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A cutinase-like enzyme (CLE), which is purified experimentally from the yeast Cryptococcus sp. strain S-2, has
been recently found to degrade biodegradable plastics very efficiently. In this study, we theoretically examine the
mechanism of hydrolysis of biodegradable plastics by the CLE by means of the ONIOM method. We optimize all the
intermediates and the transition states involved in the considered enzymatic reaction and determine the energy surface of
the entire catalytic cycle. The calculations show that the amino acid residues inside the pocket of the active site, Thr17 and
Gln86, which stabilize the tetrahedral intermediates, and Gly115 in addition to Ser85, His180, and Asp165, which
compose the catalytic triad, significantly contribute to the catalytic reaction. This is similar to the case of serine protease
reported to date. Moreover, we have newly found that the energy barrier of the catalytic cycle is significantly lowered by
the electronic effect of the OH group in the side-chain of Thr17 and bound water. The calculated potential energy surface
of the reaction shows that the cleavage of the ester bond is a rate-determining step.

The natural environment faces a crisis due to the pollution
caused by the disposal of plastics. The environmental pollution
by plastics becomes more serious year after year. Therefore,
biodegradable plastics that can be decomposed to water and
carbon dioxide by enzymes in microorganisms widely dis-
tributed in nature have attracted much attention as “Green
Plastics.” In order to utilize these “Green Plastics” more
effectively, biological chemists have started to explore more
high-performance enzymes.

Recently, Masaki et al. found that an enzyme, which is
purified from the yeast Cryptococcus sp. strain S-2, exhibits
high degradation activity for various biodegradable plastics.1

Homology analysis of the protein sequence revealed that it is a
cutinase-like enzyme (CLE). As shown by the X-ray structure,
which is registered in the protein data bank (PDB) with an ID
code of 2CZQ,1 the CLE has three important amino acid
residues, Ser85, His180, and Asp165, in the active site as
displayed in Figure 1. These three amino acid residues are
known as the catalytic triad in the serine protease, which
facilitate the catalytic reaction.2,3 The CLE also has Thr17 and
Gln86 in the active site, which will stabilize the large negative
charge appearing on the carbonyl oxygen of the substrate in the
tetrahedral intermediates, 2 and 5. The hydrolysis of biode-
gradable plastics by the CLE would therefore proceed by a
reaction mechanism similar to that proposed for the hydrolysis
of peptide bonds by serine protease. The mechanism of the
hydrolysis of biodegradable plastics by the CLE proposed on
the basis of the most commonly accepted mechanism for the

hydrolysis of peptide bonds by serine protease2 is presented in
Figure 1.

For serine protease, it is the general consensus that the
reaction proceeds via tetrahedral intermediates 2 and 5, which
are stable in energy. The catalytic cycle consists of two reac-
tion processes, i.e., acylation (1¼ 2 ¼ 3) and deacylation
(4 ¼ 5 ¼ 6). In the first process, acylation, the incoming
substrate (e.g., poly(lactic acid), poly(butylene succinate), and
poly(¾-caprolactone)) binds at the active site to form enzymeÍ
substrate complex 1. In the first step, 1¼ 2, the nucleophilic
attack of Ser85 to the carbonyl carbon of the substrate forms a
tetrahedral intermediate 2, where the OH hydrogen of Ser85
migrates to His180 as a proton, and the increased negative
charge of the carbonyl oxygen of the substrate is stabilized in
energy by the H-bonds contributed by two NH groups of Gln86
and Thr17. In the subsequent step, 2¼ 3, the CÍO(R1) bond of
the substrate is broken and the R1OH product is formed with
the migration of the proton from His180.

The second process, deacylation, starts from the acylÍ
enzyme complex 4. In the first step, 4¼ 5, the tetrahedral
intermediate 5 is formed by nucleophilic attack of an incoming
H2O molecule. One hydrogen from the H2O molecule migrates
to His180 as a proton and the increased negative charge on the
carbonyl oxygen of the substrate is stabilized by the H-bonds
contributed by Gln86 and Thr17. In the last step, 5¼ 6, the
other product R2(CO)OH is formed by the cleavage of the
CÍO(Ser85) bond, and the proton on His180 is abstracted by
Ser85.

