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Abstract We studied the inhibitory effects of trifluoroethanol (TFE) on the activity and
conformation of tyrosinase. TFE increased the degree of secondary structure of tyrosinase,
which directly resulted in enzyme inactivation. A reciprocal study showed that TFE
inhibited tyrosinase in a slope-parabolic mixed-type inhibition manner (K;=0.5+0.096 M).
Time-interval kinetic studies showed that the inhibition was best described as first order
with biphasic processes. Intrinsic and 1-anilinonaphthalene-8-sulfonate-binding fluorescen-
ces were also measured to gain more insight into the supposed structural changes; these
showed that TFE induced a conspicuous tertiary structural change in tyrosinase by exposing
hydrophobic surfaces. We also predicted the tertiary structure of tyrosinase and simulated
its docking with TFE. The docking simulation was successful with significant scores
(binding energy for Autodock4=—4.75 kcal/mol; for Dock6=—23.07 kcal/mol) and
suggested that the TRP173 residue was mainly responsible for the interaction with TFE.
Our results provide insight into the structure of tyrosinase and allow us to describe a new
inhibition strategy that works by inducing conformational changes rather than targeting the
active site of the protein.
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Abbreviations

DOPA  3.,4-Dihydroxyphenylalanine

TFE 2,2,2-Trifluoroethanol

ANS 1-Anilinonaphthalene-8-sulfonate
CD Circular dichroism

Introduction

2,2,2-Trifluoroethanol (TFE) is well known as a cosolvent in protein-folding studies [1-3]
and the detection of membrane proteins [4, 5]. TFE destabilizes tertiary and quaternary
structures of proteins by disrupting hydrophobic interactions at low concentrations (5-20%)
but stabilizes secondary structures such as o-helices and, to a lesser extent, (3-sheet
structures at higher concentrations (30%) [6—10]. The stabilization effect of TFE on
secondary structure is due to TFE’s ability to strengthen intrahelical hydrogen bonds
and reinforce hydrogen bonds between carbonyl and amidic groups by removing water
molecules in the proximity of the solute. In contrast, TFE can destabilize the protein
structure and induces folding intermediates in some cases, thereby accelerating
aggregation due to the promotion of hydrophobic interactions between amino acid
side chains [11-13]. A previous computational simulation showed that coating peptides
with TFE resulted in the removal of alternative hydrogen-bonding partners and induced
the formation of intrapeptide hydrogen bonds due to a low dielectric environment [14].
TFE can therefore be considered to be a stabilizer for most enzymes; however, for some
enzymes, TFE apparently acts as a denaturant resulting in disruption of the tertiary
structure of the protein and loss of activity [15, 16]. An investigation into the mechanisms
by which TFE modifies the secondary and tertiary structures of enzymes is therefore very
important.

Tyrosinase (EC 1.14.18.1) is a critical enzyme that has multi-catalytic functions in the
melanosynthetic pathway, and it is distributed ubiquitously in organisms. Two Cu®" ions
individually connected with three histidines at the active site are charged in their cupric or
cuprous state and are directly involved in different catalytic reactions via the oxy-, deoxy-,
and met-states [17, 18]. The tyrosinase catalysis mechanism is very complex as this enzyme
can catalyze multiple reactions, and the mechanism therefore needs to be investigated from
different sources using various kinetic methods. Because the crystallographic structure of
tyrosinase has not yet been clearly solved, there is little data available to investigate
structure—function relationships in this enzyme.

Tyrosinase deficiencies are directly associated with pigmentation disorders in mammals
[19] and cause a browning effect in vegetables [20]. Tyrosinase also participates in cuticle
formation in insects [21]. Therefore, regulation of the enzymatic activity of tyrosinase has
been the focus of investigation due to its potential applications in medicine, cosmetics, and
agriculture. There are very few reports of regulation of the enzymatic activity of tyrosinase
via conformational changes. The major strategy for tyrosinase inhibition has been chelating
of the copper ions at the active site. In this paper, we propose a new approach to tyrosinase
inhibition: modulation of secondary and tertiary structures of tyrosinase directly involved
with catalysis. We simulated the 3D structure of tyrosinase, evaluated its docking behavior
with TFE, and investigated its putative binding residues (ASP169, ALA171, TRP173,
PHE261, and ASP536 from Autodock4; PHE170 and TRP173 from DOCKS®). Our results
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provide insight into tyrosinase inhibition kinetics and the conformational changes induced
by TFE.

Materials and Methods
Materials

Tyrosinase (MW 128 kDa), L-DOPA, TFE, and N-acetyl-L-tryptophan were purchased from
Sigma. When L-DOPA was used as a substrate in our experiments, the purchased tyrosinase
had a K;,=0.51£0.03 mM (V,.x=0.3£0.01) which was evaluated using a Lineweaver—
Burk plot.

