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2-Pyrone-4,6-dicarboxylate lactonase (Ligl) is the first identified enzyme from amidohydrolase super-
family that does not require a divalent metal ion for catalytic activity. It catalyzes the reversible hydrolysis
of 2-pyrone-4,6-dicarboxylate (PDC) to 4-oxalomesaconate (OMA) and 4-carboxy-2-hydroxymuconate
(CHM) in the degradation of lignin. In this paper, a combined quantum mechanics and molecule mechan-
ics (QM/MM) approach was employed to study the reaction mechanism of Ligl from Sphingomonas
paucimobilis. According to the results of our calculations, the whole catalytic reaction contains three
elementary steps, including the nucleophilic attack, the cleavage of C—O of lactone (substrate) and
the intramolecular proton transfer. The intermediate has two intramolecular proton transfer path-
ways, due to which, two final hydrolysis products can be obtained. The energy profile indicates that
4-carboxy-2-hydroxymuconate (CHM) is the main hydrolysis product, therefore, the isomerization
between 4-carboxy-2-hydroxymuconate (CHM) and 4-oxalomesaconate (OMA) is suggested to occur
in solvent. During the catalytic reaction, residue Asp248 acts as a general base to activate the hydrolytic
water molecule. Although His31, His33 and His180 do not directly participate in the chemical process,
they play assistant roles by forming electrostatic interactions with the substrate and its involved species
in activating the carbonyl group of the substrate and stabilizing the intermediates and transition states.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Lignin is a kind of complex aromatic heteropolymer found in
nature whose main role in plants is to increase cell wall integrity
and resistance to attack by pathogens. Lignin and its degradation
products have potential applications in the production of biofuels
and the manufacture of polyesters and adhesives [1-3]. Further-
more, the degradation of lignin contributes a lot in the carbon
cycle [4]. Many enzymes are involved in the lignin degradation,
for example, the lignin peroxidase (Lip) [5], the heme-containing
manganese peroxidases (MnP) [6] and the versatile peroxidases
(VP) [7]. The enzyme 2-pyrone-4,6-dicarboxylate lactonase (Ligl)
plays an important role in the metabolism of lignin-derived aro-
matic compounds [2,5,8], which catalyzes the reversible hydrolysis
of 2-pyrone-4,6-dicarboxylate (PDC) to a mixture of 4-carboxy-2-
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hydroxymuconate (CHM)and 4-oxalomesaconate (OMA), as shown
in Scheme 1 [2].

According to the amino acid sequence alignments, Ligl belongs
to the amidohydrolase superfamily (AHS), which catalyze a diverse
set of chemical reactions, including the hydrolysis of amide or ester
bonds, the deamination of nucleic acids, hydration, isomerization
and decarboxylation [2,9,10]. Most of the AHS members contain
one to three divalent metal ions in their active sites [11]. Gener-
ally, the divalent metal ions play significant role in activating a
water molecule for nucleophilic attack on amide or ester bonds
[12,13]. However, Ligl does not have bound metal ions in its active
site, and therefore, the active site is different from those of other
members of amidohydrolase superfamily [2]. Hobbs et al. have
experimentally proved that the addition of divalent metal ions to
enzymatic assays have no help for enhancing its biological activity
[2]. To explore the catalytic mechanism of Ligl, the structures of the
wild-type Ligl from Sphingomonas paucimobilis [6,14-16], and the
site-directed mutant proteins, including D248A complexed with
substrate (PDB code: 4DI8, pH 8.5, resolution 1.81 A), D248A com-
plexed with product (PDB code: 4DI9, pH 6.5, resolution 1.35A),
and D248N complexed with neither substrate nor product (PDB
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Scheme 1. Hydration catalyzed by Ligl.

code: 4DIA, pH 4.6, resolution 2.00 A) have been obtained, and the
site-directed mutagenesis studies and pH-rate profiles have been
performed. Based on these experimental results, Hobbs et al. pro-
posed a two-step sequential mechanism for the catalysis of Ligl [2].
In the first step, the hydrolytic water molecule is activated by an
active site residue, simultaneously, the generated hydroxyl anion
attacks on the substrate carbonyl, forming a tetrahedral interme-
diate. In the second step, the C2—01 bond of lactone is cleaved,
yielding the hydrolysis products. Through various mutants and
kinetics analysis, the conserved Asp248 was suggested to act as the
general base, and the carbonyl group of PDC is activated by elec-
trostatic interactions with three conserved residues His31, His33
and His180. Their experimental data also proved that OMA is the
predominant product at pH 10, and CHM is the main product at
pH 6.

