
Assessment of the PETase Conformational

Changes Induced by Poly(ethylene terephthalate)

Binding

Clauber Henrique Souza da Costa1,  Alberto M. dos Santos2,  Cláudio Nahum Alves1,

Sérgio Martí3, Vicent Moliner3,*, Kauê Santana4,*, Jerônimo Lameira5,*

1Institute of Natural Sciences. Federal University of Pará, 66075-110, Belém, Pará, Brazil.

2Centro de Ciências Exatas e Tecnologias. Federal University of Maranhão, 65080-805, São

Luis, Maranhão, Brazil.

3Departamento de Química Físcia y Analítica,Universitat Jaume I, 12071 Castellón, Spain

4Institute of Biodiversity. Federal University of Western Pará, Santarém, Pará, Brazil.

5Institute of Biological Sciences. Federal University of Pará, 66075-110, Belém, Pará, Brazil.

*Corresponding authors:

Jerônimo Lameira; Phone: +55 91 32018235; E-mail: lameira@ufpa.br

Kauê Santana. E-mail: kaue.costa@ufopa.edu.br 

Vicent Moliner; Phone:  +34 964728084; E-mail: moliner@uij.es

ORCID of the authors: 

Clauber Henrique Souza da Costa: 0000-0002-6915-1056.

Alberto Monteiro dos Santos: 0000-0002-7033-3922.

Sergio Martí: 0000-0002-1087-7143.

Kauê Santana: 0000-0002-2735-8016.

Jerônimo Lameira: 0000-0001-7270-1517.

Vicent Moliner: 0000-0002-3665-3391.

1

2

3

4

5

6

7

8

9

mailto:lameira@ufpa.br


Data availability statement

All data from the present study can be accessed in the supplementary material or 

requested via corresponding authors' e-mail.

Funding statement

The present study was supported by the Spanish Ministerio de Ciencia e Innovación

(grant PGC2018-094852-B-C21),  the Generalitat  Valenciana (Grant AICO/2019/195)

and  Universitat  Jaume  I  (grant  UJI-B2020-03)  and  Conselho  Nacional  de

Desenvolvimento  Científico  e  Tecnológico  (CNPq,  Brazil)  and  Coordenação  de

Aperfeiçoamento  de  Pessoal  de  Nível  Superior  (CAPES,  grant  number:

88882.466102/2019-01 and 88887.599350/2021-00).

Conflict of interest statement

The authors declare no conflict of interest regarding the publication of the manuscript.

The funders  had  no role  in  the  design  of  the  study;  in  the  collection,  analyses,  or

interpretation of data; in the writing of the manuscript, or in the decision to publish the

results.

Authors contribution statement

Conceptualization: S.M, V.M., K.S., and J. L.; investigation: C.H.S.C and A.M.S; data

curation: S.M, V.M., C.N.A, and K.S.; writing—original draft preparation, S.M, V.M.,

K.S.,  J.  L.;  writing—review and editing:  A.M.S, C.N.A,  S.M, V.M.,  K.S.,  and J.  L

supervision:  S.M,  V.M.,  K.S.,  and  J.  L.  All  authors  have  read  and  agreed  to  the

published version of the manuscript.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31



Abstract

Recently, a bacterium strain of Ideonella sakaiensis was identified with the uncommon

ability to degrade the poly(ethylene terephthalate) (PET). The PETase from I. sakaiensis

strain 201-F6 catalyzes the hydrolysis of PET converting it to mono(2-hydroxyethyl)

terephthalic  acid  (MHET),  bis(2-hydroxyethyl)-TPA  (BHET),  and  terephthalic  acid

(TPA).  Despite  the  potential  of  this  enzyme  for  mitigation  or  elimination  of

environmental  contaminants,  one  of  the  limitations  of  the  use  of  PETase  for  PET

degradation is the fact that it acts only at moderate temperature due to its low thermal

stability. Besides, molecular details of the main interaction of PET in the active site of

PETase  remain  unclear.  Herein,  molecular  docking  and  molecular  dynamics  (MD)

simulations  were  applied  to  analyze  structural  changes  of  PETase  induced  by  PET

binding. Results from the essential dynamics revealed that the β1-β2 connecting loop is

very flexible. This Loop is located far from the active site  of PETase and we suggest

that it can be considered for mutagenesis to increase the  thermal stability of PETase.

