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The critical role of Asp206 stabilizing residues on
the catalytic mechanism of the Ideonella
sakaiensis PETase†

Rita P. Magalhães, ab Henrique S. Fernandes ab and Sérgio F. Sousa *ab

Plastic accumulation is one of the main environmental issues of our time. In 2016, two enzymes

capable of degrading polyethylene terephthalate (PET), one of the most common plastic polymers, were

discovered. PETase and MHETase from Ideonella sakaiensis (IsPETase and IsMHETase, respectively) work

sequentially to degrade PET to its constituent monomers. PETase catalyzes the cleavage of PET

repetitive units ((mono-(2-hydroxyethyl)terephthalic acid (MHET)), whereas MHETase hydrolyses MHET

into terephthalic acid (TPA) and ethylene glycol (EG). In this work, the catalytic mechanism of IsPETase

was studied by QM/MM. The reaction was found to progress in four distinct steps, divided into two

major events: formation of the first transition intermediate and hydrolysis of the adduct. The transition

state and respective reactant and product of each step were fully characterized and described. The

rate-limiting step was found to be step 3, with an activation barrier of 12.5 kcal mol−1. Furthermore, in

this study, we have shown the critical role of a triad of residues composed by Ser207, Ile208, and

Ala209 in stabilizing the catalytic Asp206 residue. This finding confirms the importance of using a larger

QM region since our results disclose some important differences when compared with previous

computational studies of the same mechanism. These results provide valuable insights into the catalytic

mechanism of IsPETase that can contribute to the rational development of more efficient engineered

enzymes.

Introduction

Plastics are highly resistant long-chain polymers derived
from fossil-fuel.1 Since the beginning of massive plastic
production in 1950,2 these materials have become abundant
and essential in everyday life globally.3 The features that
make plastics ideal materials – high durability, light weight,
and low production cost4 – are also responsible for their
hazardous permanence in the environment.4,5 Due to the
lack of proper disposal and recycling strategies, plastics
have accumulated and infiltrated terrestrial and marine
settings, with harsh consequences for the environment, and
human and animal health. One of the most produced
single-use plastic polymers worldwide is polyethylene

terephthalate (PET) (Fig. 1). PET is a long-chain polymer
made up of repeating units of terephthalic acid (TPA) and
ethylene glycol (EG) synthesized from polycondensation of
TPA and EG (Fig. 1) or bisĲ2-hydroxyethyl)terephthalic acid
(BHET) (Fig. 1).6

Recently, the usage of microorganism-produced enzymes
for depolymerization and biodegradation of plastic
materials, mainly PET, has become popular.7–9

Thermomonospora fusca hydrolase (TfH), the first enzyme
capable of degrading PET, was identified in 2005.10 Since
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then, numerous enzymes have been discovered, isolated,
characterized and described.11–16 In 2016, a bacterium
capable of using PET as its major energy and carbon
source was discovered in a Japanese landfill.17 Ideonella
sakaiensis, the identified bacteria, secretes two enzymes
responsible for PET degradation – IsPETase and IsMHETase.
IsPETase depolymerizes PET to its composing MHET units
(Fig. 1), and IsMHETase completes the degradation of
MHET to TPA and EG (Fig. 1).17

Since initial reports verified high activity and specificity
against PET polymer, IsPETase has received a lot of attention,
and many structural and activity studies have been reported
to date.18–27 The enzyme assumes a canonical α/β-hydrolase
fold with nine mixed β-strands that make up a central
β-sheet, surrounded by seven α-helixes.19 The presently
accepted mechanistic proposal follows the typical serine
hydrolase mechanism, fulfilled by a Ser–His–Asp (Ser160–
His237–Asp206)19 catalytic triad in the stabilizing presence of
a two-residue oxyanion hole made up by the backbone of
residues Tyr87 and Met161.19 Several engineering studies
have replaced these residues with alanine, and have
evaluated the impact in the reaction with various PET-related
substrates under different conditions, as described in
Table 1. These changes resulted in a complete loss of activity
for the modified catalytic triad residues and diminished
activity in the variants affecting oxyanion hole residues.