Although a rough picture of the catalytic mechanism of Ligl has
been obtained, the reaction detail is still unknown. For example, the
hydrolysis products of the reaction exist in two forms at pH value
from 8 to 9 [2]. Are they produced by enol-to-keto tautomerization
in solvent or both of them can be directly generated in the active
site by the hydrolysis of substrate? Which step determines the
whole reaction rate and how the key residues influence the reac-
tion barrier? These questions cannot be acquired by experiments
alone. Therefore, in the present work, the catalytic mechanism of
Ligl was further studied by using a combined quantum mechanics
and molecule mechanics (QM/MM) method, which has been suc-
cessfully applied in exploring the enzymatic mechanism in the past
years |[17-24].Based on the results of our calculations, the energetic
details of the whole reaction cycle have been given, the struc-
tures of the reactant and its involved species, and the roles of key
residues have been delineated at atomistic level. To our knowledge,
this is the first time for the reaction mechanism of 2-pyrone-4,6-
dicarboxylate lactonase (Ligl) to be studied from theoretical aspect.

2. Computational methods
2.1. Model preparation

Construction of the enzyme-substrate complex is the requisite
for theoretical investigation of an enzymatic reaction. It is gen-
erally difficult to crystallize a structure of an enzyme-substrate
complex by experimental method under regular condition because
the enzyme-substrate complex usually converts directly to the
enzyme-product complex. Therefore, our computational model
was constructed from the crystal structure of a site-directed mutant
D248A (PDB code: 4DI8, resolution 1.81A), which was actually
a complex of mutanted enzyme with the substrate (PDC). To
construct the reactant model, the mutanted residue Ala248 was
manually mutated back to Asp248 with the VMD program [25]. The
protonation states of charged residues were assigned on the basis
of their pKa values determined by the empirical PROPKA program
[26],and then their individual local hydrogen bonds were inspected
with the visual software VMD [25]. The calculation results indi-
cate that aspartic acid (Asp248) is negatively charged and the two
arginines (Arg130 and Arg124) are positively charged in the active

site, while the initial protonation states of His31, His33, and His180
are singly protonated on € sites, which agree well with the previ-
ous investigation [2]. All missing hydrogen atoms were added by
means of the HBUILD module in the CHARMM program package
[27]. The force field parameters and atomic charges of the substrate
were constructed according to the structurally similar molecules
that have been parameterized in the force field, which are shown
in Table S1 of Supporting information.

The prepared structure was then surrounded by a TIP3P water
droplet with 30A radius while all crystal water molecules were
preserved, and further neutralized by addition of sodium ions at
random positions. Finally, the resulting system consists of 13,526
atoms in total, including 294 residues, substrate, 2975 TIP3P water
molecules and 14 sodium ions. The prepared system was firstly
equilibrated by a series of energy minimizations and a 7ns MD
simulation were carried out by enforcing the stochastic bound-
ary condition [43] at 298K and 1atm, which acts as a thermal
bath to avoid the escape of water molecules from the dynamic
region and keep the stability of the system. The MD simulation
was performed by using the CHARMM22/CMAP all-atom force field
[28] module implemented in the CHARMM program [27]. Dur-
ing the last 3ns MD simulation, the trajectory tends to be flat,
as shown in the Supporting Information (Fig. S1), which indicates
that the system was basically equilibrated and the last snapshot
from the MD trajectories was employed for the following QM/MM
calculations.

