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ARTICLE INFO ABSTRACT

Article history:

Tyrosinase inhibitors are important agents for cosmetic products. We examined here the inhibitory
effects of three isomers of thujaplicins (o, B and y) on mushroom tyrosinase and analyzed their binding
modes using a homology model from the crystal structure of Streptomyces castaneoglobisporus tyrosinase
(PDB ID: 1wx2). All the thujaplicins were found to be competitive inhibitors and y-thujaplicin has the
most potent inhibitory activity (ICso = 0.07 uM). It is noted that there are good correlations between their
observed ICsq values and their binding free energies calculated by MM-GB/SA. The binding modes of thu-
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'Ir(:/)rlc‘;‘;(i);tjss:e japlicins were predicted to be similar to that of Tyr98 of caddie protein (ORF378), which was co-crystal-
Thujaplicins lized with S. castaneoglobisporus tyrosinase. Furthermore, free energy decomposition analysis indicated
Hot spot that the potent inhibitory activity of y-thujaplicin is due to the interactions with His242, Val243 and
Homology modeling Pro257 (hot spot amino acid residues) at the active site of tyrosinase. These results provide a novel struc-
MM-GB/SA tural insight into the hot spot of mushroom tyrosinase for the specific binding of y-thujaplicin.

Free energy decomposition analysis

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tyrosinase (EC 1.14.18.1) is a copper-containing, mixed-func-
tion oxidase which is widely distributed in organisms.! This en-
zyme catalyzes both the hydroxylation of monophenols and the
oxidation of o-diphenols into o-quinones.? Two cupric ions individ-
ually connected with three histidine residues at the active site are
directly involved in the different catalytic activities via oxy-,
deoxy- and met-states.>* The quinone product is a reactive precur-
sor for the synthesis of melanin pigments. In mammals, tyrosinase
is responsible for skin pigmentation defects and abnormalities
such as flecks.® Recently, this enzyme was reported to link to Par-
kinson’s and other neurodegenerative diseases.®’ Furthermore, in
plants, tyrosinase causes browning effects on vegetables, fruits
and mushrooms.®

For several decades, tyrosinase inhibitors have become critical
agents in cosmetic, agricultural and medicinal products.>!® A num-
ber of tyrosinase inhibitors such as arbutin, kojic acid, 1-ascorbic

Abbreviations: MM-GB/SA, molecular mechanics-generalized born/surface area;
SASA, solvent-accessible surface area; GB, generalized born.
* Corresponding author. Tel.: +81 4 7124 1501 (6470); fax: +81 4 7121 3620.
E-mail address: tanuma@rs.noda.tus.ac.jp (S. Tanuma).
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acid, hinokitiol (B-thujaplicin) and phenylthiourea, from both nat-
ural and synthetic sources have been identified.'"'? Kojic acid is
the most intensively studied inhibitor of tyrosinase, and used as
a cosmetic skin-whitening agent and as a food additive for pre-
venting enzymatic browning.!® It acts as a good chelator of transi-
tion metal ions such as a cupric ion,'* and is a competitive inhibitor
of mushroom tyrosinase.!®> However, the use for cosmetics is lim-
ited, because of its insufficient inhibitory activity, instability and
cytotoxicity. Although many kojic acid derivatives, such as glyco-
side'® and amino acid conjugates,!” have been tried to synthesize
to improve its unsuitable properties, it is still required to develop
potent, specific and safety inhibitors of tyrosinase.

The crystal structure of tyrosinase from Streptomyces casta-
neoglobisporus has been reported in 2006,'® enabling a better
understanding of its mechanism of action. The structural analysis
revealed the presence of a hydrophobic protein pocket adjoining
the binuclear copper active site and has opened up the way for
molecular modeling and a structure-based platform for design of
novel inhibitors.

