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A B S T R A C T

In this work a total of 12 carbazoles and hydrazone-bridged thiazole-pyrrole derivatives have been identified as
new competitive inhibitors of tyrosinase. Carbazole derivative with 2-benzoimidazole substitution showed most
potent inhibition in the series. Other carbazole derivatives containing benzothiazole and benzoxazole sub-
stitutions showed comparable levels of tyrosinase inhibition. The hydrazone derivatives also showed potent
tyrosinase inhibitory activity with comparable Ki values except one with fluoride at its terminal position. Kinetic
studies showed competitive inhibition of tyrosinase by all compounds that increased the substrate Km without
changing the Vmax value. Moreover, experimental evidence suggests that the target compounds specifically bind
to the binuclear copper center of the tyrosinase active site in an apparent mono-dentate fashion. Carbazoles and
hydrazones are new and emerging classes of compounds as tyrosinase inhibitors that may provide new structural
avenues to discovery of drugs targeting the treatment of hyperpigmentation and related dermatological dis-
orders.

1. Introduction

Melanogenesis in the skin, eyes and hair is a natural and protective
process in humans, mammals and other animals in which tyrosinase
plays a pivotal role in melanin synthesis. The enzyme participates in
both monophenolase and o-diphenolase activities by catalyzing the
hydroxylation and oxidation of monophenols to o-quinones and oxi-
dation of o-diphenols to o-quinones in the Raper-Mason pathway of
melanogenesis [1]. Inhibition of tyrosinase is an important clinical
target in dermatology for treating skin disorders such as melasma, post-
inflammatory melanoderma, flecks, lentigo, nevus, ephelis and mela-
noma of pregnancy [2–6]. Tyrosinase inhibitors are becoming im-
portant therapeutic agents in a number of prescription drugs and cos-
metic products used for the treatment of skin hyperpigmentation
manifested in various clinical conditions and for skin-lightening effects
for cosmetic purposes. The most common example is kojic acid, a po-
tent tyrosinase inhibitor that has been clinically used in topical pre-
parations to treat post-inflammatory hyperpigmentation and associated
conditions in addition to its use in creams and lotions for cosmetic ef-
fects [7]. Tyrosinase inhibition is also a target for preventing undesir-
able fruit browning and extending its shelf-life for potential commercial
and economical benefits [8]. Moreover, molting and wound-healing
processes in insects deploy tyrosinase for melanin generation, and in-
hibition of the enzyme provides potential targets for developing safer

and effective insecticides for insect control [9].
Carbazole and its derivatives are nitrogen containing aromatic

heterocyclic compounds with diverse biological effects including anti-
microbial, anti-tumor, anti-inflammatory, anti-oxidative and anti-his-
tamine activities. Derivatives of triazoles, imidazoles and benzimida-
zoles are well known antimicrobial agents used for the treatment of a
variety of fungal and bacterial infections [10]. The carbazole moiety is
also distributed in many active natural products including carbazo-
mycins that are antibiotics [11,12]. Thiazole and its derivatives are a
well-known group of compounds with anti-hypertensive, anti-allergic,
anti-inflammatory, anti-schizophrenic and anti-HIV activities. Thiazole-
hydrazone conjugates are particularly known for their anti-microbial
activity [13]. Furthermore, a number of azole ring-containing com-
pounds are also known to potently inhibit tyrosinase. Examples include
various thidiazole, oxadiazole and triazole derivatives [14–21]. Car-
bazole and hydrazone derivatives are new and emerging classes of
compounds with tyrosinase inhibitory activity. Carbazole-substituted
chalcone urea derivatives have been previously reported to inhibit o-
diphenolase activity of banana tyrosinase [22].

The current work reports seven carbazoles and five hydrazone-
bridged thiazole-pyrrole derivatives (henceforth hydrazone derivatives)
as new competitive inhibitors of tyrosinase synthesized previously.
Experimental evidence revealed that the target compounds bind to the
tyrosinase active site by interacting with its binuclear copper center.
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The compounds are proposed to interact with the binuclear center in a
mono-dentate manner supporting the rationale based on the X-ray
crystallographic structures of the mushroom tyrosinase and catechol
oxidase active sites [23,24]. To date, this is the first report on the
competitive inhibition of tyrosinase by carbazole and hydrazone-
bridged thiazole-pyrrole derivatives and their proposed active site
binding mode that may provide new approaches to discovery of tyr-
osinase inhibitors for the treatment of hyperpigmentation and other
dermatological disorders.

2. Materials and methods

2.1. Synthesis of carbazole and hydrazone derivatives

The design, synthesis and all physical and chemical analyses of the
carbazole (CB1–CB7) [10,25] and hydrazone derivatives (HZ1–HZ5)
[13] have been previously conducted and reported elsewhere.

