
HAL Id: hal-04600374
https://uca.hal.science/hal-04600374

Submitted on 4 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Probing Enzymatic PET Degradation: Molecular
Dynamics Analysis of Cutinase Adsorption and Stability
Mehdi Sahihi, Pierre Fayon, Lionel Nauton, Florent Goujon, Julien Devémy,

Alain Dequidt, Patrice Hauret, Patrice Malfreyt

To cite this version:
Mehdi Sahihi, Pierre Fayon, Lionel Nauton, Florent Goujon, Julien Devémy, et al.. Probing Enzymatic
PET Degradation: Molecular Dynamics Analysis of Cutinase Adsorption and Stability. Journal of
Chemical Information and Modeling, 2024, 64 (10), pp.4112-4120. �10.1021/acs.jcim.4c00079�. �hal-
04600374�

https://uca.hal.science/hal-04600374
https://hal.archives-ouvertes.fr


Probing Enzymatic PET Degradation: Molecular
Dynamics Analysis of Cutinase Adsorption and

Stability

Mehdi Sahihi,∗,† Pierre Fayon,‡ Lionel Nauton,† Florent Goujon,† Julien
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Abstract

Understanding the mechanisms influencing
poly(ethylene terephthalate) (PET) biodegra-
dation is crucial for developing innovative
strategies to accelerate the breakdown of this
persistent plastic. In this study, we employed
all-atom molecular dynamics (MD) simulation
to investigate the adsorption process of the
LCC-ICCG cutinase enzyme onto the PET
surface. Our results revealed that hydropho-
bic, π-π, and H-bond interactions, specifically
involving aliphatic, aromatic, and polar un-
charged amino acids, were the primary driving
forces for the adsorption of the cutinase en-
zyme onto PET. Additionally, we observed a
negligible change in the enzyme’s tertiary struc-
ture during the interaction with PET (RMSD
= 1.35 Å), while its secondary structures re-
mained remarkably stable. Quantitative anal-
ysis further demonstrated that there is about
24% decrease in the number of the enzyme-
water hydrogen bonds upon adsorption onto
the PET surface.
The significance of this study lies in unravel-

ing the molecular intricacies of the adsorption
process, providing valuable insights into the ini-

tial steps of enzymatic PET degradation.

1 Introduction

Poly(ethylene terephthalate) (PET), produced
from aromatic terephthalic acid (TPA) and
ethylene glycol (EG), is a widely manufactured
plastic, primarily employed in packaging (e.g.,
plastic bottles) and textile fibers. The global
production of PET was projected to reach 87
million metric tons by the end of 2022.1 After
single-use, PET accumulates in the natural en-
vironment, with over 60% of PET waste ending
up in landfills.2 A significant quantity of mi-
croplastics is dispersed globally, even infiltrat-
ing pristine regions like the Arctic Polar Cir-
cle.3 Furthermore, It is estimated that approx-
imately 90% of all seabirds ingest plastic.4 De-
spite the undeniable versatility of plastics in our
daily lives, these findings underscore the press-
ing need to curb pollution through sustainable
practices.5

One potential solution for mitigating PET
waste involves recycling through mechanical6

and chemical7,8 degradation methods. How-
ever, these approaches come with certain lim-
itations, including the requirement for high
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temperatures, the generation of additional
pollutants,9 and the associated high reagent
costs. Alternatively, biocatalytic degradation
of PET offers an environmentally friendly so-
lution for its recycling. While PET is gen-
erally considered challenging to biodegrade
due to the presence of aromatic terephtha-
late units, various bacterial hydrolase en-
zymes, such as cutinases,1,5,10–14 lipases,15,16

