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ABSTRACT: The enzyme PETase is capable of depolymerizing _ Reactant
plastics such as polyethylene terephthalate (PET) at moderate 25 PEFa, S § P L
temperatures, and demonstrated even higher activity toward R ”@", = 3
polyethylene-2,5-furan dicarboxylate (PEF), opening promising 2 SEATE 1-;%1 X’A\,\:— |_da
routes for the efficient upcycling of plastic wastes. To fully exploit £ o . X '&

the potential of these biocatalytic systems, an understanding of the §'°| PETase’ o :}t g | oisciman”
mechanism of their activity at the atomistic level is pivotal. To this g, TR - LA
end, this study investigates two fundamental stages of the catalytic & £ roeluct
cycle of PET and PEF hydrolysis by PETase—acylation and & s FET |L1 [LB
deacylation—using hybrid QM/MM enhanced sampling molecular PEFZ

dynamics simulations to capture all relevant dynamic effects. Well- R 0 T IL”
tempered metadynamics simulations at the DFTB3 level are 00 08 10 s 2025 300 3540

performed along collective variables optimized via linear discrim-

inant analysis, a supervised learning-assisted approach that accounts for the contributions of each potentially relevant degree of
freedom. The free energy (FE) profiles indicate that the acylation stage is the rate-limiting step for both PET and PEF degradation,
with barriers & 8 kcal/mol and = 4 kcal/mol higher than those obtained for the deacylation step, respectively. Remarkably,
substantial mechanistic differences are found. While PET acylation occurs in a concerted manner, with a single energy barrier of ~
21 kcal/mol, PEF acylation follows a two-step mechanism where after the first barrier, &~ 10 kcal/mol high, a metastable intermediate
state is formed, which then evolves toward the product once a second barrier of & 2 kcal/mol is overcome. This mechanistic
description is consistent with the FE profiles obtained at higher levels of theory (PBE, B3LYP, RI-MP2) via FE perturbation, thus
validating the key insights elucidated by metadynamics simulations. Finally, both global and local reactivity descriptors derived from
conceptual density functional theory suggest that PEF is more electrophilic and susceptible to nucleophilic attack than PET. The
results obtained by means of the robust computational protocol adopted here offer thermodynamic and mechanistic insights into
PET and PEF hydrolysis by PETase at the molecular level, corroborating the experimentally observed enhanced activity of this
enzyme toward PEF. The distinctive hallmarks of PETase depolymerization uncovered in this work provide valuable foundations for
enzyme engineering efforts aimed at developing universal biocatalysts for semiaromatic plastic recycling, ultimately paving the way
for efficient application in industrial settings.

KEYWORDS: PETase, polyethylene terephthalate, polyethylene —2, 5- furan dicarboxylate, linear discriminant analysis,
QM/MM molecular dynamics simulations, well-tempered metadynamics

B INTRODUCTION sourced by fossil raw materials, whose availability is limited and
The extensive diffusion of plastic materials over the last the value chain is highly energy demanding.6 Finally, PET
decades has become a critical environmental challenge, recycling is still not an attractive solution because processed

threatening ecosystems worldwide. From the accumulation of
plastic debris in soils to the pervasive spread of micro- and
nanoplastics in marine environments, the adverse effects of ) N
plastic pollution are well-documented.'™ Among these from fossil fuel monomers.

polymers, polyethylene terephthalate (PET) stands out due

materials lose most their properties and the treatment is

economically disadvantageous compared to the production

to its widespread use, driven by its distinctive properties. Received: February 18, 2025
Durability, gas and water barrier properties, transparency, and Revised: ~ May 28, 2025
low cost make this material ideal for manufacturing single-use Accepted: May 28, 2025

food and beverage containers.” However, the fate of these
manufacts after their use is still far from being environmentally
sustainable.” Moreover, the synthesis of these polymers is
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To address these challenges, biobased packaging materials
have emerged as a promising alternative to reduce the carbon
footprint and to lower environmental impact than petroleum-
based plastics. A remarkable example is the sugar-derived
polyethylene-2,5-furan dicarboxylate (PEF), which combines
reduced greenhouse gas emissions during synthesis with
nontoxicity and comparable mechanical properties to PET,
positioning it as a valuable potential substitute in the near
future.®

In this scenario, finding efficient solutions for the sustainable
and eflicient upcycling of plastic debris is mandatory. In the
last years, an environmentally friendly and sustainable
alternative to conventional methods has been offered by
enzymatic degradation.” Several bacterial enzymes were
discovered able to cleave the polymeric plastic chains,
including cutinases, lipases, and esterases, and grouped in the
family of “PET-hydrolyzing enzymes” (PHEs).'”'" A break-
through in this field occurred in 2016 with the discovery of a
bacterium, named Ideonella Sakaiensis 201-F6 that used PET as
a major nutrient thanks to the secretion of two hydrolases:
PETase and MHETase.'”” Working synergistically, PETase
cleaves the PET chains mainly into mono(hydroxyethyl
terephthalate) (MHET), bis(hydroxyethyl terephthalate)
(BHET), terephthalic acid (TPA), and ethylene glycol (EG;
Figure 1A), whereas MHETase completes the process,
converting MHET and BHET into their minimal chemical
moieties. Remarkably, PETase has also demonstrated signifi-
cant hydrolytic activity against PEF,"> depolymerizing this
semiaromatic polyester into mono(2-hydroxyethyl furanoate)
(MHEF), bis(2-hydroxyethyl furanoate) (BHEF) and 2-$
furandicarboxylic acid (FDCA) and ethylene glycol (EG;
Figure lB).14

From a structural point of view, PETase resembles the

folding of an a/f hydrolase, characterized by a central nine-
stranded twisted S-strand, surrounded by seven a-heli-
es.””7"7 The catalysis is exerted by a catalytic triad
composed of serine, histidine, and aspartate residues (S160,
H237, and D206) in the active site, which encompasses also
the residues tryptophane, tyrosine, methionine and isoleucine
(W18s, Y87, M161, and I1208) to support the substrate
recognition and binding'® (Figure 1C). The key peculiarity of
PETase is that it achieves peak activity at relatively low
temperature (= 30 °C) thanks to the flexibility of the binding
pocket, which facilitates the accommodation of the polymeric
chains. In contrast, its catalytic efficiency drops at a higher
temperature because of its poor thermostability.'®

While these characteristics facilitate new pathways for
managing plastic waste under moderate conditions, they may
also limit these systems’ applicability for degrading high-
crystallinity PET waste, which requires operating near the
material’s glass transition temperature (& 79 °C)."*" For this
reason, the recent years have witnessed the introduction of a
number of variants of PETase, which were strategically
modiﬁec}i6 2too 26improve its structural stability and -catalytic
activity. 7

In a recent work of some of us,”” the structural properties
and binding of PETase with tetrameric chains of PET (PET4,
Figure 1D) and PEF (PEF4, Figure 1E) were investigated
through an extensive application of molecular modeling
techniques. Specifically, molecular docking, molecular dynam-
ics (MD) simulations and unbinding free energy (FE)
calculations indicated that PET4 is stabilized within the
binding pocket of the enzymes thanks to the aromatic
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Figure 1. Structure and enzymatic biodegradation of PET and PEF by
PETase. Main (monomeric) products of depolymerization of PET
and PEF by PETase: (A) BHET, MHET, TPA and EG for PET and
(B) BHEF, MHEF, FDCA and EG for PEF. (C) Structure of PETase
(PDB ID: 5XJH'®). The protein is colored according to its secondary
structure elements: yellow for the nine f-strands, orange for the seven
a-helices, red for the three 3;o-helices and gray for unfolded regions.
Distinctive amino acids are also shown in sticks: cysteines C273 -
C289 and C203 — C239 forming two disulfide bridges are colored in
cyan, the residues S160, H237, D206 (catalytic triad), W18S, 1208,
M161 and Y87 forming the active site are colored in pink. Close-up
views of the catalytic site with the (D) PET4 and (E) PEF4 bound
chains, represented as ice blue and green sticks, respectively, are
shown.

interactions established by the TPA moieties of PET4 with
the W18S and Y87 side chains. Conversely, PEF4 formed weak
interactions with the enzymes, quickly dissociating from the
PETase binding pocket during MD simulations. However, that
preliminary assessment did not examine the reaction
mechanisms of the enzyme with these substrates.

The hydrolysis of PET by PETase has been undertaken by
various studies>®™>> that used multiscale quantum mechanics/
molecular mechanics (QM/MM) MD simulations to inves-
tigate the elementary steps of the catalytic cycle. The process is
initiated by the nucleophilic attack of S160 to the hydrolyzable
ester C atom of PET (acylation). This stage is activated by the
abstraction of a proton from the S160 hydroxyl side chain by
H237 and leads to the formation of an acyl-enzyme
intermediate. Then, a water molecule enters the active site
and attacks the acyl-enzyme intermediate, completing the
hydrolysis of PET and restoring the enzyme to its initial state
(deacylation). These steps proceed through the formation of
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Scheme 1. Representation of the PET Hydrolysis Mechanism by PETase”
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“The scheme is represented using the PET4 model as a substrate. In each panel, the amino acids in the active site are shown: the catalytic triad
(S160, H237, D206) is indicated in red, whereas W18S, Y87, M161 and 1208 are in purple. (A) The reaction starts with the deprotonation of $160
by H237 and the nucleophilic attack of the PET4 ester group. (B) A negatively charged tetrahedral transition state is formed, stabilized by the
oxyanion hole formed by Y87 and M161 backbones. (C) The TS decomposes and forms the acyl-enzyme intermediate (S160-PET2”), completing
the acylation stage. The first product of the hydrolysis leaves the catalytic domain (PET2’), followed by the entry of a water molecule within the
binding pocket, which triggers the deacylation. (D) The reaction proceeds with the formation of a second negatively charged TS, stabilized by the
oxyanion hole. Then, the second product of depolymerization is formed (PET2”), the enzyme is restored to its initial state and ready to restart the

cycle with the binding of a new chain of PET

tetrahedral transition states where the carbonyl O atom of the
substrate is stabilized by the backbone of the M161 and Y87
(oxyanion hole) (Scheme 1).