© 2009 The Chemical Society of Japan

Published on the web March 12, 2009; doi:10.1246/bcsj.82.338

Bull. Chem. Soc. Jpn. Vol. 82, No. 3, 338–346 (2009)338

http://dx.doi.org/10.1246/bcsj.82.338


According to this mechanism, we theoretically examined the
hydrolysis of biodegradable plastics by the CLE by means of
the ONIOM method. The catalytic cycle that passes through the
tetrahedral intermediates, 2 and 5, seems to be quite reasonable,
because the large negative charge formed on the carbonyl
oxygen of the substrate in 2 and 5 is stabilized in energy by the
amino acid residues, Gln86 and Thr17. As we already know for
serine protease, the catalytic triad consisting of Ser85, His180,
and Asp165, will form a H-bond network. The H atom would
shift as a proton from Ser85 to His180 through this H-bond
network in the step 1¼ 2 to enhance the nucleophilicity of the
OH oxygen of Ser85 and develop a negative charge on the
carbonyl oxygen of the substrate. The mechanism of the net
transfer of the proton in the catalytic triad, i.e., single or double
proton transfer, is still under debate for serine protease.4Í10 In
the case of the double proton transfer, the H atom on His180
also shifts to Asp165 as a proton. A similar net transfer of
the proton is also expected in the step 4 ¼ 5. We can thus
intuitionally predict that the neighboring amino acid residues,
Gln86, Thr17, Ser85, His180, and Asp165, play an important
role to lower the energy barrier of the nucleophilic attack in the
steps, 1¼ 2 and 4¼ 5.

We examined the reaction mechanism especially with a
focus on the role of the amino acid residues at the active site.
We optimized the intermediates and transition states and
determined the potential energy surface of the entire catalytic
cycle using a realistic model of the enzyme obtained from the
crystal structure of the CLE and a model substrate. As a result,

it was found that the energy barrier of the catalytic cycle is
lowered by an electronic effect of the OH group of the side-
chain of Thr17. It was also discovered that bound water in the
active site significantly contributes to the reaction.

Computational Details

The initial structure of the cutinase-like enzyme (CLE) was
obtained from the crystal structure registered in the protein data
bank (PDB) with ID code 2CZQ.1 The missing hydrogen atoms
were added using the TINKER Ver. 4.2 program11Í16 and the
added H atoms were optimized with AMBER96 force field
parameters17Í21 to get a realistic model of the enzyme. For the
substrate, we used CH3(CO)OCH3 as a model.

We adopted a two-layered ONIOM methodology for the
ONIOM22Í28 calculations. Here, the entire system is partitioned
into inner and outer layers, which are treated by QM and MM
methods, respectively. The inner layer of the QM portion is
presented in Figure 2. The side chain of Ser85, His180, and
Asp165 forming a catalytic triad and the side and main chain of
Gln86 and Thr17 interacting with the substrate are included in
the QM. We also included in the QM the portion of the main
chain of Gly115, Gly166, and the OH group of the side chain
of Tyr183, which would affect the function of His180 as a
proton receptor. The hydrogen atoms circled by dotted line are
replaced by the corresponding C or N atom in the real system.

All the ONIOM calculations were carried out using the
Gaussian03 program package.29 The QM calculations were
performed by the B3LYP method, which consists of a hybrid
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Figure 1. Proposed catalytic cycle for the hydrolysis of biodegradable plastics by the cutinase-like enzyme (CLE) on the basis of the
most commonly accepted catalytic cycle for the hydrolysis of the peptide bond by serine protease.
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Becke + HartreeÍFock exchange and a LeeÍYangÍParr corre-
lation functional with non-local corrections.30,31 The basis set
of 6-31G** was used for all the atoms. The MM part was
calculated with the AMBER96 force field.17Í21 The generalized
AMBER force field (GAFF)32 parameters were used for the
substrate. In order to avoid structural deformation of the entire
enzyme, the position of all atoms of the MM portion was
frozen in the geometry optimizations. The transition states were
determined by a plot of the potential energy versus the reaction
coordinate. In the search of each transition state, the length of
the CÍO bond most significantly related to the reaction was
varied with an interval of 0.1¡. We also performed calcu-
lations for the QM subsystem of Model T at the MP2 and
B3LYP levels and confirmed that there is no significant
difference in the tendency in both geometry and energy
between the two levels.

