and 5-(trifluoromethoxy)indoline-2,3-dio
ne, were purchased from Acros Organics. During the synthesis of
TSC-ISA-R derivatives, the reaction progress was monitored by thin
layer chromatography (TLC) analysis (silica gel 60 F254, Qingdao
Ocean Chemicals, China). All aqueous solutions were prepared
using doubly-distilled water.

The high resolution electrospray ionization mass spectra were
obtained on an Agilent 1290-6545 electron spray mass spectrom-
eter, in ESI + mode. The 'H NMR and '>C NMR spectra were
recorded on a Bruker DRX-400 spectrometer at 293 K in deuterated
reagent DMSO dg (Sigma-Aldrich) as solvent. Chemical shifts (3)
were expressed in parts per million (ppm), and multiplicity was
reported as s (singlet), d (doublet), t (triplet), m (multiplet), dd
(double doublet), and coupling constants (J) in hertz. Elemental
analyses for C, H and N were performed on a Vario EL Cube elemen-
tal analyzer (Elementar, Germany). Infrared spectra were recorded
on a NEXUS 670 spectrometer (Thermo, USA) as KBr disks in the
range of 4000-500 cm™!. The experiments for the activity inhibi-
tion of mushroom TYR were performed on a spectrofluorometer
(JASCO, FP6500, Japan) and Ultraviolet-visible (UV-vis) spec-
trophotometer (Shimadzu, UV2450, Japan).

2.1.1. Synthesis of 4-(2-methoxy-5-methylphenyl)thiosemicarbazide

4-(2-Methoxy-5-methylphenyl)thiosemicarbazide was synthe-
sized referring the literature method described previously [47].
Hydrazine monohydrate (1.30 g, 22.30 mmol) was dropped slowly
into a solution of 2-isothiocyanato-1-methoxy-4-methylbenzene
(2.00 g, 11.16 mmol) in dichloromethane (20 mL) at room temper-
ature under stirring. After completion of the reaction, the resultant
precipitant was filtered off, washed with dichloromethane
(3 x 15 mL) and diethyl ether (2 x 15 mL). The crude product
was recrystallized using n-hexane (20 mL) and dried in desiccator
under vacuum at room temperature. Additional amount of the title
compound was recovered from the filtrate after cooling at 0 °C
(water-ice bath). The obtained thiosemicarbazide was sufficiently
pure based on "H NMR results, and used in the next step without
further purification.

2.1.2. General procedure for the synthesis of TSC-ISA-R

The title isatin-TSC derivatives were prepared referring the
method previously described [48]. Briefly, equimolar quantity of
4-(2-methoxy-5-methylphenyl)thiosemicarbazide obtained above
and different 5-substituted indoline-2,3-dione was combined in
ethanol (20 mL) with addition of a few drops of acetic acid to ini-
tiate the reaction. The mixture was refluxed under continuous stir-
ring, and the reaction was monitored by TLC with ethyl acetate/
petroleum ether = 1/1 (v/v) as developing solvent. After completion
of the reaction, the mixture was cooled to room temperature, and
the resulting solid was collected using centrifugation separation,
washed with water (2 x 15 mL) and diethyl ether (2 x 15 mL).
The pure products were obtained by crystallization from ethanol
or toluene (20 mL).

2.1.2.1. (E)-4-(2-methoxy-5-methylphenyl)-1-(2-oxoindolin-3-yli-
dene)thiosemicarbazide (TSC-ISA-H). Yield, 52.9%, yellow solid.
Obtained from 4-(2-methoxy-5-methylphenyl)thiosemicarbazide
and indoline-2,3-dione (i.e. isatin). FT-IR (KBr, cm~'): 1619.34
(C=N), 1132.80 (C=S) (Fig. S1); Elemental analysis, found (calcd.)
(%): C,60.10(59.98); H, 4.65 (4.74); N, 16.43 (16.46); ESI-MS found
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for [C17H16N40,S + H]* (m/z): 341.1069 (calcd. 340.10) (Fig. S2); 'H
NMR (DMSO dg) 6: 12.79 (s, 1H), 11.27 (s, 1H), 10.42 (s, 1H), 7.76-
7.63 (m, 2H), 7.39 (td, J = 7.7, 1.2 Hz, 1H), 7.19-6.86 (m, 4H), 3.83
(s, 3H), 2.31 (d, J = 22.0 Hz, 3H) (Fig. S3). '3C NMR (DMSO dg) &:
176.27, 163.17, 151.10, 143.02, 132.68, 131.95, 129.39, 128.03,
127.16, 126.74, 122.96, 121.47, 120.27, 112.04, 111.61, 56.36,
20.71 (Fig. S4).

2.1.2.2. (E)-4-(2-methoxy-5-methylphenyl)-1-(5-methyl-2-oxoin-
dolin-3-ylidene)thiosemicarbazide  (TSC-ISA-CH3). Yield, 72.1%,
pomegranate solid. Obtained from 4-(2-methoxy-5-methylphe
nyl)thiosemicarbazide and 5-methylindoline-2,3-dione. FT-IR
(KBr, cm™'): 1629.27 (C=N), 1133.83 (C=S) (Fig. S1); Elemental
analysis, found (calcd.) (%): C, 61.01 (61.00); H, 4.92 (5.12); N,
15.86 (15.81); ESI-MS found for [CigH{gN40,S + H]"™ (m/z):
355.1226 (calcd. 354.12) (Fig. S2); 'H NMR (DMSO dg) &: 12.76 (s,
1H), 11.16 (s, 1H), 10.41 (s, 1H), 7.61 (s, 1H), 7.52 (s, 1H), 7.19
(dd, J = 7.9, 0.9 Hz, 1H), 7.10 (dd, J = 8.4, 1.7 Hz, 1H), 7.03 (d,
J = 84 Hz, 1H), 6.84 (d, J = 7.9 Hz, 1H), 3.83 (s, 3H), 2.30 (d,
J = 13.4 Hz, 6H) (Fig. S3). 3C NMR (DMSO dg) 4: 176.55, 163.24,
151.40, 140.79, 132.76, 132.36, 131.94, 129.39, 128.20, 127.30,
121.87, 120.32, 112.10, 111.38, 56.33, 21.11, 20.68 (Fig. S4).

2.1.2.3. (E)-1-(5-methoxy-2-oxoindolin-3-ylidene )-4-(2-methoxy-5-
methylphenyl)thiosemicarbazide (TSC-ISA-OCH3). Yield, 73.1%, pale
red solid. Obtained from 4-(2-methoxy-5-methylphenyl)thiosemi
carbazide and 5-methoxyindoline-2,3-dione. FT-IR (KBr, cm~!):
1653.10 (C=N), 1146.81 (C=S) (Fig. S1); Elemental analysis, found
(caled.) (%): C, 58.13 (58.36); H, 4.64 (3.90); N, 14.75 (15.12); ESI-
MS found for [C;gH18N403S + H|" (m/z): 371.1172 (calcd. 370.11)
(Fig. S2); "TH NMR (DMSO dg) 6: 12.75 (s, 1H), 11.07 (s, 1H), 10.43
(s, 1H), 7.52 (s, 1H), 7.32 (d, J = 2.3 Hz, 1H), 7.11 (dd, J = 84,
1.7 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 6.96 (dd, J = 8.5, 2.6 Hz, 1H),
6.87 (d, J = 8.5 Hz, 1H), 3.79 (d, J = 15.1 Hz, 6H), 2.28 (s, 3H)
(Fig. S3). 3C NMR (DMSO dg) &: 176.89, 163.27, 155.79, 151.79,
136.69, 132.84, 129.45, 128.49, 127.92, 127.15, 121.13, 118.08,
112.39, 112.20, 106.57, 56.27, 56.03, 20.62 (Fig. S4).

2.1.24. (E)-4-(2-methoxy-5-methylphenyl)-1-(2-oxo-5-(trifluo-
romethoxy )indolin-3-ylidene )thiosemicarbazide (TSC-ISA-OCF3).

Yield, 79.0%, pale red solid. Obtained from 4-(2-methoxy-5-
methylphenyl)thiosemicarbazide and 5-(trifluoromethoxy)indo
line-2,3-dione. FT-IR (KBr, cm™'): 1627.38 (C=0), 1145.03 (C=S)
(Fig. S1); Elemental analysis, found (calcd.) (%): C, 50.94 (50.94);
H, 3.46 (3.56); N, 13.12 (13.20); ESI-MS found for [C;gH;5N403-
S + HJ|* (m/z): 425.0890 (calcd. 424.08) (Fig. S2); 'H NMR
(DMSO dg) 8: 12.61 (s, 1H), 11.41 (s, 1H), 10.54 (s, 1H), 7.74 (s,
1H), 7.38 (s, 2H), 7.13 (d, ] = 7.3 Hz, 1H), 7.04 (d, J = 8.4 Hz, 2H),
3.80 (s, 3H), 2.28 (s, 3H) (Fig. S3). *C NMR (DMSO dg) &: 177.27,
163.22, 152.21, 144.05, 141.81, 131.51, 129.47, 128.84, 128.69,
127.02, 124.62, 121.93, 114.62, 112.67, 112.29, 56.17, 20.55
(Fig. S4).