Kinetic studies with PET substrate or analogues are scarce.
Yoshida et al.17 reported an approximate kcat of 0.7 s−1 at 30
°C for BHET, whereas Ma et al.28 have reported a kcat of 27.0
s−1 at 30 °C for para-nitrophenyl acetate, corresponding to an
activation Gibbs free energy of about 18.0 and 15.8 kcal
mol−1, respectively.

Quantum mechanics (QM) is the only computational
methodology that allows the description of chemical
reactions with an accuracy and predictability comparable
with the experimental evidence. Unfortunately, the current
computational resources and available algorithms cannot
tackle biomolecular systems with the dimension of
thousands of atoms, such as enzymes. Therefore, hybrid QM/
MM simulations were developed, and awarded the Nobel
Prize in Chemistry in 2013, to address these systems. In such
methodology, the region of the system where the reaction
took place, usually the active site, is treated using a high

theoretical level (QM). The remaining system is treated using
the computationally affordable molecular mechanics (MM)
method, which allows a fast and reasonable description of
geometry and electrostatic environment.

QM/MM studies have proved to have excellent outcomes
in the accurate description of enzymatic mechanisms with
extensive detail and unique reasoning for experimental data,
such as structural, kinetic, and spectroscopic results. There
have been reported many works where these QM/MM
methods were successfully applied in the study of catalytic
mechanisms of various enzymatic families such as
proteases,29,30 synthases,31–33 hydrolases34 and
reductases.35,36

Among those QM/MM studies, several proposals regarding
the general mechanism of IsPETase have been described in
the literature.18,19,37–39 However, some aspects have remained
unexplained or subject to debate at the atomic level,18,19,40

particularly concerning the number of steps involved in the
mechanism and the active role of Asp206 residue. With
respect to the number of steps, the computational studies of
Boneta et al.41 and Feng et al.42 have shown that the reaction
occurred in four sequential steps whereas Jerves et al.43

reported a two-steps mechanism. Regarding the role of
Asp206, its basic character was not observed in all studies,
since some studies have reported the proton transfer from
His237 to Asp206 (ref. 42) and other have proposed that the
proton is not transferred and the Asp206 residue only
stabilized the positively charged His237 formed during the
reaction.41,43

A detailed QM/MM atomistic description of the catalytic
mechanism of this enzyme, dissecting the role played by the
different active-site amino acid residues, particularly the
Asp206, and by the electronic distribution and charge effects
at the transition state would provide valuable insights on
bioengineering strategies for increasing their enzymatic
efficiency for plastic degradation through rational enzyme
mutagenesis.

Methodology
Structure preparation

This study was performed using the crystallographic structure
of IsPETase from Ideonella sakaiensis deposited in the Protein

Table 1 Alanine mutations on catalytically relevant residues and the consequent effects

Mutated residues Substrate Conditions Effect Ref.

S160A/D206A/H237A BHET pH = 7.0 T = 30 °C Complete loss of activity 19
PET film pH = 9.0 T = 30 °C
BHET pH = 7.5 T = 30 °C 22
PET bottle pH = 9.0 T = 30 °C

Y87A BHET pH = 7.0 T = 30 °C 5% of WT activity 19
PET film pH = 9.0 T = 30 °C Lower MHET and TPA productiona

M161A BHET pH = 7.0 T = 30 °C 52% WT activity
PET film pH = 9.0 T = 30 °C Lower MHET and TPA productiona

a Production increases with time, indicating a kinetic alteration.19

Catalysis Science & Technology Paper



3476 | Catal. Sci. Technol., 2022, 12, 3474–3483 This journal is © The Royal Society of Chemistry 2022