2.2. QM/MM calculations

After the enzyme-substrate complex was constructed and equi-
librated using the CHARMM?22 force field [28], the system was
partitioned into QM and MM subsystems. The QM subsystem con-
tains 113 atoms, including the side chains of Asp248, His180,
His33, His31, Argl124, Tyr49, Argl130, Tyr156, substrate, and a
water molecule, as illustrated in Fig. S2 of Supporting informa-
tion. All the remaining atoms of the system were assigned to the
MM subsystem. The total charge of QM subsystem is —1 and the
spin multiplicity is 1. All QM atoms and MM atoms within a dis-
tance of 15A from C2 of the substrate were kept active during
the geometrical optimization, whereas all the remaining atoms
were kept frozen to decrease the energy fluctuation and to reduce
the CPU requirements. All QM/MM calculations were carried out
using the ChemShell program suite [29]. The QM subsystem was
treated by hybridized density functional theory method (B3LYP)
with 6-31G (d, p) basis set using the TURBOMOLE software [30],
and the MM subsystem was treated by CHARMM?22 force field
implemented in the DL-POLY program [31]. The electrostatic inter-
actions between the QM and MM subsystems were described by
the electronic embedding scheme [32] which incorporates the MM
charges into the one-electron Hamiltonian of the QM calculation to
avoid the hyperpolarization of the QM wave function. The interac-
tions between the MM and the QM/MM were described by the no
electrostatic cutoff model. To saturate the valence at the QM/MM
boundaries, the link atom approach with a charge shift method was
employed [33,34].
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Fig. 1. The superposition of the crystal structure of D248A (the ribbon and carbon atoms are colored in light grey) with the QM/MM optimized computational model (the
ribbon and carbon atoms are colored in purple), in which the alanine residue has been mutated back to aspartic residue. The RMSD of the backbones of the two structures is
0.55 A(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

During the QM/MM calculations, geometry optimizations were
performed by the hybrid delocalized internal coordinates (HDLC)
optimizers [27], and the minima were found by a Quasi-Newton
limited memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
method [35,36]. Starting from the optimized reactant geometry, the
relaxed potential energy surface (PES) scans were firstly performed
to study the reaction path, and each point of the scan was per-
formed by the partitioned rational function optimization (P-RFO)
algorithm [37,38] implemented in the HDLC code. During the reac-
tions, the reaction coordinate was defined by a combination of bond
distances that are directly involved in chemical bond cleavage or
formation. The structure of the highest point on the energy profile
along the reaction coordinate was taken as the first approxima-
tion of the transition state geometry, which was further optimized
by using the P-RFO optimizer [37,38]. P-RFO method is a Hessian
eigenmode-following algorithm for the search of transition state,
and each transition state features a unique negative eigenvalue
[44].

Based on the optimized geometries, high-level single-point
energy calculations were performed using a larger basis set of
B3LYP/6-31++G (d, p) [39]. Finally, to correct the B3LYP energies for
dispersion, all energies were rectified by the dispersion correction
of DFT-D3 [40,41].

3. Results and discussion

3.1. Structure of 2-pyrone-4,6-dicarboxylate lactonase (Ligl)

As described above, the initial structure was firstly constructed
from the crystal structure of site-directed mutant D248A (PDB
code: 4DI8). Then, the system was subjected to a series of MD
simulations and QM/MM optimization. For comparison, the super-
position of the crystal structure of D248A with the QM/MM
optimized reactant model is displayed in Fig. 1. One can see that
the two structures are visually superimposed well. The root-mean-
square deviation (RMSD) of the backbones of the two structures
was calculated to be 0.55 A, and the pocket residues superimpose
well, further indicating that the replacement of aspartic residue by
alanine and the subsequent optimizations did not cause a larger
conformational change.

As displayed in Fig. 2, in the active pocket of the reactant, PDC is
stabilized by forming a complex hydrogen bond network with the
side chains of the pocket residues. Arg124 forms two strong hydro-
gen bonds and one rather weak one with 07, 013 and O1 of the

Tyr156

T
A &

Fig. 2. QM/MM optimized active site structure of reactant (PDB code: 4DI8). Dis-
tances are shown in A.

substrate with distances of 1.87 A, 1.89 A and 2.56 A, respectively.
Arg130 forms two strong hydrogen bonds with the carboxyl 09
and 010 with distances of 1.78 A and 1.83 A, respectively. In addi-
tion, the hydrolytic water molecule is fixed by two strong hydrogen
bonds formed by Asp248 and His33 with distances of 1.56A and
1.85 A, respectively. His31and His180 also lie hydrogen bond dis-
tances of 2.70 A and 1.89 A to the carbonyl O7. On the whole, the
pocket residues and substrate form a complex hydrogen bond net-
work.