carboxylesterases,17,18 and esterases,17,19 have
been investigated for their ability to break
down PET. However, PET hydrolase enzymes
have shown limited productivity, posing a chal-
lenge for their application in the recycling in-
dustry.20–22 Fortunately, recent advancements
by Tournier et al. 13 have introduced modi-
fied ICCG and WCCG variants of the leaf-
branch compost cutinase (LCC) as highly effi-
cient and stable enzymes for PET biodegrada-
tion. Specifically, the LCC-ICCG protein, de-
rived from LCC with mutations (F244I; D238C;
S283C; Y127G), demonstrates remarkable ca-
pability, depolymerizing over 90% of PET into
terephthalic acid (TPA) and ethylene glycol
(EG) monomers within a mere 10-hour time-
frame. LCC, is cloned from a fosmid library of a
leaf-branch compost metagenome by functional
screening using tributyrin agar plates, is over-
produced in E. coli BL21-CodonPlus (DE3)-
RP as a fusion protein with the pelB leader
sequence and is purified from the extracellular
medium.23 Boneta et al. 24 suggested that the
superior performance of the LCC-ICCG protein
compared to PETase seems to stem from its
ability to operate at elevated temperatures and
its inherent connection with the crystallinity
level of the polymer. Recent advancements in
biocatalysis have opened new possibilities for
efficient recycling of polyethylene terephtha-
late (PET). While this study primarily focuses
on the enzymatic degradation of PET using
LCC-ICCG, it is essential to acknowledge the
broader landscape of promising candidates in
this field. Notably, PHL7, as introduced by
Sonnendecker et al.,25 has emerged as a no-
table catalyst for PET degradation. Addition-
ally, Richter et al. 26 have presented variants of
PHL7 with enhanced catalytic activities. These
variants offer exciting prospects for advancing

the field of biocatalytic PET recycling. How-
ever, our preliminary molecular docking studies
shows the higher affinity of LCC-ICCG variant
compared to more recent introduced variants
of LCC (Table S1) highlighting the importance
of this variant for more detailed investigations.
The bio-depolymerization (bio-degradation)

of PET is indeed a complex process that ne-
cessitates the investigation of different phenom-
ena and the determination of various proper-
ties. These include: i) Thermodynamic charac-
terization of the PET-water interfacial region;
ii) The adsorption process of the enzyme onto
the PET surface; and iii) The binding mode be-
tween PET and the catalytic site of the enzyme.
To address these intricate processes and proper-
ties, molecular simulation emerges as a valuable
method. It allows for an adapted description
of interactions, tailored to the specific process
and properties under investigation. In the case
of the PET-water interface, atomistic simula-
tions have been conducted to predict the work
of adhesion between water and the amorphous
PET surface.27 These simulations provide in-
sights into the strength of interactions between
these two media. Additionally, the free energy
cost associated with extracting a monomer from
PET material in various environments, includ-
ing water, dodecane, ethylene glycol, and vac-
uum have been assessed. Intriguingly, the re-
sults indicate that such extractions were ener-
getically unfavorable across all considered con-
ditions. Also, to tackle the reaction mecha-
nism occurring within the active pocket, re-
searchers often employ a multi-scale hybrid ap-
proach, such as Quantum Mechanics/Molecular
Mechanics (QM/MM).24,28–30

While there have been several published com-
putational studies on the molecular mechanism
of cutinase enzyme degradation of PET,31–33

there remains a notable absence of a com-
prehensive investigation that delves into all
the aforementioned processes involved in this
degradation with molecular and atomic-level
details. For example, the adsorption procedure
of the enzyme onto the PET surface and start-
ing point of the enzymatic reaction have not
been investigated, yet. Exploring the adsorp-
tion process of a protein34,35 onto the surface of
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a polymeric material presents a formidable chal-
lenge for molecular methods. This is primarily
attributed to the large system size, the hetero-
geneous nature of the adsorption surface, the
structural flexibility of the adsorbate, and the
consequently lengthy simulation time required
for system relaxation. Nevertheless, recent ad-
vancements have made it possible to investigate
the properties of an adsorbed enzyme on a sur-
face over extended periods, spanning tens of
nanoseconds.14,36–39

The present study aims to address the bio-
depolymerization of PET in a holistic manner,
filling the existing gap in understanding of dif-
ferent phenomena and the determination of var-
ious properties of PET bio-degradation. Build-
ing upon a comprehensive investigation of the
PET-water interface27 to assess the strength of
interactions between water and PET, as well
as the energy costs associated with extracting
PET monomers in various solvents, this work
focuses on probing the adsorption of the LCC-
ICCG enzyme onto the PET surface. The ad-
sorption process is elucidated by calculating the
interaction energy and examining changes in
the enzyme’s structural and hydration proper-
ties compared to bulk water conditions. Our
MD simulation serves as a robust tool for prob-
ing the molecular events at the interface be-
tween cutinase enzyme and PET. This com-
prehensive approach enhances our understand-
ing of the enzymatic degradation of PET, con-
tributing to the development of eco-friendly
strategies for plastic waste management and
represents a pivotal stride toward a more envi-
ronmentally conscious and sustainable future.