The aim of this work is to investigate hot spot amino acid
residues at the active site of mushroom tyrosinase for the binding
of thujaplicins. Thujaplicins are a series of related chemical
substances isolated from Thuja plicate tree and exist as three


http://dx.doi.org/10.1016/j.bmc.2010.08.056
mailto:tanuma@rs.noda.tus.ac.jp
http://dx.doi.org/10.1016/j.bmc.2010.08.056
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

S. Takahashi et al./Bioorg. Med. Chem. 18 (2010) 8112-8118 8113

structural isomers, o-thujaplicin, B-thujaplicin (hinokitiol) and
v-thujaplicin. This is the first report that among the thujaplicins,
v-thujaplicin is the most potent competitive inhibitor. MM-GB/
SA calculation by using the homology model of mushroom tyrosi-
nase showed that the binding free energy of y-thujaplicin is the
lowest in this series. Furthermore, decomposition analysis of the
binding free energy indicated that the potent inhibitory activity
of y-thujaplicin is due to the specific interactions with His242,
Val243 and Pro257 (hot spot amino acid residues) at the active site
of tyrosinase. On the other hand, the most contributed residue for
the interaction of the substrate, L-tyrosine, with tyrosinase was
predicted to be Asp255 at the active site. These structural insights
into the unique interaction of y-thujaplicin with tyrosinase may be
useful for screening and design of novel specific and potent inhib-
itors of tyrosinase.

2. Results
2.1. Inhibitory activities of thujaplicins against tyrosinase

The effects of o, B- and y-thujaplicins on mushroom tyrosinase
activity were examined by measuring the hydroxylation of L-tyro-
sine. Kojic acid and B-thujaplicin (hinokitiol) were selected as po-
sitive control compounds, since their inhibitory activities were
already reported.'? As shown in Figure 1, all the thujaplicins inhibit
tyrosinase activity in a dose-dependent manner. The concentra-
tions to inhibit 50% of tyrosinase activity (ICso) are summarized
in Table 1. y-Thujaplicin was found to be the most potent inhibitor
(IC50 = 0.07 uM) among the thujaplicins. The ICsq values of B- and
o~-thujaplicins were 0.09 and 9.53 uM, respectively. The inhibitory
effect of y-thujaplicin was approximately two-orders of magnitude
stronger than that of a-thujaplicin. These results indicate that the
position of isopropyl group attached to the cycloheptatrienolone
(thujaplicin skeleton) is the main concern to the difference of
inhibitory activities.

In order to solve the mode of inhibition of tyrosinase by thuja-
plicins, their inhibition kinetics were analyzed by Lineweaver-Burk
plot analysis (Fig. 2). In the presence of 0.02 and 0.06 uM 7y-thuja-
plicin, the same V.« value of 0.06 AA47s/min and the different K,
values of 0.53 and 0.95 mM, respectively, were obtained (Fig. 2C
and Table 2). Thus, y-thujaplicin is suggested to be a competitive
inhibitor of tyrosinase with the K; value of 0.02 uM (Table 2). As
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Figure 1. Effects of thujaplicins on mushroom tyrosinase activity. Tyrosinase
activity was measured using L-tyrosine as the substrate as described under Section
4. Data were shown as the percentage of inhibition by o-thujaplicin (circle),
B-thujaplicin (diamond), y-thujaplicin (triangle) and kojic acid (square). The data are
the averages of three independent experiments and bars show the S.D. values.

Table 1
Tyrosinase inhibitory activities of thujaplicins and kojic acid
Structure Compound ICs0 (LM)
o-Thujaplicin 9.53
HO
(o}
B-Thujaplicin 0.09
HO
(o)
v-Thujaplicin 0.07
HO
(o)
(o)
11 OH
HO Kojic acid 53.70
o

shown in Figure 2A and B, o- and B-thujaplicins are also competi-
tive inhibitors with the K; values of 3.30 and 0.06 pM, respectively
(Table 2). These observations suggest that thujaplicins bind to the
same active site as the substrate, L-tyrosine. The comparison of the
binding modes of three isomer thujaplicins with tyrosinase will
provide important implications for understanding of the most po-
tent inhibitory activity of y-thujaplicin.