Since the crystal structure of the CLE shows that the active
site has a space to provide for bound water, we added one H2O
molecule to the active site and examined the contribution of
bound water to the catalytic reaction. We calculated two models
of the CLE with bound water, since bound water can contribute
to the reaction in two different ways. We also calculated
another CLE assuming a mutant, where Thr17 is replaced by
Ala17 without the OH group in the side-chain, to reveal the
effects of the OH group of Thr17 in the reaction. In the case of
a mutant with Ala17, bound water contributes to the reaction in
one way. We therefore calculated five models; Model T for
Thr17 without, Model TW1 and TW2 for Thr17 with, Model A
for Ala17 without, and Model AW for Ala17 with bound water.
We added T, TW1, TW2, A, and AWas prefixes to the labels of
the intermediates and transition states to distinguish the models.

Results and Discussion

Model T. The catalytic reaction undergoes two processes as
mentioned above, namely, acylation (T-1 ¼ T-TS1¼ T-2 ¼

T-TS2¼ T-3) and deacylation (T-4 ¼ T-TS3¼ T-5 ¼
T-TS4¼ T-6), as presented in Figure 3. In the starting
enzymeÍsubstrate complex T-1, two NÍH groups of the main
chain of Thr17 and Gln86 form the H-bonds with the carbonyl
oxygen of the substrate with N£H distances of 1.898 and
2.161¡. In addition, the OH group of the side chain of Thr17
also forms a H-bond with the carbonyl oxygen of the substrate
with a short distance of 1.754¡. The third H-bond of the OH
group of the side chain of the amino acid residues has been
similarly reported in subtillisin.33,34 The OH oxygen of Ser85
stays far from the carbonyl carbon of the substrate with a C£O
distance of 2.412¡. The OH group forms a H-bond with the N
of His180 as shown by the H£N distance of 1.593¡. On the
other hand, one of the ÍCOOÕ oxygen of Asp165 interacts with
the NH hydrogen of His180 with a short distance of 1.693¡
through the H-bond. Due to this strong electrostatic interaction,
the NÍH distance of His180 is stretched to 1.048¡. Thus, the
catalytic triad consisting of Ser85, His180, and Asp165 is
formed by H-bonds.

In the transition state of the nucleophilic attack of Ser85 to
the substrate T-TS1, the O£C distance is shortened to 1.900¡
and the OH distance is stretched to 1.084¡. The nucleophilicity
of the O is enhanced by the stretch of the OH distance, as shown
by its negative charge increased to Õ0.24 e. In the formed
tetrahedral intermediate T-2, the H(Ser85) is completely trans-
ferred to His180 as a proton and the CÍO(Ser85) bond is
formed. The carbonyl bond of the substrate is hence stretched to
1.312¡ and the negative charge on the carbonyl oxygen is
increased to Õ0.45 e. Due to the large negative charge on the O,
three O£H distances are shortened to 1.844, 1.795, and 1.786¡.
In other words, the NH groups of the main chain and the OH
group of the side chain of Gln86 and Thr17 play an important
role to stabilize the large negative charge formed on the O. In
fact, without these three H-bonds, the potential energy surface
of the reaction from T-1 to T-2 through T-TS1 becomes uphill.

On the other hand, the positively charged His180 is
stabilized in energy by the interaction with Asp165 and
Gly115. The H-bond between the C¾1H of the imidazole
ring of His with the neighboring amino acid residue has
been previously reported for serine hydrolases.35Í37 Both
H£O(Gly115) and H£O(Asp165) interactions are strengthened
in T-2 as shown by their distances shortened to 2.169 and
1.547¡. Here, it should be noted that the N¤1H hydrogen of
His180 is not transferred to Asp165, although the N¤1ÍH
distance of His180 is stretched to 1.083¡. This result shows
that the nucleophilic attack of Ser85 proceeds with a single-
proton-transfer mechanism. This is similar to the previous
result for serine protease.37,38 The electrostatic interaction of
Tyr183 and Gly166 with Asp165 prevents the transfer of the
N¤1H hydrogen of His180 to Asp165. We confirmed that the
N¤1H hydrogen is transferred from His180 to Asp165 without
Tyr183 and Gly166. However, it is obvious that the catalytic
triad functions to promote the nucleophilic attack of the OH
oxygen of Ser85 through the H-bond network. The subsequent
reaction starting from the intermediate T-2 is a cleavage of the
CÍO bond of the substrate. After passing through the transition
state T-TS2, the formed CH3OÕ abstracts the proton from
His180. By this proton migration, distances of both H-bonds,
H£O(Gly115) and H£O(Asp165), are weakened again as
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shown by their distances of 2.504 and 1.846¡ in T-3. The H-
bonds between the carbonyl oxygen of the substrate and the
amino acid residues, Thr17 and Gln86, are also weakened due
to the decrease in the negative charge of the carbonyl oxygen.