2 Computational proce-

dure

The simulated system comprises a cutinase en-
zyme suspended in a water droplet, initially po-
sitioned in proximity to a PET surface. The
cutinase enzyme, composed of 258 amino acid
residues, was sourced from the RCSB protein
data bank (PDB ID: 6THT; see Figure 1). This
structure, obtained through X-ray diffraction
methods, was originally reported by Tournier

et al.13 with a resolution of 1.14 Å and an R-
value of 0.137. The enzyme’s structure encom-
passes 3,848 atoms and carries a total charge
of +6 e at pH = 7. Prior to employing the
coordinates from the crystallographic structure
in the MD simulation procedure, the deter-
mination of missing side chains and the pro-
tonation state of histidine residues was car-
ried out using the WHATIF web interface.40

To prepare the simulation system, we utilized
the ”gmx editconf” and ”gmx solvate” modules
from GROMACS41–44 for solvating the enzyme
structure within a cubic box. Subsequently, all
solvent molecules beyond a 10 Å solvation shell
were removed using Visual Molecular Dynamics
(VMD). By simulating the enzyme in a water
droplet, we can capture essential aspects of the
enzyme adsorption process while maintaining
computational efficiency. The system was neu-
tralized by introducing Sodium and Chloride
ions at a concentration of 150 mM. This pro-
cess added an additional 3129 water molecules
to solvate the cutinase enzyme. All molecu-
lar dynamics (MD) simulations were conducted
using the GROMACS 2021.6 simulation pack-
age.41–44 The CHARMM36 force field, previ-
ously validated for studying protein-polymer in-
teractions,38 was employed for all simulations.
Additionally, we used the TIP3P water model,
as included in CHARMM36, for our simula-
tions. The enzyme-in-water system underwent
energy minimization and equilibration in an
NVT ensemble for a duration of 1 ns.
We employed the GaussView45 and Gaus-

sian1646 software to prepare and optimize the
structure of a 9-mer chain of PET, utiliz-
ing the PM6 semi-empirical method. This
choice strikes a balance between computational
feasibility and capturing essential features of
amorphous PET, including commonly observed
polymer length in amorphous PET materials.47

While we acknowledge that real PET chains
can be longer, the selected chain length al-
lows for an in-depth exploration of key interac-
tions and dynamic behavior within our compu-
tational model. Subsequently, we constructed
a PET slab with dimensions measuring 10 ×
10 × 5 nm3, comprising a total of 231 PET
chains. The resulting PET density is approx-
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imately 1.29 g cm−3, closely mirroring the re-
ported experimental value of 1.34 g cm−3 for
amorphous PET48 and validating the represen-
tation of our computational model against re-
ported densities.
The PET chains were parameterized using the

CHARMM36 force field, as depicted in Figure
S2 and summarized in Table S2. This force field
has previously demonstrated successful utility
in constructing PET samples.49,50

To initiate the simulations, the initial struc-
ture of PET underwent energy minimization
and equilibration over 1 ns within an NVT en-
semble. To create the amorphous form of the
PET slab, the equilibrated PET chains un-
derwent a heating-cooling procedure (300K-
1000K-300K) at a rate of 50Kns−1. To ac-
curately model the PET slab assembly in our
molecular dynamics simulations, we considered
the conformational distribution of the OC–CO
ethylene glycol torsion angle. It is notewor-
thy that our analysis revealed that, in our
model, all polymer chains predominantly ex-
hibit a gauche conformation for the OC–CO
ethylene glycol torsion angle (Figure S3). This
stands in contrast to the reported 1:10 trans-
to-gauche ratio observed in amorphous PET.51