2.2. Computational 3D structure model of tyrosinase

The coordinate of the crystal structure of S. castaneoglobisporus
tyrosinase (PDB ID: 1wx2) was used as a template in the molecular
modeling of mushroom tyrosinase. S. castaneoglobisporus tyrosi-
nase has been co-crystallized with ORF378, which is called caddie
protein because of its carrying cupric ions for tyrosinase.!® Caddie
protein places a Tyr98 residue at the active site of tyrosinase. The
phenol ring of Tyr98 is stacked with the imidazole ring of His242.
The crystal structure suggested that Tyr98 of caddie protein func-
tions as a competitive inhibitor to the substrate, L-tyrosine.

The alignments of S. castaneoglobisporus and mushroom tyrosi-
nase sequences revealed 21% sequence identity and 39% sequence
similarity within the catalytic domains (Fig. 3A).!® The active site
of S. castaneoglobisporus tyrosinase contains two cupric ions (Cu®
and Cu®); Cu® binds to Ne nitrogen atoms of His45, His69 and
His78, and Cu® binds to those of His238, His242 and His270. These
histidine residues are conserved in the primary amino acid se-
quence of mushroom tyrosinase (Fig. 3A). The alignments were
supplied along with the 3D coordinates of the template as an input
to the program MODELLER9v3,'® and the 3D model of mushroom
tyrosinase was built by ligand-supported homology modeling
including 1-tyrosine, which modified from Tyr98 of caddie protein,
two cupric ions and peroxide ion (Fig. 3B).

To validate the reliability of the homology model, it was evalu-
ated using the program rampack,2® which is a structure validation
tool for the assessment of the Ramachandran plot of protein. As
the results, the rate of residues in favoured and allowed regions
was 96%, while the rate of residues in outlier region was 4%
(Fig. 3C). The residues in outlier region did not locate at the active
site of tyrosinase. Thus, we conclude that the homology model is
reliable and able to use for in silico work.
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Figure 2. Lineweaver-Burk plots of mushroom tyrosinase reaction in the presence or
absence of (A) a-thujaplicin, (B) p-thujaplicin and (C) y-thujaplicin. Data were
obtained as mean values + S.D. of 1/V, inverse of the increase of absorbance at a
wavelength 475 nm per min (AA47s/min), of three independent tests with different
concentrations of L-tyrosine as a substrate. Inhibitors were (A) o-thujaplicin
with 6 uM (triangle), 3 uM (diamond) or no a-thujaplicin (circle), (B) B-thujaplicin
with 0.2 uM (triangle), 0.05 uM (diamond) or no B-thujaplicin (circle), and (C)
v-thujaplicin with 0.06 uM (triangle), 0.02 uM (diamond) or no y-thujaplicin (circle).

Table 2
Kinetic parameters of tyrosinase in the presence of thujaplicins
Compound Ki (M) Dose (uM) Km (mM)
a-Thujaplicin 33 0 0.0.26
3.00 0.38
6.00 0.74
B-Thujaplicin 0.06 0 0.26
0.05 0.53
0.20 1.16
v-Thujaplicin 0.02 0 0.26
0.02 0.53
0.06 0.95

2.3. Binding modes of thujaplicins with tyrosinase

In order to understand the binding modes of thujaplicins with
mushroom tyrosinase, they were docked at the active site of tyros-
inase using Autodock program?' as described under Section 4. The
lowest scoring poses of all the docking runs were chosen as the
binding modes. The superimposition of the binding modes for
v-thujaplicin and i-tyrosine is depicted in Figure 3D. The binding
mode of y-thujaplicin indicated the chelating of the carbonyl and
hydroxyl groups of cycloheptatrienolone with two cupric ions at
the active site of the tyrosinase, as the hydroxyl group of L-tyrosine
(Fig. 3D). o- and B-thujaplicins were superimposed onto the bind-
ing mode of y-thujaplicin.