Tyrosinase Assay

The assay for tyrosinase was performed spectrophotometrically [22]. Reactions were
performed in a typical reaction volume of 1 ml to which 10 pl of enzyme solution was
added to measure tyrosinase activity. The activity and absorption were measured with a
Perkin Elmer Lambda Bio U/V spectrophotometer. The v value used in the present study
indicates the change in absorbance at 492 nm per minute.

CD Spectroscopy

Circular dichroism (CD) spectra were recorded on a Jasco 725 spectropolarimeter. The
sample cell path length was 22 mm. CD measurements were carried out as described
previously [23, 24].

Kinetic Analysis for the Parabolic Mixed-Type Inhibition

According to the equations reported previously [25], the Lineweaver—Burk equation can be
written as:

R K 1+B LJFL 1+ m (1)
v N Vinax K; [ } Vinax oK;
and
K K [I]
= 2
Sope = T VKo @

Kj cannot be determined directly from the usual equations due to the parabolic relationship
between slope versus [1], and thus Eq. (3), which is a modification of a previous report, was
applied [26]:

Ly tg 28
In (Klslope> N K12 [I} KI (3)

where the reciprocal of the Kj qqpe is replotted versus the corresponding inhibitor. The
replot has a slope of 1/K;* when there are multiple binding sites. In addition, 3 is the factor
by which Kj o changes when the inhibitor occupies the enzyme.
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Intrinsic and ANS-Binding Fluorescence Measurements

Fluorescence emission spectra were measured with a Jasco FP750 spectrofluorometer using
a l-cm-path-length cuvette. An excitation wavelength of 280 nm was used for the
tryptophan fluorescence measurements, and the emission wavelength ranged between 300
and 410 nm. Changes in the extrinsic fluorescence intensity were studied by labeling with
40 uM ANS for 30 min prior to measurement. An excitation wavelength of 390 nm was
used for the ANS-binding fluorescence, and the emission wavelength ranged from 400 to
520 nm.

Homology Modeling of Tyrosinase

A three-dimensional model of tyrosinase comprising 556 amino acids was built using
MODELLER9vI [27] based on homology modeling [28]. The MODELLER program
automatically provides an all-atom model using alignments between the query sequence
and known homologous structures. We retrieved the known homologous structures of
tyrosinase from the Protein Data Bank (PDB) (http:/www.pdb.org) and found that four
entries (PDB entry=1wxc, 1xom, 2oic, 20id) were suitable structural templates (average
26% sequence identity) and were partial tyrosinase homologs. A sequence alignment
between tyrosinase and the templates was constructed by ALIGN2D in the MODELLER
package. Based on the sequence alignment, the 3D structure of tyrosinase was constructed
with a high level of confidence. We subsequently calculated the conformational energy of
the structural model of tyrosinase using the discrete optimized protein energy (DOPE) score
as a stability metric.

In silico Docking of Tyrosinase and TFE

Among the many tools available for in silico protein-ligand docking, AutoDock4 and
DOCKG®6 are the ones most commonly used because of their automated docking capability.
The programs both perform ligand docking using a set of predefined 3D grids of the target
protein, however, AutoDock uses a random search technique [29] while DOCK uses a
systemic search technique [30]. Therefore, we used two slightly different approaches to
evaluate the docking of tyrosinase and TFE. The original structure of TFE was derived
from the PubChem database (compound ID 6409) (http://www.pubchem.org) [31]. To
prepare for the docking procedure, the following steps were taken: (1) conversion of 2D
structures to 3D structures, (2) calculation of charges, (3) addition of hydrogen atoms, and
(4) location of pockets. For these steps, we used the fconverter program of the J-Chem
package (http://www.chemaxon.com/) and OpenBabel (http://openbabel.sourceforge.org).

In this study, all kinetic reactions and measurements were performed in 50 mM sodium
phosphate buffer (pH 7.0).

Results
TFE-Induced Secondary Structural Changes of Tyrosinase Measured by CD
At a TFE concentration of less than 10%, the level of secondary structure increased slightly

(Fig. 1a); however, as the concentration of TFE increased, the overall amount of secondary
structure decreased gradually in a dose-dependent manner (Fig. 1b). Although TFE is
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Fig. 1 CD spectra changes
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known to stabilize helices within proteins, it actually decreased the extent of secondary
structure in tyrosinase. Specifically, in the concentration range of 15% to 25% TFE, the
spectrum of secondary structural changes decreased significantly, while at higher
concentrations (25% to 35%) the spectrum of secondary structural changes increased. To
elucidate the relationship between secondary structure changes and tyrosinase activity, we
assayed the L-DOPA oxidase activity of tyrosinase in the presence of TFE.