While some insights from these studies point to common
features of the reaction mechanism, other results remain
debated. In particular, the two-steps'”***"** versus four-
steps”** nature of the process, as well as identification of the
rate-limiting step, are still open questions, thus highlighting the
necessity of further investigation to deeper understand the
underlying hydrolysis mechanism at the molecular level
Furthermore, none of the studies published so far delved
into the assessment of the reaction mechanism of PEF
depolymerization.

Building on these findings, in this study we aim to address
these gaps of knowledge by studying the catalysis of PET4 and
PEF4 by PETase using QM/MM MD simulations.

A crucial step in the study of chemical reactions is the
selection of the reaction coordinate, which is defined by
collective variables (CVs) capturing the slowest motions of the
system, ie., those functions of the atomic coordinates
describing the slow degrees of freedom associated with the
activated process of interest. At first glance, a straightforward
strategy to select the CVs may seem using chemical intuition
for the system under study. For example, the transition can be
followed along specific bonds that are broken or formed during
the reaction. Although this approach may provide a set of CVs
that are physically and chemically meaningful, it inherently
assumes that the reaction mechanism is known a priori,

10704

overlooking any other degree of freedom that might undergo
changes during the transition. In the context of PETase
reaction mechanism, some prior works estimated the FE
landscapes using forming or breaking bonds as CVs,zg'zgi31
whereas others adopted more sophisticated strategies. Garcia-
Meseguer et al.”” utilized an adaptive string method to define
the minimum FE path connecting reactants to the product,
while Burgin and collaborators®® used transition path
sampling®* and inertial likelihood maximization® to provide
optimal mechanistic description of the acylation and
deacylation steps, and validated the resulting reaction
coordinates via committor probability test.

In this work, we defined the reaction coordinate by using
harmonic linear discriminant analysis (HLDA),***" a super-
vised learning classification technique. Given a limited
information about the two metastable states of interest in
their local equilibrium states, namely reactants and products,
HLDA allows designing an efficient one-dimensional CV in the
form of a linear combination of a set of simple descriptors,
such as bond distances or coordination numbers.

A well-tempered metadynamics (WTMD)*® energy bias has
been applied along these CVs to help the system to overcome
the FE barriers and favor transitions from reactants to
products. To gather exhaustive statistics at an affordable
computational cost, the QM region has been treated with the
third-order density functional tight binding (DFTB3) Hamil-
tonian.”” This level of theory found successful application in
many contexts,"”*' but it does not guarantee the same
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accuracy as density functional theory (DFT) nor that of higher
level techniques such as post-Hartree—Fock (HF) methods.
Unfortunately, despite the increasing power of computational
infrastructures, running long simulations with such high-level
methods is still unaffordable, forcing one to find compromises
among the accuracy, size of the QM region and time scale of
the simulations.

A cheap yet efficient method to overcome this problem,
consists in applying free energy perturbation (FEP)** in
combination with metadynamics simulations. This approach,
known as MetaFEP,** achieves the accuracy of the target level
of theory requiring only a relatively small number of single-
point calculations on the expensive high-level potential energy
surface, reducing the computational cost but ensuring the
sampling of the configurational space. This allows validation of
the mechanistic hypothesis provided by the low-level method
used for sampling, DFTB3 in this work, by comparing the FE
profile with those obtained using MetaFEP with higher-level
methods, DFT or MP2, and checking the consistency of the
hypothesis.

Finally, an atomistic explanation of the different reactivity
observed for the two substrates from an energetic point of view
is provided by the reactivity descriptors defined in the
framework of conceptual DFT."

By providing the first molecular-level comparison of the
reaction mechanism of PET and PEF hydrolysis, this study
offers new insights to expand the applicability of this enzyme to
a wider range of semiaromatic plastic materials of industrial
interest.

B COMPUTATIONAL METHODS

Assembly of the PETase—Substrate Complexes. The
starting configurations of the PETase-PET4 and PETase-PEF4
complexes were chosen from the equilibrated structures
produced in our previous work.”” In that study, the initial
structure of the enzyme was selected from the protein
databank (PDB ID: S5XJH'), while the PET4 and PEF4
chains were generated using the CHARMM-GUI Polymer
Builder tool.”” The protonation state of charged amino acids
was predicted with PropKa3*>* for reference physiological pH
= 7, consistent with previous works.”**’

Briefly, in the models selected, the PETase-substrate
complexes are mainly stabilized by the aromatic interactions
established by the benzene or furan ring with W185 and Y87
side chains located to the catalytic site. These interactions are
responsible of the positioning of the ester carbon atom of
PET4 or PEF4 at less than S A from the oxygen atom of S160,
distance compatible with the initiation of the nucleog)hilic
attack.'”> Moreover, in line with other computational® and
experimental®’ investigations, the substrate monomers not
directly bound to the catalytic site do not establish persistent
interactions with the PETase surface.”’

As a first step, the coordinate files produced with the NAMD
software’ were converted into AMBER-compatible files* in
order to perform the MD simulations with the sander engine.
This software was used because of the native implementations
of the DFTB3 level of theory®” as well as the straightforward
interface with other programs, including ORCA,* enabling the
application of different QM methods. Therefore, the ligands
were parametrized (PET4 or PEF4) using the antechamber
suite included in AmberTools.”> The AM1-BCC charges and
the gaff force field were used, writing out the missing
parameters with the parmchk package. Then, the solvent and

seven neutralizing Cl™ ions were added, and the topology file
was built with tleap. The ff14SB parameters were adopted for
the protein54 and the TIP3P model®® for water, with a buffer
region of at least 14 A from any atom of the protein or the
substrate to the edges of the simulation box. During this step,
the disulfide bonds between cysteines C203 and C239 and
between C273 and C289 of PETase were preserved. The final
systems were inscribed inside rectangular boxes with size (80 X
80 x 70) A3, counting approximately 43,000 atoms each.

Harmonic Linear Discriminant Analysis. Harmonic
Linear Discriminant Analysis (HLDA) systematically con-
structs the CV for the process of interest as a linear
combination of an arbitrary number of descriptors of the
system.’®*” This method uses as an input the equilibrium
distributions of a set of descriptors at the end points of each
transition, i.e., in this case, the reactants and products of the
acylation and deacylation steps) and looks for the direction
that maximizes the distance between the two states’
distributions (or classes) by using a modified version of
Fisher’s linear discriminant analysis (LDA) with harmonic
weighting.‘%'37 The method is described in detail in Section S1.

The solution of the eigenvalues problem reported in eq S1
provides the coefficients of the linear combination of the
starting descriptors (d1—11, c1—3 in Figure S1). This defines a
CV along which the projections of the reactant and product
distributions are well separated, enabling highly efficient and
accurate sampling that better distinguishes the two states in the
FE space. In principle, each degree of freedom of the system
can be included in the definition of the reaction coordinate, so
that no a priori knowledge on the process is required. Indeed,
the coefficients provided by HLDA describe the relative weight
of the descriptors, indicating the relevance of each feature in
driving the system from the reactants to the products.

The optimization of the HLDA variables from the descriptor
distributions was performed with the python script deposited
on the PLUMED-NEST repository (www.plumed-nest.org),
with plumID:19.042.%° A detailed description of the workflow
is reported in Section SI.

Descriptors for the Acylation and Deacylation Steps.
In principle, each degree of freedom of the system could be
included in the definition of the HLDA reaction coordinate as
its contribution in separating the different metastable states
will be given by the eigenvalue obtained solving the Fisher’s
discriminant problem (eq S1). Here, we selected 10
interatomic distances (Figure S1, d1-d10) between the
residues of the catalytic triad and the substrate (PET4 or
PEF4) to describe the acylation step. Changes in these
distances are considered as the key descriptors of the process,
as they include the bonds that is broken (d1 and d3) and
formed (d2, d6) during acylation, and the proton shuttle
mediated by H237 (d4). The remaining distances capture
potential topological rearrangements of the carbonyl moiety of
the substrate (dS), of the relative orientation between the
catalytic triad and the substrate (d7), and the inter-residue
distances within the catalytic triad (d8-d10).