While we acknowledge the importance of accu-
rately representing the conformational distribu-
tion in amorphous PET, we would like to em-
phasize that our primary focus in this study is
the interaction of the enzyme with the surface
of the polymer.
Then, the system was centered within a cubic

box, with a total of 58,998 atoms for the com-
posite system consisting of the PET slab, a wa-
ter droplet containing a cutinase enzyme, and
sodium and chloride ions. The enzyme’s active
site was positioned atop the PET slab, with the
distance between the water droplet and PET set
at approximately 5.0 Å (see Figure 1). In par-
allel, we also prepared a system involving only
the enzyme in water, without the polymer slab.
The integration of equations of motion was

conducted using a time step of 1.0 fs while
employing XY periodic boundary conditions
(PBC). To prevent the undesired diffusion of
water molecules in the Z-direction, we intro-
duced an implicit repulsive wall, represented by

a 10-4 Lennard-Jones potential, at the top of
the simulation box for the enzyme-PET com-
plex. The systems underwent an energy min-
imization process using the Conjugate Gradi-
ent (CG) method, with convergence criteria set
at 1 × 10−6 kJmol−1 for energy difference and
1 × 10−6 kJmol−1 nm−1 for RMS force. Sub-
sequently, three 0.5 µs replicate NVT produc-
tion runs were performed at 338 K (an op-
timized temperature for the catalytic activ-
ity of the cutinase enzyme13). Temperature
was raised from 300 K to 338 K at a rate
of 5Kns−1 (using a Nose-Hoover thermostat52

with a damping constant of 0.2 ps). A 1.0
nm cutoff was employed for Lennard-Jones and
Coulomb interactions. Additionally, we utilized
the particle mesh-Ewald (PME) method53,54

and the LINCS algorithm55 for handling long-
range electrostatics and constraints, respec-
tively.

3 Results and Discussion

3.1 Cutinase adsorption onto the
PET surface

As we observe the time evolution trajectory at
a temperature of 338K, a pivotal aspect of the
simulation becomes apparent: the interaction
between the enzyme and the surface of the PET
slab initiates at approximately 70 ps. This in-
teraction is primarily instigated by the Tyr95
amino acid residue within the enzyme’s active
pocket. It is worth noting that the minimum
distance between this residue and the PET
chains at this stage measures approximately
0.35 nm, underscoring the significance of π-π
stacking interactions in catalyzing the interac-
tion between the cutinase enzyme and the PET
slab (refer to Figure 2a). Around the 2 ns mark,
in addition to various aromatic residues of the
protein, uncharged and aliphatic amino acid
residues also engage with the polymer’s surface,
thereby further stabilizing the system. During
this phase, a PET polymer chain is attracted
towards the enzyme’s binding pocket, estab-
lishing interactions with the Tyr95, Trp190,
and Met166 amino acid residues, which have
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Figure 1: The side view of the constructed system for MD simulation of the cutinase enzyme (PDB
ID:6THT) adsorption onto the PET surface. The size of PET slab is 10 × 10 × 5 nm3 and the
water molecules are not shown for more clear view.

been identified as crucial elements in initiating
the enzymatic reaction13 (as depicted in Figure
2b). Subsequently, the protein undergoes spa-
tial conformational adjustments, forming more
extensive contacts with the surface. It attains a
relatively stable state at approximately 150 ns,
maintaining this stable state until the conclu-
sion of the simulation (see Figures 2c and 2d).
This dynamic evolution, from the initial inter-
action to stable adhesion and conformational
adjustments, sheds light on the intricate inter-
play between the cutinase enzyme and the PET
substrate, offering valuable insights into the en-
zymatic process.
We have undertaken a comprehensive quanti-

tative analysis of the interaction dynamics be-
tween the cutinase enzyme and the PET sur-
face. All the quantities for the enzyme-PET
surface were averaged over all three replicate
MD simulations. Figure S1 illustrates the over-
lay of the final protein configurations obtained
from three independent replicates of MD sim-
ulations. Our initial focus centers on discern-
ing the spatial distribution and the local en-
vironment of the cutinase by quantifying the
number of hydrogen bonds established between