2.1.2.5. (E)-1-(5-fluoro-2-oxoindolin-3-ylidene )-4-(2-methoxy-5-
methylphenyl)thiosemicarbazide (TSC-ISA-F). Obtained from 4-(2-
methoxy-5-methylphenyl)thiosemicarbazide and 5-floroindoline-
2,3-dione. Yield, 84.1%, bright yellow solid. FT-IR (KBr, cm™!):
1633.58 (C=N), 1137.59 (C=S) (Fig. S1); Elemental analysis, found
(caled.) (%): C, 57.06 (56.97); H, 4.31 (4.22); N, 15.32 (15.63); ESI-
MS found for [C;7H5sFN40,S + H]* (m/z): 359.0918 (calcd. 358.09)
(Fig. S2); "TH NMR (DMSO dg) 5: 12.68 (s, 1H), 11.27 (s, 1H), 10.46 (s,
1H), 7.55 (dd, J = 8.1, 2.6 Hz, 1H), 7.48 (d, J = 1.6 Hz, 1H), 7.22 (ddd,
J = 9.5, 8.7, 2.7 Hz, 1H), 7.12 (dd, J = 8.4, 1.7 Hz, 1H), 7.03 (d,
J =8.4 Hz, 1H), 6.95 (dd, J = 8.6, 4.2 Hz, 1H), 3.81 (s, 3H), 2.28 (s,
3H) (Fig. S3). *C NMR (DMSOds) &: 176.88, 163.25, 151.78,



R. Cheng, W. Shi, Q. Yuan et al.

139.23, 132.02, 129.42, 128.55, 127.96, 127.01, 121.82, 121.73,
118.22, 117.97, 112.18, 108.61, 56.25, 20.61 (Fig. S4).

2.1.2.6. (E)-1-(5-chloro-2-oxoindolin-3-ylidene )-4-(2-methoxy-5-
methylphenyl)thiosemicarbazide (TSC-ISA-CI). Yield, 88.0%, pale
red solid. Obtained from 4-(2-methoxy-5-methylphenyl)thiosemi
carbazide and 5-chloroindoline-2,3-dione. FT-IR (KBr, cm™'):
1622.78 ((=N), 1142.71 (C=S) (Fig. S1); Elemental analysis, found
(calcd.) (%): C, 54.49 (54.47); H, 4.13 (4.03); N, 14.70 (14.95); ESI-
MS found for [C;7H;5CIN4O,S + H]* (m/z): 375.0678 (calcd. 374.06)
(Fig. S2); "H NMR (DMSO dg) &: 12.59 (s, 1H), 11.35 (s, 1H), 10.52 (s,
1H), 7.80 (d, J = 2.0 Hz, 1H), 7.58-7.27 (m, 2H), 7.06 (ddd, J = 36.2,
18.1, 5.0 Hz, 3H), 3.80 (s, 3H), 2.28 (s, 3H) (Fig. S3). 13C NMR
(DMSO dg) o: 177.21, 162.92, 152.13, 141.59, 131.35, 131.03,
129.43, 128.76, 128.60, 127.03, 122.32, 121.22, 113.05, 112.26,
56.20, 20.57 (Fig. S4).

2.1.2.7. (E)-4-(2-methoxy-5-methylphenyl)-1-(5-nitro-2-oxoindolin-
3-ylidene)thiosemicarbazide (TSC-ISA-NO). Yield, 91.5%, pale red
solid. Obtained from 4-(2-methoxy-5-methylphenyl)thiosemicar
bazide and 5-nitroindoline-2,3-dione. FT-IR (KBr, cm™'): 1625.32
(C=N), 1109.19 (C=S) (Fig. S1); Elemental analysis, found (calcd.)
(%): C,53.49 (52.98); H, 3.94 (3.92); N, 17.65 (18.17); ESI-MS found
for [C17H15N504S + H]* (m/z): 386.0915 (calcd. 385.08) (Fig. S2); 'H
NMR (DMSO dg) §: 12.50 (s, 1H), 11.85 (s, 1H), 10.74 (s, 1H), 8.65
(d, J] = 2.0 Hz, 1H), 829 (dd, J = 8.7, 2.4 Hz, 1H), 7.30 (d,
J = 1.9 Hz, 1H), 7.14 (d, J = 8.7 Hz, 2H), 7.04 (d, ] = 8.4 Hz, 1H),
3.80 (s, 3H), 2.29 (s, 3H) (Fig. S3). '3C NMR (DMSO dg) 6: 177.41,
163.45, 152.40, 147.97, 143.23, 130.53, 129.47, 128.98, 127.46,
127.02, 121.45, 116.96, 112.32, 111.70, 56.15, 20.54 (Fig. S4).

2.2. Assay of inhibition effects of TSC-ISA-R on mushroom TYR

The assay for the effects of TSC-ISA-R on TYR was conducted in
terms of inhibiting the diphenolase activity of mushroom TYR with
L-DOPA as a substrate, referring the procedures reported previ-
ously [49]. In the assay, each TSC-ISA-R and the parent 5-
substituted indoline-2,3-dione were firstly dissolved in DMSO to
give the corresponding stock solution. Na,HPO4-NaH,PO, buffer
solution (PBS, 50 mM, pH 6.8) was used to dilute TYR, L-DOPA
and the DMSO stock solution of the inhibitors. Briefly, 100 pL
TSC-ISA-R solution in different concentrations was mixed with
2800 pL L-DOPA (0.5 mM) in the PBS, and then a portion of
100 pL TYR solution (1000 U/mL) was added to the mixture,
diluted using the PBS to desired volume and then fully mixed.
The residual activity of TYR was immediately monitored by mea-
suring the changes in absorbance of the solution at 475 nm (g =
3.7 x 10° M~! cm™!) for L-dopaquinone production for 800 s at
30 °C on UV-2450 spectrophotometer equipped with a tempera-
ture control unit, using a 1.0 cm quartz cell. The blank solution
included the same reagents as the test samples except for the sub-
strate L-DOPA. Dose-dependent curves were obtained by perform-
ing assays in the presence of the increasing concentrations of each
inhibitor. The measurements were conducted for each concentra-
tion of an inhibitor in triplicate, and the average was taken as
the final result. The inhibitory efficacy of TSC-ISA-R was expressed
as the inhibitor concentration leading to 50% loss of enzyme activ-
ity (ICsp) determined by interpolation of the dose-response curves.
The inhibition percentage was calculated by the following equation
[36]:

Inhibition rate(%) = [(Ap — Apo) — (Aa — Ax0)]/(Ap — Apg) x 100%
where A, and A, are the absorbance of the mixed solution in the

presence and absence of inhibitor, respectively, and A o and Apg rep-
resent the absorbance of the corresponding reagent blank solution.
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Kojic acid, a well-known and the most intensively studied TYR inhi-
bitor, was selected as a positive reference.

It should be noted that the stock solution of each TSC-ISA-R was
prepared using DMSO since TSC-ISA-R are poorly soluble in PBS. As
declared before, organic solvents can inhibit enzymes if their con-
centration is higher than 3% (v/v) [50]. In the inhibition studies, the
final concentration of DMSO in the reaction solutions was adjusted
to not exceed 3%. Optimal ionic strength and pH for the TYR activ-
ity assay were maintained by the PBS. Considering the inhibitory
effect of the solvent, the corresponding blank solutions were pre-
pared and the relative results were recorded. Moreover, the con-
centration range of each inhibitor used in the measurements was
controlled to avoid precipitation since the inhibitors have different
solubility in the medium.

2.3. Inhibition kinetics and inhibitory type of TSC-ISA-R on mushroom
TYR

The inhibition kinetic studies on inhibitory effects of TSC-ISA-R
on the diphenolase activity of TYR were conducted on a UV2450
spectrophotometer by examining the L-dopaquinone production
[24] in the presence of different concentrations of each TSC-ISA-
R. Assays for the inhibition type were carried out by maintaining
the concentration of TYR (33.3 U/mL) and varying the concentra-
tion of L-DOPA (0.1, 0.5, 1.0, and 1.5 mM) in the presence of differ-
ent concentrations of each TSC-ISA-R in PBS containing 3% DMSO.
The inhibition type of TSC-ISA-R was determined by Lineweaver-
Burk plot based on the results of the inhibitory effects of each inhi-
bitor on the diphenolase activity of TYR according to Eq. (1). The
inhibitory constants (K;) for competitive inhibition were deter-
mined by the secondary plots of the apparent Michaelis constant
Ky from the Lineweaver-Burk plot versus the concentration of
the inhibitor. The inhibition constants (Kis) for uncompetitive and
mixed-type inhibition were determined by the secondary plots of
1/Vmax as the function of the inhibitor concentration [24].

b (oD (o)

where V and V. are the reaction velocity and the maximal reac-
tion velocity, respectively; Ky is the Michaelis constant; [I] and
[S] are the concentration of inhibitor and substrate, respectively;
K; and Kis are the inhibition constants for the binding of an inhibitor
with the free enzyme and with the enzyme-substrate complex,
respectively.

2.4. Inhibition mechanism of TSC-ISA-R on mushroom TYR

The inhibition mechanism of TSC-ISA-R on TYR was studied by
examining the interactions between TSC-ISA-R and TYR, as well as
the binding of TSC-ISA-R with the substrate. The former was per-
formed by means of ESI-MS, steady-state and synchronous fluores-
cence and FT-IR, and the latter by ESI-MS.