In the case of deacylation, an additional distance (d11) was
included to account for the formation of the bond between the
Cs atom of the substrate and the oxygen atom of the incoming
water molecule, which occurs during the hydrolysis of the
acyl—enzyme intermediate. Additionally, we monitored three
coordination numbers (c1, c2, c3) describing the interactions
of the water molecule within the active site. We considered the
coordination numbers between the O atom of the water
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molecule (c1), the Ne atom of H237 (c2) or the hydroxyl Oy
atom of S160 (c3) with the two H atoms of water to account
for the cleavage or formation of covalent bonds independent of
which of the two H atoms is involved. Moreover, since the
deacylation reaction involves comparing descriptors with
different physical meanings (distances and coordination
numbers), the descriptor values were preprocessed by
subtracting the mean of each descriptor’s data set, considering
both distributions simultaneously, and normalizing the final
data to a range of —1 to +1 before applying HLDA. The
selected descriptors are defined in Table S1 along with the
coefficients obtained via HLDA, whereas the atoms involved
are illustrated in Figure 2. A representation of the distances
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Figure 2. Atoms included in the descriptors used for HLDA. The
labeled atoms correspond to those involved in the distances and
coordination numbers defined in Table S1, which were used to
construct the reaction coordinate via HLDA. PETase is depicted as a
transparent gray cartoon, with the catalytic triad (S160, H237, and
D206) highlighted. The two tetramers, PET4 and PEF4, are shown in
a linear configuration for clarity.

and coordination numbers included in the analysis is provided
in Figures S1A and S1B for the PETase-PET4 and PETase-
PEF4 systems, respectively. The distributions of the descriptors
collected from unbiased QM/MM MD simulations are shown
in Figure S2.

QM/MM MD Simulations. As described before, HLDA
requires as an input the equilibrium distributions of the
selected features of each stable end point of the transition.
These are collected from unbiased QM/MM MD simulations
of reactant and products of both acylation and deacylation
steps. For the acylation, we considered as reactant the system
including enzyme and the substrate (PET4 or PEF4) and as a
product the acyl-enzyme intermediate and the first leaving
product (PET2’ or PEF2’). For the deacylation, the acyl-
enzyme intermediate was the reactant, and the product was the
enzyme with the hydrolyzed substrate (PET2’ + PET2” or
PEF2’ + PEF2”).

The QM region was composed of the S160, H237, D206
side chains and the substrate (PET4 or PEF4), counting a total
of 115 and 100 atoms for the PETase-PET4 and PETase-PEF4
complexes, respectively, and a net charge of —1. Moreover, one
water molecule was included for the simulation of the end
point states of the deacylation step to react with the acyl-
enzyme intermediate in the active site. The configuration of
the reactant state for the deacylation process was selected from
the metadynamics QM/MM MD simulations performed to

investigate the acylation stage. From the trajectory, we
extracted one snapshot in which the system was in the acyl-
enzyme intermediate state and (at least) one water molecule
was found close to the catalytic triad. We labeled the water
molecule, that was added to the QM region, and the system
was used as a starting point for the QM/MM MD simulations
performed to study the deacylation stage.

Each MD simulation was carried out with AMBER22,%"°
treating the QM region at the DFTB3 level of theory,” using
the default SCF convergence criteria of 107® kcal/mol.
Concerning the MM domain of the system, we used the
ff14SB°* parameters for the protein along with the TIP3P
model®® for water. The particle mesh Ewald (PME) method
was employed to treat long-range electrostatic interactions,*®
with a cutoff of 9 A and a B-spline interpolation order 4. The
electrostatic embedding scheme was used for the QM region
adopting a cutoff of 12 A. The covalent bonds truncated at the
interface between the QM and MM regions were replaced with
hydrogen link atoms (3 in total).

Each system was relaxed using 500 steps of steepest descent
followed by 500 steps of conjugate gradient method with the
protein backbone restrained. Afterward, 50 ps of equilibration
were carried out in the canonical (NVT) ensemble heating the
system from O to 303.15 K with a heating rate of ~ 0.26 K~
fs™'. We then performed 100 ps of production run in the NPT
ensemble at the pressure and temperatures of 1 bar and 303.15
K, realized with the Berendsen barostat®’ and the Langevin
thermostat. The collision frequency and time constant were set
to 2 ps™' and 1 ps, respectively, for the Langevin dynamics,
while a pressure relaxation time of 1 ps was used for the
pressure regulation.

The trajectories were collected adopting a time step of 1 fs
and saving the values of the descriptors used for the HLDA
procedure each simulation step with the PLUMED 2.9 plug-
in** The covalent bonds of the MM region between the
hydrogens and either the heavy atoms of the protein, or the
oxygen atoms of water molecules, were constrained with
SHAKE®® and SETTLE,® respectively.

Well-Tempered QM/MM MD Simulations. Once the
optimal CVs were obtained via HLDA, well-tempered
metadynamics®® QM/MM MD simulations were performed
to accelerate the sampling and help the system overcome the
FE barriers.

In metadynamics,” the evolution of the system is based on a
potential biased with a history-dependent term w(s, t) that is
constructed as a sum of Gaussian functions®* deposited along
the trajectory in the CV-space:

W(S, t) — z a}Ge—Is(t)—s(t/)lz/2§s2

,
t=15,275,..y

<t (1)

where s is the CV, wgis the height of each Gaussian, 7;is the
size of the time interval between successive Gaussian
depositions and s is the Gaussian width. These repulsive
Gaussians are centered at the explored points in the CV-space
with a deposition rate w = wg/ 1. The biasing energy terms are
repeatedly added to the potential to discourage the system
from visiting again the already explored configurations, thus
ensuring a homogeneous sampling of the CV-space.

In the “well-tempered” variant (WTMD), each Gaussian is

e
scaled down over time by a bias factor y = e %27, which is

defined by the value of w(s, t) at the same point where the
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Gaussian is centered, the Boltzmann constant ky, and a biasing
temperature AT selected as an input parameter. This
procedure determines the deposition of Gaussians with
different heights, which depend on the biases already
accumulated in the given point of the CV-space.

Here, WITMD was implemented with the PLUMED 2.9
plug-in.”® Gaussians were deposited with a rate @ = 50, setting
the Gaussian height at S kJ/mol, s at 0.05 A and y=20.

WTMD QM/MM MD simulations were performed with the
sander engine implemented in AMBER adopting the same
theory level (DFTB3) and setup used for unbiased QM/MM
MD simulations. Each reaction step (acylation and deacylation
for PETase-PET4 and PETase-PEF4 systems) was simulated
for 1000 ps, followed by reweighting of the biased distribution.
The reweighting and block analysis were used to monitor the
convergence and to calculate the errors in the FE estimation.

Analysis of the Well-Tempered Metadynamics Tra-
jectories. The stationary points corresponding to stable and
metastable states along the FE surfaces (local energy minima)
obtained from WTMD simulations were characterized by
calculating the average values of the structural descriptors of
the system. To compute average values from equilibrium
distributions, representative structures correlating with minima
on the WITMD FE curves were extracted and subjected to 50
ps-long unbiased QM/MM MD simulations adopting the same
setup described beforehand for the unbiased simulations.

The fluctuations of the features during these unbiased
trajectories were monitored with PLUMED 2.9,°® and they
include the distances and coordination numbers used to
optimize the reaction coordinate via HLDA (d1-d11 and cl-
c3). Moreover, two further distances (d12 and d13) and two
angles (al and a2) have been analyzed to assess the
stabilization of the carbonyl Og” atom by the oxyanion hole.
The distances d12 and d13 were calculated between the Oy”
atom of PET4 or PEF4 and the amide H atom of the M161
and Y87 backbones, respectively, while al and a2 correspond
to the N—H---O angle formed by the amide N and H atoms of
the M161 and Y87 backbones and the O;” atom of PET4 or
PEF4 (Figure S3). Finally, the conformation of the W185 side
chain was defined based on the dihedral angle (t1) formed by
atoms Ca-Cf-Cy-C6 (Figure S3).

Committor Analysis for the Validation of the
Transition State. To assess whether the reaction coordinate
obtained via HLDA correctly identified the TS, we performed
a committor analysis. From each WTMD trajectory (PET4 and
PEF4 acylation and deacylation), we selected one representa-
tive structure correlating with the transition states predicted for
each reaction stage, i.e,, configuration whose HLDA CV value
corresponded to the maxima of the FE landscapes.

From each of these structures, we generated an ensemble of
TS-like configurations by running 500 fs-long MD simulations
under a strong harmonic restraint (k = 5000 kJ/(mol-A%))
centered on the HLDA value associated with the TS. These
ensembles served as the starting point for the committor
analysis.

For each putative TS identified in the FE profiles, we
performed 500 independent, unbiased MD simulations (100 fs
long each) using the TS ensembles as initial configurations.
The probability of the system evolving toward reactants or
products was computed as the ratio of trajectories reaching
each end point to the total number of simulations.

Calculation of the High-Level Free Energy Curves via
MetaFEP. Following the procedure outlined in ref.,43 the FE

curves obtained from WTMD simulations at the DFTB3 level
were perturbatively corrected using accurate Hamiltonians via
MetaFEP. With this method, a restricted number of
configurations (N) are extracted from the WIMD trajectory
and used to compute the single-point energies at a higher level
of theory. In this way, the low-level FE (FE,;) is used as a
reference to reconstruct the target accurate potential (FEy)
by means of FE perturbation (FEP) according to the following
relationship:

FEy; (s(R)) = FEy; (s(R)) + AFggp(s(R)) (2)

With s(R) representing the CV selected as a function of the
Cartesian coordinates of the system represented by vector R.
For a detailed description of the calculation of the AFpgp(s(R))
term using MetaFEP, please refer to Section S2.