The  free energy landscape (FEL)  demonstrates that the main change in the transition

between the unbounded to the bounded state is associated with the  β7-α5 connecting

loop, where the catalytic residue Asp206 is located. Overall, the present study provides

insights into the molecular binding mechanism of PET into the PETase structure and a

computational strategy for mapping flexible regions of this enzyme, which can be useful

for the engineering of more efficient enzymes for recycling the plastic polymers using

biological systems.
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Introduction

Synthetic polymers, such as poly(ethylene terephthalate) (PET) revolutionized

modern human civilization due to their versatile applications and low-cost production.

However, due to the ultralong lifetimes of most PET-based plastic waste and the high

resistance  to  biodegradation[1,2],  these  synthetic  polymers  remain  one  of  the  most

challenging  environmental  problems  with  serious  impacts  on  ecosystems  and

biodiversity [3–5]. 

Ideonella  sakaiensis strain  201-F6 was  recently  discovered  with  the  unusual

ability to degrade and use synthetic polymers, such as PET, as its major energy and

carbon source [6]. This discovery opened up new scientific researches to find a solution

for  plastic  waste  using  environmentally  friendly  alternatives  based  on  enzymatic

recycling in mesophilic temperatures [7–10].

Yoshida  group  demonstrated  that  I.  sakaiensis express  two  closely  related

enzymes involved with the PET degradation [6,11]. The first enzyme is named PETase

(PET-digesting  enzyme),  which  converts  PET to  mono(2-hydroxyethyl)  terephthalic

acid  (MHET),  bis(2-hydroxyethyl)-TPA  (BHET),  and  terephthalic  acid  (TPA)  as

products. The second enzyme is the MHETase (MHET-digesting enzyme) that further

converts MHET into two monomers: ethylene glycol (EG) and TPA [12]. Structural and

evolutionary  studies  of PETase have shown that  its  structure  resembles  that  of  α/β-

hydrolase enzymes [13]. The α/β-hydrolase family includes lipases and cutinases, which

catalyze the hydrolysis of fatty acids and cutin, respectively [13–15].

The  PET-hydrolyzing  enzymes  were  reported  to  be  expressed  in  several

organisms  including  fungi  [16–19] and  bacteria  [20–22] that  usually  inhabit

environments containing plastic debris or organic matters. However, although several

structures  of  these  enzymes  have  been  reported  recently,  only  a  few  of  them  are
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complexed with the PET polymer or its  analogs  [13,22–26].  Thus,  the PET-binding

mode has been predicted mostly through computational methods [22,27].

The PETase binding site is larger when compared to thermostable cutinases, and

also  contains  large  hydrophobic  residues,  such  as  Trp156,  important  for  substrate

stabilization  [13,28].  Additionally,  the  PETase  backbone  does  not  show  high

conformational changes when bound to PET and the movements have been described as

limited to the binding subsite [14,28]. 

Several studies have proposed a molecular mechanism for enzymatic catalysis

[14,28,29]. The conserved catalytic triad Ser160, Asp206, and His237 is present in the

active  site  of  the  PETase  [13,14] and  shares  the  same  spatial  orientation  of  α/β

hydrolases enzymes.  Fig 1 shows the PETase secondary and tertiary structures (PDB

code:  6EQE),  with  its  typical  α/β-hydrolase  fold  containing  two  disulfide  bonds

(Cys203-Cys239 and Cys273-Cys289), which guarantee an extra rigidity to the protein

structure, and 7 α-helices (α.1 - α.7), 9 β-sheets (β.1 - β.9), and 14 loops.
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Fig 1. Schematic overview of the PETase structure of I. sakaiensis. (A) The

secondary structure of PETase with catalytic residues highlighted in blue and disulfides

bonds of the cysteines in orange (B) Tertiary structure of PETase with the catalytic

residues highlighted in blue.

In the active site, a disulfide bond between the residues Cys176 and Cys212 is

related to thermal stability [15]. Moreover, the reduction of these cysteines results in a

dramatic increase in the structural flexibility of the active site, thus destabilizing the

integrity of the catalytic triad, which leads, consequently, to a decrease of the enzymatic

activity [15]. Despite its remarkable activity in the catalyze of PET polymers, the wild-

type structure of the PETase is not optimized for full degradation of PET, and details of

the catalytic mechanism of this reaction remain unknown [24]. 
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One of the limitations of the use of PETase for PET degradation is the fact that it

acts only at mild temperatures due to its low thermal stability. Therefore, the thermal

stability of PETase may be crucial for effective PET degradation using this enzyme.