the enzyme, water molecules, and the PET sur-
face. To ensure robust statistical analysis, we
have considered the last 350 ns of the simula-
tion, during which the protein reaches a stable
state. In Figure 3a, we present an overview of
the number of each amino acid in contact with
water and positioned within the inner part of
the enzyme as it interfaces with the PET sur-
face. The enzyme’s orientation is strategically
designed so that its most hydrophilic residues
maintain direct contact with water. It is no-
table that a significant proportion of Ser, Arg,
Asn, and Asp residues are situated within a dis-
tance of less than 0.35 nm from the water, in-
dicating their potential to establish persistent
hydrogen bonds with the surrounding aqueous
environment. In contrast, amino acid residues
characterized by uncharged and aliphatic side
chains, indicative of hydrophobic interactions,
predominate among those in contact with the
PET surface. Additionally, π-π interactions be-
tween the PET substrate and aromatic residues
such as Phe, Tyr, and Trp play a crucial role
in stabilizing the cutinase-PET complex. It is
essential to highlight that the total number of
residues in contact with water is 190, whereas
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Figure 2: Representative snapshots of the MD simulation of the cutinase enzyme adsorbed onto
the surface of a PET slab (a) 70 ps; the π-π interaction between TYR95 and the PET chains
(TYR95 amino acid residue is shown by blue licorice representation), (b) 2 ns; moving a PET chain
toward the enzyme’s active pocket and interacting with its amino acid residues, (c) 0.5 µs; final
configuration of the cutinase enzyme on the surface of PET, and (d) different types of amino acid
residues which are interacting with the surface of PET polymer during the last 350 ns of simulation
trajectory (aliphatic, aromatic, polar uncharged, acidic and basic amino acid residues are shown
by blue line, red bond, orange CPK, green licorice and pink CPK representations, respectively).

in a pure water environment, this number in-
creases to 205. The disparity between these
two counts can be attributed to the residues di-
rectly interfacing with the PET surface. Impor-
tantly, this number remains constant through-
out the final 350 ns of the simulation, rendering
this timeframe a robust choice for the acquisi-
tion of average values and yielding a valuable
criterion for analysis.
The analysis reveals that, on average, the

cutinase establishes a total of 243 hydrogen
bonds when adsorbed onto the PET surface,
while this number increases to 312 in a pure
water environment. This 24% decrease in the
number of hydrogen bonds upon adsorption
highlights the significant displacement of sol-
vent molecules, which can be observed in Figure
2c. Figure 3b presents the number of hydrogen
bonds between each residue of the cutinase and
both water molecules and the PET surface. As
anticipated, the most hydrophilic residues ex-

hibit the highest contribution to the formation
of hydrogen bonds and are less likely to engage
in interactions with the hydrophobic PET sur-
face. The majority of these residues serve as
hydrogen bond acceptors, with the exceptions
being Ser and Arg. Remarkably, only seven hy-
drogen bonds are established between the en-
zyme and the PET surface. Given that these in-
teractions involve the same residues throughout
the simulation, we can deduce that the enzyme
is effectively immobilized on the PET surface.
We delved into the structural aspects of the

cutinase-PET complex by scrutinizing the den-
sity profile along the z-axis, perpendicular to
the surface, as elucidated in Figure 4a. To iso-
late the structure from the influence of the sur-
rounding water molecules, we considered only
the atoms within a range of 0.8 nm of the en-
zyme’s center of mass, projected onto the xy
plane. This range was thoughtfully chosen to
be narrower than the xy component of the en-
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Figure 3: (a) average number of each amino acid in contact with water and in the inner part of
the cutinase when adsorbed onto the PET surface, (b) average number of hydrogen bonds done by
each amino acid by the adsorbed cutinase.