For each low-level WTMD trajectory, we discarded the first
225 ps and extracted one configuration every 0.500 ps for the
successive 775 ps, obtaining a total of 1550 structures. For
each of them, we calculated the single point energies at the
following levels of theory:

064DFT with the PBE functional®® and the 6—31+G* basis
set.

o DFT with the B3LYP® functional and the def2-TZVP
basis set.”®

e The second-order many-body Moller—Plesset wave
function-based method (MP2)®” in combination with the
resolution of identity (RI) approximation (RI-MP2)*® using
the correlation consistent cc-pVTZ basis set.” The RI-JK
approximation was used for Coulomb and Exchange integrals
with the auxiliary basis set defZ/_]I(.()(”m’71

Each calculation was performed using AMBER22
interfaced with ORCA 6.0.>> Once each single-point SCF
run converged, the FE profile was reconstructed using the
python script deposited on the PLUMED-NEST repository
(www.plumed-nest.org), with plumID:19.054.*> This python
script performs a reweighting analysis based on FEP (eq 2))
using data collected from the single-point calculations
performed at DFTB3 level (FE;;(s(R))) and at the high
level of theory (FEy; (s(R))) stored in the same COLVAR file.
A detailed description of the procedure is reported in Section
S2.

The convergence of the MetaFEP corrections was assessed
with the procedure outlined in Section S2 and reported in
Figure S4.

Calculation of the Reactivity Indexes from Concep-
tual DFT. The local relative reactivities of the PET4 and PEF4
were estimated by usin% the indices defined in the framework
of conceptual DFT.**”*"7* In particular, Chattaraj et al.”>”°
introduced a local (multi)philicity index (@), suitable for
comparing the electrophilic-nucleophilic relative reactivities of
a given atomic site k found on different molecules:

51,52

a

a _
wp = of

witha =+, —, 0 (3)
where f: are the condensed Fukui functions’” and @ is the
global electrophilicity index.”® Details on the global reactivity
indices and the condensed Fukui functions calculated in this
work are reported in Section S3.

According to their definition, a greater w, value
corresponds to a better capability of accepting electron
density, whereas a smaller value of w;, makes it a better
donor of electron density.”” To equalize the notions and to
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obtain a descriptor for local nucleophilicity for which high
value corresponds to high tendency at donating electron
density, a nucleophilicity index N} was proposed as the inverse
of a)k_:79

1
N, = —

W (4)

In this work, the philicity indices of each atom forming the
ester groups of PET4 and PEF4 were calculated and examined
to compare the relative reactivities both at the global and local
level. Given the well-established dependency of the condensed
Fukui functions—formulated in eqs S12 and S13 - on the
chosen population analysis scheme,**™** four models were
selected and compared: the Mulliken,** the ChelpG,*® the
Hirshfeld®” and the minimal basis iterative stakeholder
(MBIS)*® schemes. To compute the condensed Fukui
functions, 10 structures were extracted for both PET4 and
PEF4 bound to PETase from the unbiased QM/MM MD
simulations. As no significant structural changes were observed
during the 100 ps of unbiased QM/MM MD simulations,
representative structures were selected by uniformly sampling
the trajectories at 10 ps intervals, ensuring that the entire time
scale was adequately covered. For each configuration, the
atomic population of each atom involved in the ester group (C,
0’, O”, Figure S1) of the neutral system (Q,(n)), for the

system with n + 1 (eq S12) and the system with n — 1 (eq
S13) electrons were calculated. In these two latter cases, the
multiplicity of the system was two, and the SCF procedure
turned to open shell. The calculations were carried out with
ORCA™ at the B3LYP/def2-TZVP level of theory. The
HOMO and LUMO energies were extracted from the
calculation for the system with n electrons and used to
compute the local philicity w;" indices as described in eq 3 and
the local nucleophilicity index (N) introduced in eq 4). The
results and associated errors are reported as the mean and
standard error of the mean over the 10 configurations sampled
for each substrate.

B RESULTS

Reaction’s Descriptors Feature Importance Analysis
from HLDA. The main advantage of using HLDA is that the
definition of the reaction coordinate is not driven by any a
priori information on the mechanism under investigation, apart
from the initial and final states of the process. Indeed, the
coefficients of the linear combination indicate the relative
weight of each descriptor (feature importance), suggesting how
changes in that specific degree of freedom will drive the system
toward one of the two end points of the transition. The
coeflicients obtained by solving eq S1 depend on the scatter
matrices S, and S, of the distributions collected during the
unbiased QM/MM MD simulation, which are shown in Figure
S2. The larger the separation between the distributions
obtained for the two end points, the greater is the relevance
of the descriptor in separating the two states of the system.
Conversely, highly overlapping distributions indicate that the
descriptor is not significantly different in the two classes and its
relative weight in the linear combination will be negligible.
Concerning the acylation of the PETase-PET4 system (Figure
S2A), it can be observed that the profiles for distances d1, d2,
d3, and d6 are neatly separated. For each of these descriptors,
one of the two distributions of either the reactant (orange) or
the product (blue) is sharp and characterized by a small

variance because the atoms considered for these distances are
involved in a covalent bond. Conversely, larger fluctuations are
observed in the other state, in which these bonds are broken.
From the coeflicients reported in Table S1, the highest
weighted feature is d2 (—0.817), describing the ester bond of
PET that is cleaved upon the nucleophilic attack by S160. The
second highest-weighted descriptor is d3 (—0.494), that
accounts for the distance between the Oy atom of S160 and
the associated Hy atom (Figure 2). Both these bonds are
broken during acylation. Indeed, d2 and d3 have the same sign,
meaning that elongation or contraction of these distances drive
the system in the same direction along the reaction coordinate.
On the other hand, d1 and d6 correspond to bonds that are
formed during the acylation step (Scheme 1A). The sign of the
coefficients is positive indicating that changes in these
distances guide the system toward the opposite end point
than d2 and d3.

From the coeflicients obtained for the deacylation of the
PETase-PET4 acyl-enzyme intermediate (Table S1), it can be
observed that d11 is the main driver of the process with a
weight of —0.922. This distance accounts for the formation of
the new covalent bond between the O atom of water and the
Cs atom of PET4. This process is accompanied by a
deprotonation of water, whose coordination number (cl) is
expected to decrease consistently with d11, thus displaying
coeflicients with the same sign. The other relevant descriptor
of the process is d1 (0.353), that corresponds to the distance
between the C; atom of PET and the Oy atom of S160 (Figure
2). These atoms form a covalent bond in the acyl-enzyme
intermediate, that is broken by the nucleophilic attack of water
during the deacylation, with S160 intercepting one proton
from water (Scheme 1C). Consequently, the coefficients of d1
and ¢3 vary in a consistent manner relative to each other and
drive the reaction in an opposite direction to d11 and c1. The
other descriptors are not relevant in separating the two FE
basins of the deacylation step, as the relative distributions
overlaps (Figure S2B) and their coefficients in the HLDA CV
are close to zero.

As expected, the results obtained for the PETase-PEF4
system (Figure S2C,D) resemble those obtained for PET4. In
the acylation step, the highest-weighted descriptors are d2 and
d3, while d1 and d6 exhibit opposite signs. Moreover, the
contributions of d4, d5, and d8 are more relevant in this
system compared to PETase-PET4, although they remain
secondary relative to d2 and d3. Finally, as with PET4, the
deacylation is predominantly governed by dl1, bearing a
coefficient of —0.955, followed by d1, which is weighted 0.291.

Reaction Mechanism of PET4 and PEF4 Hydrolysis
from Well-Tempered Metadynamics Molecular Dynam-
ics Simulations. The FE profiles of the acylation and
deacylation steps were obtained by first applying WTMD along
the HLDA reaction coordinate at the DFTB3 level and
subsequently calculated using statistical reweighting. To assess
the structural properties of the stable and metastable structures
produced in course of the reaction, the representative
configurations correlating with FE minima were extracted
and simulated for 50 ps under the same conditions as those
used for WTMD simulations. With this procedure (i) the
average properties of these structures were extracted under
equilibrium conditions and (ii), it was verified that the
metastable states corresponding to putative reaction inter-
mediate are stable in the absence of external biases. The
average values of the descriptors calculated with this procedure
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Table 1. Average Values of the Descriptors at the Stable States Visited during the WIMD Simulations”

PETase — PET4

Acylation
State d1 (A) d2 (A) d3 (A) d4 (A) ds (A) dé (A) d7 (A) ds (A) do (A) dio (A)
R 2.80 + 030 136 + 0.03 099 + 0.03 2.08 +£042 125+ 002 331 +032 486+0.53 288+023 197 +0.19 103+ 0.03
INT, ., 138004 350+ 0.15 3.84+023 4.81+023 124+002 097 +003 497+039 3.00+021 199+ 0.18 1.03 + 0.03
PETase — PEF4
Acylation
State d1 (A) d2 (A) d3 (A) d4 (A) ds (A) dé (A) d7 (A) ds (A) d9 (A) d1o (A)
R 3.51 £0.08 135+ 003 098+ 003 2.80+ 040 125+002 3.66+ 025 427 +040 324+ 030 1.94+0.16 1.03 + 0.03
INT,, 147 +£0.07 1.66 + 0.14 236 +0.19 1.06 + 003 129 +0.03 1.65+ 020 272+ 0.17 3.19+0.15 172+ 0.18 1.06 + 0.04
INT,cen, 135 +0.03 3244030 345+015 257 +073 126+ 002 098+ 003 321+038 340+ 026 198+0.19 1.03+ 0.03
PETase— PET4
Deacylation
State di(A) d2(A) d3(Ad) d4(A) d5(A) d6(A) d7(A) ds(A) d9(A) dio(A) di1(4d) cl c2 c3
INT, .., 136+ 484+ 509+ 615+ 125+ 113+ 667+ 28+ 18+ 106+ 325+ 177+ 062+ 051+
0.03 0.51 0.54 0.52 0.02 027 0.43 0.18 0.29 0.10 0.35 0.39 0.38 021
P 356+ 377+ 398+ 504+ 125+ 099+ S04+ 329+ 205+ 102+ 134+ 090+ 055+ 134+
0.38 0.24 0.80 0.67 0.02 0.03 0.75 0.38 0.20 0.03 0.03 0.02 0.28 0.24
PETase— PEF4
Deacylation
State di(A) d2(A) d3(A) d4A) d5(A) d6(A) d7(A) ds(A) d9(A) dio(A) di1(A) cl 2 c3
INT, ., 135+ 5.69 605+ 478+ 125+ 099+ 454+ 302+ 202+ 102+ 284+ 180% 042+ 033+
0.03 0.77 0.85 0.91 0.02 0.03 0.81 0.03 0.20 0.03 0.05 0.02 0.11 0.13
P 276 £ 419+ 544+ 492+ 124+ 098+ 436+ 331+ 201+ 102+ 136x 096+ 047+ 112+
0.01 0.04 0.09 1.16 0.02 0.03 0.64 021 0.17 0.03 0.03 0.04 0.10 0.07