Data Bank (PDB)44 with the code 6EQE.21 This structure was
solved with a resolution of 0.92 Å and includes the complete
sequence of IsPETase. Since structure 6EQE was in apo-form,
1-(2-hydroxyethyl)4-methyl terephthalate (HEMT), a model of
PET substrate represented in Fig. 2, was obtained from PDB
structure 5XH3 (ref. 18) and introduced in structure 6EQE
after structural alignment with PyMOL software,45 as shown
in Fig. S2.†

Structure minimization and molecular dynamics

The protein–substrate complex was prepared with pdb4amber
command from Amber18 (ref. 46) software package and
protonated according to PlayMolecule ProteinPrepare
server.47 At physiological pH (7.0), two histidine residues
were protonated at the δ-nitrogen, including catalytic
histidine (His237) and His104. This protonation is in
accordance with previous catalytic studies on this
enzyme.41–43 The full protonation server output is available in
Table S1.† The MM parameters for HEMT were assigned
using ANTECHAMBER considering GAFF, with RESP charges
calculated at HF/6-31G(d) with Gaussian09.48 The ff14SB force
field was used for the subsequent simulations.49 Six Cl− ions
were added in order to neutralize the system, which was
immersed in a periodic box of TIP3P (ref. 50 and 51) water
molecules extending 12 Å from solute. Geometry of the
protein–ligand system was minimized through four
sequential stages using the AMBER18 (ref. 46) software
package. After two equilibration cycles, the system undergone
a molecular dynamics (MD) simulation for 100 ns in an NPT
ensemble at a temperature of 310.15 K and a pressure of 1.0
bar, considering a 2 fs integration step with periodic
boundary conditions. Cut-off value for short-range
interactions was set to 10.0 Å, and all bonds involving
hydrogen atoms were constrained with SHAKE algorithm.52

MD trajectory analysis was conducted using the cpptraj tool53

and VMD software.54 Full methodology details and protocol
can be found in ESI.†

QM/MM

After MD trajectory analysis with cpptraj tool53 and VMD
software,54 the structure with the minimum critical catalytic
distances (Table 2) from the equilibrated portion of the
production stage (Fig. S1†) was used to build the QM/MM
model, using the molUP plugin,55 available through the VMD
Store56 for VMD.54

The QM/MM model included the full protein–substrate
complex and a 10.0 Å coating of water molecules.

The subtractive ONIOM QM/MM methodology57 was used
to address the catalytic mechanism of lsPETase. The system
was divided into two regions: the catalytic region, treated at
the quantum mechanical (QM) level, and a larger
surrounding region, treated with molecular mechanics (MM),
as evidenced by Fig. 3. The QM region was calculated with
density functional theory (DFT).

Fig. 2 HEMT structure.

Table 2 Relevant distances between residues included in the QM layer,
following the notation in Fig. 4

1st residue 2nd residue Distance (Å)

Ser160:OG HEMT:C1 2.59
Ser160:HG His237:NE2 1.68
His237:HD1 Asp206:OD2 1.68
Asp206:OD2 Ala209:H 1.94
Asp206:OD1 Ser207:H 2.24

Ile208:H 1.94
WAT:H 1.87

HEMT:O1 Tyr87:H 1.88
Met161:H 2.17

Fig. 3 QM/MM model employed in this study. The MM region is
represented in new cartoon (orange), whilst the QM region is
represented in licorice. The protein residues are in green and the
substrate, HEMT, in black.
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Regarding the interaction between the two ONIOM model
layers, the electrostatic embedding method was used to
perform all calculations.