zyme’s radius of gyration, allowing us to ex-
clude most of the surrounding solvent while re-
taining sufficient statistical data.
The analysis reveals that the enzyme promi-

nently maintains direct contact with the PET
surface, with only a minimal presence of water
molecules at the interface. Furthermore, the
residues comprising the active pocket site, as
depicted in Figure 2b, are positioned in prox-
imity to the surface. Notably, the density peak
in the profile is quite sharp, indicating that
both the active pocket site and the enzyme it-
self are robustly immobilized on the PET sur-
face during the data acquisition phase. Figure
4b provides a snapshot that exemplifies water-
mediated hydrogen bond interactions that con-
tribute to the stabilization of the cutinase en-
zyme on the PET surface. Indeed, the ad-
sorbed configuration entails shared hydration
water molecules bridging interactions between
the cutinase enzyme and the PET chains. Con-

sequently, it can be inferred that the primary
driving forces underpinning the enzyme’s ad-
sorption onto the PET surface encompass hy-
drophobic interactions, hydrogen bonds, and π-
π interactions.
To further explore the alteration in the en-

vironment of the active pocket site once the
enzyme is adsorbed onto the surface, we per-
formed an analysis by calculating the radial dis-
tribution function between the center of mass
of the active site and the neighboring water
molecules, as illustrated in Figure 5. This anal-
ysis provides insights into how the local interac-
tion dynamics within the active pocket change
upon enzyme adsorption to the PET surface.
The observed peak at 0.65 nm in the radial

distribution function signifies a distinct alter-
ation in the distribution of water molecules in
the enzyme’s active site as enzyme adsorbs onto
the PET surface and a PET chain sticks in-
side its active pocket. This modification is
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Figure 4: (a) average density profile of each molecular type close to the active pocket during the
last 350 ns of the MD simulation trajectory; (b) an example of water-mediated H-bond interaction
between Asp53 amino acid residue and PET.

Figure 5: radial distribution function of water atoms (Ow and Hw) calculated from the center of
mass of the enzyme active site, for the adsorbed enzyme and the enzyme in water. To ensure robust
statistical analysis, we have considered the last 350 ns of the simulation, during which the protein
reaches a stable state.

attributed to the inclusion of water molecules
closer to the center of the active pocket. No-
tably, this specific peak is absent when the en-
zyme is analyzed in a pure water environment.
The presence of this peak suggests that the

adsorption of the enzyme onto a surface, in this
case, the PET surface, leads to a specific re-
configuration of the pocket site. This recon-
figuration arises from the changes in the local
environment surrounding the active site. These
alterations in the geometry and the proximity of
water molecules within the active pocket may,
in turn, impact the reactivity of the pocket, po-
tentially allowing it to exhibit a specific behav-
ior or reactivity unique to its environment when
adsorbed on the PET surface. This dynamic re-

sponse of the active site to its environment is
a key aspect of the enzyme’s functionality and
interaction with its substrate.
Figure S4 represents the trend of interaction

energy with the evolution of time that is to-
tally consistent with the contact details dis-
cussed before. When the enzyme was adsorbed
onto the PET surface, the interaction energy
decreased. Other considerable changes were ob-
served at about 350 ns and remained stable at
about −631.91 ± 44.34, −308.24 ± 68.86, and
−940.14± 85.72 kJmol−1, for LJ, coulomb and
total energy, respectively.
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3.2 Conformational changes

To gain insights into the overall shape and ori-
entation of the enzyme in relation to the sur-
face, we conducted an analysis by calculating
the radius of gyration (Rg) tensor of the en-
zyme. The eigenvalues of this tensor, denoted
as λ1, λ2 and λ3 correspond to the components
of the Rg in the molecule frame. In simpler
terms, they represent the radii of the ellipsoid
that characterizes the molecule’s shape. Fig-
ure 6a depicts the time evolution of these three
eigenvalues for the enzyme in a water environ-
ment and when adsorbed onto the PET surface.
In a slightly oblate geometry, two larger eigen-
values and one smaller eigenvalue are typical.
While the Rg components exhibit significant