A certain TSC-ISA-R dissolved in DMSO was added to mush-
room TYR in the PBS, incubated for 30 min, and then subjected
to ESI-MS analysis. The possible chelation of TSC-ISA-R to copper
ions at the active site of TYR was ascertained by detecting the for-
mation of TSC-ISA-R-Cu(Il) complexes.

The fluorescence titration experiments were performed refer-
ring the previous method [34] on a FP6500 spectrofluorometer. A
3.0 mL TYR (83.3 U/mL) in PBS was titrated continuously with
increasing concentrations of a TSC-ISA-R (0 to 46.48 umol L) dis-
solved in DMSO at 30 °C. The excitation wavelength was set at
280 nm and the emission spectra were collected from 290 to
450 nm with excitation and emission slits kept at 3 nm. The fluo-
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rescence quenching constant (Ks,) and quenching rate constant
(Kq) were calculated by Stern-Volmer equation (2) [51].

Fo/F = 1+K,[Q] = 1 +Ky70[Q] (2)

where F and Fq represent the fluorescence intensities of a protein in
the presence and absence of a quencher respectively; [Q] is the
quencher concentration; K, is the Stern-Volmer quenching con-
stant, and Kj is the rate constant of bimolecular quenching process;
Tp is the average fluorescence lifetime of the fluorophores of fluo-
rescent molecules in the absence of quencher, and the 1y value of
biological macromolecules is usually taken as about 1078 s [51].
For a static quenching interaction, it is assumed that there are
similar and independent sites in a TYR molecule, the apparent
binding constant (K,) and the number of binding sites (n) between
an inhibitor and a TYR molecule were calculated by the Eq. (3) [52].

Ig[(Fo — F)/F] = nlgll] + IgKq 3)

The synchronous fluorescence spectra were obtained at 30 °C by
setting the intervals between excitation and emission wavelength
at 15 nm and 60 nm respectively [37]. Successive aliquots of a cer-
tain TSC-ISA-R stock solution were added to a 3.0 mL of TYR solu-
tion (83.3 U/mL) using a microliter syringe. The final inhibitor
concentrations were the same as those employed in the steady-
state fluorescence titrations.

In order to further gain insight into the effects of the inhibitors
on conformational change of mushroom TYR, FT-IR measurements
were carried out referring the reported procedures [53] on a Nico-
let 670 FT-IR spectrometer equipped with a germanium attenuated
total reflection (ATR). Prior to measurements, the mushroom TYR
was dissolved in the phosphate buffer, and each TSC-ISA-R was dis-
solved in DMSO. Aliquots of a certain TSC-ISA-R solution was
added to the enzyme solution and mixed fully, giving rise to a mix-
ture containing 500 U/mL of TYR and 0.5 mM of TSC-ISA-R. The FT-
IR spectra of each mixed solution were recorded in the range of
1800-1400 cm™! at room temperature. The spectrum of the blank
solution containing each TSC-ISA-R in the same concentration in
the buffer was subtracted. The characteristic absorption of the
amide [ band was used to analyze the structure changes of TYR
resulted by the TSC-ISA-R binding.

The binding of TSC-ISA-R with L-DOPA was investigated by
detecting whether TSC-ISA-R-L-DOPA complexes were formed
under the same conditions as those in enzyme activity inhibition
using ESI-MS.

All experiments were repeated at least three times and average
results were taken.

2.5. Quantum chemical calculations

Quantum chemical calculations for the seven inhibitors were
carried out using Gaussian 09 program package [54]. Density func-
tional theory (DFT) method based on B3LYP approach at level of 6-
31G (d) basis sets was applied to optimize molecular geometry, fol-
lowed by vibrational frequency calculations to ensure that the
optimized geometry energy is minimal of the potential energy sur-
face. The solvation effect of water was expressed using polarized
continuum model [55]. Based on the optimized geometries, the
highest occupied molecular orbital energy, lowest unoccupied
molecular orbital energy, energy gap, orbital delocalization index
and orbital composition analysis were performed. The orbital delo-
calization index of HOMO and orbital composition analysis of fron-
tier molecular orbitals were finished by the main function 8 of
Multiwfn program [56].
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3. Results and discussion
3.1. Chemistry

The seven TSC-ISA-R inhibitors used in the present study were
synthesized referring the method described previously [48] as out-
lined in Scheme 1. In brief, 4-(2-methoxy-5-methylphenyl)thiose
micarbazide was firstly synthesized by reaction of 2-isothiocya
nato-1-methoxy-4-methylbenzene and hydrazine hydrate (80%)
in dichloromethane at room temperature. The synthesis of TSC-
ISA-R analogues was carried out easily in anhydrous alcohol, using
acetic acid as catalyst, by the condensation of 4-(2-methoxy-5-m
ethylphenyl)thiosemicarbazide with 5-substituted indoline-2,3-
diones in molar ratio of 1:1 at reflux temperature. The reaction
progress was monitored by TLC with ethyl acetate/ petroleum
ether (1/1, v/v) as developing solvent. The formed precipitate
was collected by centrifugation separation and the target com-
pounds were recrystallized from ethanol or toluene. The yields
for the reactions ranged from 52.9% to 91.5%, and all the com-
pounds were characterized by FT-IR, ESI-MS, 'H NMR and '3C
NMR (Fig. S1-S4), and their purity was confirmed by elemental
analysis. For each target TSC-ISA-R, no evidence for the formation
of E-Z isomers mixture was noted, only the E isomer was obtained
on the basis of 'H NMR results.

3.2. Inhibitory effects of TSC-ISA-R on diphenolase activity of
mushroom TYR

The inhibitory effects of TSC-ISA-R on mushroom TYR were
evaluated in terms of their inhibition against the diphenolase
activity of TYR with L-DOPA as substrate, referring the assay proto-
col reported previously [49]. The corresponding parent 5-
substituted indoline-2,3-diones were tested in parallel to examine
the role of thiosemicarbazido moiety of TSC-ISA-R in the inhibition.
The progress curves for the catalytic oxidation of L-DOPA by mush-
room TYR in the presence of different concentrations of TSC-ISA-
OCH3 and TSC-ISA-OCF; in PBS containing 3% DMSO are shown
in Fig. 1. The inhibitory profiles and inhibition percentages for
the other TSC-ISA-R are presented in Fig. S5 and Fig. S6 respec-
tively. The values of ICs¢ and inhibition percentage are summarized
in Table 1.

It is observed that all TSC-ISA-R hybrids displayed inhibitory
effects on the catalytic oxidation of L-DOPA by mushroom TYR in
dose-dependent manner. The inhibition percentages increased dis-
tinctly when the concentration of each TSC-ISA-R is less than ca.
33 puM, and the inhibition almost reached the maximum when
the concentration is higher than ca. 100 uM (Fig. S6). The enzyme
activity was inhibited by 17.66% to 34.42% when the concentration
of TSC-ISA-R is 33.3 pM, following a decreased order of TSC-ISA-
OCHj3 (34.42%) ~ TSC-ISA-OCF; (34.14%) > TSC-ISA-CH; (28.41%) >
TSC-ISA-Cl (25.12%) > TSC-ISA-F (20.03%) > TSC-ISA-NO, (17.74%)
~ TSC-ISA-H (17.66%). The ICsq values of TSC-ISA-R on the diphe-
nolase activity of TYR range from 81 to 209 puM, which are higher
than that of kojic acid whose ICsq value determined in this work is
22 puM. Apparently, the inhibitory competencies of TSC-ISA-R are
not excellent compared with kojic acid. However, a close correla-
tion of the inhibition ability of TSC-ISA-R with the substituent
modifications was observed, hence, the substituent effects on the
TYR inhibition of these analogues is much worth studying. More-
over, enlightened by the studies of Jung and coworkers [30,32],
TSC-ISA-R analogues may be worthy of further evaluation as
melanogenesis inhibitors since the hydrophobic phenyl and indo-
line groups possibly allow a better transfer of these molecules
across the cell membrane.
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TSC-ISA-H Hydrogen
TSC-ISA-CHj3 Methyl
TSC-ISA-OCHj3 | Methoxyl
TSC-ISA-OCF3 | Trifluoromethoxyl
TSC-ISA-F Floro
TSC-ISA-CI Chloro
TSC-ISA-NO, Nitro

Scheme 1. Synthetic procedures for isatin-thiosemicarbazone inhibitors. Reagents and conditions: (a) hydrazine hydrate, 2-isothiocyanato-1-methoxy-4-methylbenzene,
dichloromethane, r.t. 120 min; (b) 4-(2-methoxy-5-methylphenyl)thiosemicarbazide, 5-substituted indoline-2,3-dione, ethanol, acetic acid (3 drops), room temperature,

reflux, 240 min.
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Fig. 1. Progress curves for the catalytic oxidation of L-DOPA by TYR in the presence of different concentrations of TSC-ISA-OCH; and TSC-ISA-OCF; in PBS containing 3% DMSO
(v/v). The inset is the plot of inhibition percentage versus concentration of inhibitor. The concentrations of inhibitor for curves a-f are 0, 8.33, 16.67, 33.33, 66.67 and 100 uM,

respectively. The concentration of L-DOPA is 0.50 mM.