Three models were built with different atoms included in
the QM region, represented in Fig. 4. The respective relevant
distances are described in Table 2. A 3D representation of the
expanded QM region (model 3) can be found in Fig. S3.†

The initial model, model 1, included in the QM treated
region atoms from the catalytic triad residues (Ser160,
Asp206, and His237), the residues involved in the
stabilization of the oxyanion hole (Met161 and Tyr87) and
substrate analogue HEMT, amounting to a total of 64 atoms.
Model 2 included, in addition to the amino-acid residues
mentioned, residues Ser207, Ile208, and Ala209, and a water
molecule that closely interacts with the Asp206, amounting
to a total of 85 atoms. Subsequently, model 3 was built by
the addition of Trp185 (total of 103 atoms) and is the main
model discussed in this work. For all models, an additional

water molecule was included in the QM region for the
hydrolysis stage of the mechanism.

Geometry optimization of the QM region was performed
with the B3LYP58–60 functional (DFT) and the 6-31G(d,p) basis
set.48 Linear scans along specific reaction coordinates in each
step allowed for the exploration of the reactional space. From
the higher energy structures of each scan, transition states
(TS) candidate structures were obtained and optimized. Then,
the structures of reactant and product were determined
through internal reaction coordinate (IRC) calculations.61

Confirmation of TSs and minima were done using vibrational
frequency calculations. A single imaginary frequency was
observed for the TSs associated with the vibration of the
atoms involved in each step. Zero-point energy (ZPE) thermal
and entropic corrections were estimated at 1.0 bar and
298.15 K during frequency calculations.

The electrostatic impact of different residues surrounding
the QM region was assessed through single-point (SP) energy
calculations with null charges for each individual residue up
to 5 Å from the QM region.

The final electronic energies were refined through SP
energy calculations using DLPNO-CCSDĲT)/CBS.62 These
calculations were performed after isolation of the QM region
with the ORCA software (v4.2.1).63 SP energy calculations
were performed for the isolated QM regions with B3LYP/6-
31G(d,p) and DLPNO-CCSDĲT) with the cc-pVDZ and cc-pVTZ
basis sets, and the cc-pVDZ/C and cc-pVTZ/C correlation
fitting basis sets, respectively. The combination of the
energies obtained with the cc-pVDZ|cc-pVDZ/C and cc-pVTZ|
cc-pVTZ/C basis sets for the QM region were used to
extrapolate to the complete basis set (CBS) according to the
ORCA implementation. The energy difference between the
DLPNO-CCSDĲT)/CBS and B3LYP/6-31G(d,p) were summed to
the ONIOM energy obtained from geometry optimizations.
This general approach has been used with success in the
detailed atomic-level study of the catalytic mechanism of
several enzymes.64–69

Activation and reaction Gibbs free energies for each
reaction step were determined by the difference between the
Gibbs free energies of TS and reactant, or product and
reactant, respectively.

All the preparation of the Gaussian 09 (ref. 70) input files
and result analysis was done using molUP plugin,55 installed
through VMD Store56 for VMD software.54

Results and discussion
The catalytic mechanism of IsPETase

The catalytic mechanism of IsPETase was studied, in this
work, considering primarily the extended QM region
represented by model 3. In this section, all results refer to
this model, and all geometry optimization calculations were
performed considering the QM region of model 3. To make
figures clearer, the following figures do not represent all
atoms included in the QM region, since they are extensively
represented in Fig. 4. A schematic description of the

Fig. 4 Atoms included in the QM region in model 1 (white
background, 64 atoms); model 2 (white and blue backgrounds, 85
atoms) and model 3 (white, blue, and orange background, 103 atoms).
All covalent bonds spinning across QM/MM layers are represented by
dashed orange lines. Amino acid residues are identified by the green
labels, while the substrate (HEMT) is identified by a grey square.
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mechanism with the entire QM region can be found in Fig.
S12 and S13.† According to our results, the reaction follows a
two-stages mechanism: 1) acylation and 2) deacylation. First,
the formation of the acyl intermediate (Fig. 5) that occurs in
two sequential steps. Then, the hydrolysis of the adduct
(Fig. 6) also takes two steps.