2.2. Tyrosinase inhibition assay

Tyrosinase inhibition assay was designed and modified using the
method reported elsewhere [26]. The 300 μl reaction mixture contained
50mM sodium phosphate buffer (pH 6.8), 850 U mushroom tyrosinase
(EC 1.14.18.1) (Sigma Chemical Co., St. Louis, USA), 1.0 mM L-DOPA
and the target compounds dissolved in DMSO. The final concentration
of DMSO in the reaction mixture was 3%. The o-diphenolase inhibitory
activity of the compounds was tested in 96-well microplates in a
SpectraMax Plus 384® microplate reader (Molecular Devices, Cali-
fornia, USA). The compounds were initially pre-incubated with the
enzyme for 15min. at 25 °C, and the production of dopachrome was
continuously monitored at 475 nm. for 2min. at 25 °C. The o-diphe-
nolase inhibitory activity of the compounds was compared with that of
kojic acid as a positive control.

2.3. Tyrosinase inhibition kinetics

The experimental protocol followed for tyrosinase inhibition ki-
netics was the same as mentioned above except that the reaction mix-
ture contained a range of L-DOPA (0.25–2.0 mM) and inhibitor con-
centrations. The initial enzyme velocities, in the absence and presence
of inhibitors, were calculated from the linear portion of each curve. The
Ki values of the inhibitors were calculated from Dixon plot and the type
of inhibition was confirmed by Lineweaver-Burke plot using Grafit
7.0.3 (Erithacus Software Ltd., Staines, UK). Mean Ki and values and
their standard error of mean (SEM) were determined from each of four
individual experiments.

2.4. Binuclear copper binding assay

The binuclear copper binding assay was adapted from the method
described elsewhere [27]. Tyrosinase was maximally inhibited
by incubating it with the highest concentration of the target
compounds followed by addition of a range of CuSO4 concentrations
(0.01–0.65mM). The reaction was monitored at 475 nm in 96-well
microplates in a SpectraMax Plus 384® microplate reader. The recovery
of the pre-inhibited tyrosinase activity was indicated by an increase in
absorbance after addition of CuSO4. The effect of CuSO4 on tyrosinase
alone was also determined by incubating the enzyme with a range of
CuSO4 concentrations (0.04–0.36mM) and measuring the remaining
enzyme activity.

3. Results and discussion

3.1. Inhibition of o-diphenolase activity of tyrosinase

The target compounds exhibited concentration-dependent

Table 1
The structures and Ki values of the carbazole and hydrazone tyrosinase in-
hibitors.

No. R Ki
(μM ± SEM)

Carbazole inhibitors

N

H
N

S
O

R

CB1 N

N
H

1.64 ± 0.03

CB2 N

S

6.87 ± 0.17

CB3 N

O

4.34 ± 0.04

CB4 N

S

3.46 ± 0.07

N

H
N

O
O

Ar

CB5 NO2 5.41 ± 0.15

CB6 6.73 ± 0.21

CB7

Cl

7.48 ± 0.19

Hydrazone inhibitors
HZ1

N
N
N
H

N

S

F

H

21.45 ± 0.80

HZ2

N
N
N
H

N

S

H

H

5.81 ± 0.16

HZ3

N
N
N
H

N

S

OCH3

H

5.94 ± 0.22

HZ4

N
N
N
H

N

S

Cl

H

4.95 ± 0.19

(continued on next page)
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inhibition of o-diphenolase activity of mushroom tyrosinase as in-
dicated by their ability to decrease final absorbance when compared to
respective controls containing no inhibitors. The Ki values of majority
of the compounds were comparable to that of kojic acid – a standard
inhibitor of tyrosinase (Table 1). Some derivatives such as CB1, CB3
and CB4 were found to be more potent than kojic acid. Moreover, some
members of the carbazole series (Ki range=1.64–7.48 μM) were more
potent than that of hydrazones. The Ki values of the hydrazone deri-
vatives ranged from 4.95 to 21.45 μM possessing comparable potency of
inhibition with that of kojic acid.

3.2. Kinetic studies

A significant decrease in the enzyme reaction rates was observed in
the presence of the target compounds when compared to their re-
spective controls containing no inhibitor. An increasing order of in-
hibition potency i.e. carbazoles > hydrazones was observed. The ac-
tivity of the compounds depended on the class of the parent structure
including the type and position of various substitutions.

The initial raw data were screened for best fit using the Lineweaver-
Burk plot [28] with the Michaelis-Menten equation transformed to
various types of inhibition with least standard error. All compounds
exhibited competitive inhibition of mushroom tyrosinase as determined
and confirmed by the Lineweaver-Burk plot {1/v versus 1/[S]}. The
plots yielded all lines converging at the same point on the y-axis with
variable x-intercepts, typical of competitive inhibition. The Ki values
were calculated using the Dixon plot {1/v versus [I]} [29]. The values
of Vmax and Km, following the inhibition of mushroom tyrosinase by the
compounds, were in agreement with competitive inhibition that is
characterized by an increase in the substrate Km with no change in the
Vmax value (Fig. 1). The Lineweaver-Burk and their corresponding
Dixon plots for representative compounds from each of the carbazole
and hydrazone series are presented in Fig. 2 and Fig. 3 respectively. The
structures and Ki values for the carbazole and hydrazone derivatives are
listed in Table 1.