Table 1
Values of ICsy and inhibition rate of each TSC-ISA-R on mushroom TYR for the
catalytic oxidation of L-DOPA.

Inhibitor ICs0 (UM) Inhibition percentage (%)*
TSC-ISA-H 114+ 4 17.66 + 0.79
TSC-ISA-CH3 209 £ 7 28.41+0.83
TSC-ISA-OCH3 81+2 34.42 + 0.85
TSC-ISA-OCF3 99+3 34.14 + 0.85
TSC-ISA-F 186+ 6 20.03 + 0.62
TSC-ISA-CI 1736 25.12 + 0.76
TSC-ISA-NO, 120+ 4 17.74 £ 0.54
ISA-H —-2.76 £ 0.10
ISA-CH3 —-4.42 +0.12
ISA-OCH; 8.48 £ 0.21
ISA-OCF; 1.63 + 0.07
ISA-F —3.00 £ 0.13
ISA-C1 2.54 +0.11
ISA-NO, 5.52 £0.16
Kojic acid 22+2

¢ Inhibition value for each inhibitor in concentration of 33.33 puM.

Of the examined TSC-ISA-R analogues, the unsubstituted one,
TSC-ISA-H, showed moderate inhibition capacity (ICso = 114 uM)
and the lowest inhibition (17.66% at 33 uM) towards TYR. When

the hydrogen atom at C-5 of indoline ring was substituted by
strong electronegative halogen atoms, F and Cl, the resulting
derivatives TSC-ISA-F and TSC-ISA-CI severely attenuated the abil-
ity to inhibit TYR activity (ICso = 186 and 173 um, respectively).
When the hydrogen atom was substituted by an electron attracting
group featuring planar conjugated structure, -NO,, the resultant
TSC-ISA-NO, exhibited the inhibitory ability (ICso = 120 uM) com-
parable to TSC-ISA-H. On the other hand, when substituted by an
electron donating group, -CHs, the resulting TSC-ISA-CH5 displayed
the poorest inhibition potency (ICso = 209 pM). Interestingly, the
replacement of the hydrogen atom at C-5 of indoline ring with -
OCHs and -OCF3 greatly improved the inhibitory ability of the
resulting derivatives, TSC-ISA-OCH3 and TSC-ISA-OCFs. It is seen
that both analogues stood out to be most potent inhibitors
amongst the seven TSC-ISA-R derivatives by virtue of their lowest
ICs50 values (81 uM and 99 pM, respectively) and the highest inhi-
bition percentages (34.42% and 34.12% at 33 pM, respectively).
Additionally, the corresponding parent 5-substituted isatins exhib-
ited quite weak or even no inhibitory effects on TYR under the
same conditions. These observations suggest that TSC-ISA-R can
inhibit the TYR activity in different degrees, and the thiosemicar-
bazido moiety is critical for the inhibition, which is in agreement
with the prevailing inference claimed in the previous studies. In
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this sense, the 5-substituted isatin moiety of each TSC-ISA-R is
expected to play a regulatory role in the inhibition against TYR.

3.3. Inhibition kinetics of TSC-ISA-R on mushroom TYR

Fig. 2 depicts the relationships between the TYR activity and
concentration in the presence of different concentrations of TSC-
ISA-OCH3 and TSC-ISA-OCF; with constant concentration of L-
DOPA in 0.5 mM. The graphics corresponding to the other TSC-
ISA-R analogues were arranged in Fig. S7. The results demonstrate
that the seven TSC-ISA-R inhibitors behaved in the same manner,
specifically, for each TSC-ISA-R the plot of the remaining TYR
diphenolase activity versus the concentrations of TYR gives a fam-
ily of straight lines which all go through the origin of the coordi-
nate system. Increasing the concentrations of each TSC-ISA-R
results in the decline in the slope of the lines, thus revealing that
the inhibition against TYR for the catalytic oxidation of L-DOPA
by the investigated TSC-ISA-R analogues is reversible. The results
also indicate that the substituent modifications did not alter the
inhibition mode of the resultant derivatives towards TYR.

The inhibitory type of each TSC-ISA-R was further determined
by the well-known Lineweaver-Burk double reciprocal plots based
on the inhibitory results. The plots of 1/V versus 1/[S] for the two
most potent TYR inhibitors, TSC-ISA-OCH3 and TSC-ISA-OCF;, are
presented in Fig. 3, and for the others are arranged in Fig. S8. It is
observed that the double-reciprocal plots roughly yield a group
of straight lines with different slopes for each inhibitor. As for
TSC-ISA-CH3, TSC-ISA-F, TSC-ISA-NO, and TSC-ISA-OCF;, the lines
intersect one another in the second quadrant, and the values of
Ky increase but V.« decrease with the increasing concentrations
of each inhibitor, respectively. As for TSC-ISA-H and TSC-ISA-
OCH3, the respective line intersects one another in the third quad-
rant, and the corresponding Ky and V.« vary reversely with their
concentration increase. These results indicate that TSC-ISA-R
inhibited TYR in a competitive-uncompetitive mixed-type manner,
so, each of TSC-ISA-R tended to combine with both free TYR and
TYR-L-DOPA complex forming binary TYR-TSC-ISA-R and ternary
TYR-L-DOPA-TSC-ISA-R complexes, respectively [24]. Thus, the
interactions between each TSC-ISA-R and TYR were not indepen-
dent of the interactions between L-DOPA and TYR, and therefore
the TYR-L-DOPA affinity may be affected by the TSC-ISA-R binding.
In the case of TSC-ISA-CI, the curves intersect in the second quad-
rant, but the intersection point is very close to the Y-axis (Fig. S8),
which suggests that the inhibition behavior of this compound was
somewhat different from those of the other inhibitors, it seems
more inclined to inhibit TYR in a competitive pattern.
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For mixed-type manner, the inhibition constants for inhibitor
binding with the free enzyme (K;) and with the enzyme-
substrate complex (K;s) can be determined by the secondary plot
of the slope and the intercept of the curves as a function of the
inhibitor concentration, respectively [24]. It is observed from
Table 2 that for TSC-ISA-H and TSC-ISA-OCHs the values of K;
(48.6 and 28.0 puM) are greater than those of Kis (13.7 and
16.4 pM), but for the other inhibitors the K; values are about 2-
fold lower than the corresponding Kis values. The results suggest
that the affinities of both TSC-ISA-H and TSC-ISA-OCHj3 to the
TYR-L-DOPA complex are stronger than to the free TYR, while the
situations for the other inhibitors are just contrary. In general,
the replacement of the hydrogen atom at C-5 of indoline ring with
R leads to decrease of K; values whereas increase of Kjs values,
which implies that the substitutions enhanced the affinity of the
resultant inhibitors to free TYR but weakened the affinity to TYR-
L-DOPA complex. Notably, the -OCF; substituted inhibitor, TSC-
ISA-OCFs;, exhibits the smallest K; value (11.9 pM), which is indica-
tive of the highest affinity of this inhibitor amongst TSC-ISA-R to
free TYR. Meanwhile, it can be seen that, for TSC-ISA-OCH3 and
TSC-ISA-OCF3, the sum of K; and Kis (44.4 and 31.8 puM, respec-
tively) is lower than those of other inhibitors (47.5-118.5 puM),
suggesting that both TSC-ISA-OCH; and TSC-ISA-OCF; have more
potent impacts than the other analogues on TYR. This may account
for their highest inhibition effects on the diphenolase activity of
TYR observed above.

3.4. Inhibition mechanism of TSC-ISA-R on mushroom TYR

3.4.1. Possible complexation of TSC-ISA-R with the copper ions in TYR

As discussed above, the TYR from different species is known to
have a binuclear copper catalytic center which plays a crucial role
in TYR activity [1-6]. Slight change of the center possibly leads to
activity loss of the enzyme [57]. Naturally, the two copper ions of
TYR become the target of various inhibitors studied. Based on a
previous study, the Cu?>" « Cu" redox cycle essential for the cat-
alytic activity of TYR can be blocked by the coordination of inhibi-
tors [23]. TSCs are efficacious chelating agents for transition metal
ions by virtue of the potential sulfur and nitrogen donors on the
thiosemicarbazido moiety [25], which partly explains why a large
number of TSC derivatives have been developed as candidates for
TYR inhibition. To examine the possible complexation of TSC-ISA-
R with the Cu?* ions in mushroom TYR, ESI-MS monitoring for
the formation of copper complexes between each TSC-ISA-R and
TYR in PBS containing 3.0% DMSO (v/v) was conducted.
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Fig. 2. Relationships between the catalytic activity and concentration of mushroom TYR in the presence of different concentrations of TSC-ISA-OCH3 and TSC-ISA-OCFs. The

concentration of L-DOPA is 0.5 mM.
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Table 2
Values of inhibition constants for the binding of each TSC-ISA-R with free TYR (K;) and
with TYR-L-DOPA complex (Kis).