The second process of the catalytic cycle, deacylation, starts
from the intermediate T-4, where the produced CH3OH is
replaced by a H2O molecule. In the first step, the H2O oxygen
attacks the carbonyl carbon of the substrate to form the
tetrahedral intermediate T-5 through the transition state T-TS3.
Although the carbonyl bond of the substrate is stretched and the
negative charge of the carbonyl oxygen is increased by this
attack, it is stabilized in energy by three H-bonds with Thr17

and Gln86. These three H-bonds are gradually strengthened
as the reaction proceeds from T-4 to T-5. On the other hand,
they are weakened in the second step of the cleavage of the
CÍO(Ser85) bond, T-5 ¼ T-TS4 ¼ T-6, since the negative
charge on the carbonyl oxygen of the substrate decreases.
These trends are the same as those shown in the first process
of the catalytic cycle, acylation. Here, among three H-bonds,
the O£H(Thr17,OH) distance is the shortest throughout the
reaction.

The proton migration within the catalytic triad also shows a
tendency similar to that found in the first process, acylation.
One of hydrogens of the incoming H2O is transferred to His180

T-1 T-TS1 T-2

T-TS2 T-3

T-4 T-TS3 T-5

T-TS4 T-6

1.898

2.161 1.754

2.4
12

1.014 1.593
2.289

1.048
1.693

1.699 1.961

1.947

1.840

1.816

1.9
00

1.084 1.436
2.224

1.054
1.647

1.701 1.966

1.844

1.795

1.786

1.624
1.053

2.169

1.083
1.547

1.9731.736

1.920

1.897

1.819
1.800

1.508
1.0892.427

1.059
1.723

1.952
1.761

1.921

2.027

1.867 2.757

0.996
1.7342.504

1.038
1.8461.713

1.942

1.994 2.132

1.899

3.267
0.991

1.864
2.552

1.037
1.898

1.719

1.943

1.912

1.841

1.947
1.900

1.069
1.456

2.522

1.042
1.843

1.948

1.732

1.797

1.771

1.809

1.678
1.046

2.174

1.083
1.552

1.743

1.973

1.901

1.866

1.808

1.900
1.101 1.408

2.218

1.055
1.646

1.703 1.966

2.091

1.962

1.759

2.365
1.018 1.585

2.292

1.047
1.697

1.700 1.961

O

CH3

O
CH3

N
C

N

C

H

C

O O

H
O CH3

N

H

H

N H
O

-

O

H

H

H

H

O

H

H
O

H

N

H

Thr17

Gln86

Ser85

His180

Asp165

Tyr183
Gly166

Gly115

Substrate

2

1

3

4

5

2

3

5

6

7 8

9

4
C

3 2

4

3
1 2

4

5

7

8

6

1

O
1

O
10 H

H

9

10

O

CH3

N
C

N

C

H

C

O O

H
O CH3

N

H

H

N H
O

-

O

H

H
H

O

H

H
O

H

N

H

Thr17

Gln86

Ser85

His180

Asp165

Tyr183
Gly166

Gly115

2

1

3

4

5

2

3

5

6

7 8

9

C

3 2

4

3
1 2

5

7

8

6

1

O
1

Water molecule

Figure 3. Optimized equilibrium and transition-state structures (in ¡) involved in the catalytic cycle of the hydrolysis of
biodegradable plastics by the cutinase-like enzyme (CLE) at the ONIOM(B3LYP/6-31G**:AMBER) level for Model T. Only the
QM part is displayed for clarity.

Y. Sakae et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 3 (2009) 341



while the N¤1H hydrogen of His180 stays as it is without
migration in T-5, which shows a single-proton-transfer mech-
anism. However, the N¤1ÍH distance of His180 in T-5 is
stretched to 1.083¡. On the other hand, the H£O(Gly115) and
H£O(Asp165) distances become shortest in T-5 to stabilize in
energy the positively charged His180. In the second step, the
proton on His180 is already transferred to Ser85 in the
transition state T-TS4. The other product CH3(CO)OH is
separated away from Ser85 by this migration of the proton from
His180 to Ser85. Thus, the support of the catalytic triad and the
OH and NH groups of Thr17 and Gln86 are essential to the
catalytic reaction.