“The average value and the associated error of each descriptor are calculated as mean and standard deviation of the equilibrium distributions. These
are provided by unbiased QM/MM MD simulations of the representative structures correlating with the FE minima and corresponding with the
stable (reactants — R, acyl-enzyme intermediate — INTac-enz, products — P) and metastable (tetrahedral intermediate — INTtetr) states

are reported in Tables 1 and S2, and they are used to support
the discussion of the two reaction stages (acylation and
deacylation) in the following sections. The definition of each
descriptor can be found in Table S1 and illustrated in Figure
S1, whereas the relevant atoms are highlighted in Figure 2.
Acylation Stage of PET4 and PEF4 Catalysis. The FE
curves obtained for the acylation of PET4 (Figure 3A) and
PEF4 (Figure 3C) indicate substantial differences in the
underlying mechanisms. The acylation of the PETase-PET4
system occurs through a single, concerted step, in which a FE
barrier peaking at & 21 kcal/mol is found at a CV value of ~
—1.7 (Figure 3A). In the reactant state (R), localized at a CV
value of & —0.5, the catalytic S160 and the substrate PET4 do
not form covalent bonds (Table 1, d1 = 2.80 & 0.30 A, blue
region in Figure 3B). When the process starts, the Oy atom of
S160 progressively approaches the ester Cg atom of PET4 (d1
=153 + 0.07 A, green region in Figure 3B). Concurrently, the
Oy-Hy bond of S160 elongates (d3), and the proton is
progressively abstracted by the H237 side chain (d4). The O;”
atom of PET4 points toward the M161 and Y87 backbones, at
distances (Table S2, d12, d13) and angles with the amide N—
H groups (Table S2, al, a2) compatible with the formation of
stabilizing hydrogen bonds (HBs), although O;” remains
farther from M161 (d12) compared to Y87 (d13). At the peak
of the FE barrier, a tetrahedral transition state (TS,;) structure
is formed. S160 is fully deprotonated, with the Hy atom being
transiently captured by H237. At this stage, the carbonyl Og”
atom of PET4 has moved closer to the M161 and Y87
backbones, which form the oxyanion hole stabilizing the
negatively charged TS. Moving along negative values of the

10709

reaction coordinate, the TS evolves toward the product, that is
the acyl-enzyme intermediate (INT,..,,). In this state, the
covalent bond between the Oy atom of S160 and the C; atom
of PET4 is formed (d1 = 1.38 + 0.04 A), whereas the ether
C;—Oy bond of PET4 is broken (d2 = 3.50 + 0.15 A, red
region in Figure 3B). At the same time, the Hy of S160 has
been transferred to the Os” atom of PET4 (d6 = 0.97 + 0.03
A), yielding the first product of the catalytic cycle, composed
of two PET monomers (PET2’), accompanied by a reaction
energy of ~ 4.8

kcal/mol.

The FE profile obtained for the acylation of the PETase-
PEF4 system (Figure 3C) shows substantial differences from
that of PET4. In this case, the process is characterized by two
energy barriers of & 10 kcal/mol and & 2 kcal/mol at values of
—0.7 and = =—2.2, respectively, along the reaction
coordinate, in the midst of which a metastable intermediate
is observed (green region in Figure 3D). Similarly to PET4
acylation, the reaction starts with the progressive approach of
the Oy atom of S160 to the C; atom of PEF4 and the
stretching of the O—H bond: d1 decreases (blue region in
Figure 3D) and d3 increases. At variance with the PET4
acylation, when the first TS (TS,,) is formed, the serine residue
is not fully deprotonated, but the Hy atom is shared between
the Oy atom of S160 and the Né atom of H237. Beyond the
first FE barrier, at CV values of & —1.7, the system reaches a
metastable configuration that correlates with a tetrahedral
configuration (INT,,,) in which S160 has transferred the Hy
atom to H237. H237 remains stably protonated (d4 = 1.06 +
0.03 A), producing a zwitterionic system with a neat charge

~
~
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Figure 3. Free energy profiles of acylation calculated from WTMD simulations at DFTB3 level of theory. FE curve for PET4 (A) and PEF4 (C)
acylation calculated along the collective variable (CV) optimized via HLDA. The error associated with each FE curve is estimated from the block
error analysis. The sign of the CV was inverted to aid readability of the reaction progress: the reactants (R) on the left and the products (INT,__.,,)
on the right. Representative snapshots of each stationary point extracted from the trajectory are shown in correspondence of the related positions
along the CV axis. Distribution of the distances corresponding to bonds that is formed (d1) and broken (d2) during the PET4 (B) and PEF4 (D)
acylation. The maps are colored as a function of the HLDA CV value, highlighting the state of the system during the process.

separation: a positively charged H237 and a negatively charged
tetrahedral intermediate. In this state, the O;” atom forms
tighter HBs with the oxyanion hole (Table S2). Interestingly,
in the INT,,, state, the D206 carboxylic side chain is closer to
the HS atom of H237 (d9) compared to the other states in
which the imidazole ring is uncharged (R, INT,.,,). This
suggests that the acidic character of D206 activates H237,
increasing its basicity and facilitating the deprotonation of
S$160. Moreover, when the tetrahedral adduct is formed, the
dihedral angle of the W185 side chain slightly decreases of ~
10°, on average, compared to that found for the other states of
the reaction (Table S2, t1 = 85.97 + 11.04). The subtle kink of
the tryptophane side chain helps the ester group of the
substrate to move closer to the S160 and to correctly position
the carbonyl moiety within the oxyanion hole. At greater values
along the HLDA CV axis, INT\,,, evolves toward the product
overcoming the second FE barrier, that is only ~ 2 kcal/mol
high. At this second FE maximum, the new bond between the
Oy atom of S160 and the Cg atom of PEF4 is established and
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the ether bond between Cg and Oy’ is stretched, but not yet
completely broken. Beyond this second energy hill, INT,_ ., is
formed (red region in Figure 3D), with the complete cleavage
of the C; — Oy bond (d2 = 3.24 + 0.30 A) and the
protonation of the Oy atom (d6 = 0.98 + 0.03 A) by H237
which, in turn, slightly displaced from D206 (d9 = 1.98 + 0.19
A). This process yields the first leaving molecule of the
catalytic cycle (PEF2’), with an associated reaction energy of
2.5 kcal/mol, thus resulting in less endergonic than the
acylation of PET4.

Deacylation Stage of PET4 and PEF4 Catalysis. The
deacylation of the acyl-enzyme intermediates produced during
the first step of the catalytic cycle occurs following the entry of
a water molecule within the active site. This process is
triggered by the nucleophilic attack of the water molecule on
the S160-substrate adduct, yielding the final product of the
catalysis and restoring the enzyme to its initial state. The
deacylation of the S160-PET2” intermediate (Figure 4A,
INT,..,,) starts with the PET2” fragment stably bound to the
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Figure 4. Free energy profiles of deacylation calculated from WTMD simulations at DFTB3 level of theory. FE curve for PET4 (A) and PEF4 (C)
deacylation calculated along the collective variable (CV) optimized via HLDA. The error associated with each FE curve is estimated from the block
error analysis. Representative snapshots of each stationary point extracted from the trajectory are shown in correspondence of the related positions
along the CV axis. Distribution of the distances corresponding to bonds that are formed (d1) and broken (d11) during the PET4 (B) and PEF4
(D) deacylation. The maps are colored as a function of the HLDA CV value, highlighting the state of the system during the process.