Recently, Son and coworkers have increased the thermal stability of the PETase from I.

sakaiensis variants  with remarkably  enhanced thermal  stability  and highly improved

PET degradation ability.[9] They have used the B-factor value as a parameter to map

flexible regions of the protein far from the active site. Then, they explored some point

mutations to increase the stability of the protein structure. Son and coworkers [9] found

that the β6-β7 connecting loop was a flexible region based on B-factor value and it was

used as a target region of the protein for mutation. Indeed,  point mutations have been

used  for  stabilizing  protein  structure  and  the  substitutions  are  proposed  in  flexible

regions of the  protein-like loops  [30]. Recently, Cui et al have successfully redesign

PETase  from  Ideonella  sakaiensis  to  improve  its  robustness  using  a  systematic

clustering analysis combined with the greedy accumulation of beneficial mutations in a

computationally  derived library  [31].  In  this  work,  we have  examined  in  detail  the

protein conformational  changes  and residue fluctuations  using essential  dynamics  to

suggest  for  mutagenesis  potential  target  regions  of  PETase.  In  addition,  we  have

explored  the  binding  mode  of  PET  into  the  PETase  subsites using  computational

approaches. Currently, the binding  mode of PET into the PETase subsites is not fully

elucidated  due  to  difficulties  in  co-crystallization  and  low  solubility  of  the  entire

polymer [13,14]. Our computational results could shed light on further studies that aim

to  engineer  its  structure,  to  determine  and  improve  its  activity  for  the  recycling  of

plastic polymers using biological systems.
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Material and Methods

Molecular Docking

The  binding  mode  of  PET  in  the  PETase  structure  is  unknown,  thus  we

performed molecular docking of an oligomer consisting of four monomers in their low

free-energy conformations to analyze the selectivity and affinity of the polymer during

the initial stages of the PETase catalytic process. Considering the wild-type structure of

I. sakaiensis PETase (PDB: 6EQE, X-ray diffraction with  0.92 Å  resolution) was the

first reported enzyme with affinity and catalytic activity against the PET[24], we choose

this  structure  with  high  resolution  as  a  target  to  perform a  detailed  analysis  of  the

interatomic interactions established between the protein and the PET. Note that we have

used molecular docking to obtain the PETase-PET complex. 

To perform the molecular docking against the PETase binding subsites, we used

the AutoDock Vina (version 1.1.2)  [32] program with the following forms mimicking

PET:  monomer  (bis-(hydroxyethyl)  terephthalate,  BHET),  dimer  (2-hydroxyethyl-

(mono-hydroxyethyl  terephthalate)2,  2-HE(MHET)2),  and  tetramer  (2-hydroxyethyl-

(mono-hydroxyethyl  terephthalate)4,  2-HE(MHET)2)  [13].  Conjecturing  that  the

conformation  of  the  PET tetramer  in  the  PETase  corresponds  to  that  of  individual

monomers bound at PETase subsites I to IV, we sequentially constructed 3 models of

PET: Model I comprises the individual PET monomers against four proposed binding

subsites of PETase. In Model II), we combined two PET monomers, thus forming a

dimer to dock against two adjacent PETase binding subsites. In Model III, we joined the

four PET monomers forming a tetramer to dock against four potential adjacent PETase

binding subsites (subsites I to IV). Table S1 shows the parameters used in the docking

of the three models of PET
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The molecular docking in the AutoDock Vina was performed considering the

flexibility of the residues from the subsites (Tyr87, Trp159, Ser160, Met161, Ile208,

Asn233, His 237, Ser238, Asn241, and Arg280), as well as the flexibility of the ligand.

The  following  Cartesian  coordinates  of  the  center  of  the  docking  grid,  in  Å, were

applied: X = -0.51, Y = 4.23, and Z = 20.09; with dimensions of x = 70, y = 56, and z =

68 for PET flexible docking. 

Further  validation was performed using Molegro Virtual Docker (MVD)  [33]

and  CSD-GOLD  [34];  then  compared  with  the  conformations  obtained  by  the

AutoDock Vina (available in Table S1 and Table S3). After analysis and validation, the

top-predicted pose of Audodock Vina PETase-PET complex was used as the starting

point for the MD simulations.

Molecular Dynamics Simulations

To evaluate  the  conformational  dynamics  of  the PETase,  we performed MD

simulations  in  the  Amber16 package  [35] with  structures  derived from the  docking

study. The structure of PETase has two disulfide bonds (203-239 and 273-289) that play

an important role in maintaining and stabilizing the protein structure.  We performed

MD simulations for two PETase systems: PETase in the unbounded state (system I);

and PETase in complex with PET tetramer (2-HE(MHET)4) (system II). The simulation

of polymers may be particularly difficult  [36,37].  Therefore,  to obtain a satisfactory

sampling of the PETase in the bounded state, we applied restraint forces. This approach

has  been useful  to  identify  domain  motions especially  for  those  of  computational

challenging systems  [38,39]. Nevertheless, a  system of PETase complexed with PET

without constraint forces in the ligand complexed in the binding pocket (system III) was

also explored.
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First, the residues of protein were treated with the ff99SB force field [40]. The

restrained electrostatic potential (RESP) protocol was used to calculate the charges of