Inhibitor Ky (M) Kis (LM) Sum of K; and Kis (LM)
TSC-ISA-H 48.6 + 1.0 13.7+0.3 623 +13
TSC-ISA-CH3 446 £ 0.9 739+1.6 1185+ 25
TSC-ISA-OCH; 28.0 +0.7 164 + 0.3 444 +1.0
TSC-ISA-OCF3 119+ 04 199 +04 31.8+0.8

TSC-ISA-F 16.7 £ 0.5 333104 50.0 £ 0.9

TSC-ISA-C1 16.7 £ 0.5 323 +04 49.0 £ 0.9
TSC-ISA-NO, 135+0.3 340+ 04 475+ 0.7

The complexation of each TSC-ISA-R with free Cu?* ions was
validated by the observations of new bands with /. at 422-
441 nm ascribed to TSC-ISA-R-Cu(II) charge transfer (LMCT) transi-
tions in UV-vis spectra (Fig. S9), and the occurrence of the peaks
corresponding to mononuclear TSC-ISA-R-Cu(Il) complexes in 2:1
stoichiometry in ESI-MS (Fig. S10). Contrary to what we had
expected, however, almost no TSC-ISA-R-Cu(ll) species were
detected in ESI-MS spectra when each TSC-ISA-R was introduced
into the TYR solution under the same conditions (Fig. S11). The
results indicate that the investigated TSC-ISA-R derivatives were
hardly engaged in binding the Cu?* ions at the active site of TYR.
Thus, it can be inferred that the inhibitory effects of TSC-ISA-R
on TYR activity were not be achieved by direct complexation with
the Cu?* ions in TYR, but, probably by the non-covalent interac-
tions between TSC-ISA-R and TYR molecules. To gain more infor-
mation on the interactions of TSC-ISA-R with mushroom TYR,
fluorescence and FT-IR spectroscopy analyses were further
performed.

3.4.2. Spectrofluorimetric analysis of the interactions between TSC-
ISA-R and mushroom TYR

Fig. 4 depicts the impacts of the presence of TSC-ISA-OCH3 and
TSC-ISA-OCFs, as well as the corresponding parent 5-substituted
isatins in different concentrations on the intrinsic fluorescence of
mushroom TYR (others shown in Fig. S12). The results indicate that
TYR in the aqueous medium emitted strong fluorescence with the
maximum wavelength at 340 nm when excited by 280 nm light,
and the fluorescence profiles of TSC-ISA-R did not overlap with
that of TYR. With gradual addition of each tested TSC-ISA-R, the
fluorescence intensity of TYR decreased dramatically, revealing
an order of quenching degree as TSC-ISA-NO, > TSC-ISA-
OCHj3 > TSC-ISA-OCF3 > TSC-ISA-Cl > TSC-ISA-CH3 > TSC-ISA-F > TS
C-ISA-H. Meanwhile, the increasing concentration of each TSC-ISA-

R led to 2-5 nm blue shifts of the maximum emission wavelength,
amongst the inhibitors the shifts induced by TSC-ISA-OCH5 and
TSC-ISA-OCF; were the largest, ca. 5 nm. These results indicate that
not only direct interactions between TSC-ISA-R and TYR occurred,
but the interactions perturbed the microenvironment around tyro-
sine and tryptophan residues of TYR [58]. ISA-R analogues can also
quench the intrinsic fluorescence of TYR under the same conditions
(Fig. S13), but the quenching degree was quite weaker except for
that induced by ISA-NO,. The fluorescence quenching resulted by
ISA-NO, was much significant over the other 5-substituted isatins,
and the quenching degree was comparable to that by TSC-ISA-NO,.
Moreover, no significant peak shifts induced by ISA-R were
observed.

For each inhibitor, the corresponding fluorescence quenching
constant (Ks,) and rate constant (Kg) of TYR were calculated by
the well-known Stern-Volmer equation based on the results of flu-
orescence titrations at 30 °C, and given in Table 3.

The K, values of TSC-ISA-R range from 2.37 x 10* to 4.41 x 10*
M~!, among the data slightly higher ones corresponding to TSC-
ISA-OCH3 and TSC-ISA-OCF; (4.41 x 10% and 3.73 x 10* M) are
observed, which are in accordance to their inhibition competency
(ICs0 = 81 uM and 99 pM, respectively) against TYR. It was reported
that the maximal fluorescence quenching rate constant of diffusion
collision for biomacromolecules is about 2.0 x 10'°M~1-s~ 1 [59]. A
compound is considered to quench the intrinsic fluorescence of
biomacromolecules via a static process with the formation of a
stable complex if K, value is greater than 2.0 x 10" M~'.s!
[60]. It is observed from Table 2 that the Ky values of TSC-ISA-R
are in the range of 2.37 x 10'2 to 4.24 x 10'> M~'-s~!, which are
comparable each other and all larger than 2.0 x 10 M~'-s~!, thus,
it is believed that static quenching was dominant in the interac-
tions between TSC-ISA-R and TYR, and each of TSC-ISA-R was asso-
ciated with TYR forming a TSC-ISA-R-TYR complex. As for ISA-R,
static fluorescence quenching processes with the formation of
ISA-R-TYR complexes are also concluded. The K, and K, values cal-
culated are in the range of 2.14 x 103 to 2.49 x 10% L-mol~! and
2.14 x 10'" to 2.49 x 10'> M~'-s~!, respectively, which are lower
than the corresponding data of TSC-ISA-R. It is noteworthy that
Ksv and K, values of ISA-NO, are 2.49 x 10* M~! and 2.49 x 10'?
M~1.s71, respectively, which are amongst ISA-R the largest and
comparable to the corresponding values of TSC-ISA-NO, (K, = 4.
24 x 10* M, Ky = 4.24 x 10"> M~ '-s~"). This result suggests that,
for TSC-ISA-NO,, the -ISA-NO, moiety dominated the fluorescence
quenching process, and the binding action of TSC-ISA-NO, with
TYR and TYR-L-DOPA complex was probably different from the
other TSC-ISA-R analogues.
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Fig. 4. Effects of the increasing concentrations of TSC-ISA-OCH3 and TSC-ISA-OCF; as well as ISA-OCH5 and ISA-OCF; on the intrinsic fluorescence of mushroom TYR in PBS
containing 3% DMSO (v/v). The inhibitor concentrations for curves a to o vary from 0 to 46.48 uM with an interval of 3.32 uM. The inset is the corresponding Stern-Volmer

plot. TYR, 83.3 U/mL; /ex = 280 nm.

Table 3

Calculated fluorescence quenching parameters of TSC-ISA-R on TYR, and binding constant and number of binding site of TYR with each TSC-ISA-R.
Inhibitor Key (M) Kq (M~ 'es71) n K, (M)
TSC-ISA-H (2.37 £0.11) x 10* (2.37 £0.11) x 10"2 0.97 + 0.01 (1.58 £ 0.04) x 10*
TSC-ISA-CHs (3.04 £0.17) x 10* (3.04 £ 0.17) x 10'2 1.07 £ 0.01 (6.11 £ 0.25) x 10*
TSC-ISA-OCH3 (4.41 £0.16) x 10* (4.41 £ 0.16) x 10" 1.14 + 0.01 (1.73 £ 0.08) x 10°
TSC-ISA-OCF; (3.73 £0.19) x 10* (3.73 £0.19) x 10"2 1.25 + 0.01 (5.48 £ 0.14) x 10°
TSC-ISA-F (2.84 +0.11) x 10* (2.84 +0.11) x 102 1.06 + 0.01 (5.00 + 0.12) x 10*
TSC-ISA-Cl (3.15 £ 0.13) x 10* (3.15+0.13) x 10'2 1.08 + 0.01 (7.65 + 0.27) x 10*
TSC-ISA-NO, (4.24 £ 0.20) x 10* (4.24 + 0.20) x 10"2 1.06 + 0.01 (8.26 + 0.26) x 10*
ISA-H (2.99 £0.12) x 10° (2.99 £0.12) x 10" 0.89 + 0.01 (9.88 £ 0.28) x 10?
ISA-CH; (2.45 £ 0.11) x 10° (2.45 +0.11) x 10" 0.87 £ 0.01 (6.93 +0.17) x 10?
ISA-OCH; (4.33 £0.18) x 10° (4.33 £0.18) x 10" 1.00 + 0.01 (4.45 +0.12) x 10°
ISA-OCF; (2.58 £0.12) x 10° (2.58 £0.12) x 10" 0.83 + 0.01 (4.81 £0.14) x 10?
ISA-F (2.23 £0.07) x 10° (2.23 £ 0.07) x 10" 0.98 + 0.01 (3.17 £0.13) x 10?
ISA-CI (2.14 £ 0.10) x 10° (2.14 £ 0.10) x 10" 0.94 + 0.01 (1.17 £ 0.08) x 10°
ISA-NO, (2.49 £ 0.13) x 10* (2.49 £ 0.13) x 10" 1.05 + 0.01 (3.94 £ 0.14) x 10*