3.3. Binuclear copper–inhibitor binding

The rationale for binuclear copper center binding of the target
compounds is centered on the experimental and structural evidence
from the crystal structures of mushroom tyrosinase in complex with
tropolone [23] and catechol oxidase in complex with phenylthiourea
(PTU) [24]. The active sites of both of the enzymes share significant
homology in terms of active site structure and catalysis.

The crystal structure of mushroom tyrosinase in complex with tro-
polone reveals that its H subunit contains the binuclear copper-binding
site at the center of four α-helices that is located at the bottom of a large
cavity of the active site. The binding of tropolone in this cavity is to
some degree similar to that of PTU-catechol oxidase binding. The tro-
polone ring forms van der Waals interactions with the residues in the
cavity. In this structure, the carboxyl oxygen of tropolone is positioned
toward the binuclear copper center at a distance greater than required

for optimal interaction indicating that tropolone does not specifically
bind to deoxytyrosinase [23]. However, previous studies on the crystal
structure of tropolone binding to oxytyrosinase showed that it forms a
pre-Michaelis complex in which it does interact with the Cu [30].

A more clear evidence of copper interaction comes from the crystal
structure of PTU-catechol oxidase complex [24]. Inhibition of catechol
oxidase by PTU requires coordination of the sulfur atom with the bi-
nuclear copper center and hydrophobic interactions with the large
binding pocket of the active site. In this complex the sulfur atom of PTU
replaces the hydroxo-bridge in the Cu(II)–Cu(II) center and coordinates
with both copper ions. Additionally the amide nitrogen of the inhibitor
weakly interacts with the CuB by forming a square-pyramidal co-
ordination sphere (Fig. 4A).

Both of the crystal structures are promising for understanding the
apparent binding mode of the target compounds to the tyrosinase active
site. A mono-dentate binding mode is proposed for the carbazole and
hydrazone derivatives. In the former, the terminal sulfur atom con-
necting the side groups is proposed to interact with the binuclear
copper center by replacing the hydroxo-bridge in the Cu(II)–Cu(II)
center (Fig. 4B). In the latter, the sulfur atom of the thiazole ring is
proposed to replace the copper center bridge by interacting with it
whereas the adjacent nitrogen atom of the hydrazone moiety is pro-
posed to coordinate with the CuB of the center (Fig. 4C). Furthermore,
role of the hydrophobicity of the compounds also counts; it apparently
augments the inhibitor interactions with the binding pocket. The hy-
drazone derivatives are proposed to interact with the binuclear copper

Table 1 (continued)

No. R Ki
(μM ± SEM)

HZ5

N
N
N
H

N

S

Br

CH3

6.06 ± 0.27

Kojic acid 4.43 ± 0.20

Fig. 1. Representative graphs depicting unchanged Vmax value (A) with in-
creasing substrate Km (B) characteristic of competitive inhibition of tyrosinase
by the target compounds.
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center through their thiazole ring sulfur atom. The exact binding con-
formation of the target carbazole and hydrazone derivatives is yet to be
determined by X-ray crystallography, for which work is currently in
progress.

Representative compounds from each of the carbazole (CB1, CB7)
and hydrazone (HZ1) derivatives were subjected to copper binding

studies to determine if they inhibited tyrosinase by specifically binding
to the binuclear copper center of the active site. CB1 (Ki = 1.64 μM) at
60 μM concentration, maximally inhibited the o-diphenolase activity of
tyrosinase by showing a ΔA475 nm of 0.043/min. when compared to
the control with no inhibitor (0.122/min.). Addition of CuSO4 up to a
maximum concentration of 0.35mM caused the reversal of the o-

Fig. 2. Lineweaver-Burk (A, C, E) and Dixon plots (B, D, F) for representative carbazole inhibitors.
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diphenolase activity of tyrosinase by more than 35%. (Fig. 5A). No
further recovery of the enzyme activity was observed beyond that
concentration of CuSO4 apparently due to high affinity of the inhibitor
to the enzyme active site. In fact, the activity started to decline pro-
portionally after 0.35mM CuSO4 indicating that CuSO4 alone, exerted
inhibitory effect on the unbound enzyme (Fig. 5D). Moreover, the ac-
tivity reversal clearly indicated that the enzyme-inhibitor complex is
reversible.

The activity recovery pattern of CB7-inhibited tyrosinase was si-
milar to that of CB1, however, it is 5-fold less potent than the CB1.