Models TW1 and TW2. Since the pocket of the active site
of the CLE has enough space for bound water between Thr17
and substrate, we added bound water in this site and examined
the contribution to the catalytic reaction. We found two models
of interaction of bound water at the active site, which are
referred to as Models TW1 and TW2 below. In Model TW1,
the bound water interacts with the carbonyl oxygen of the main
chain and the OH hydrogen of the side chain of Thr17. It also
interacts with the ÍCÍOÍCÍ oxygen of the substrate and bridges
Thr17 and the substrate in the first process of the catalytic cycle
as presented in Figure 4. In the starting complex TW1-1, the
bound water does not interact with the substrate. However, one
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of the hydrogens interacts with the ÍCÍOÍCÍ oxygen of the
substrate in the transition state TW1ÍTS1, because the negative
charge from Ser85 is delocalized in the C(ÍOÕ)ÍOÍ region. The
O£H(H2O) distance shortens to 2.054¡ in the tetrahedral
intermediate TW1-2 to stabilize in energy the negatively
charged substrate. The O£H(H2O) interaction also supports the
separation of the CH3OÕ in the step, TW1-2¼ TW1-3. In the
second process, the bound water bridges Thr17 and the oxygen
of the incoming H2O. It stabilizes in energy the entire process
of the nucleophilic attack of the incoming H2O and the
separation of the CH3C(=O)OH from Ser85 through the
H-bond.

On the other hand, in Model TW2, although the bound water
bridges Thr17 and the substrate or the incoming water, the OH
hydrogen of the side chain of Thr17 interacts with the carbonyl
oxygen of the substrate throughout the reaction, as presented
in Figure 5. Three H-bonds of the carbonyl oxygen of the
substrate with the OH of Thr17 in addition to two NH of Gln86
and Thr17 more effectively stabilize the tetrahedral intermedi-
ate TW2-2 and TW2-5, as mentioned below. In addition, the
bound water promotes the nucleophilic reactions in the active
site through the H-bond.

Potential Energy Surfaces. The potential energy surfaces
of the entire catalytic cycle from 1 to 6 at the B3LYP/6-31G**
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Figure 5. Optimized equilibrium and transition-state structures (in ¡) involved in the catalytic cycle of the hydrolysis of
biodegradable plastics by the cutinase-like enzyme (CLE) at the ONIOM(B3LYP/6-31G**:AMBER) level for Model TW2. Only
the QM part is displayed for clarity.
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level for all the models are displayed in Figure 6. The energies
relative to the total energy of the fragments, which forms the
intermediates and transition states involved in the catalytic
reaction, are presented. In the case of Model T, both the first
and second half of the catalytic reaction are almost neutral in
energy. The tetrahedral intermediates, T-2 and T-5, are as stable
as the starting complex T-1, because the negatively charged
carbonyl oxygen of the substrate is strongly stabilized by three
H-bonds contributed by the OH group of the side chain of
Thr17 in addition to the NH groups of the main chain of Thr17
and Gln86.

The energy barrier of 4.2 kcalmolÕ1 for the nucleophilic
attack of Ser85 to form the tetrahedral intermediate in the step,
T-1 ¼ T-2, is about half of that for the dissociation of the CÍO
bond of the substrate in the step, T-2 ¼ T-3, in the first half of
the catalytic cycle. On the other hand, in the second half of the
catalytic cycle, the energy barrier of 7.9 kcalmolÕ1 for the
nucleophilic attack of the H2O in the step, T-4 ¼ T-5, is two
times larger than that for the dissociation of the CÍO bond of
the substrate in the step, T-5 ¼ T-6. The nucleophilicity might
be larger for Ser85 than for H2O.