For the static quenching interaction, the apparent binding con-
stant (K,) and the number of binding sites (n) between each TSC-
ISA-R and TYR were calculated by Eq. (2) [52], assuming that there
are similar and independent sites in a TYR molecule. It is seen from
Table 2 that the value of n for each TSC-ISA-R is near 1, which sug-
gests that each TSC-ISA-R combined with TYR through one binding
site. The K, values for TSC-ISA-R binding with TYR range from
1.58 x 10* to 5.48 x 10° M~! at 30 °C, among which the highest
ones corresponding to TSC-ISA-OCH; and TSC-ISA-OCF; were
observed, in good agreement with their minimum sum of K; and
Kis presented in Table 2. The results are suggestive of the strongest

affinity of the two inhibitors to TYR, which are again consistent
with their most potent inhibitory effects on TYR activity. For the
other TSC-ISA-R analogues, it was not possible, however, to corre-
late the values of K, with their inhibitory competency directly, sim-
ilar to the observations reported for other TYR inhibitors [58,61]. In
comparison, the K, values of ISA-R binding with TYR (3.17 x 10° -
3.94 x 10* M~ ') were likewise less than those of the corresponding
TSC-ISA-R. Remarkably, an exception was observed for TSC-ISA-
OCF3 whose K, value is one order of magnitude higher than those
of the other TSC-ISA-R analogues, whereas the K, value of ISA-
OCF; is smaller, only 4.81 x 10? M~!. This result indicates that
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TSC-ISA-OCF3 combined more strongly than the other TSC-ISA-R
with TYR, the thiosemicarbazido moiety but -ISA-OCF; made a
major contribution to the binding. In contrast, the calculated K,
of ISA-NO, is 3.94 x 10* M, a value being comparable to that
of TSC-ISA-NO, (K, = 8.26 x 10* M), which implies that the -
ISA-NO, moiety seemed to have a major contribution to the com-
bination of TSC-ISA-NO, with TYR.

Such binding may induce the conformation changes of TYR,
which probably hindered the channel for L-DOPA access to the
active center, and accordingly inhibited TYR activity. Synchronous
fluorescence spectroscopy has been widely used in the study of
protein-molecule interactions, and it can provide information
about the molecular environment in the vicinity of the fluorophore
functional groups, as well as identify possible conformational
changes on the protein structure [38,62,63]. The information in
relation to the variations of microenvironment around the tyrosine
and tryptophan residues of TYR can be obtained from the syn-
chronous fluorescence spectra of TYR when the wavelength inter-
val (A)) between excitation and emission wavelength was set at
15 nm and 60 nm, respectively [62]. Thereby, this technique was
used to verify the possibility underlying the interactions between
TSC-ISA-R and TYR in the following experiments.

Fig. S14 presented in the supplementary materials illustrates
the effects of the increasing concentrations of each TSC-ISA-R on
the synchronous fluorescence of these fluorophores in mushroom
TYR. It is shown that the fluorescence intensity of tyrosine residues
(AX =15 nm) was enhanced substantially with the addition of the
tested TSC-ISA-R except for TSC-ISA-NO,. Meanwhile, 2-14 nm of
red shifts at the maximum emission wavelengths were observed
when the concentration of each inhibitor was increased by
38.46 pM. An exception was observed for TSC-ISA-NO, which
attenuated the fluorescence intensity accompanied by only 2 nm
of red shift. Anyway, the results suggest that each TSC-ISA-R inter-
acted with TYR molecules disturbing the microenvironment in the
vicinity of tyrosine residues, and decreased the hydrophobicity of
the amino acid residues near tyrosine residues to different extent.
In contrast, the addition of each TSC-ISA-R resulted in significant
fluorescence quenching of tryptophan residues (Ax = 60 nm), how-
ever, no noticeable shift at the maximum emission peaks was
observed. These results indicate that the presence of each TSC-
ISA-R hardly perturbed the microenvironment around tryptophan
residues [38]. Thus, it could be supposed that each TSC-ISA-R
may locate closer to the tyrosine residues than to the tryptophan
residues. Moreover, the inhibitor binding has affected the molecu-
lar conformation of TYR, as indicated previously for p-enamino
thiosemicarbazide derivatives [64].

3.4.3. FT-IR analysis of the interactions between TSC-ISA-R and
tyrosinase

Infrared spectroscopy is a useful technique to gain insight into
the secondary structure changes of proteins in solution and in bio-
logical systems [65]. As shown in Fig. 5, a wide band centered at
1655 cm™!, assigned as the characteristic absorption of the amide
I band of TYR arising mainly from amide C=0 stretching vibration
of the protein backbone [66], was observed from the spectrum of
the free TYR. The presence of TSC-ISA-F, TSC-ISA-Cl, and TSC-ISA-
NO, greatly shifted the absorption of the amide I band to low
wavenumber (Ac = 23, 25 and 26 cm™!, respectively, See
Table S1) and significantly enhanced the intensity (about 3-4 fold).
It was reported that TYR is predominately o-helix in nature [67].
The red shift of the absorption band is suggestive of lengthening
of the o-helix chain [68]. On the contrary, in the presence of
TSC-ISA-H and TSC-ISA-CH3, the absorption intensity of the amide
I band was markedly attenuated along with a little shift of the
characteristic peak to high wavenumber. Remarkably, the presence
of TSC-ISA-OCH3 and TSC-ISA-OCF3 almost resulted in the disap-
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Fig. 5. Effects of TSC-ISA-R on the FT-IR spectra of TYR in PBS containing 3% DMSO
(v/v).

pearance of the absorption of the amide I band located at
1655 cm™~ . Moreover, in the case of TSC-ISA-OCF;, a faint but dis-
cernible band centered at 1676 cm™, probably attributed to -turn
structure, was observed in the spectrum. These observations indi-
cate that the tested TSC-ISA-R interacted with TYR and induced
conformational changes and stability decrease of the enzyme to
different extent [69]. Both TSC-ISA-H and TSC-ISA-CH; decreased
the o-helix content of TYR, and both TSC-ISA-OCH3; and TSC-ISA-
OCF;5 even led to the loss of main secondary structure elements
[66,69].

It is known that the ligand-protein binding process is mainly
driven by four non-covalent interaction forces including hydropho-
bic interaction, van der Waals forces, hydrogen bonding and elec-
trostatic forces. The crystallographic structure of TYR revealed
that TYR has two distinct combination sites for binding with sub-
strate and inhibitors. One is the binuclear copper ions active centre
and the other is the hydrophobic enzyme pocket active site adjoin-
ing the binuclear copper active site [1,4,6,70]. TSC-ISA-R analogues
feature lipophilic phenyl and indoline groups, which could facili-
tate TSC-ISA-R molecules to approach the lipophilic surface of
TYR through hydrophobic interaction and Van der Wals forces,
thus hindering the entry of substrate to the copper active center,
and therefore influencing the TYR activity. Furthermore, the amino
or/and carbonyl groups of TSC-ISA-R might form potential inter-
molecular hydrogen bonding with the sulfhydryl, amino, carboxyl
or hydroxyl groups near the active center [70], also possibly with
the oxygen bridges linking the two copper sites of TYR [8,18], thus
further affecting the TYR catalysis.

3.4.4. Interactions between TSC-ISA-R with L-DOPA

Besides the TSC-ISA-R binding with free TYR and TYR-L-DOPA
complex can directly inhibit the diphenolase activity of TYR, the
possible interactions between TSC-ISA-R with substrate L-DOPA
may indirectly exert their inhibitory effects on TYR activity. In
order to validate this possibility, further investigations were car-
ried out under the same conditions using fluorescence titrations
as well as ESI-MS.

Fig. 6 displays the fluorescence changes of L-DOPA in PBS con-
taining 3% DMSO at 30 °C in the presence of different concentra-
tions of TSC-ISA-OCH3; and TSC-ISA-OCF3 as well as ISA-OCH3 and
ISA-OCF; (others shown in Fig. S15 and S16). As shown in the fig-
ures, L-DOPA in the aqueous medium yielded strong fluorescence
with the maximum wavelength at 317 nm when excited by
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Fig. 6. Effects of the increasing concentration of TSC-ISA-OCH3 and TSC-ISA-OCFj3 as well as ISA-OCH3 and ISA-OCF; on the fluorescence of L-DOPA in PBS containing 3% DMSO
(v/v). The concentrations of TSC-ISA-OCH3 and TSC-ISA-OCFj; as well as ISA-OCH3 and ISA-OCF; for curves a to m and a to n vary from 0 to 39.84 uM and 0 to 43.16 M with an
interval of 3.32 uM, respectively. The concentration of L-DOPA is 0.50 mM. The inset is the corresponding Stern-Volmer plot. J.x = 280 nm.

280 nm light, and the overlapping of the fluorescence profiles of
the inhibitors with that of L-DOPA was not observed. Similar to
the effects of these inhibitors on the intrinsic fluorescence of
mushroom TYR, the increasing concentrations of TSC-ISA-R signif-
icantly quenched the fluorescence of L-DOPA, while the shift of the
emission peaks was hardly observed. ISA-R except for ISA-NO, had
tiny impacts on the fluorescence. The fluorescence quenching con-
stant K, and apparent binding constants K, of each TSC-ISA-R were
calculated according to the Egs. (2) and (3), respectively, and sum-
marized in Table 4. It can be seen that the Kj, values are compara-
ble to those of TSC-ISA-R on TYR, whereas K, values, except for that
of TSC-ISA-H (K, = 5.62 x 10* M), are much lower than those of
TSC-ISA-R binding with TYR (Table 4).