3.2. Calculated reaction mechanism

According to the earlier proposal [2] and our calculations, the
total catalytic cycle can be divided into three distinct chemical
steps, as outlined in Scheme 2. The first step corresponds to a nucle-
ophilic attack, in which the deprotonated carboxyl group of Asp248
acts as a general base to activate the hydrolytic water molecule,
and simultaneously, the generated hydroxyl anion attacks on the
carbonyl group of PDC, forming a tetrahedral intermediate (IM1).
Then, the C—0 bond of PDC is broken to generate IM2. In IM2, there
are two pathways for intramolecular proton transfer, correspond-
ing to two final products (CHM and OMA). The optimized reactant,
transition states, intermediates and the products are shown in
Figs. 3 and 4.
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Scheme 2. Proposed mechanism of Ligl based on our calculations and the reference [2].
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Fig. 3. Optimized structures of reactant (PDC), transition states (TS1, TS2), and intermediates (IM1, IM2) for the wild type enzyme. Distances are given in A.

Based on the results of our calculation, in the first step, the acti-
vation of water molecule and the nucleophilic attack of hydroxyl
anion on the carbonyl group of PDC proceed through a concerted
mechanism. As shown in Fig. 3, in the reactant (PDC), the distance
between the carboxyl oxygen atom of Asp248 and the hydrogen
atom of hydrolytic water is 1.56 A, and the distance between the
C2 of PDC and the oxygen atom of the water molecule is 2.62 A.
By checking the structure of transition state TS1 shown in Fig. 3,
one can see that the activation of hydrolytic water is prior to the
nucleophilic attack of hydroxyl anion, which means the activation
of the water molecule being the prerequisite for nucleophilic attack.
The calculated energy barrier for the first step is 12.0 kcal/mol and
the relative energy of intermediate IM1 is 7.2 kcal/mol, as shown
in Fig. 5. The negatively charged tetrahedral intermediate (IM1) is
stabilized by a strong hydrogen bond network formed by the inter-
mediate and the side chains of Asp248, His180, His31, His33, and
Arg124, as shown in Fig. S3 of Supporting information.

The second step corresponds to the cleavage of C2—01 bond of
the substrate, forming intermediate IM2. The optimized transition
state (TS2) and intermediate (IM2) are shown in Fig. 3. In TS2, the
length of C2—01 bond increases from 1.48 A to 1.99 A. Downhill
from the transition state TS2, the intermediate IM2 is generated
with the complete broken of C2—01 bond. The calculated energy

barrier of this step is 7.1 kcal/mol, meaning the cleavage of C2—01
bond being quite easy. In addition, the negatively charged O1 atom
of the intermediate IM2 is also stabilized by a strong ion pair inter-
action with the guanidinium group of residue Arg124, as shown in
Fig. S4 of Supporting information.

In the third step, the intramolecular proton transfer occurs in
two different ways, generating two hydrolysis products. As shown
in Scheme 2, the carboxyl proton of intermediate IM2 may transfer
to C5 or O1 anion of the substrate, leading to the formation of OMA
and CHM, respectively. The optimized transition states (TS3 and
TS3’) and products (OMA and CHM) are displayed in Fig. 4.

From the structure of IM2, one can see that the proton to be
transferred locates in a right position, which is only 2.19 A far from
C5. As shown in Fig. 5, the energy barrier for the formation of OMA
is 6.7 kcal/mol. In addition, the proton can transfer more easily to
the O1 anion, generating CHM, which corresponds to an even low
energy barrier of 0.8 kcal/mol.

In summary, both of the two products can be directly obtained in
the active site, but CHM is the main hydrolysis product. According
to the experimentally obtained kcac 0f 340 s~1 [2], the estimated free
energy barrier is 14.2 kcal/mol, which agrees well with our calcu-
lation results. But we should realize that the calculated result was
only derived from one snapshot of the MD simulations, thereby
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Fig. 5. Energy profile of PDC hydrolysis reaction catalyzed by Ligl.

it is not conclusive considering the sampling of our QM/MM cal-
culations. Besides, the present calculation results cannot give the
pH dependence of the two forms of the product. Hobbs et al. have
proved that the two forms of the hydrolysis products depend on the
pH value [2], i.e., at pH 10, the keto form (OMA) was predominant,
and at pH 6.0, the enol form (CHM) was predominant. Considering
the transformation of the two forms of the products being very easy
in solvent, we conjecture that it is the pH of the solvent that influ-
ences the equilibrium concentrations of OMA and CHM, but not the
chemistry in the active site.