serine side chain (Table 1, d1 = 1.36 + 0.03 A, blue region in
Figure 4B). The first product of the catalysis obtained during
acylation (PET?2’) has slightly shifted away from the active site
(d2 = 4.84 + 0.51 A), leaving room for the water molecule to
move closer to the catalytic site (d11 = 3.25 + 0.35 A). At this
stage, the two H atoms of water are mainly coordinated by the
water O atom (c1 = 1.77 % 0.39), with only transient contacts
with H237 (c2 = 0.62 + 0.38) and S160 (c3 = 0.51 + 0.21). As
the reaction progresses, the water O atom moves closer to Cg
atom of the S160-PET2” system, with the concurrent
elongation of the Oy — C; bond. At the peak of the FE
barrier, reached at a value of &~ 12 kcal/mol, a tetrahedral
transition state (TS,) is formed (green region in Figure 4B).
Near the TS, state, the water O atom coordinates only one H
atom, with the second proton shared between H237 and S160.
During the transition from INT,.,, to TS,, the carbonyl O;”
atom remains coordinated with the M161 and Y87 backbone
amide groups. Beyond the FE barrier, the system evolves
toward the second product of the catalysis (PET2”). Once the
second energy minimum is reached (P), the Oy — C; bond is
broken (d1I = 3.56 + 0.38 A, red region in Figure 4B) and the
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S160 side chain has restored its initial active state capturing
one H atom of water (c3 = 1.34 = 0.24). On the product side,
the O atom of water has bound the C; atom (d11 = 1.34 +
0.03 A) carrying the second H atom (c1 = 0.90 + 0.02) and
yielding the last leaving molecule of the process (PET2”).
Globally, this stage is mildly exergonic, with a reaction energy
of & — 1.7 kcal/mol. Akin to PET deacylation, the hydrolysis
of the S160-PEF2” adduct occurs in a concerted manner
(Figure 4C), visiting one single TS (TS,) peaking at & 5 kcal/
mol. On the reactants side (R), the Oy — C; bond of INT,__,,,
is stable (Table 1, d1 = 1.35 + 0.03 A, blue region in Figure
4C), with the water O atom in proximity to the target C atom
(d11 = 2.84 + 0.05 A) but still binding both H atoms (cl =
1.80 + 0.02). Moving uphill toward the TS, the Oy — C; bond
starts stretching whereas the water O atom approaches the Cg
atom of PEF2”. Near the top of the FE barrier, TS, exhibits a
tetrahedral geometry, with the Os” atom aligned with the N—
H group of M161 and Y87 (green region in Figure 4B).
Finally, beyond the FE hills, the product (P) is formed. At the
second FE basin, the Oy — C, bond is cleaved (Table 1, d1 =
2.76 + 0.01 A, red region in Figure 4B) and S160 side chain
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abstracted one H atom from water (c3 = 1.12 + 0.07). This, in
turn, becomes bound to C; (d11 = 1.36 + 0.03 A), yielding the
second product of the catalysis (PEF2”) with a reaction energy
of & — 3.8 kcal/mol, making it approximately twice as
exergonic as the S160-PET2” deacylation.

The Committor Analysis Confirms the Identities of
the Transition States. To assess whether reaction coordinate
obtained via HLDA correctly identified the TS visited during
each reaction step, we performed a committor analysis. The
committor probability is the fraction of trajectories initiated
from a given point of the FE surface with Boltzmann
distributed velocities that commit to the product basin.***’
Therefore, by definition, the committor probability takes the
value of 1 for the products, 0 for the reactants and 0.5 for the
TS.** In order to validate the correct assignment to the TS by
the HLDA variable, we selected one representative structure
for each FE peak of each reaction stage shown in Figures 3 and
4. From each of these structures, we generated a TS ensemble
of configurations with the procedure described in the
Computational Methods, which served as a starting point for
the committor analysis. Each structure was left evolving toward
one metastable basin of the FE landscape via unbiased MD
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simulations, and the distributions of the final end points
(reactant or products) were characterized via their position
along the HLDA CV axis, as shown in Figure S6. From this
analysis, it can be observed that the probability that the system,
starting from the putative TS ensemble, evolved toward either
the reactant (orange distributions) or the product (blue
distributions) of each reaction step is & 0.5, confirming the
correct identification of the saddle points onto the FE curves.
Furthermore, it is worth noting that the product-side
distribution obtained starting from TS, (Figure S6B) and
the reactant-side distribution obtained starting from TS,
(Figure S6C) of PEF4 acylation peak at values between 1.5
— 1.6 along the HLDA CV axis. This range corresponds to the
metastable basin identifying the INT,,, state, further validating
the multistep nature of the PEF4 acylation predicted by our
WTMD simulations (Figure 3C).

High-Level of Theory Mechanism Validation via
MetaFEP. After achieving convergence in the DFTB3
WTMD simulations, configurations were sampled from each
trajectory following the protocol outlined in the Computa-
tional Methods. For each structure, the single-point energies
were calculated at the PBE, B3LYP and RI-MP2 levels and
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sampled for each substrate.

used to reconstruct the corresponding FE curves by applying
MetaFEP.* The resulting profiles are reported in Figure 5 with
the reference DFTB3 FE profiles represented as dashed (blue
or green) lines, and the PBE, B3LYP and RI-MP2 FE curves
depicted as orange, red and magenta solid lines, respectively.
The energy barriers associated with PET4 acylation (Figure
SA) obtained at DFTB3 and PBE levels exhibit remarkable
agreement, with maxima positioned at ~ 1.7 along the HLDA
reaction coordinate and reaching heights of &~ 21 and =~ 22
keal/mol, respectively. Higher free energy (FE) barrier values

are observed for the RI-MP2 and B3LYP calculations, which
show nearly overlapping profiles with maxima of approximately
24 kcal/mol located around 1.3 along the CV axis.
Furthermore, on the product side, the FE profiles obtained
with these higher-level methods exhibit a more gradual decline
compared to those from DFTB3 and PBE. As a result, the
basin corresponding to the INT,_,, state is reached only at &
3.5 along the HLDA reaction coordinate axis for RI-MP2 and
B3LYP calculations, contrary to the DFTB3 and PBE curves,
which become flat at a CV value = 3.0. The INT,__,,, is formed
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at a relative FE of = 4.8 kcal/mol according to DFTB3
calculation, while a plateau at & 2 kcal/mol is observed in the
PBE curve. Instead, the local minima obtained at RI-MP2 and
B3LYP levels are positioned between those observed in the
other two curves, with minimal values at & 3 kcal/mol. Similar
trends are observed for PEF4 acylation (Figure SB), for which
a first, sharp FE maximum = 10 kcal/mol high is found at a CV
value =~ 0.7 for the DFTB3 and PBE curves, while the barrier
observed at the RI-MP2 and B3LYP levels are broader and ~ 1
kcal/mol higher. The second FE barrier & 2 kcal/mol high is
found at ~ 2.2 A along the DFTB3 curve, that is slightly shifted
at lower values in the PBE (CV ~ 2.0) and RI-MP2 and
B3LYP (CV = 1.8) profiles. All calculations, therefore, support
the presence of a metastable intermediate, positioned at
approximately the same coordinate along the HLDA CV axis
(~ 1.6—1.7) across all four FE curves. However, while the local
minima in which the INT,,, state is found is broad and shallow
for the DFTB3 and PBE calculation, a more localized and
narrower basin is observed for RI-MP2 and B3LYP ones. This
difference indicates a more rigid and well-defined structure for
the metastable state predicted by the two higher levels of
theory compared to the broader conformational space sampled
with DFTB3 and PBE. Other significant differences are
observed in the region corresponding to the formation of the
INT,.,, state, with the PBE, RI-MP2 and B3LYP calculations
exhibiting reaction energies of & 1.0—1.5 kcal/mol, against the
~ 2.5 kcal/mol estimated by DFTB3, suggesting that the
process is slightly less endergonic than how predicted from
WTMD simulations.

Considering the deacylation stages, the results obtained for
PET4 (Figure SC) indicate a remarkable consistency in shape,
height and position of the FE maxima across each method
applied to perform the analysis, with a barrier peaking at ~
10—11 kcal/mol at a reaction coordinate of 0.2. However,
notable differences are found in the reaction energy of the
process. DFTB3 calculations yield minimal value of & — 1.7
kcal/mol, which is only & 0.5 kcal/mol lower than that
predicted at the PBE level. In contrast, the reaction energies
obtained from RI-MP2 and B3LYP calculations are signifi-
cantly lower, & — 5.0 kcal/mol, indicating that the process is
substantially more exergonic.

Finally, the FE curves calculated for the PEF4 deacylation
(Figure SD) show some discrepancies among the four
methods. Each level of theory supports the single-step nature
of the process, positioning a & 5 kcal/mol high FE barrier at &
0.24 along the reaction coordinate, but the RI-MP2 and
B3LYP energy walls show two shoulders, symmetrically
positioned at CV values &~ 0.17 and 0.30 relative to the
central peak. Although the two regions around ~ 0.16—0.20
and & 0.26—0.30 along the CV axis are not associated with the
formation of distinct intermediate states—since no saddle
points are observed—they still suggest a high degree of
conformational flexibility and the absence of substantial
energetic barriers, as they take place over a relatively flat FE
surface.

Regarding the reaction energy of the process, the DFTB3
calculations predict a value of & — 4.0 kcal/mol, matched by
the PBE results. In contrast, deeper minima are found at the
RI-MP2 and B3LYP levels of theory, reaching values of & — 6
kcal/mol and indicating, similarly to PET4 deacylation, a more
exergonic nature of the process.

Overall, despite expected quantitative variations in reaction
energies and barriers across different levels of theory, the

mechanistic hypothesis remains consistently validated. This
reinforces the reliability of our considerations and provides
deeper insight into the intricacies of this complex catalytic
process.

Estimation of PET4 and PEF4 Nucleophilicity and
Electrophilicity from Conceptual DFT. The FE profiles
obtained from DFTB3 WTMD simulations and at higher
theory levels via MetaFEP indicate that the nucleophilic attack
by the S160 hydroxyl group occurs more easily on PEF4
compared to PET4. To provide an explanation to this evidence
from an atomistic perspective, we based on the principles of
conceptual DFT.””’ A first estimation of the overall chemical
behaviors of the two substrates is given by the calculation of
the global descriptors (y, #, w) defined from the frontier
molecular orbital energies (€gomor €Lumo) 2nd reported in
Table S3. This analysis predicts an electronegativity (y) for
PEF4 =~ 1 eV higher than that of PET4, thereby suggesting
higher attractivity toward electrons. On the other hand, a
higher chemical hardness (#7) is found for PET4, indicative of
lower polarizability and susceptibility to remodeling of its
electron density. These two descriptors were used to estimate
the global electrophilicity index (@), which results ~ 40%
lower for PET4 (133.522 V) compared to that found for
PEF4 (217.073 eV).