The binding free energies of thujaplicins were calculated by
using MM-GB/SA method.?>?* As the results, the binding free
energies of o-, B- and vy-thujaplicins were calculated to be
—17.23, —22.37 and —24.40 kcal/mol, respectively (Table 3). The
binding free energy of y-thujaplicin was the lowest in this series.
In addition, the binding free energy of L-tyrosine calculated by
the MM-GB/SA method was —21.06 kcal/mol (Table 3). This value
is near to that of B-thujaplicin. It is noted that there are good cor-
relations between the binding free energies and the observed ICsq
values (Table 2).

2.4. Analysis of hot spot amino acid residues on tyrosinase

In order to examine hot spot amino acid residues at the active
site of tyrosinase, free energy decomposition analysis was
performed using Amber 9.2572% As shown in Figure 4A, the most
contributed residue is Pro257 (free energy = —2.38 kcal/mol) for
v-thujaplicin, and the second contributed residue is His242 (free
energy = —2.27 kcal/mol) (Fig. 4A). In o~ and B-thujaplicins, almost
the same decomposition patterns were observed (Fig. 4A). The
binding modes indicated that cycloheptatrienolone of thujaplicins
forms stacking interactions with imidazole ring of His242 and
cyclopentyl ring of Pro257 (Fig. 4B). Therefore, the interactions of
thujaplicins with tyrosinase are suggested to be attributed to two
main factors: chelating effects of two cupric ions and stacking
interactions with His242 and Pro257.

The third contributed residue is Val243 (free energy =
—0.80 kcal/mol) for y-thujaplicin (Fig. 4A). The binding mode indi-
cated that the isopropyl group of y-thujaplicin locates in direction
to Val243, and could form hydrophobic interaction with Val243
(Fig. 4B). The isopropyl group of B-thujaplicin could also form
hydrophobic interaction with Val243, and the free energy is
—0.71 kcal/mol (Fig. 4A and B). On the other hand, the isopropyl
group of a-thujaplicin locates far from direction to Val243, and
the free energy is —0.22 kcal/mol (Fig. 4A and B). Thus, the main
reason for higher inhibitory activity of y-thujaplicin than that of
o~ or B-thujaplicins is considered to be the hydrophobic interaction
of the isopropyl group with Val243. Furthermore, these results sug-
gest that interactions with His242, Pro257 and Val243 are neces-
sary for potent inhibitory activity of thujaplicins. Thus, we define
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Figure 3. Homology modeling for mushroom tyrosinase and binding pose with thujaplicins. (A) Sequence alignments of Streptomyces castaneoglobisporus and mushroom
tyrosinases. TY_SCA and TY_MUS indicate the amino acid sequence of the Streptomyces castaneoglobisporus and mushroom tyrosinase, respectively. The asterisks and the dots
indicate identical and similar residues, respectively. The red bold letters indicate the His residues participating in copper binding. (B) Homology model of mushroom
tyrosinase. Sand balls are two cupric ions. Red ball and stick is peroxide ion. (C) Ramachandran plot of the psi/phi distribution of the homology model as obtained by
RAMPAGE: 96.0% residues are in favoured and allowed regions and 4.0% residues are in outlier region. (D) Superimposition of L-tyrosine modified from Tyr98 of caddie protein
(ORF378) onto docking pose of y-thujaplicin. Carbon atoms of the L-tyrosine, y-thujaplicin and the flexible residues defined for docking are illustrated in cyan, lime and
orange sticks, respectively. Hydrogen, oxygen and nitrogen atoms are illustrated in white, red and blue sticks, respectively.