The potential energy surface of Model TW1 with bound
water is obviously different from that of Model T in the second
process, whereas there is no significant difference between
them in the first process. The energy surface of both steps of the
nucleophilic attack of the H2O and the CÍO bond dissociation
in the second process are much lowered by the bound water,
because the bound water promotes both reactions through the
H-bond. The nucleophilicity of the H2O would be much
enhanced by the bound water. The polarity of the OÍH bond of
the H2O in TW1-4 and of the CÍO(H) bond of the substrate in
TW1-5 would be increased by the interaction with the bound
water. These are reflected in the long OÍH distance of the H2O
of 1.811¡ in TW1ÍTS3 and in the short OÍH distance of
Ser85 of 1.088¡ in TW1ÍTS4, which are obviously different
from the case ofModel T. Similar trends were found in the case

of Model TW2, where the bound water contributes to the
reaction in the same manner, and the stability of the transition
states, TW2ÍTS3 and TW2ÍTS4, are as stable in energy as the
transition states, TW1ÍTS3 and TW1ÍTS4, respectively. In
addition, since the OH group of the side chain of Thr17
interacts with the carbonyl oxygen of the substrate, both
transition states, TW2ÍTS1 and TW2ÍTS2, in the first half of
the catalytic cycle are also stabilized by 2.6Í2.7 kcalmolÕ1

compared to the corresponding transition states for Model
TW1. As a result, the highest point of the rate-determining step
of the CÍO bond dissociation of the first half of the catalytic
cycle is reduced to 5.4 kcalmolÕ1.

We also calculated the potential energy surface for a mutant
of the CLE (Model A), where Thr17 is replaced by Ala17, to
clarify the effects of the OH group of the side chain of Thr17.
The reaction system lacks the interaction of the OH group of
the side chain with the carbonyl oxygen of the substrate
throughout the reaction as presented in Figure S1. Due to the
loss of this interaction, the entire potential energy surface is
shifted up by 5.2Í7.4 kcalmolÕ1 compared to that for Model T.
On the other hand, the entire potential energy surface is shifted
down by the addition of a bound water (Model AW). A bound
water bridges the carbonyl oxygen of the main chain of Ala17
and the ÍCÍOÍCÍ oxygen of the substrate or the incoming
water as presented in Figure S2. The transition state as well as
the intermediate is stabilized by the H-bond of the bound water
in each step. However, the entire energy surface is still higher
in energy than those for Model TW1 and TW2, which indicates
that the OH group of the side chain of Thr17 significantly
contributes to stabilize the entire potential energy surface. As a
result, Model TW2, where the OH group of the side chain of
Thr17 interacts with the carbonyl oxygen of the substrate and
the bound water bridges carbonyl oxygen of the main chain of
Thr17 and the substrate, is the most favorable in energy. In
Model TW2, the highest point of the energy surface is less than
6 kcalmolÕ1 and the rate-determining step is the CÍO bond
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dissociation of the substrate, TW2-2¼ TW2ÍTS2¼ TW2-3,
of the first half of the catalytic reaction.

Conclusion

We theoretically examined the reaction mechanism of the
cutinase-like enzyme (CLE), which degrades biodegradable
plastics very efficiently, using the ONIOM method. We
optimized all the intermediates and transition states involved
in the catalytic cycle and determined the energy surface of the
entire catalytic reaction. The calculations showed that the
amino acid residues in the active site, Ser85, His180, and
Asp165, which compose the catalytic triad, and Gly115,
Gly166, Tyr183, Thr17, and Gln86, which stabilize the
catalytic triad or the substrate, significantly contribute to the
catalytic reaction. We further examined the contribution of the
OH group of the side chain of Thr17 and bound water. The OH
group of the side chain of Thr17 stabilizes the entire energy
surface of the catalytic reaction by the formation of the H-bond
with the carbonyl oxygen of the substrate. On the other hand,
bound water interacts with the active site and enhances
especially the nucleophilic attack of the incoming H2O in the
second process of the catalytic cycle. These electronic effects
of the OH group of Thr17 and bound water are considered
to be one of the factors to enhance the catalytic activity of the
CLE. The calculated potential energy surface showed that the
cleavage of the ester bond of the first half of the catalytic cycle
is a rate-determining step.

The calculations were in part carried out at the Research
Center for Computational Science (RCCS), Okazaki Research
Facilities, National Institutes of Natural Sciences (NINS),
Japan. This study was partly supported by grants from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.

Supporting Information

Figure S1: Optimized equilibrium and transition-state structures
involved in the catalytic cycle for Model A. Figure S2: Optimized
equilibrium and transition-state structures involved in the catalytic
cycle for Model AW. This material is available free of charge on
the web at http://www.csj.jp/journals/bcsj/.
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