The binding of each TSC-ISA-R with L-DOPA was further con-
firmed by the formation of TSC-ISA-R-L-DOPA complexes detected

Table 4
Calculated fluorescence quenching parameters of TSC-ISA-R for L-DOPA, and binding
constants for each TSC-ISA-R with L-DOPA.

Inhibitor Key (M) K, (M)

TSC-ISA-H (1.34 + 0.06) x 10* (5.62 £ 0.13) x 10*
TSC-ISA-CH; (7.40 £ 0.12) x 10° (6.10 £ 0.18) x 10?
TSC-ISA-OCH3 (6.96 + 0.21) x 10° (1.76 £ 0.05) x 10?
TSC-ISA-OCF; (1.13 £ 0.02) x 10* (9.12 £ 0.17) x 10?
TSC-ISA-F (1.01 £ 0.01) x 10* (7.10 £ 0.13) x 10?
TSC-ISA-Cl (1.29 £ 0.03) x 10* (8.39 £ 0.15) x 10°
TSC-ISA-NO, (1.25 + 0.03) x 10* (1.82 +0.09) x 10°
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in ESI-MS spectra (Fig. 7 and Fig. S17). These results indicate that
TSC-ISA-R not only interacted directly with TYR, but also with
the substrate L-DOPA under the same conditions.

Taken above results together, it could be postulated that three
potential interactions were probably involved in the inhibition of
TSC-ISA-R on TYR activity. One is the non-covalent binding of
TSC-ISA-R with TYR through hydrophobic interaction and Van
der Wals forces, which could block the combination of L-DOPA
and the binuclear copper active site of TYR. This interaction may
merely interfere with the coordination bonds formed by Cu?* with
amino acid residues in TYR and the non-covalent interactions
between the coppers and residues, similar to other TYR inhibitors
[3]. The thiosemicarbazido moiety of TSC-ISA-R played a crucial
role in the interaction. The isatin moiety may act as an auxiliary
functionality which bound the hydrophobic protein pocket
through hydrophobic interaction and Van der Wals forces facilitat-
ing the thiosemicarbazide moiety to approach the hydrophobic
domain surrounding the enzyme active center. The second one is
the binding of TSC-ISA-R to the L-DOPA-TYR complex, which may
decrease the affinity of the substrate L-DOPA to TYR, and therefore
inhibit the TYR activity. The third one is the competitive binding of
TSC-ISA-R with the substrate L-DOPA, which may impede the
access of L-DOPA to the copper catalytic site of TYR, and thus indi-
rectly inhibited the diphenolase activity of TYR. Such three interac-
tions may act independently or collaboratively to exert inhibitory
effects of TSC-ISA-R on TYR activity.
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Fig. 7. ESI-MS spectra for the mixture of L-DOPA and TSC-ISA-OCHj5 (a), and TSC-ISA-OCF; (b) in PBS buffer containing 3% DMSO (v/v).

3.5. Considerations of substituent effects of TSC-ISA-R on the inhibition
against TYR activity

Inspection of the above experimental results reveals a roughly
positive correlation of the inhibition effects of TSC-ISA-R with their
affinities to TYR and L-DOPA-TYR complex (Tables 2 and 3). The
investigated TSC-ISA-R analogues in this study share the identical
molecular skeleton but only differ in the substituents (R) at C-5
of indoline ring (Scheme 1). Therefore, it seems safe to assume that
the R groups were responsible for the difference between TSC-ISA-
R in the association with TYR and L-DOPA-TYR complex, and then
in the inhibition against TYR. In general, four non-covalent interac-
tion forces including hydrophobic interaction, van der Waals
forces, hydrogen bonding and electrostatic forces are known to
mainly contribute to the ligand-protein binding, as mentioned
above. The electrostatic attraction of TSC-ISA-R to TYR could be
neglected due to weak dissociation and protonation of each inhibi-
tor in PBS at pH 6.80 employed in this work. Thus, hydrophobic
interaction, van der Waals forces and hydrogen bonding may be
involved in the combination of TSC-ISA-R and TYR. The attributes
of -R substituents including steric hindrance, lipophilicity, spatial
configuration, and electronic effects, etc. may have different
impacts on these non-covalent interaction forces, and accordingly
on the inhibitory efficacy of TSC-ISA-R towards TYR.

The typical physico-chemical parameters of each TSC-ISA-R
inhibitor calculated theoretically by ACD/Labs software [71], and
the Hammett values of R substituent groups determined by Ham-
mett methodology [72] were summarized in Table 5.

The molar volume of TSC-ISA-R shown in Table 5 ranges from
250.2 to 286.7 M~! with TSC-ISA-OCF; showing the largest and
TSC-ISA-H the smallest. It can be seen from these data that the
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Table 5
Typical physico-chemical parameters of the inhibitor and substituent group R.

Inhibitor logDe s Molar volume (M™1) Gpara
TSC-ISA-H 3.34 250.2 0
TSC-ISA-CH3 3.80 265.4 -0.17
TSC-ISA-OCH3 3.51 2719 -0.27
TSC-ISA-OCF5 343 286.7 0.35
TSC-ISA-F 2.49 253.1 0.062
TSC-ISA-CI 3.06 259.5 0.23
TSC-ISA-NO, 2.05 255.5 0.78

variation of the substituents at C-5 of indoline ring can change
the molecular size of the resulting TSC-ISA-R in different degrees.
From the view of steric hindrance, large size of substituents may
generally lead to the blocking of inhibitor molecules to approach
the hydrophobic domain of TYR active center, thus possibly hinder-
ing the association of the inhibitor with TYR, and further affecting
its inhibitory effect on TYR activity [35,73,74]. In this regard, the
affinity of TSC-ISA-OCF; to TYR and its inhibitory competency
should be the lowest but TSC-ISA-H be the highest. However, this
inference is inconsistent with the experimental results (Tables 1-
3), which suggests that the R-resulted size alterations of TSC-ISA-
R molecules were not significant for their TYR inhibition, and other
more important factors may underlie the difference in TYR affinity
and inhibition efficacy between TSC-ISA-R analogues. Furthermore,
these substituents probably did not participate in the interactions
of TSC-ISA-R with TYR and its substrate complex.

The effects of lipophilicity of TYR inhibitors on their inhibitory
competency have been extensively studied, and the results indi-
cate that the lipophilicity of substituent groups on a inhibitor
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molecule is an important even a determinant factor affecting the
inhibitory ability of the inhibitor towards TYR or melanogenesis
[22,30]. Lipophilicity is usually expressed as logarithm of the par-
tition coefficient (logP) for non-ionized analytes or logarithm of the
distribution coefficient (logD) for ionizable analytes in immiscible
liquids [75]. The index logDg g determined at pH 6.80 was herein
used to evaluate the contribution of hydrophobicity and
hydrophilicity to the binding of TSC-ISA-R analogues with TYR
since all relevant measurements was conducted in PBS
(pH = 6.80) containing 3% DMSO. It is seen from Table 5 that the
substitution of the hydrogen atom at C-5 of indoline ring with -F,
-Cl and -NO, groups resulted in the decrease of logDg g values, cor-
responding to the decrease of hydrophobicity of the resulting TSC-
ISA-F, TSC-ISA-CI and TSC-ISA-NO,. The affinity of the three ana-
logues to TYR caused by hydrophobic interaction and van der
Waals forces could be reduced accordingly. On the contrary, the
substitution of the hydrogen atom with -CHs, -OCH3 and -OCF;
groups increased logDgg of the resultant TSC-ISA-CHs, TSC-ISA-
OCH3 and TSC-ISA-OCF3, which corresponds to the increase of their
hydrophobicity and affinity to TYR. Clearly, the substituent modifi-
cations influenced the hydrophobicity of the isatin-TSC hybrids
investigated in this study, however, no apparent correlation of
the affinities (K,), and further the inhibitory effects (ICso) of TSC-
ISA-R on TYR with their logDg g values were observed. Neverthe-
less, it can be inferred that moderate values of logDgg, €.g. 3.4—
3.5, seem to be more favorable to the interactions between TSC-
ISA-R and TYR, and thus beneficial to their inhibitory ability.