Table 3

Binding free energies of thujaplicins by MM-GB/SA calculation

Compound IC50 (mM) MM-GB/SA (kcal/mol)
o-Thujaplicin 9.53 -17.23
B-Thujaplicin 0.09 —22.37
v-Thujaplicin 0.07 —24.40
L-Tyrosine - —21.06

these residues (His242, Val243 and Pro257) as the hot spot amino
acid residues at the active site of tyrosinase.

The free energy decomposition analysis of the substrate, L-tyro-
sine, whose binding mode forms a hydrogen bond with carbonyl
oxygen of the main-chain of Asp255 in tyrosinase (Fig. 4C), was
performed. As shown in Figure 4A, the most contributed residue
for L-tyrosine is Asp255 (free energy = —2.29 kcal/mol). It is
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Figure 4. Free energy decomposition analysis and the binding modes of thujaplicins and i-tyrosine. (A) Decomposition of AGyinq on a per-residue within 7 A from
thujaplicins. (B) Binding modes of thujaplicins. Carbon atoms of the a-, 8- and y-thujaplicins are illustrated in pale yellow, marine and lime sticks, respectively. Carbon atoms
of the hot spot amino acid residues (H242, V243 and P257) and D255 are illustrated in orange sticks. Hydrogen, oxygen and nitrogen atoms are illustrated in white, red and
blue sticks, respectively. (C) Binding modes of L-tyrosine. Carbon atoms of the L-tyrosine are illustrated in cyan sticks. Carbon atoms of the hot spot amino acid residues (H242,
V243 and P257) and D255 are illustrated in orange sticks. Hydrogen, oxygen and nitrogen atoms are illustrated in white, red and blue sticks, respectively.

interesting that Asp255 does not involve in the interactions of thu-
japlicins with tyrosinase.

3. Discussion

As tyrosinase become more important target in cosmetic, agri-
cultural and medicinal fields, the development of tyrosinase inhib-
itors with higher bioactivities and lower side effects is required.
Identification of the hot spot amino acid residues at the active site
of tyrosinase is necessary to develop rationally specific and potent
inhibitors. In this study, three thujaplicin isomers were used for
getting structural insights into the hot spot amino acid residues
of tyrosinase. We found that y-thujaplicin (ICso = 0.07 uM) is the
most potent inhibitor among thujaplicins. In kinetics studies, all
the thujaplicins were appeared to be competitive inhibitors. These
data suggest that the binding site of thujaplicins to tyrosinase is
the same active site as the substrate (L-tyrosine) binding. Further-
more, there are good correlations between the observed ICsq values
and the binding free energies of thujaplicins by MM-GB/SA calcu-
lation, and their binding modes are similar to that of L-tyrosine.
This supports the specific interaction of y-thujaplicin at the active
site of tyrosinase.

By using the free energy decomposition analysis, we could pre-
dict three amino acids (His242, Val243 and Pro257) as hot spot res-
idues. On the other hand, the free energy decomposition analysis of
the substrate, L-tyrosine, showed that the most contributed residue
is Asp255 (free energy = —2.29 kcal/mol). Interestingly, Asp255
does not involve in the interactions of thujaplicins with tyrosinase.

Thus, Asp255 is an important residue to consider a possible way for
designing of more potent inhibitors. The information derived from
these computational analyses provides a tool for predicting inhib-
itory activities of related compounds and for guiding further struc-
tural optimization of new types of tyrosinase inhibitors.

Since the mushroom tyrosinase is a cytosolic enzyme while the
human tyrosinase is a membrane-bound enzyme,?® the hot spot
amino acid residues predicted here have some limitations to devel-
op specific inhibitor of the human tyrosinase. Moreover, until now
a little study with purified human tyrosinase has been performed.
Using purified human tyrosinase and its homology model will open
up the way for developing novel tyrosinase inhibitors for human.
Although traditional cosmetic ingredients for tyrosinase inhibitor
used to be limited to mainly plant extracts, hydrolysates and
essential oils etc., from now on, it will be possible to generate
safety inhibitors rationally designed by hot spot analysis of the hu-
man tyrosinase.