PET tetramer using the Gaussian09 program [41] with the Hartree-Fock method and the

6-31G* base set according to Amber protocol. The charges were then obtained using the

antechamber module available in the Amber16 package. To describe PET complexed

with PETase, the ligand was treated with the general Amber force field and the receptor

(PETase  enzyme)  was  treated  with  Amber  FF99SB  forcefield.  Both  systems  were

solvated in an octahedral periodic box of  12 Å side, with the TIP3P water solvation

model  [42]. The systems were neutralized with Cl- ions to avoid unbalanced charges.

The resulting systems were solvated with TIP3P water, where it was applied octahedral

periodic boundary conditions.  All stages simulations employed a nonbonded cutoff of 8 Å,

where particle mesh Ewald (PME) approach computed the long-range Coulomb forces.

 Prior  to  the  MD  simulation,  the  water  molecules,  ions,  PETase  structure  were

minimized with 7 steps with 10,000 cycles of steepest descent and conjugate gradient

algorithm to avoid clashes or improper geometries. We started the minimization with a

constraint force equal to 500 kcal.mol-1·Å-2 applied in the cartesian coordinates, which

was gradually decreased during minimization to relax the waters, counterions, protein,

and ligand structure.  Afterward,  the systems were heated in 10 steps from 0 to 300K.

The 1st heating step was maintained at constant volume during 20ps (0 to 100K), from

the 2nd to the 9th step the temperature was gradually increased from 25 to 25k until

reaching 275 K with each step performed in a time of 1 ns for each step, and in the 10 th

step  (last  heating  step)  the  system  reached  the  temperature  of  300K.  Then,  we

performed 5 ns of MD simulation to balance the density of the system and maintain a

constant  pressure  (1  bar)  and  temperature  (300K).  Here,  we  maintained  the  PET

tetramer interacting with the PETase binding sites (I to IV) using a restraint force of 150
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kcal.mol-1·Å-2 on the Cartesian coordinates of PET obtained from molecular docking.

The SHAKE algorithm was applied for all hydrogen bonds in the analyzed systems. It is

worth noting that restraint forces in the ligand structures in complex with the molecular

receptor  are  widely  applied  to  allow  the  conformational  adaptation  of  the  receptor

structure to the ligands, thus, establishing favorable intermolecular interaction [43,44].

It is important to highlight that the restraints force also increases the conformational

stability  of  the  complex  throughout  the  MD  simulation,  avoiding  the  loss  of  the

interaction between the investigated structures, and misinterpretation of the binding free

energy values [45,46].

In the production stage of the unbounded and bounded systems (systems I and

II), we performed 500ns of MD simulations for each system using the NPT ensemble,

and each system was replicated and assigned with different initial velocities to generate

independent simulations.

Principal Component Analysis (PCA) and Free Energy 

Landscape (FEL)

The PCA is a technique that allows to reduces the dimensions of the analyzed

trajectories during the MD simulation of the covariance matrix (C), thus reducing the

linear correlations between the spatial coordinates and converting them into a set of an

orthogonal  vector  named principal  component  (PC) which  describes  the  movements

using the Cartesian coordinates X, Y, and Z of each analyzed atom [47]. This technique

has been widely combined with MD simulations to evaluate the conformational changes

of protein structures [39,48–53]. Here, the CPPTRAJ module available in the Amber16

package  was  used  to  obtain  the  trajectories  of  PETase  structures  using  the  Cα

coordinates over the 500ns of MDs to generate the principal components (PC1, PC2,
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and PC3). The principal components that represent the protein movement are described

according to Equation 1 [54–56]:

C ij=⟨ qi q j ⟩=
1
K
∑
k=1

K

q i
k q j

k (1)

Where K is the configuration stored during an equilibrated MD simulation and 

q i
k , as defined in Equation 2, is the internal mass-displacement of Cartesian coordinates

x i
k from i atom (i= 1,..., N; N = number of atoms from the molecule) with mass mi, and

the angular support represents the average obtained from the K  configurations from the

MD simulation after the equilibration[54]. 

      q i
k
=√mi ( xi

k
−⟨ xi ⟩)     (2)

The diagonalization of the 3N × 3N covariance matrix C could be calculated (Equation

3):

             ᴧ=LT CL          (3)

Where  ᴧ is the diagonal  matrix,  which represents the relative contribution of

each PC and contains the eigenvector, and L describes the matrix which contains the 3N

orthonormal  eigenvector  Qi.  The  eigenvalues  show  the  mean  square  displacements

(MSD) of Cα atoms, throughout the used eigenvectors, which describe the collective

movement of protein [54–56]; and the diagonalization generates a reduced matrix with

PC1, PC2, and PC3 for each frame obtained in MD simulation. 