3.3. Analysis of three mutant residues

The mutation of His31 to Asn reduced Kkcar/Km by more than 4
orders of magnitude, while the mutation of either His33 to Asn,
or His180 to Ala only reduces the kinetic constant by 2 orders
of magnitude|[2]. Although these mutagenesis experiments have
provided much information, the detailed information about how

residues His31, His33, and His180 influence the reaction is still
unclear. To elucidate their roles in catalysis, we further performed
QM/MM calculations on the basis of H31N, H33N and H180A
mutants. Mutations were performed by VMD [25], then additional
3ns MD simulation was carried out on each model using the
CHARMMZ22 force field [28]. On the basis of the structures taken
from the MD simulation, geometry optimizations were carried
out using QM/MM method at the same level as for the wild type
enzyme. There are few common characters in these three mutants:
(1) each catalytic reaction proceeds through two elementary steps;
(2) only the enol form (CHM) of the product was obtained in the
active site; (3) the cleavage of C—0 bond of the lactone was accom-
panied by the intramolecular proton transfer.

3.3.1. H31N mutant

Experimentally, the kinetic constant of H31N is 0.4s~1, which
is much lower than that of the wild type enzyme (340s~1). Since
His31 does not directly participate in the reaction, the great loss of
catalytic power making the role of this residue more complicated.
According to the experimental kinetic constant, the free energy bar-
rier of H31N mutant is estimated to be 18.3 kcal/mol. Based on the
active site structure shown in Fig. 2, His31 only forms a hydro-
gen bond with the carbonyl O7 of substrate with a distance of
2.70A. But in the active site of H31N mutant, no hydrogen bond
is found between Asn31 and the substrate. Other residues keep
similar interaction with the substrate, except an obvious structural
change in the position of Arg124, as illustrated in Fig. S5 of Support-
ing information. The optimized reactantand its involved species are
shown in Fig. 6.

On the basis of our calculation, the first step is similar to the wild
type enzyme, also corresponding to the activation of the hydrolytic
water molecule and the nucleophilic attack of hydroxyl anion on
the carbonyl group of PDC. But this step has an energy barrier of
15.3 kcal/mol, which is higher than that of the wild type enzyme
(12.0 kcal/mol). The second step corresponds to the cleavage of
C2—01 bond accompanied by an intramolecular proton transfer.
In transition state (TS2-a), the length of C2—01 bond changes
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Fig. 6. Optimized geometries for H31N mutant. Distances are given in A.

Table 1

The calculated relative energies of wild type enzyme and its three mutants (H31N, H33N and H180A). Energies are given in kcal/mol.
Enzyme PDC TS1 IM1 TS2 IM2 TS3'/TS3 CHM/OMA
Wild type 0.0 12.0 7.2 14.3 8.1 8.9/14.8 -3.5/-5.2
H31N 0.0 153 135 17.6 -1.1
H33N 0.0 16.7 9.6 14.1 4.0
H180A 0.0 13.7 119 13.7 -33

from 1.51A to 2.01 A. Downhill from TS2-a, the enol form of the
product (CHM-a) is directly generated with an energy barrier of
4.1 kcal/mol, in which the distance of C2—01 increases from 2.01 A
to 2.78 A. We also note that in TS2-a, the distance between the car-
boxyl proton at C2 and O1 is 2.53 A, but it changes to 0.99A in
the product, implying that the intramolecular proton transfer cou-
ples with the cleavage of C2—01 bond. The overall energy barrier of
H31N mutantis 17.6 kcal/mol, as shownin Table 1, which is approx-
imately 3 kcal/mol higher than that of the wild type enzyme. This
agrees well with the experimental results, further explaining the
observation that mutation of His31 to Asn31 reduces the enzymatic
activity.

Above information indicates that although residue His31 does
not directly participate in the chemical reaction, it plays role in the
stabilization of transition states and intermediates by electrostatic
interaction. In addition, the high reduction in enzymatic activity of
H31N mutant may also be assigned to the slight structural reorga-
nization of the active pocket.