In addition, to provide a finer insight into the relative
reactivities of the two substrates, we calculated the local
reactivity indices for each atom forming the eight ester groups
of the two oligomers (k = C, O’ and O”, Table S4 for PET4,
Table S5 for PEF4). In particular, the local electrophilicity w;"
and nucleophilicity N reflect the tendency of each atom at
accepting (") or donating (N}) electron density, and they
depend on a global descriptor (@) and the condensed Fukui
functions (f), as detailed in the Computational Methods
section. The atomic populations for the nucleophilic (f*) and
electrophilic (f~) Fukui functions were calculated at the
B3LYP/def2-TZVP level using four different atomic popula-
tion schemes: Mulliken, ChelpG, Hirshfeld, and the minimal
basis iterative stockholder (MBIS). In Figure 6, we present the
results obtained for Cs, O, and O;” atoms for PET4 (panel
A) and PEF4 (panel B), as these atoms form the ester group
hydrolyzed during the WTMD simulations. To illustrate the
variation between the two substrates, we used uniformly
continuous lines for w;" and dashed lines for N} (Figure 6C-

E). The results indicate that the @, indices of each atom are
between 2 to 3 eV higher than those found for PEF4 for each
population scheme used to perform the analysis, suggesting
that the ester group is significantly more electrophilic in PEF4
than PET4.

Looking at the intramolecular local reactivity of the three
atoms of each substrate, the ;" index of O5” seems the highest
among in PET4, with values comprised between =~ 3 — 4 €V,
against those of & 1.5 — 2.5 eV obtained for C;. This
difference is attenuated in PEF4, for which the electrophilicity
index of Cj is in the range between & 3.2 — 5.5 eV, while that
of O5” is & 4.5 — 5.2 €V. Finally, the nucleophilicity of the Oy’
is the lowest in both substrates, although it increases by =~ 4
times in PEF4 compared to PET4, consistent with the trend
observed for the entire group. However, it is worth noting that
the increase of w;” from PET4 to PEF4 observed for Cs (= 3

https://doi.org/10.1021/acscatal.5c01263
ACS Catal. 2025, 15, 10702—10721


https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c01263/suppl_file/cs5c01263_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c01263/suppl_file/cs5c01263_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c01263/suppl_file/cs5c01263_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c01263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

eV on average) is significantly larger than that found for O;”
(~ 2 eV on average) and Os’ (& 1.5 eV on average).

Opposite drift is found for the nucleophilicity indices N, of
each atom considered for the analysis, which decreases, albeit
to varying degrees, from PET4 to PEF4 across all population
analysis models. However, the negative values yielded by the
Hirshfeld and MBIS schemes for Cs (Figure 6C) are indicative
of a negligible nucleophilic character for this atom, whereas the
Ny, values obtained for Os” do not vary significantly between
the two substrates (Figure 6E). Conversely, the N; of Oy,
comprised between &~ 0.5—2.5 eV in PET4, is subjected to an
evident decrease in PEF4, reaching values between = 0.5—0.8
eV across all calculations (Figure 6D).

The values of f*, f~, . and w, for each C, O’ and O”
atom of PET4 and PEF4 are reported in Table S4 and Table
SS, respectively, and the pattern discussed in this paragraph is
globally consistent in each ester moiety of the substrates. To
assess the impact of the enzymatic environment on substrate
reactivity, we extended the local philicity analysis to an ester
group located away from the catalytic site. Specifically, we
examined atoms C,, O,’, and O,” in PET4 and PEF4, shown in
Figures S7A and S7B, respectively. This group was selected
because (i) it is situated far from the PETase active site, (ii) it
retains the same chemical connectivity as the catalytically
relevant ester group (Cs, Os’, Os”), and (iii) it is primarily
exposed to the solvent bulk. The analysis of the local
reactivities performed for the C,, O," and O,” group shows
the same trend as that observed within the catalytic cleft (Cj,
0, Oy”), with the electrophilicity (w;") increasing and the
nucleophilicity (N;) decreasing when moving from PET4 to
PEF4 (Figure S7C). Interestingly, this variation is particularly
pronounced for the O,” atom, whose a)k+ increases by = S eV,
on average, in contrast to the & 2 eV observed for O;” (Figure
6E). Since O;” is embedded within the oxyanion hole of the
PETase binding site, we hypothesize that the HBs formed with
the Y87 and M161 backbones might reduce its electrophilic
character compared to O,”. Indeed, in PEF4, a)k+ is comprised
between 4.5 and 5.2 eV inside the binding site (O5”), while it
is comprised between 6.8 and 9.0 eV in the solution bulk
(0,”). As a result, the ratio of the relative reactivity indexes
between the C atom and the O atom of the carbonyl moiety
(wk+ Cs/ce),:r O;”) is ~ 0.84 inside the binding pocket, while
(0 C,/w;0,”) ~ 0.68 in solution, highlighting a shift in the
local electronic distribution that favors nucleophilic attack on
the carbon atom within the enzymatic environment. This
variation is less significant in PET4, for which the relative ;"
ratios are & 0.52 inside the binding site and ~ 0.49 in solution.

B DISCUSSION

The results obtained from the QM/MM simulations of the
reaction mechanism of PET4 and PEF4 hydrolysis by PETase
elucidate distinctive hallmarks that closely align with the
experimental evidence,'”'* offering a finer mechanistic under-
standing with molecular detail. A first calculation of the FE
profiles was performed at the DFTB3 level via WTMD
simulations along the reaction coordinate obtained via HLDA.
Our results showed that the acylation stage of PET4 proceeds
through one single concerted step, crossing a FE barrier & 21.0
kcal/mol high, and forming an acyl-enzyme intermediate with
a reaction energy of = 4.8 kcal/mol. The PET4 deacylation
proceeds in a concerted manner as well, with activation and

reaction energies of & 12 kcal/mol and —1.7 kcal/mol,
respectively, thus suggesting that the acylation is the rate-
limiting step of the mechanism. These results agree both
qualitatively and quantitatively with the umbrella sampling
simulations performed at the PBE and DFTB3 level by Jerves
et al.?® and Garcia-Meseguer et al.,* respectively. However, in
the work of Burgin et al,*® the FE barrier associated with the
deacylation results &~ 2 kcal/mol higher than that of the
acylation, leading the authors to identify the acyl-enzyme
breakdown as rate-limiting step of the process. A similar
conclusion was reached by Dos Santos et al.,*' who obtained a
barrier of & 20 kcal/mol for deacylation after a posteriori
correction of semiempirical AM1 calculation at the M06—2X
level.

The kinetic measurements performed for PET hydrolysis at
30 °C by PETase reported reaction rate constants k; = 0.8 +
0.0 s™" and 1.5 + 0.5 s! for amorphous films and crystalline
powders, respectively.”' Leveraging the Eyring equation
derived from the transition state theory (TST),”” these values
roughly correspond to activation energies of 18 kcal/mol.
While the slight discrepancies might be due to the inherent
structural differences in the substrates used in the experimental
setting (multichain PET samples) and computational studies
(single, short PET chain), this value is globally consistent with
the FE barriers obtained in this and some previous™**~**
works. Moreover, our data, support the hypothesis that the
acylation is the slowest stage of the reaction mechanism.****

In light of the agreement between the results obtained for
PET4 with those previously reported with similar levels of
theory,”™*” our approach was extended to the investigation of
the reaction mechanism of PEF4 hydrolysis, for which detailed
computational investigations are currently lacking in the
literature. The FE curves obtained along the HLDA
coordinates for the PEF4 hydrolysis are characterized by
barriers of & 10 kcal/mol and = 5 kcal/mol for the acylation
and deacylation steps, respectively. Therefore, akin to PET4
hydrolysis, the acylation remains the rate-limiting step of the
process. On the other hand, at variance of the PET4 acylation,
the formation of the PEF4 acyl-enzyme intermediate occurs
through two steps: beyond the first FE barrier, a metastable
tetrahedral intermediate is formed, which evolves toward the
products after a second energy wall =~ 2 kcal/mol high is
overcome.

This shape was confirmed by the PBE-level FE profiles
calculated via MetaFEP and represents a crucial difference
from PET4, indicating not only that the nucleophilic attack of
S160 to the PEF4 ester group occurs faster than PET4, but also
that a metastable tetrahedral intermediate is formed.
Interestingly, upon formation of the negatively charged
tetrahedral intermediate, the dihedral angle (t1) that defines
the W18S5 side chain conformation decreases by approximately
10° compared to the average values observed in other reaction
states. Although this shift is moderate, the subtle kink in the
indole ring of W185 reflects the transition between two distinct
states—referred to as conformation “B” (t1 < 90°) and
conformation “C” (t1 > 90°)*’—characterized previously both
experimentally from the crystal structure PDB ID: 5XGO0'"”
and computationally from MD simulations.,””**”* Through
this dynamic rearrangement, known as W185 wobbling,'””” the
tryptophan side chain in conformation “B” engages in T-
stacking interactions with the aromatic rings of the substrate,
facilitating the proper positioning of the ester group within the
binding pocket. Then, the bending of the W185 side chain
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toward the substrate and the transition to the “C”
conformation promote the approach of the ester carbon
atom toward the S160 side chain and enables the carbonyl
group to be accurately accommodated within the oxyanion
hole.