Therefore, in this case a lower concentration of CuSO4 was needed for
activity reversal. Addition of CuSO4 up to a concentration of 0.05mM
was enough to reverse 63% of the o-diphenolase activity of CB7-in-
hibited tyrosinase (Fig. 5B).

Much lower concentration of CuSO4 was needed to attain activity
reversal of HZ1-inhibited tyrosinase because its affinity to tyrosinase
was 13-fold and 3-fold lower than that of CB1 and CB7 respectively.
Only 0.025mM CuSO4 was sufficient to recover approximately 89% of
the enzyme activity (Fig. 5C). Therefore, a lower concentration of
CuSO4 was needed to displace it from the active site. These studies are

Fig. 3. Lineweaver-Burk (A, C) and Dixon plots (B, D) for representative hydrazone inhibitors.

Fig. 4. (A). Interaction of PTU with the binuclear
copper center of catechol oxidase as observed in
the X-ray structure of the complex. Proposed
binding of the carbazole (B) and hydrazone moi-
eties (C) to the copper center of mushroom tyr-
osinase based on the experimental and structural
evidence from the X-ray structures of catechol
oxidase in complex with PTU and mushroom tyr-
osinase in complex with tropolone.
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convincing to conclude that the target compounds specifically interact
with the binuclear copper center of the tyrosinase active site and it is
unlikely that a mere copper chelation effect is responsible for their
inhibitory activity.

3.4. Identification of active groups

3.4.1. Carbazole inhibitors
CB1 exhibited most potent inhibition of tyrosinase (Ki = 1.64 μM).

Its 2-benzoimidazole substitution appears to be most conducive to
tyrosinase inhibition. Other substitutions that were also favorable to
enzyme inhibition included 2-(4,5-dihydrothiazole) in CB4
(Ki = 3.46 μM) and 2-benzoxazole in CB3 (Ki = 4.34 μM).

Among other carbazole derivatives, CB2 with the 2-benzothiazole
moiety also potently inhibited the enzyme (Ki = 6.87 μM). Similar po-
tency of inhibition was also shown by CB5, CB6 and CB7 bearing the 2-
(2-nitrophenoxy), 2-(3-ethylphenoxy) and 2-(3-chlorophenoxy) sub-
stitutions respectively. Apparently these substitutions in addition to the
imidazole and thiazole rings with slight structural differences are fa-
vorable to tyrosinase active site binding that eventually exhibited
comparable levels of inhibition. Interestingly, the 2-benzoimidazole
ring in CB1 was most favorable to enzyme inhibition that differed from
the thiazole and oxazole rings only by a nitrogen atom.

3.4.2. Hydrazone inhibitors
The inhibitory activities of majority of the hydrazone derivatives

were found to be comparable to each other with a Ki range of
4.95–21.45 μM. Since the structural differences within the members of
this series of compounds is mainly contributed by the presence of the
terminal groups, similarity in their Ki values clearly explains this phe-
nomenon. HZ4 (Ki= 4.95 μM) is slightly more potent than HZ2
(Ki= 5.81 μM) as they are different from each other only by a chlorine
atom. HZ5, bearing the 4-bromophenyl substitution also exhibited a
level of inhibition similar to that of other members in the series.

Through these observations it is generally assumed that the enzyme

is selective to the hydrazones containing halogens for tight binding
except to fluorine. Different terminal groups present in these com-
pounds mainly exhibited varying degree of tyrosinase inhibition. The
order of potency was found to be in a narrow range as 4-chlor-
ophenyl > 4-phenyl > 4-methoxy > 4-bromophenyl > 4-fluor-
ophenyl. These substitutions made subtle differences between the levels
of activities of the compounds indicating that the compounds appar-
ently interact with the tyrosinase active site through a common binding
mode.

4. Conclusions

Both carbazole and hydrazone derivatives showed potent and
comparable levels of tyrosinase inhibition. The major active chemical
groups in the carbazole derivatives beside the parent structure include
the imidazole, thiazole and oxazole rings in addition to phenyl sub-
stitutions. As discussed earlier, this is in agreement with the fact that
azole ring-containing compounds inhibit tyrosinase with varying de-
gree of potencies. It is important to mention that the compound con-
taining the imidazole ring exhibited highest level of tyrosinase inhibi-
tion.

The hydrazone derivatives also showed comparable levels of tyr-
osinase inhibition that appears to be mainly exerted by their terminal
chemical groups. All these groups including the halogens potently in-
hibited tyrosinase except the one with a 4-fluorophenyl group that was
found to be least favorable for enzyme inhibition.

The kinetic and copper binding studies on the representative com-
pounds from both carbazole and hydrazone series showed that the
compounds competitively bind to the tyrosinase active site by specifi-
cally interacting with its binuclear copper center.
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