In the present study, we used the Bio3D package [57] to perform the principal

component analysis (PCA). Herein, the PCs were obtained from the diagonalization of

the covariance matrix obtained from the Cartesian coordinates of the superposed Cα
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atoms of PETase structure. To avoid an underestimate of the atomic displacement, an

iterated superposition procedure was applied before the PCA, where residues displaying

the largest positional differences were excluded at each round until only the invariant

‘core’ residues remained [57].

The analysis of the free energy landscape (FEL) was performed using the PC1

and PC2 using the terms of Equation 4:

∆ G ( PC s )=−kB T [lnρ ( PC 1 , PC2 )−ln ρmax ]        (4)

The  Gibbs  free  energy  involving  the  principal  components  PC1 and  PC2 is

referred to as ∆ G ( PC s ), which is in the function of the probability distribution obtained

from the MD trajectories, k B is the Boltzmann constant, T is the temperature, ρmax is the

probability of maximum value subtracted from the free energy value, contained in the

most  significant  conformation,  to  approximate  it  to  zero [58,59].  To  explore  the

conformations that are close to the native structure, the FEL values represented in two-

dimensional were obtained from both probability distributions of PC1 and PC2 for all

analyzed systems. To obtain the FEL plot and the conformational states of the PETase

structure in the minimum of the energy landscape, we used the CPPTRAJ module of the

Amber16 package.  It is important to note that  PCs were used to recognize the main

structures that compose the first movement (PC1) and the second movement (PC2). We

only considered the atomic coordinates of the bounded and unbounded states of PETase

structure to obtain the PCA plots to ensure the same amount of the analyzed atoms.

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267



Results and Discussion

In the present study, molecular docking and MD simulations were employed to

provide information on the structural conformations and movements of PETase induced

by the PET binding, as well as the selectivity and affinity of the substrate complexed

with the PETase binding subsites. 

Fig 2 shows the molecular  docking obtained using the conformational  search

strategy of the monomers in the four PETase subsites based on previous studies [12,23],

as  described  in  the  methods  section.  Our  docking  analysis  demonstrated  that  the

carbonyl  oxygen of  the  PET ester  group  is  positioned  close  to  the  nitrogen  of  the

backbone amide group of the oxyanion hole (Fig 2). Fig 2A shows the binding mode of

the four PET monomers analyzed separately, where the positioning of the monomer 1

(MHET moiety) formed  π-π interactions with the aromatic amino acid Trp185 at the

subsite (Fig S1), which were also observed previously observed by Han et al. 2017 [14].

The interaction distance between the Ser160 and the PET carbonyl is 5.88 Å. Panel B

shows that the poses obtained for the dimers 1-2 and dimers 3-4 (Fig 2B) are similar to

the individual monomers complexed at their respective subsites. 
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Fig  2.  Overview  of  the  conformational  search  strategy applied  in  the

docking simulations. (A) Docking of individual monomers in proposed binding regions

(B) Docking of dimers (C) Docking of the complete tetramer.

The following interatomic distances of the PETase catalytic triad were found:

between the oxygen (OG) from Ser160 and the nitrogen (NE2) from His237 was equal

to 3.19 Å, and between the ND1 from His237 and OD2 from Asp206 was equal to 2.75

Å.  Also, the results of the molecular docking showed intermolecular interactions via

hydrogen bond of PET monomer 1 to the Ser213 (distance of 2.98 Å), monomer 4 to the

Ser236 (distance of 2.07 Å), and Thr279 (distance of 2.85 Å). Ala209 and Trp185 have
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interesting interactions  with monomer1,  Ala209 showed a π-Alkyl interaction to  the

ring of monomer1, while Trp185 showed π- π interaction to the monomer1, showing an

important  role  in  the  polymer  positioning  at  the  binding  site  during  catalysis.  The

residues Ser214, Ile208, Pro210, Met161, His237, Asn241, Ser238, Cys239, Asn244,

Gly235, Asn246, Ile232, Asn233, and Arg280 showed van der Waals interactions along

with the PET polymer. Some molecular interactions are shown in Fig. S1.

The  structure  obtained  from  the  molecular  docking  also  showed  a  similar

binding mode to the PETase crystallographic structure in complex with MHET (PDB

ID: 5XH3) [14]. Thus, indicating a satisfactory docking result for the subsite I. Detailed

comparison  between  the  pose obtained  from the  molecular  docking  and the  BHET

binding mode in the PETase crystallographic structure is shown in Fig S2. 