Acylation mechanism

The first step involves the formation of the first tetrahedral
intermediate (Fig. 5 – step 1). The reaction begins with the
nucleophilic attack of the Ser160 OG oxygen to the C1 carbon
of the substrate's ester bond. The reaction coordinate was the
incremental decrease of the distance between the Ser160:OG
and HEMT:C1 atoms. The charge-relay system between the
Asp206 and His237 allows catalytic histidine to act as a base
that enhances the nucleophile character of Ser160 residue.
Upon attack by the Ser160, the charge in the substrate ester
bond is delocalized to O1 atom and stabilized by an oxyanion
hole made up by residues Met161 and Tyr87, as shown by the
atomic distances between the residues (Met161:O1: 1.88 Å for
the reactant versus 1.72 Å for the product; Tyr87:O1: 2.17 Å
for the reactant versus 1.84 Å for the product).

Therefore, according to our calculations, the first step
happens in a concerted manner. Proton HD1 remains bound
to His237 throughout the reaction (HD1:NE1: 1.05 Å in the
reactant versus 1.11 Å in the product) and makes a hydrogen
bond with Asp206 (HD1:OD2: 1.68 Å in the reactant versus
1.45 Å in the product). Our data agree with the recently
published works by Boneta et al.41 and Jerves et al.,43 where
the HD1 proton is not transferred to the Asp206 in step 1.
However, Feng et al.42 have suggested that this proton

transfer could occur 45% of the time, indicating a statistical
possibility for both cases. The Feng et al.42 results were
obtained from a smaller QM region where Ser207, Ile208, and
Ala209 residues were not included. According to our
calculations, these three residues are crucial for the
stabilization of Asp206, since we have observed the proton
transfer when Ser207, Ile208, and Ala209 residues were not
included in the QM region (model 1) (Fig. S11†). Our
calculations show the importance of choosing the atoms and
residues included in the QM region carefully to better
describe catalytic mechanisms using hybrid QM/MM
approaches, as previously highlighted.71 Moreover, our
calculations emphasize the role of single-point energy
calculations with MM null charges residues to evaluate their
impact on the estimated Gibbs free energies.

Abstraction of proton HG from Ser160 by His237 is
confirmed by the distance of 1.04 Å between the proton and
His237 NE2 atom in the reaction product, compared with
1.77 Å between HG and Ser160. At this point, His237 is
double protonated with protons HG (originally from Ser160)
and HD1, which remains bound to it. The TS was determined
with an imaginary frequency at 738.3i cm−1. Step 1
culminates in the formation of the first tetrahedral
intermediate (Ser160/OG:HEMT/C1: 1.49 Å) with an activation
Gibbs free energy of 5.5 kcal mol−1 and a reaction free energy
of −1.3 kcal mol−1.

The second step is the cleavage of the C1–O2 bond in the
first tetrahedral intermediate, by abstraction of the His237
HG proton (O2:HG – 0.98 Å), yielding the first leaving product
(Fig. 5 – step 2). The reaction coordinate followed in this step
was an incremental increase in the distance between atoms
C1 and O2 in the HEMT molecule. According to our
simulations, this reaction occurs with an activation Gibbs

Fig. 5 Formation of the tetrahedral intermediate, comprising steps 1
and 2 of IsPETase calculated mechanism. The activation (ΔG‡) and
reaction (ΔGR) Gibbs free energies are in kcal mol−1 and the single
imaginary TS frequencies in cm−1.