4. Materials and methods
4.1. Materials

Mushroom tyrosinase and L-tyrosine were purchased from Sig-
ma. Kojic acid (5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one)
was purchased from Tokyo Kasei Kogyo Co. Ltd. a-Thujaplicin (2-
hydroxy-3-isopropyl-2,4,6-cycloheptatrien-1-one), p-thujaplicin
(2-hydroxy-4-isopropyl-2,4,6-cycloheptatrien-1-one) and y-thuja-
plicin (2-hydroxy-5-isopropyl-2,4,6-cycloheptatrien-1-one) were
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purchased from Osaka Organic Chemical Industry Ltd and were of
analytical grade (purity > 95%).

4.2. Measurement of tyrosinase activity

Tyrosinase activity was measured as previously described3?>!
with slight modifications. Five microliter of 500 unit/mL mush-
room tyrosinase, 19 pL of 50 mM potassium phosphate buffer
(pH 6.5) and 1 pL of test sample were incubated at 30°C for
5 min, and then 25 pL of 2 mM t-tyrosine was added. The mixture
was incubated at 30 °C for 15 min and absorbance at 475 nm was
continuously monitored with a SpectraMax Plus384 (Molecular
Device). The percentage of inhibition of tyrosinase activity was cal-
culated as follows: % Inhibition =(1 — A/B) x 100, where A is the
initial slope of absorbance of 475 nm versus time with the tested
sample and B is the initial slope of absorbance of 475 nm versus
time with DMSO instead of the sample. Kojic acid was used as a po-
sitive inhibition standard. The concentration required to inhibit
tyrosinase activity by 50% is defined as the ICsq value. The Michae-
lis-Menten constant (Ki,), maximal velocity (Vmax) and the inhibi-
tion constant (K;) were determined by Lineweaver-Bulk plot with
various concentrations of L-tyrosine as a substrate.

4.3. Homology modeling of mushroom tyrosinase

The coordinate of the crystal structure of S. castaneoglobisporus
tyrosinase (PDB ID: 1wx2), which is obtained from the Protein Data
Dank (PDB)>? was used as a template to construct the initial
homology model of mushroom tyrosinase. Sequence alignment
data between S. castaneoglobisporus and mushroom tyrosinase re-
ferred the paper of Ref. 18. In this study, we carried out ligand-sup-
ported homology modeling which generates homology models
including two cupric ions, peroxide ion and 1-tyrosine of the active
sites. The construction of homology model based on the alignment
was performed using MODELLER9v3.'® The substrate tyrosine was
constructed by superimposing Tyr98 of caddie protein. Two cupric
ions, peroxide ion, L-tyrosine and six histidine residues (His45,
His69, His78, His238, His242 and His270) at the active site of
tyrosinase were fixed those coordinates. Ten models were gener-
ated by automodel class of MODELLER9v3. Best model was selected
according to the lowest DOPE (Discrete Optimized Protein Energy)
score.>® In addition, a loop region (Tyr142-Phe171) of the selected
model was refined by using loopmodel class in MODDELLER9v3.
During the refinement of loop region, the coordinates of other re-
gions were fixed. The homology model was estimated by rampace.°

4.4. Prediction of binding modes of thujaplicins with tyrosinase

The thujaplicins were constructed by CS ChemDraw Ultra and
CS Chem3D Ultra, and optimized to their minimum energy with
the mopac program>* and the AM1 semiempirical Hamiltonian.