fluctuations in pure water, all three eigenval-
ues remain relatively constant during the ac-
quisition phase when the enzyme is adsorbed
onto the PET surface. The reduced fluctua-
tions in the case of the adsorbed enzyme sug-
gest that its conformation becomes more stable
in the presence of the surface. The most notable
change in shape upon enzyme adsorption is ev-
ident in the smallest eigenvalue, λ3 (0.789 nm
in water, 0.752 nm when adsorbed), signifying a
slight and negligible flattening of the enzyme as
it adheres to the PET surface. The orientation
of the enzyme is further investigated by consid-
ering the three eigenvalues as the orientations
of the primary axes of the enzyme, denoted as
v1, v2 and v3. Figure 6b illustrates the time
evolution of the angles between these main axes
and the normal vector (n) to the surface, which
corresponds to the z-axis. The analysis reveals
that the enzyme’s orientation undergoes very
small changes during the initial 50 ns but sub-
sequently stabilizes into two axes aligned par-
allel to the surface and the third axis aligned
perpendicular to the surface. This stable orien-
tation underscores the enzyme’s firm adhesion
to the PET surface, facilitated by a combina-
tion of hydrophobic, hydrogen bond, and π-π
interactions.
To delve deeper into the conformational

changes of the enzyme, we conducted an analy-
sis of its backbone Root Mean Square Deviation
(RMSD) relative to the crystal structure. As

depicted in Figure 6c, the RMSD for the sim-
ulated systems exhibits an initial increase with
time, ultimately reaching equilibrium values af-
ter approximately 350 and 150 ns for enzyme
in water and adsorbed enzyme, respectively.
Furthermore, when comparing the changes in
RMSD between both systems, namely the cuti-
nase in a water environment and the cutinase-
PET complex, a notable observation emerges.
The interaction of the enzyme with PET signif-
icantly stabilizes its structure and leads to fewer
conformational changes in its 3D configuration.
We employed the residue-based Root-Mean-

Square Fluctuation (RMSF) analysis, based on
the average positions of amino acid residues,
to assess their local dynamic variations. This
approach enables us to identify regions within
the protein that undergo significant structural
changes and fluctuations during the simulation.
This analysis was done at the last 150 ns of MD
simulation trajectories to be sure that both of
the systems are behaving as equilibrated sys-
tems. In Figure 6d, we observe that when cuti-
nase is adsorbed onto the PET surface, the
amino acid residues experience greater stabil-
ity, resulting in reduced fluctuations when com-
pared to the cutinase in a water environment.
Notably, amino acid residues that engage in in-
teractions with the PET surface, such as SER67
and ALA224, or those positioned within the ac-
tive site of the enzyme, like TYR95, which in-
teracts with a PET chain, display lower RMSF
values in contrast to their counterparts in the
free cutinase. This observation suggests that
the interaction of PET with the enzyme’s amino
acid residues mitigates their flexibility, leading
to increased stabilization. Consequently, the
enzyme’s adsorption onto the PET surface im-
parts a greater degree of structural rigidity to
these critical amino acid residues. Similar be-
havior has been previously reported about the
interaction of PETase and PET dimer.56

In our comprehensive analysis, we also exam-
ined the secondary structure of the cutinase en-
zyme using the DSSP module57 of Gromacs. It
is evident from the results that the secondary
structures of the enzyme remain remarkably
stable throughout the entire duration of the MD
simulation, as indicated in Table 1. This sta-
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Figure 6: (a) The three eigenvalues of the gyration tensor of the enzyme as a function of time. The
full lines and dotted lines represent the enzyme adsorbed onto the PET surface and the enzyme in
water, respectively. (b) The angle between the normal to the surface n and the eigenvectors of the
gyration tensor of the adsorbed enzyme as a function of time. (c) RMSD of all backbone carbon
atoms of cutinase in enzyme-PET and enzyme in water systems. (d) root-mean-square fluctuation
(RMSF) of cutinase amino acid residues in enzyme-PET and enzyme in water systems during the
last 150 ns of MD simulation trajectories.

bility underscores a significant finding: during
the interaction of cutinase with PET, the en-
zyme undergoes a small and negligible tertiary
structural changes and the stability of its sec-
ondary structures is preserved. This remark-
able feature highlights the enzyme’s capacity to
maintain its key structural components while
engaging with the PET substrate, underlining
its efficiency in catalyzing reactions involving
PET. We conducted a more detailed analysis
and incorporated Figure S5. The overlay of
the initial and final configurations clearly illus-
trates that the tertiary conformational changes
are indeed negligible. This observation aligns
with our findings from the RMSD analysis,

where the overall structural changes are approx-
imately 1.35 Å. These data support our asser-
tion that, while present, the tertiary structural
changes are subtle and consistent with the en-
zyme’s ability to maintain stability in its sec-
ondary structures.