Fig. 6 Water-molecule mediated hydrolysis of the adduct, comprising
steps 3 and 4 of IsPETase calculated mechanism. The activation (ΔG‡)
and reaction (ΔGR) Gibbs free energies are in kcal mol−1 and the single
imaginary TS frequencies in cm−1.
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free energy of 8.7 kcal mol−1 and a reaction Gibbs free energy
of −7.8 kcal mol−1. The TS is characterized by an imaginary
frequency at 422.1i cm−1. At the end of step 2, an EG
molecule is released and the remaining part of the HEMT
molecule keeps covalently bound to Ser160, as confirmed by
the 100 ns MD simulation of this structure in ESI.†
Furthermore, rapid release of EG is shown by Fig. S4,† which
represents the distance between the EG product and the
HEMT molecule. The reaction proceeds through hydrolysis
that requires the recruitment of a water molecule. Due to the
highly exposed active site of IsPETase, a water molecule easily
diffuses to the proximity of the HEMT-enzyme adduct, as
shown by Fig. S5,† representing the radial distribution
function (RDF) and the cumulative number of water
molecules registered in the MD simulation of this structure.

According to our simulations, the acylation occurs
through two sequential steps in an exergonic process (ΔGR =
−9.1 kcal mol−1) with a maximum activation barrier of 8.7
kcal mol−1.

Deacylation mechanism

The hydrolysis stage, comprising steps 3 and 4, begins with
the abstraction of a water molecule proton (HW1) by the NE2
atom in His237 (HW1:NE2: 2.03 Å in the reactant versus 1.06
Å in the product) (Fig. 6 – step 3). Simultaneously, the OW
oxygen attacks the substrate C1 carbon (OW:C1: 1.48 Å in the
reaction product), resulting in a new tetrahedral
intermediate, corresponding to the reaction coordinate used
for this step. This third step has an activation Gibbs free
energy of 12.5 kcal mol−1 and a reaction free energy of 6.1
kcal mol−1. The TS was verified and presents an imaginary
frequency at 558.8i cm−1, corresponding to the vibration of
the atoms involved in the reaction. Similarly to what was
observed in step 1, the stabilization of the negative charge in
O1 by the oxyanion hole residues is fundamental, as the
atomic distances remain constant throughout the reaction
(Met161:O1: 1.96 Å for the reactant versus 1.88 Å for the
product; Tyr87:O1: 1.92 Å for the reactant versus 1.78 Å for
the product). Proton HD1 remains bound to His237 (HD1:
NE1: 1.03 Å in the reactant and 1.08 Å in the product), in
contrast with the mechanism proposed by Feng et al.42 Once
again, these results show the importance of Asp206
stabilization by nearby residues, only accounted for when
these are included in the QM region since in our calculations
with a smaller layer (model 1), the proton was transferred in
this step, as can be verified by Fig. S11.†

Finally, the last step (Fig. 6 – step 4) results in the cleavage
process of the C1–OG bond (1.53 Å in the reactant versus 2.62
Å in the final state), releasing the final product. This was the
reaction coordinate followed. The catalytic Ser160 residue
that extracts hydrogen HW1 from the histidine residue (OG:
HW1: 1.00 Å in the product), restabilising its initial
configuration, so a new catalytic cycle can occur. The last step
is characterized by the lowest activation Gibbs free energy, of
5.0 kcal mol−1, and a reaction free energy of −1.7 kcal mol−1.

The TS of step 4 is characterized by a single imaginary
frequency at 632.2i cm−1.

The adduct hydrolysis occurs through two sequential steps
and with a maximum activation barrier of 12.5 kcal mol−1.
After this stage, the enzyme is ready to start a new catalytic
cycle.

Energy profile

The overall IsPETase mediated reaction is slightly exergonic
since the final product Gibbs free energy is −4.7 kcal mol−1

lower than the initial reagent. The energy profile is
characterized in Fig. 7 and reveals step 3 as the rate-limiting
step of the entire mechanism, with a cumulative energy
barrier of 12.5 kcal mol−1, which closely agrees with the
experimentally determined kcat values for this enzyme.17,28

Details on the energy components for this profile can be
found in Tables S10–S13.†