In addition, the electronic effects of R may also exert impacts on
the interactions between TSC-ISA-R and TYR, and further on the
TYR inhibition. The electronic effects of substituents, originally
used for the study of the rates and equilibria in different external
side-chain reactions of benzene derivatives by the well-known
Hammett methodology [72], are mainly composed of a field/induc-
tive component (I) and a resonance (m-electron delocalization)
component (R) [76]. The electronic character of the substituents
on six-membered ring systems is usually quantified in terms of
position according to Hammett values (Gmeta OT Gpara)- The G con-
stant has been chosen as the chemical descriptor and one of the
most commonly employed substituent descriptor. More positive
values of o are associated with more electron-withdrawing sub-
stituent groups, and vice versa [72]. The Gp,ra value of a substituent
equals the sum of its field/inductive parameter (G;) and resonance
parameter (OR), i.e. Gpara = O + Og [77]. In the present study, the
difference in the m-electron densities on the benzene ring of isatin
moiety of TSC-ISA-R as a result of substituent effects of R could be
qualitatively estimated using the reported Gpara values of R. It is
observed from Table 5 that the Hammett Gp,r, values for -H, -
CHs, -OCHs, -OCF3, -F -Cl and -NO, are 0, —0.17, —-0.27, 0.35,
0.062, 0.23 and 0.78, respectively [72]. Obviously, the -NO, group
is the strongest m-electron acceptor followed by -OCF3 as evi-
denced by their positive and relatively large Hammett G, values.
In contrast, the -OCHs group is the strongest m-electron donor fol-
lowed by -CHj3 by virtue of their negative and relatively low Gpara
values. Accordingly, the m-electron densities on the benzene ring
of isatin moiety attached by -NO, and -OCF; are more deficient
but the m-electron densities on the benzene ring appended by -
OCHs and -CHs3 are richer in comparison with the unmodified
TSC-ISA-H. Such electronic effects could further affect the electron
density on the secondary amino-N1’ of indoline ring as well as the
exocyclic carbonyl O and imino N1 atoms. In this respect, the elec-
tron densities on these atoms of TSC-ISA-NO, and TSC-ISA-OCF;
could be decreased, which facilitates the two inhibitors to bind
TYR through hydrogen bonding interactions with the secondary
amino group as a hydrogen bonding donor. However, the more
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deficient m-electron densities on the indoline benzene ring of
TSC-ISA-NO, as a result of the more electron-withdrawing -NO,
group is likely to be unfavourable to n-m stacking interactions with
the aromatic rings in TYR. This may account for the lower affinity
of TSC-ISA-NO, to TYR (K, = 8.26 x 10* M~!) than TSC-ISA-OCF;
(K, =5.48 x 10° M~1). In contrast, the electron densities on the sec-
ondary amino-N1’, the exocyclic carbonyl O and imino N1 atoms of
TSC-ISA-OCHj5 and TSC-ISA-CHs, especially TSC-ISA-OCH3, could be
increased, which may be conducive to the formation of hydrogen
bonding with these atoms as hydrogen bond acceptors with TYR.
Interestingly, the introduction of similar bulky substituent groups
with distinct ¢ values at C-5 of indoline ring, e.g. -OCH3 and -
OCF3, can yield similar contribution to improving the inhibitory
competency of the resulting inhibitors towards TYR.

In summary, the substituent modifications of C-5 of isatin moi-
ety can alter the characters such as the molecular size, lipophilicity
and electron density on the indoline ring of the resulting TSC-ISA-R
to different extent. These alterations could further affect the affin-
ity of TSC-ISA-R to TYR, and therefore their inhibitory effects on
TYR activity.

3.6. Theoretical studies

In order to further understand the structural features of TSC-
ISA-R molecules, DFT calculations were performed at B3LYP level
with 6-31G (d) basis sets. The previous study has indicated that
the frontier molecular orbitals (FMO) such as the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbi-
tal (LUMO) can be used to evaluate the reactivity of a molecule
[78]. The value of HOMO in a molecule indicates the electron-
donating ability of the molecule. The molecule with a higher value
of this parameter has a higher chemical reactivity. On the other
hand, the LUMO value of a molecule implies the electron-
accepting capability of the molecule. The molecule with a smaller
value of this parameter has a higher chemical reactivity [79]. The
energy gap (AE) between HOMO and LUMO can help to character-
ize the chemical and biological reactivity, and kinetic stability of
the molecule [80]. Fig. 8(a)-(g) show the orbital isosurface of fron-
tier molecular orbitals, Eyomo, ELumo and AE of the seven TSC-ISA-R
molecules. The positive and negative phases are represented in
green and blue color respectively.

It can be seen from Fig. 8 that the HOMO of TSC-ISA-OCH5 is
mainly composed of the indolyl ring, oxygen atom of 5'-methoxy
and thiourea moiety, which is very different from the other six
TSC-ISA-R molecules whose HOMO orbitals are principally com-
posed of the phenyl ring, methoxy oxygen atom and thiourea moi-
ety. It is worth noting that the contribution of oxygen atom of 5’-
methoxy group to the HOMO of TSC-ISA-OCH; is as high as
11.53% (see Table S2), which implies that -OCHs3 substitution at
C-5 of indolyl ring is helpful to improve electron-donating ability
of HOMO. Apparently, the substituent groups appended at C-5
position of indoline ring affect the electron distribution in HOMO
of the inhibitor molecules investigated, which can also be observed
from the resulted delocalization degree of the corresponding
HOMO. The degree of spatial delocalization of frontier molecular
orbitals can be quantitatively characterized by orbital delocaliza-
tion index (ODI). The smaller ODI indicates the higher degree of
orbital delocalization, and vice versa. Table 6 presents the ODI val-
ues of HOMO in the seven TSC-ISA-R molecules. What attracted
our attention is that the -OCHj substitution substantially decreases
the ODI of the resultant TSC-ISA-OCH3, which implies 5-OCHj5 sig-
nificantly increases the orbital delocalization degree of HOMO in
TSC-ISA-OCHs.
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E, o= -2-4834 eV
o= -2.6176 eV
AE=3.1774eV
AE=3.1842 eV

L E, op0= -5.6608 eV

L E,jomo=-5.8018 eV
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Fig. 8. Orbital isosurface of frontier molecular orbitals, Eyomo, ELumo and energy gap (AE) of seven TSC-ISA-R compounds. (a) TSC-ISA-OCHjs, (b) TSC-ISA-OCFs, (c) TSC-ISA-H,
(d) TSC-ISA-NO,, () TSC-ISA-CI, (f) TSC-ISA-F, and (g) TSC-ISA-CHs.
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Table 6
Orbital delocalization index of HOMO of the seven TSC-ISA-R inhibitors.
TSC-ISA-OCH3 TSC-ISA-OCF3 TSC-ISA-H TSC-ISA-NO, TSC-ISA-Cl TSC-ISA-F TSC-ISA-CH3
ODI 8.64 11.76 11.44 11.95 11.67 1145 10.90

In the case of LUMO, the orbital composition is similar, namely,
the electrons are distributed entirely over the indolyl ring and
thiourea moiety in the title molecules. An except was observed
for TSC-ISA-NO,, specifically, the contribution of the 5-NO, group
to LUMO of TSC-ISA-NO, is 14.15%, while the contributions of the
other substituents to LUMO composition of the corresponding
molecule are less than 0.5% (Table S3).

The values of LUMO-HOMO energy gap calculated for the title
molecules were shown in Fig. 8. It can be observed that AE
increases in the following order: TSC-ISA-OCH; < TSC-ISA-
OCF; < TSC-ISA-H < TSC-ISA-NO, < TSC-ISA-Cl < TSC-ISA-F < TSC-I
SA-CHs3, which almost accords with the order of ICs¢ values
obtained from the inhibitory assays. Previous studies have shown
that the lower AE of a molecule facilitates charge transfer interac-
tion within the molecule, contributing to a high capacity of its
bioactivity [81,82]. The lowest AE in TSC-ISA-OCH3 reveals the sig-
nificant degree of charge transfer interactions taking place in the
molecule, and hence it is favourable for the enhanced chemical
as well as biological activity of this molecule.

4. Conclusions

In this study, seven new isatin-thiosemicarbazones with differ-
ent substituents (R) attached at the C-5 position of indoline ring,
TSC-ISA-R (R = -H, -CH3, -OCHj3, -OCFs;, -F, -Cl and -NO,), were syn-
thesized and evaluated as TYR inhibitors. Their inhibitory compe-
tency was investigated by examining the inhibition against the
diphenolase activity of mushroom TYR with L-DOPA as substrate,
using spectroscopic techniques. TSC-ISA-R analogues displayed
different inhibitory effects on TYR activity with ICsq values ranging
from 81 to 209 pM. In comparison, -OCH3 and -OCF5 substitutions
improved the inhibitory effects, while -CHs, -F and -Cl substitu-
tions decreased the inhibitory efficacy. The kinetic analyses
showed that TSC-ISA-R were reversible and mixed type inhibitors
on this enzyme. A roughly positive correlation of the inhibition
effects of TSC-ISA-R on TYR activity with their affinities to TYR
was observed. The mechanism study indicated that three potential
interactions including the non-covalent TSC-ISA-R binding with
free TYR, TYR-L-DOPA complex, and with substrate L-DOPA were
probably involved in the inhibition of TSC-ISA-R against TYR. The
combination of TSC-ISA-R and TYR altered the molecular confor-
mation and stability of TYR, and further decreased the hydropho-
bicity of the amino acid residues in the vicinity of tyrosine
residues to different extent. The thiosemicarbazido moiety of
TSC-ISA-R played a crucial role in the inhibition, and the isatin
moiety seemed to act as an auxiliary role for binding the
hydrophobic protein pocket of the enzyme to facilitate the
thiosemicarbazido moiety approaching the hydrophobic domain
around active center. The substituent modifications of the C-5 of
indoline ring could alter the characters of the resulting TSC-ISA-R
in different degrees, which affected their affinity to TYR, L-DOPA-
TYR complex as well as to L-DOPA, and therefore their inhibitory
effects on TYR activity. DFT calculations were performed at
B3LYP level with 6-31G (d) basis sets to further gain insight into
the structural features of TSC-ISA-R molecules. The results indi-
cated a different effect of —R on the electron distribution in HOMO
of the inhibitor molecules. The frontier molecular orbital energy
gap of TSC-ISA-R was shown to almost accord with the inhibition
trend observed from the inhibitory assays.
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