Effect of TFE on the Activity of Tyrosinase: Inhibition and Inactivation Kinetics

At concentrations of TFE less than 10%, tyrosinase activity was sustained, and even
slightly activated. When TFE concentrations were higher than 10%, however, tyrosinase
activity gradually decreased in a dose-dependent manner (IC5o=21% or 2.9 M) (Fig. 2a).
To assay the reversibility of TFE-mediated modification, plots of the remaining activity
versus [E] were applied (Fig. 2b). The results showed straight lines passing through the
origin, confirming that the inhibition by TFE was reversible. To evaluate the mode of
inhibition, Lineweaver—Burk plot analysis was performed. The apparent V., and K, both
appeared to change simultaneously (Fig. 3a), and a secondary replot of slope versus [I]
yielded a parabolic curve (Fig. 3b) indicating that TFE induced a parabolic mixed-type
inhibition. By using Eq. (3), the Kj value was calculated as 0.5+0.096 M (3.63+0.7%) and
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Fig. 2 Inhibitory effect of
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the value of § was calculated as 1.09. In all, the experimental data fit very well to the
predicted equations.

To evaluate the inactivation kinetics and rate constants, time-interval measurements were
performed (Fig. 4). Enzyme activity was not inactivated in the presence of 10% TFE, and
only when TFE was higher than 20% did activity gradually decrease in a time-dependent
manner. This result is entirely consistent with the data presented in Fig. la, where the
equilibrium state of the enzyme activity was not inactivated at less than 10% TFE.
Subsequent kinetic analyses using semi-logarithmic plots showed biphasic inactivation,
with fast (k) and slow (k,) aspects (Fig. 5), where a monophasic process developed into a
biphasic process as the concentration of TFE increased; the inhibition followed first-order
kinetics. The microscopic inactivation rate constants are summarized in Table 1:
inactivation occurred as a result of changes in the transition free-energy energy (AAG®’),
which decreased in a TFE concentration-dependent manner.

TFE-Induced Tertiary Structural Changes in Tyrosinase According to Fluorescence Spectra

Tertiary structural changes of tyrosinase in the presence of TFE were also measured
(Fig. 6). We found that TFE induced a change in the intrinsic fluorescence spectra of
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Fig. 3 Inhibition kinetics
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Fig. 5 Semi-logarithmic plot analyses. (®) Experimental points. (A) Points obtained by subtracting the
contribution of the slow phase from the data in the curve (—). Slopes of the curves (— or —) indicate the rate
constants. The final concentrations of L-DOPA and the enzyme were 2 mM and 4 pg/ml, respectively

tyrosinase, which gradually decreased via a red-shift wavelength effect (Fig. 6a). A plot of
maximum peak wavelength versus the concentration of TFE revealed a sigmoid
relationship and indicated that TFE induces tertiary structural disruption of tyrosinase
(Fig. 6b). We also monitored the ANS-binding fluorescence changes; the ANS-fluorescence
spectra were significantly increased by TFE (Fig. 7a), indicating that hydrophobic surfaces
of tyrosinase were exposed by TFE. In addition, the increase was dose dependent, as
observed from a secondary replot (Fig. 7b). Tertiary structural changes resulting from
modulation of the secondary structure modulation therefore appear to be directly associated
with the observed changes in enzyme activity.

Computational Prediction of 3D Tyrosinase Structure and TFE Docking Simulation

Because the crystallographic structure of tyrosinase has not been elucidated, we selected
template structures from the PDB entries 1wxc, 1xom, 2oic, and 2oid that have sequence
identities of 25%, 29%, 26%, and 25% to tyrosinase, respectively, to simulate the 3D
structure of tyrosinase. In the predicted structure of tyrosinase, we used the binding pocket
expanded to a size of 496 A°, as indicated in yellow in Fig. 8. The docking between
tyrosinase and TFE was successful with significant scores (—2.25 kcal/mol by Autodock4
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Table 1 Microscopic inactivation rate constants of tyrosinase in the presence of TFE.

TFE (%)  Inactivation rate constants (x10> s ')* Transition free-energy change (kJ/mol-min ")
k k, A

20 - — 0.39 29.59

25 2.07 0.22 - 25.45

27.5 3.20 0.55 - 24.37

30 4.62 0.68 - 23.46

?Data were calculated as shown in Fig. 5. k; and k, are the first-order rate constants for the fast and slow
phases, respectively. 4 is for the monophasic rate constant

® According to Tams and Welinder [37] with slight modification, transition free-energy change per minute,
AAG°=—RTInk, where k is a time constant for the major phase of the inactivation reaction

and —14.36 kcal/mol by Dock6). Using Autodock4 and Dock6, we searched for TFE
binding residues of tyrosinase that were close in distance. We found that the most important
expected binding residues interacting with TFE were PHE170, THR175, VAL177,
GLY251, PHE261, and ASP536 according to Autodock4, and GLU250 and ASP536
according to Dock6 (red box in Fig. 8); both programs identified ASP536. The docking

Fig. 6 Intrinsic fluorescence
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simulation provided supported for the slope-parabolic mixed-type inhibition observed, as
this type of inhibition is generally observed when there are multiple binding sites for an
inhibitor.