In the mechanism proposed by Jerves et al.43 studied with
a larger substrate than used here, the formation of the first
intermediate (steps 1 and 2 in our proposal) occurs in one
step with an activation Gibbs free energy of 20.0 kcal mol−1,
making it the rate-limiting step of the reaction. Jerves et al.43

treated the QM region with DFT, using a PBE functional and
DZVP-GTH-PBE basis-set. Boneta et al.41 study treated the
QM region with the semiempirical AM1 methods post-
corrected with the M06-2X functional and the 6-31+G(d,p)
basis set. According to Boneta et al.,41 that have determined a
four-step mechanism with a larger substrate, the rate-
limiting step corresponds to step 2 with an activation Gibbs
free energy of 18.9 kcal mol−1. Finally, in the mechanism
advanced by Feng et al.,42 (M06-2X/6-31G(d) geometry
optimizations, and M06-2X/6-311G(d,p) for single point
energies) steps 1 and 4 are competitive rate-limiting steps,
albeit with higher energy barriers and a larger associated
dispersion error determined. Moreover, this last work was
studied considering a smaller QM region, where a set of
important residues for the stabilization of the Asp206 residue
was not included.

Fig. 7 Complete energy profile for the catalytic mechanism of PETase,
obtained with model 3. The values placed between parentheses
correspond to the activation/reaction Gibbs free energies of each step.
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The comparison between the energy profiles obtained with
all three models studied is available in Fig. S6,† and the
details can be found in Tables S2–S5† for model 1 and Tables
S6–S9† for model 2.

The impact of Trp185

As evidenced by the comparison of the energy profiles
obtained for models 2 and 3 (Fig. S6†), the profiles are fairly
similar, slightly stabilising all minima. However, careful
analysis of the catalytic environment led us to consider the
impact of Trp185 in the process and to conduct studies with
an expanded model (model 3). Trp185 is conserved in several
PET degrading enzymes, but in IsPETase assumes three
different conformations, having been designated as a wobbly
tryptophan.72 The strong π–π interaction between Trp185 and
the substrate is observed in all mechanism steps, and is
essential for substrate fixing and position. This is further
supported by experimental evidence of activity loss upon
replacement of Trp185.73

The impact of Ser207, Ile208 and Ala209

Initially, our calculations were performed with a smaller QM
region, corresponding to model 1 described in the
methodology section. This model was built based on the
IsPETase mechanism proposed by Han et al.18 to include the
relevant catalytic residues, the HEMT substrate and the
stabilizing oxyanion hole. To investigate the nearby residues'
influence on the activation and reaction energies for each
step, the contributing charges for residues from the MM
region at 2, 3, 4 and 5 Å of the QM region were set zero, and
single-point energies for the reactant, TS, and product
structures were calculated. Comparison of the re-calculated
energies with the ones obtained for the initial model revealed
residues Ser207, Ile208 and Ala209, and of a specific water
molecule to heavily influence the activation and reaction
energies, as can be observed in Fig. 8 for the first reaction
step.

The results for the remaining steps are included in ESI†
(Fig. S7–S10). The mentioned residues were found to closely
interact with catalytic Asp206 residue and provide the
necessary stabilization for the shared hydrogen atom between
catalytic His237 and Asp206. The essential role of Ile208 has
been confirmed by mutagenesis studies with effects on
activity.18,19 Han et al.18 measured the activity of I208A
against PET film, resulting in a significant decrease in
activity (∼20% MHET release compared with WT enzyme).
Similarly, when Joo et al.19 performed the same mutation
using BHET as a substrate, the engineered variant resulted in
46% activity when compared with WT.