Fig 3 shows the electrostatic potential map of the crystallographic structure [24]

used as a start point for the molecular docking simulation, where the highlighted region

indicates the PET binding cavity (Fig 3A). The main residues for each subsite obtained

by our docking results are shown in Fig 3B. The PETase subsites I-IV are proposed to

accommodate four MHET moieties of the PET in an L shape (Fig 3B and 3C). The

complex is stabilized mainly by hydrophobic interactions. Hydrogen bond interactions

with  Ser236  and  Asn246  were  observed  at  the  ester  linkages  between  the  MHET

moieties. The residue Arg280 also participated in the interaction at subsite IV (Fig 3C),

although  it  is  demonstrated  that  its  absence  showed much  greater  PET degradation

activity  [14].  Intermolecular distances between the atoms of the catalytic pocket and

PET structure obtained from the molecular docking could be seen in Table S4.
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Fig 3.  Binding mode of PET complexed with PETase and the molecular

interactions obtained by the molecular docking simulations. (A) Potential  surface

map  for  the  crystallographic  protein,  where  the  highlighted  region  indicates  the

complete PET binding cavity (B) Residues belonging to the PETase binding subsites.

(C) Highlighted regions of each potential PETase binding site. Monomer 1 and subsite I

in  orange;  monomer  2 and subsite  II  in  green;  monomer  3 and subsite  III  in  blue;

monomer 4 and subsite IV in purple. 

The obtained binding modes (Fig 2C) demonstrated that the PET tends to fill the

same spatial regions of the subsites as a monomer, dimer, or tetramer. Therefore, our

PETase-PET complex represents a consistent and reliable model with favorable binding

energies.  The pocket mapping was compared with the docking results obtained from

MVD [33] and GOLD [34] programs to validate our conformational search (see more in

Supporting information, Table S2). 
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Analysis of Molecular Dynamics of PETase 

Our model for the PETase-PET complex started with a consistent binding mode

as previously proposed in docking studies[13,24]. However, none of them considered

the protein dynamics over time to analyze conformational changes in PETase structure,

as well as conformational changes of PET complexed with the subsites. In this work, we

used  MD  simulations  to  explore  the  conformational  change  of  PETase  upon  PET

binding. The RMSD plots of the PETase structure in the unbounded and bounded states

are shown in Fig S3. Our MD simulations protocol successfully sampled the difficult-

to-access configurations of the PETase structure in complex with PET, showing high

stability during the MD simulation, with deviations below 3.0 Å (Fig S3 A). In general,

the PETase in both bounded and unbounded states show no significant atomic RMSD

deviation over the MD trajectory with RMSD values of 1.93 ± 0.43 Å and 1.56 ± 0.35

Å, respectively (Fig S3 B, and Table S5). Thus, further analysis to better describes the

differences between the unbounded and bounded systems was carried out using more

detailed analysis.

The analysis of the binding mode of PET complexed with PETase showed that

the Trp159 from the subsite II formed a π-π stacking interaction with the aromatic ring

from the  MHET moiety (Fig S1). In addition, the Ile209 formed a π-alkyl interaction

with the same structural moiety of PET located at the subsite II. Regarding subsite I, we

noted that residue Trp186 (NE1) formed H-bond interactions with the oxygen atoms of

the  MHET moiety  (O11,  O13,  and  O14).  We conjecture  that  these  interactions  are

responsible to maintain the PET in subsite I and II over the MD trajectory. Differently,

the subsites III and IV, the structural moieties of PET formed numerous hydrophobic

contacts that weakly maintain the PET structure in the pocket. Thus, its structure suffers
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considerable conformational changes that lead to its departure from the cavity. Fig S4

shows an overview of each MHET moieties  (hexagons) complexed at their respective

binding subsite during MD simulations. 

Monomer 2 showed the most stable interactions in the elected binding subsites

(system II,  FigS5).  In contrast,  the monomers  located at  the extremities  of the PET

polymer (monomers 1 and 4) showed higher mobility. The RMSD plot also showed that

the use of a restraint force to maintain the PET in the binding subsite allowed protein

adjustments  for  a  better  fit  during the  first  frames  of  the MD trajectory.  When the

restraint force was reduced, the PET conformation was gradually adjusted and remained

in the subsite until the end of the 500ns of simulation. 