3.3.2. H33N mutant

The optimized geometries for H33N mutant are displayed in
Fig. 7. Similar to H31N mutant, in the reactant, no hydrogen bond is
formed between residue Asn33 and the hydrolytic water molecule,
but in the wild type enzyme, His33 forms a strong hydrogen bond
with this water molecule. In the reactant (PDC-b), the distance
between the carboxyl oxygen of Asp248 and the hydrolytic water
molecule is 1.69A, which is longer than that in the wild type

enzyme. In addition, the distance between the water molecule and
the C2 of PDC is also longer than that in the wild type enzyme
(3.05A vs 2.62 A). These two longer distances mean that the acti-
vation of the water molecule and the attack of generated hydroxyl
anion on the C2 of PDC being more difficult. Just as expected, the
calculated energy barrier of the first step is 16.7 kcal/mol. It is in
consistent with the free energy barrier of 17.0 kcal/mol estimated
from the kcar of 3.6 51, which is about 2 kcal/mol higher than that
of the wild type enzyme. The relative energy of intermediate IM-b
is 9.6 kcal/mol, which is higher than that of IM1 in the wild type
enzyme. These results indirectly indicate that His33 plays a role
in activating the hydrolytic water and stabilizing the intermedi-
ate IM1 by electrostatic interaction. For the second step, the H33N
mutant is very similar to that of H31N, i.e., the cleavage of C2—01
bond is accompanied by an intramolecular proton transfer with a
lower energy barrier of 4.5 kcal/mol, generating the enol form of
the product (CHM-b).

3.3.3. H180A mutant

As shown in Fig. 2, in the active site of reactant, residue His180
forms a hydrogen bond with O7 of the substrate. But after His180
is mutated to Ala180, this hydrogen bond no longer exists. The
optimized geometries are given in Fig. 8. In the reactant (PDC-c),
the positions of the hydrolytic water molecule and the substrate
and Ala180 are similar to those of wild type enzyme. The dis-
tances from the water molecule to Asp248 and C2 of PDC are 1.61 A
and 2.71 A, respectively, which are close to the values in the wild
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Fig. 7. Optimized geometries for H33N mutant. Distances are given in A.

Fig. 8. Optimized geometries for H180A mutant. Distances are given in A.

type enzyme (1.56 and 2.62 A). The calculated energy barrier for
the first step of H180A mutant is 13.7 kcal/mol, which is slightly
higher than that of the wild type enzyme. The relative energy of
intermediate IM1-c is 11.9 kcal/mol, which is 4.7 kcal/mol higher
than IM1 in the wild type enzyme, indicating that His180 also has
a function to stabilize the intermediate (IM1) by forming hydrogen

bond. Similar to H31N and H33N mutant, the cleavage of C2—01
bond is also coupled with the intramolecular proton transfer, cor-
responding to an energy barrier of 1.8 kcal/mol. For H180A mutant,
the whole energy barrier is 13.7 kcal/mol, which is slightly lower
than the estimated value of 16.5 kcal/mol calculated from the kcat
of 8.0s71.
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The superposition between H180A and the wild type enzyme is
shown in Fig. S7. One can see that there is a slight structural change
compared with the wild type enzyme.

4. Conclusion

In the present work, the detailed catalytic mechanism of Ligl
from S. paucimobilis has been studied by using a combined QM/MM
method. Our calculation results suggest that, for the wild type
enzyme, the whole catalytic reaction contains three elementary
steps. The first step is the activation of the hydrolytic water
molecule and the nucleophilic attack of the generated hydroxyl
anion on the substrate, which proceeds in concerted manner, but
the activation of the hydrolytic water molecule is prior to the
nucleophilic attack. The second and third steps are the cleavage of
C2—01 bond of the lactone and an intramolecular proton transfer.
The overall energy barrier energy of the catalytic reaction is about
14.0 kcal/mol, which is in consistent with the estimated free energy
barrier of 14.2 kcal/mol. From the energy point of view, the enol
form of the product (CHM) is the main product in the active site.
Based on this, we presume that the isomerization of the two forms
(CHM and OMA) occurs in solution, which is quite easy, but not in
the active site. It is the pH value of the solution that determines the
ratio of CHM and OMA. It should be noted that for the three mutated
enzymes, the cleavage of C—0 bond of the lactone is coupled with
the proton transfer, and therefore, only two elementary steps are
included in the hydrolysis of PDC.

Residue Asp248 acts as a general base to activate the hydrolytic
water molecule. Other three residues His31, His33 and His180 do
not directly participate in the chemical process, but they play assis-
tant roles in activating the carbonyl group of the substrate and
stabilizing the intermediates and transition states.

In general, our calculation results may provide useful informa-
tion for understanding the chemical process occurred in the active
site, and for illustrating the roles of pocket residues. The present
study also provides useful help for studying the biodegradation
polyesters of PDC [1,3,42].
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