The combined computational and experimental evidence
justified the increase of the QM region, resulting in model 2.
With this model, as described previously, hydrogen HD1
remains bound to His237, not being transferred to Asp206,
due to the increased stabilization of the catalytic aspartate.
In our initial studies with a smaller QM region (model 1), we
observed the transference of this atom, similarly to Boneta
et al.41 mechanistic proposal, in which a smaller QM region
was also used. Specific distances between hydrogen HD1 and
His237 and Asp206 residues for all models can be found in
Fig. S11.†

The particular role of Ile208

A further investigation on the role of Ile208 was conducted
to rationalize the experimental observations of lower
enzymatic activity upon I208A mutation. A 100 ns MD
simulation of the mutated (I208A) structure was run. The
results confirm that this replacement hinders the stability
of the catalytic Asp206, disrupting the charge-relay system
between Asp206 and His237, as evidenced by Fig. 9–11.
Fig. 9 shows how the distance between the OD2 oxygen of
Asp206 and the HD1 hydrogen in His237 differs in the WT
structure simulation and in the mutated one. When Ile208
is replaced by an Ala residue, the distance between the two
catalytic residues is much larger and varied along the
simulation, disrupting the charge-relay system that allows
the stabilization of the intermediate double-protonated
His237 by the Asp206. Furthermore, for WT IsPETase, the
hydrogen bond between Asp206 and His237 is kept for

Fig. 8 Differences between the calculated single-point energies for
the residues with null charges 2 Å away from the QM region residues
in step 1, revealing that residues Ser207, Ile208 and Ala181 and of a
specific water molecule had a large influence in the final energy.

Fig. 9 Distance between atoms OD2 of Asp206 and HD1 of His237
throughout a 100 ns simulation in WT IsPETase (orange) and mutated
IsPETase (green).
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96% of the 100 ns MD simulation, while in IsPETaseI208A

this interaction only occurs 31% of the time. This can be
partially explained by what is observed in Fig. 10, since the
distance between Ile208 and Asp206 is much smaller and
constant than the distance between mutated residue Ala208
and Asp206. The loss of this hydrogen bond destabilizes
the catalytic residues. This is further evidenced by the
structural shot in Fig. 11, obtained after 50 ns of
simulation, in which it is evident the displacement that
Asp206 suffers in the absence of Ile208. Although the
mutation does not change the atoms directly involved in
the interaction with the Asp206, the replacement by a
smaller residue weakens this interaction. Thus, Ile208 is
not only relevant for Asp206 basicity control but also affects
its positioning within the active site. The lipophilicity
reduction when Ile208 is replaced by an Ala increases
Asp206 mobility and its tendency to be solvent exposed.

Conclusion

In this work, molecular dynamics simulations and QM/MM
calculations were employed to describe the catalytic
mechanism of IsPETase. Our calculations suggested a
catalytic mechanism through four sequential steps. The first
two steps lead to the elimination of the EG and the formation
of an HMET-enzyme adduct. Then, two additional steps are
required for the hydrolysis of the adduct and the release of
the final product.

According to the computed Gibbs free energies, the third
step is the rate-limiting process of the entire mechanism,
requiring 12.5 kcal mol−1, which closely agrees with the
experimental available kinetic data for this enzyme (15.8 to
18.0 kcal mol−1).17,28

This work has shown, for the first time, the critical role of
a trio of residues in the stabilization of Asp206. According to
our simulations, Ser207, Ile208, and Ala209 reduce the basic
character of Asp206, precluding the HD1 proton abstraction
from His237. Moreover, the presence of the Asp206 residue is
crucial in the stabilization of the transient and double
protonated His237, being therefore a nonparticipant essential
element in the catalytic reaction. This effect seems to speed
up the reaction and provides insights about the reasons
behind the loss of activity when Ile208 is mutated by an Ala.
Although Ile and Ala are non-polar residues, Ile208 stabilizes
the Asp206 through its backbone amine group. Our results
show that Ile208 mutation by a considerably smaller residue
(Ala) impairs this interaction.18,19 In fact, the lack of proper
(QM) description of this interaction led to higher barriers as
obtained in our calculations with model 1 and other already
published works.41,42

The new insights provided in this work can deeply
contribute to a better understanding of PETase enzymes,
suggesting new ways to engineer this enzyme for better
efficiency in PET degradation. Particularly, the Asp206
surrounding region could arise an exploration topic to
produce more efficient biocatalysts for plastic degradation.
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