We also analyzed the root-mean-square fluctuation (RSMF) for individual amino

acid residue over the 500 ns of MD simulation. This analysis was used as a criterion for

quantifying the flexibility of PETase, where higher RMSF values correspond to more

flexible  regions  of  the  protein  during  MD  simulation.  The  RMSF  shows  that  the

catalytic  residues  Asp206 and His237 located  at  β7-α5 and β8-α6 connecting  loop,

respectively, presented considerable mobility during MD simulations.

Essential Dynamics of PETase

As already commented in the Introduction section, the use of PETase  for PET

degradation is limited due to its low thermal  stability.  Thus, we have used essential

dynamics to identify the flexible regions in the protein structure. These flexible regions

in the PETase can be used as a potential target for enhancing thermal stability. Besides,

this analysis can also provide insight into the induced-substrate conformational change

in PETase. Herein, we performed a PCA for the two analyzed systems: (1) PETase in

the unbounded state (ligand-free), and (2) PETase in the bounded state. 
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In  accordance  with  PCA  results,  the  residue  Trp185  showed  a  considerable

fluctuation between unbounded and bounded states (Fig 4). Curiously, the characteristic

of the conformational movements of the Trp185 is directly related to the accessibility of

the PET polymer since its fluctuation modifies the cavity and adjusts the monomer 1

accommodation at the binding site. Also, the movement of Trp185 possibly controls the

subsite  entrance  of  a  new  PET  monomer  in  the  binding  subsite,  thus  leading  to

continuous depolymerization  [24]. Moreover, during the MD simulation, the Trp 185

showed different conformations that increase the volume of the monomer 1 cavity to

accommodate the polymer (Fig S5 and Fig S7), as previously observed  [24].

These variations indicate that the protein alters its conformation to receive the

substrate.  It  also  indicates  that  Trp185  is  involved  in  the  permanence  of  the  PET

monomer in the first binding subsite of the enzyme as previously proposed [14]. In the

bounded state (Fig S8), the Trp185 residue position, as well as all the catalytic residues

of the protein,  remained stable.  This behavior could be associated with the catalytic

residues exerting significant interactions with the ligand. 

However,  the  permanence  of  PET  in  the  binding  subsite  may  impose  local

structure  fluctuation, particularly,  on  the  residue  Trp185.  This  behavior  was  also

observed  for  Ser160,  the  main  catalytic  residue.  Moreover,  the  interaction  of  PET

tetramer in the binding subsite causes a displacement of the residue Asp206 located at

β7-α5 connecting loop. Conformational changes can play a crucial role in regulating the

PET binding to the hydrophobic subsites and in the control of the catalysis. We noticed

in the PCA analysis that the residues Asp206 and Trp185 are very flexible. The results

also show considerable fluctuations in the residue His237 at  β8-α6 connecting  loop.

Then, we conjecture that these residues are key residues for the mechanism of binding

and release of PET. 
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Figure 4. Essential motion  described by the first principal component (PC1) of each

analyzed  PETase  structure:  A)  PETase  in  the  unbounded  state,  B)  PETase  in  the

bounded state. Loop3 and Loop10 corresponding to β1-β2 and β7-α5 connecting loops,

respectively. The essential dynamics were obtained from 500 ns of MD simulations.

PCA result also shows that the most flexible region of the protein is located at

β1-β2 connecting loops for both systems PETase in the unbounded and in the bounded

state (Fig 4). It is worth noting that these essential dynamics involve almost 37.8%

and  25.6  %  of  the  motion  of  the  unbounded  and  in  the  bounded systems,

respectively  (see  SI).  The  results  also reveal  that  participation  in  the

conformational flexibility of  β7-α5 and β1-β2 connecting  loop is higher in PET-

PETase complex than in PETase without ligand. Therefore, we suggest that the β1-

β2 connecting  loop may be  targeted for mutagenesis to increase the  PETase  stability

since it is located far from the active site.

Free Energy Landscape Analysis of PETase 

As commented in the Introduction section, experimental works have suggested

the PETase backbone does not present high conformational changes upon PET binding,

since its movement is limited to the binding subsite  [14,28]. Indeed, our PCA results

show  that  the  main  movement  of  PETase  is  associated  with β7-α5  and  β1-β2
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connecting loops motion. Since PCA describes the largest amplitude protein motions

during  a  simulation,  the  bi-dimensional  free  energy  landscape  (FEL)  was  obtained

taking  into  consideration  the  bidimensional  projections  of  PC1 vs.  PC2,  which  are

considered the coordinates used for obtaining the FEL. The free energy landscape  of

PETase  in  the  unbounded  state  shows  that  at  the  beginning  of  the  MD,  the

conformations acquired by the PETase structure are similar to those obtained at the end

of the simulation, thus demonstrating that conformational states of the PETase are not

altered  dramatically  over  the  MD  trajectory,  which  is  in  agreement  with  previous

experimental data   [14,28].  We also observed for the analysis of the PCAPC2vsPC3 and

PCAPC1vsPC3 plots,  a conformational  dispersion at  the end of MD simulation that not

formed isolated clusters. It is important to note that the conformations of the PC1 were

not  directly  correlated  with  those  found in  PC3,  thus  demonstrating  that  the  initial

structures are grouped separately from the other conformations that do not contain the

PET at the binding site (see Fig S9).