Discussion

Advances in biophysical techniques, both thermodynamic and kinetic, suggest the presence
of stable intermediate conformational states of a number of proteins; these have made a
critical contribution to our understanding of protein-folding phenomena. TFE is one of the
most frequently applied denaturants used to study protein folding, and the effect of TFE on
the activity of enzymes and on the stability of proteins has been well documented. Our data,
which is consistent with the results of previous studies, provides further insight into the
mechanism of TFE-induced changes in protein structure. We conducted both a real-time
analysis as well as equilibrium kinetic unfolding studies of tyrosinase in the presence of
TFE to expand our understanding of the structure of tyrosinase. Recently, Wei et al.
reported that bovine carbonic anhydrase II is slightly activated in less than 10% TFE, but at
higher TFE concentrations (greater than 15%), the enzyme becomes inactivated [32].
Similarly, as shown in Fig. 2a, tyrosinase was not inactivated by low concentrations of
TFE, but rather, it was slightly activated. Therefore, TFE, regardless of structural changes,
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Fig. 8 Computational structure prediction for tyrosinase and docking simulation with TFE. Predicted 3D
structure of mushroom tyrosinase. The red box indicates TFE binding sites with tyrosinase residues. The
yellow stick is TFE docked by the Autodock4 program and the red stick is TFE docked by Dock6

stabilizes tyrosinase at low concentrations; however, higher concentrations of TFE (higher
than 20%) acted as a denaturant as was expected.

We found that secondary and tertiary structural changes induced by TFE affected
accessibility to the substrate; a complex type of inhibition was therefore identified. Our
simulations indicated that TFE can form a ligand-binding complex directly with some
residues of tyrosinase, and these amino acid residues are thought to be important for the
docking of TFE at the first stage of folding. TFE induced an increased amount of helical
structure in tyrosinase that served to disrupt this enzyme’s overall tertiary structure,
explaining how TFE can function as a denaturant. The partial conformational changes
induced by TFE are likely to have affected the substrate-enzyme state of the parabolic V.«
changes and, simultaneously, interfered with L-DOPA docking to the active site, resulting in
K., changes. Complex types of inhibition of tyrosinase by various compounds have been
observed previously [25, 26, 33-35]. Compared to these results, however, the TFE-induced
mechanism of inhibition was different in two major ways: TFE did not bind directly to the
copper ions of the active site, and secondary structural changes were accompanied by
tertiary structural changes that directly induced a complete loss of activity.

The shift from slight activation in the presence of low concentrations of TFE to
monophasic inactivation in the presence of high TFE concentrations implies that tyrosinase
transiently passes through several distinct intermediates until it reaches a completely
unfolded state. Thus, the accumulation of intermediates as a result of increasing TFE
concentration was likely responsible for the overall decrease in enzymatic activity. TFE
docking to the enzyme occurred very quickly but only gradually induced the structural
changes associated with the loss of activity, after which it transitioned to a slow phase. The
partially unfolded states of transient intermediates underwent a slow inactivation until
complete unfolding. This hypothesis was supported by thermodynamic calculations, which
showed conspicuous decreases in transition free-energy changes (AAG®) with increasing
TFE concentration. Similar results have also been reported in a previous study where

KU
3. Humana Press



Appl Biochem Biotechnol (2010) 160:1896-1908 1907

tyrosinase was inactivated by denaturants such as urea, guanidine hydrochloride, and
sodium dodecyl sulfate in a biphasic process [36]. The accumulation of intermediates
indicates that tyrosinase has a stable tertiary structure.

Taken together, the results of our study suggest the following: (1) TFE ligand binding to
tyrosinase causes a complex type of inhibition of enzymatic activity; (2) secondary
structural changes of tyrosinase result in the exposure of hydrophobic surfaces; (3) the
putative binding residues for TFE are predicted by computational docking simulation; (4)
TFE inactivation of tyrosinase represents a novel strategy for inactivating tyrosinase and
developing inhibitors. Our study provides greater insight into the role of amino acid
residues within the binding pocket of tyrosinase and provides useful information regarding
the 3D structure of tyrosinase. The inhibition kinetics combined with the computational
prediction allowed us to elucidate structural changes in tyrosinase during catalysis in the
presence of TFE.
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