By applying MetaFEP, we pushed further the accuracy of the
Hamiltonian employed to calculate the energetics accompany-
ing the reaction using a wave function-based post-HF method
(RI-MP2) and the popular DFT hybrid functional used for the
description of organic molecules (B3LYP). Remarkably, these
calculations produced almost identical FE curves, characterized
by barriers of height compatible with those observed at the
DFTB3 and PBE levels. Nevertheless, contrary to DFTB3
results, the sharp and localized FE minima obtained from high-
levels calculations (RI-MP2, B3LYP) suggest well-defined and
rigid structures for the tetrahedral intermediate states obtained
during PET4 and PEF4 acylation. Moreover, more negative
energy differences were found for the products of both
acylation and deacylation steps. This finding has relevant
implications on the thermodynamics of the entire catalytic
process. Indeed, according to DFTB3 calculations, the PET4
hydrolysis by PETase results slightly endergonic (+ 4.8 kcal/
mol for acylation, — 1.8 kcal/mol deacylation). In contrast, the
overall thermodynamic cycle for PEF4 hydrolysis is exergonic
(+ 2.5 keal/mol for acylation, — 3.8 kcal/mol for deacylation).
Similar outcomes are provided by the PBE-level MetaFEP
correction. On the other hand, the RI-MP2 and B3LYP
calculations predict a reaction energy for PET4 acylation and
deacylation of ~ + 3 kcal/mol and ~ — 5.5 kcal/mol,
respectively, reversing the overall thermodynamic balance of
the process compared to DFTB3. Concerning PEF4, the high-
level calculations provided reaction energies of & + 1 kcal/mol
and & — 6 kcal/mol for acylation and deacylation, respectively,
thus resulting significantly more exergonic than how predicted
with DFTB3 (and PBE).

In spite of the aforementioned differences, the high-accuracy
calculations corroborated the mechanistic peculiarities of the
PEF4 depolymerization obtained at the DFTB3 level, showing
that the acylation proceeds with the formation of a metastable
intermediate and this remains the rate-limiting step of the
process. Moreover, the FE barriers and the reaction energy of
the entire process obtained for PEF4 are lower than those
obtained for PET4 for each level of theory considered,
indicating that the PEF depolymerization is both kinetically
and thermodynamically favored.

A possible explanation to this latter evidence is provided by
the principles of conceptual DFT to compute key descriptors
of the global and local reactivities of the two substrates.*””*
The global indices describing the electronegativity (r), the
chemical hardness (17) and the electrophilicity (w), suggested
that PEF4 is more likely to accept additional electronic charge
from the enzymatic environment. A deeper insight into in the
local reactivities of the two substrates was given by the local
electrophilicity (w;") and the local nucleophilicity (N}) defined
from the condensed Fukui functions.”*”’ These descriptors are
sensitive to the method used to compute the atomic charges
because of the inherent arbitrariness in density partitioning
when defining an atom in a molecule.**~%* Moreover, a further
factor that affects the estimation of the Fukui functions is the
extension of the basis set. Indeed, the assessment of the local
reactivities of the carbonyl group in different molecules
conducted in the framework of the B3LYP theory showed

some discrepancies among various atomic charge schemes
dependent on the chosen basis set, with ChelpG being the
only, notable exception.** For these reasons, to mitigate the
impact of any single method’s limitations and provide a more
robust understanding of reactivity patterns, it is advisible to
select different partitioning schemes to conduct this analysis.*’

From this standpoint, we compared the local reactivity
indexes condensed over the atoms by means of the Fukui
functions obtained via the Mulliken, ChelpG, Hirshfeld and
MBIS methods, obtaining highly correlated patterns, descrip-
tive of the different reactivity of the ester moieties in the two
plastic chains. The increase of the @ function observed in
PEF4 compared to PET4 indicate that ester group is more
susceptible to the nucleophilic attack when located next to the
furan ring rather than benzene. This variation is particularly
evident for Cs, which is the atom of the ester group whose
electrophilicity increases more in PEF4 compared to PET4.
This evidence is due to its inherently lower electronegativity
compared to the two other O atoms and the proximity to the
electron-withdrawing furan group. Together, these factors
enhance the susceptibility of Cs in PEF4 to nucleophilic attack
by the S160 catalytic residue of PETase. Conversely, the
decrease of the N;, function found for PEF4 suggests that this
system is less reactive toward electrophilic reagents. This
evidence explains the enhanced stability of the tetrahedral
adduct formed upon S160 binding and its existence as a
metastable intermediate. Indeed, we hypothesize that, in this
state, the negative charge is more effectively delocalized in
PEF4 compared to PET4. Furthermore, the ether O atom
(Oy") in PEF4 is less prone to abstract the proton from the
H237 histidine ring, which is the step that triggers the
expulsion of the leaving group of the acylation and the
formation of the acyl-enzyme intermediate. This characteristic
is likely due to the electron-withdrawing effect of the O atom
of furan, that forms a dipole across the five-membered ring and
depletes the ester moieties of part of the electron density.””

In addition to the efficient catalysis, in our previous work®’
we showed that PEF4 tends to dissociate quickly from the
PETase binding pocket compared to its counterpart. The
combination of the fast hydrolysis of PEF chains with the low
residence time of the products of depolymerization points to a
high turnover rate for the catalytic cycle, offering a valuable
mechanistic description of the enhanced performance observed
for PETase against PEF compared to its native substrate.
Indeed, experimental findings obtained for macroscopic PEF
and PET coupons depolymerization by PETase'® showed that,
after 96 h of incubation of the two polymers with the enzyme,
the surface morphology of PEF resulted substantially more
modified than that of PET. This observation was corroborated
by differential scanning calorimetry (DSC) analysis, that
showed a reduction in terms of relative crystallinity of 15.7%
for PEF compared with the relative reduction of 10.1% for
PET."

Furthermore, recent analysis of Nano-PEF degradation by
PETase showed that the WT enzyme is even more efficient
than some popular variants engineered so far,”**> which, in
contrast, demonstrated highest catalytic activity toward PET."*
This finding can be ascribed to the stiffer active site that
characterizes these mutants. While a rigid binding pocket
enhances the thermostability of the enzyme, it also
compromises the accommodation of the PEF chains, which
are less flexible than those of PET because of the polarity of
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the furan ring and the nonlinear axis along which the aromatic
ring is connected to the EG.”

On the other hand, other variants derived from PETase
(FastPETase,”” TurboPETase’® and the homologous LCC
(LCCICCE)**% outperformed the WT enzyme in PET
degradation and also demonstrated remarkable activity toward
PEE."*"” In line with the previous hypothesis, it is supposed
that these enzymes retain a certain degree of the flexibility of
the binding grooves,z‘s’98 thus enabling remodeling of the
catalytic domain to favor the accommodation of a broader
range of substrates. Therefore, future engineering of these
biocatalysts may be directed not only toward enhancing their
performance in PET depolymerization, but also expanding
their versatility toward other plastic materials.

B CONCLUSIONS

In this study, we introduce a robust computational protocol to
investigate the reaction mechanism underlying the enzymatic
degradation of PET and PEF by PETase, providing a
molecular-level explanation for the experimentally observed
enhanced activity toward PEF.

The reaction mechanism is explored along agnostically
designed reaction coordinates derived via harmonic linear
discriminant analysis (HLDA), which requires no prior
assumptions about the mechanism beyond the end point
states, allowing the inclusion of any relevant chemical modes.
QM/MM well-tempered metadynamics (WTMD) simulations
are performed at the DFTB3 level, enabling extensive
configurational space sampling and the calculation of FE
profiles associated with both the acylation and deacylation
steps, based on statistically significant distributions.

The energy barriers calculated for PET4 hydrolysis
demonstrate remarkable agreement with previously published
values,”®** underscoring the reliability of our protocol and its
applicability to PEF4. Our results reveal distinct mechanisms
between PEF4 and PET4 acylation. Unlike PET4, PEF4
acylation follows a two-step process, with the first FE barrier
being approximately 10 kcal/mol lower than that observed for
PET4. Conversely, the deacylation of both PET4 and PEF4 is
concerted, with PET4 exhibiting an energy barrier roughly
twice as high as that of PEF4. This mechanistic description is
supported by FE profiles calculated at higher levels of theory
(PBE, B3LYP, RI-MP2) using MetaFEP, reinforcing the
quantitative significance of our findings.

Finally, an atomistic description of the higher reactivity of
PEF is provided by conceptual DFT: both global and local
electrophilicity indexes suggested that PEF chains are more
susceptible to nucleophilic attacks and less prone to donate
electron density.

Overall, by posing a kind of “molecular microscope” on the
enzymatic depolymerization of two materials, in this work, we
capture the atomistic details that differentiate their reaction
mechanisms. Our findings lay the groundwork to improve the
efficiency of biotechnological tools aimed at upcycling these
materials, which will play again pivotal roles in the plastics
industry in the coming decades, offering valuable insights into
the development of more effective strategies in plastic recycling
and sustainability.
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Data Availability Statement
All QM/MM MD simulations were produced with AMBER
(https://ambermd.org). The software is released in two parts:

AmberTools and Amber. AmberTools package is freely
available and released under the GNU General Public License
(GPL). Amber package is granted under license and released
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ORCA 6.0, freely available for academic use only (https://
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namics and machine-learning implementation were performed
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optimization of the HLDA variables from the descriptor
distributions was performed with the python script deposited
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high-level free energy surfaces with MetaFEP is deposited on
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