The main difference between the most stable structure of PET-PETase complex

(P1 in Fig 5) and unbound PETase (P6 in Fig 5) is in the β7-α5 connecting loop, where

we noted that the Asp206 opened the cavity of the active site. Other conformational

states  with high probability  were described for  the unbounded state  with P2 with a

reduced cavity and P3 with an opened cavity similar to that of P1 (Fig 5A). Considering

that  the  structural  engineering  of  PETase  using  site-direct  mutagenesis  has  led  to

optimized  catalysis  of  PET  [13,25,60],  finding  the  most  stable  conformation  of  its

structure is an important task for the improvement of its active site selectivity and also

to better understand the conformational mechanism of the enzyme that influences in the

catalysis.
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Fig  5.  FEL  analysis  of  different  PETase  systems  (P1  vs  P4)  in  their  native

conformations.  (A)  FEL  of  unbounded  state  (B)  FEL  of  the  bounded  state.  (C)

Structural comparison between the minimal structures of PETase in the unbounded state

(P1,  blue)  and the  PETase  in  the  bounded  state  (P4,  orange)  complexed  with  PET

(green).  The blue circle  indicates  the main  conformational  change between the  two

PETase states. The β7-α5 connecting loop is represented by Loop10.

The PETase has large regions with polar surface charges with few regions with

acidic  residues  (red  surfaces,  Fig  S10).  In  the  subsite  of  monomer  1,  more  neutral

regions are observed, while for the other monomers regions high hydrophobic surfaces

are detected. There is an increase of the cavity’s volumes (see SI) of the subsites when

the  PET  structure  is  complexed  to  accommodate  the  PET,  demonstrating

conformational conservation of the catalytic triad. It is important to point out that the

wide  cleft  in  the  active  site  would  be  necessary  to  accommodate  semi-aromatic

crystalline  polyesters  [24].  Recently,  Knott  and  coworkers  studied  the  catalytic
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mechanism  of  the  MHETase  enzyme  converting  MHET  to  terephthalic  acid  and

ethylene glycol.[61] The authors demonstrated that the main domain of MHETase is

similar  in  the  residue  composition  to  PETase,  which  suggests  insights  into  the

hydrolysis mechanism of PET performed by the PETase [61]. However, the mobility of

key residues and loops during the binding and catalysis remains unclear.  Our analyzes

of FEL revealed an increase in PETase stiffness upon binding of PET, which suggests

that binding of PET gives rise to an effective motion of β7-α5 connecting loop, which

could have a direct influence on the PET binding and catalysis. In particular, we suggest

that the rearrangement of this loop may be relevant for enabling the adoption of a proper

conformation for PET recognition. 

The comparison of PETase states analyzed in the FEL plots (Fig S10), revealed

that the P1 (unbounded) and P4 (bounded) states demonstrate that the main change in

the transition between the unbounded state to the bounded state is associated with β7-α5

connecting loop, which that exhibits movements of the residue Asp206 (see Fig S10). In

P1 (Fig 5, PETase free), this residue interacts with His237 through hydrogen bond (1.78

Å) in PETase free. While the mobility of the β6-β7 connecting loop is associated mainly

with the residue Trp185, which has a fluctuation in the change of states, while important

catalytic residues, such as Trp159, Ser160, and His237 remain in stable conformations

(see Fig 5C and Fig S11). 

Conclusions

We have demonstrated a consistent model for simulating the PETase complexed

with the PET, and its binding mode, which is in agreement with the currently available

information in the literature. Our proposed model for PET binding mode can explain the

conformational changes of protein structure and may be useful for the development of

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488



new biocatalysts, as well as for the elucidation of the catalytic mechanism of plastic

recycling enzymes. The determination of the binding mode of PET into the active site of

PETase is important  for understanding the catalytic  mechanism of this enzyme.  Our

results also revealed that the β1-β2 connecting loop is very flexible and may be targeted

for  mutagenesis  to  increase  the  PETase  stability. Overall,  the results provide  useful

benchmarks for further engineering of PETase structure aiming the recycling of plastic

polymers using this biological system.
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