The docking compatible structure formats of the homology
model were prepared by AutoDockTools-1.5.4, an accessory pro-
gram that allows the user to interact with AutoDock from a graphic
user interface. Non-polar hydrogen atoms were merged and
Gastiger atomic charges assigned. The solvation parameters were
added by the Addsol program. In addition, we defined residues
within 7 A of the substrate tyrosine (Phe49, His230, Asp239,
Asp240, Val243, Met254, Asp255, His256, Phe258 and Ala260) as
the flexible residues except Pro257 and histidine residues at the
active site of tyrosinase. The grid points were set to the catalytic
site of the enzyme by the AutoGrid program. The number of grid
points in xyz was set to 40, 40, 40, the spacing value equivalent
t0 0.250 A, and the grid center to —14.813, —17.903, 22.226. Ligand

docking was carried out with the AutoDock4.2?' Lamarckian Ge-
netic Algorithm (GA). The approximate binding free energies calcu-
lated by this program are based on an empirical function, derived
by linear regression analysis of protein-ligand complexes with
known binding constants. This function includes terms for changes
in energy due to van der Waals, hydrogen bonds and electrostatic
forces, as well as ligand torsion and desolvation. The docked energy
also includes the ligand internal energy or the intramolecular
interaction energy of the ligand. All of the docking parameters
were assigned the default values. Rotational bonds in the ligand
were assigned with the program AutoTors program. Simulation
was performed a total of 10 times.

We attempted to construct energy-minimized binding modes of
thujaplicins in the presence of the two cupric ions and peroxide ion
using Amber 9.2°-28 However the van der Waals parameters of
cupric ion are absence by default in parm99 force field.>> So, the
van der Waals parameters of cupric ion set R=1.27A and
E = 0.06 kcal/mol,3® and the nonbonded model for cupric ion was
constructed.?” Thereafter, binding modes of thujaplicins were
energy minimized by 500 steps of steepest descent minimization
followed by 500 steps of conjugate gradient minimization in vacuo.
The harmonic restraints with force constants of 100 kcal/(mol A?)
applied to two cupric ions, peroxide ion and atoms of six histidine
residues at the active site.

4.5. MM-GB/SA and free energy decomposition analysis

The binding free energies for thujaplicins/tyrosinase interactions
were calculated by MM-GB/SA method??-24 in Amber 9.2°-23 In this
method, the binding free energies are calculated for predicted bind-
ing modes of thujaplicins. The binding free energy (AGp;ng) is calcu-
lated as the sum of the energetic contributions, which correspond to
the molecular mechanical gas-phase energies (Eyim = Eelec + Evaw)
and the solvation free energies (AGsoy), plus the entropic contribu-
tions (—TAS). The molecular mechanical energies were evaluated
using an infinite cutoff for nonbonded interactions. The solvation
free energies (AGs,)y) Were estimated as the sum of an electrostatic
solvation energy (Gpolar), calculated with the generalized Born mod-
el,?® plus a nonpolar solvation energy (Gnonpolar), Proportional to the
solvent-accessible surface area, which includes the entropy cost of
creating a solute-sized cavity in the solvent.3® Gpolar Was calculated
using the Hawkins, Cramer, Truhlar pairwise GB model>>*° using
the parameters developed by Tsui et al.#!, and the values of the inte-
rior and the exterior dielectric constants were set to 1 and 80, respec-
tively. Gponpolar Was calculated from solvent accessible surface area
determined by the ICOSA method: Gponpotar = 0.0072 x SASA. In the
ICOSA method, the surface area is computed by recursively approx-
imating a sphere around an atom, starting from icosahedra. The
entropic term is found to be much smaller than the other two terms
(Emm and AGsoy) in many applications of estimating relative binding
free energies.*? Because thujaplicins show similar chemical struc-
ture, we neglected entropic terms in this study.

The free energy decomposition analysis using the MM-GB/SA
was performed by mm_pbsa module of Amber 9 for tyrosinase res-
idues. The detailed description of MM-GB/SA decomposition proce-
dure used in Amber was reported by Gohlke et al.*> The free energy
decomposition based on MM-GB/SA is only a pragmatic way to
estimate the contribution of each residue to protein-ligand
interactions.
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