4 Conclusions

In conclusion, our study leveraged all-atom MD
simulations to provide a comprehensive analysis
of the recently introduced LCC-ICCG cutinase
enzyme onto the PET surface. Our investiga-
tion delved into the molecular, atomic, ener-

10



Table 1: Changes in the Secondary Structure
of cutinase due to Its adsorption onto the PET
Surface

Type of Secondary Initial Final
Structure percentage percentage
Coil 21.70± 1.15 23.26± 1.18
β-Sheet 23.26± 1.18 22.61± 1.12
β-Bridge 0 0
Bend 11.63± 0.61 11.76± 0.59
Turn 14.73± 0.78 10.98± 0.58
α-Helix 26.36± 1.21 25.84± 1.36
5-Helix 0 0
3-Helix 2.32± 0.12 5.56± 0.24

getic, and mechanistic details of the adsorption
process of the cutinase enzyme onto the PET
surface.
Analysis of the trajectory for the cutinase-

PET system revealed several key insights.
Firstly, the interaction between the enzyme
and PET initiates rapidly during the initial
stages of the MD simulation. This interac-
tion is primarily stabilized by a combination of
hydrophobic, hydrogen bond, and π-π interac-
tions between the PET chains and hydropho-
bic, polar-uncharged, and aromatic amino acid
residues of the cutinase enzyme. Interfacial wa-
ter molecules also play a pivotal role in facili-
tating these interactions. Comparing the tra-
jectories of the cutinase-PET and cutinase in
water systems demonstrated that the tertiary
structure of the enzyme undergoes slight and
negligible changes during its interaction with
PET, and the secondary structures remain sta-
ble. Moreover, amino acid residues that inter-
act with the PET surface exhibit reduced flex-
ibility compared to other amino acids, under-
scoring the robust interaction between cutinase
and PET. Interestingly, our findings indicate
that the presence of the cutinase enzyme in the
environment makes it easier to extract a PET
monomer into water.
In summary, our study contributes valuable

insights into the intricate molecular and mech-
anistic aspects of the LCC-ICCG cutinase en-
zyme adsorption on PET, shedding light on the
complex interplay of interactions that is consid-
ered as starting point of this catalytic process.
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commercial enzymes for poly (ethylene
terephthalate)(PET) hydrolysis and
synergy studies on different substrate
sources. J. Int. Microbiol. Biotechnol.
2017, 44, 835–844.

(21) Wei, R.; Zimmermann, W. Biocatalysis
as a green route for recycling the recal-
citrant plastic polyethylene terephthalate.
Microb. Biotechnol. 2017, 10, 1302.

(22) Kawai, F.; Kawabata, T.; Oda, M.
Current knowledge on enzymatic PET
degradation and its possible application
to waste stream management and other
fields. Appl. Microbiol. Biotechnol. 2019,
103, 4253–4268.

(23) Sulaiman, S.; Yamato, S.; Kanaya, E.;
Kim, J.-J.; Koga, Y.; Takano, K.;
Kanaya, S. Isolation of a novel cutinase
homolog with polyethylene terephthalate-
degrading activity from leaf-branch com-
post by using a metagenomic approach.
Appl. Environ. Microbiol. 2012, 78, 1556–
1562.

(24) Boneta, S.; Arafet, K.; Moliner, V.
QM/MM Study of the Enzymatic
Biodegradation Mechanism of Polyethy-
lene Terephthalate. J. Chem. Inf. Model.
2021, 61, 3041–3051.

(25) Sonnendecker, C.; Oeser, J.;
Richter, P. K.; Hille, P.; Zhao, Z.;
Fischer, C.; Lippold, H.; Blázquez-
Sánchez, P.; Engelberger, F.; Ramı́rez-
Sarmiento, C. A.; Oeser, T.; Lihanova, Y.;
Frank, R.; Jahnke, H.-G.; Billig, S.;
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