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Abstract

The accumulation of polyethylene terephthalate (PET), a
widely used polyester plastic in packaging and textiles, poses a
global environmental crisis. Biodegradation presents a promis-
ing strategy for PET recycling, with PET hydrolases (PETase)
undertaking the task at the molecular level. Unfortunately, due
to its low thermostability, PETase can only operate at ambi-
ent temperatures with low PET depolymerization efficiency,
hindering its practical application in industry. Currently, ef-
forts to engineer PETase have primarily focused on enhanc-
ing its thermostability. However, increased stability often re-
duces the structural dynamics necessary for substrate binding,
potentially slowing down the enzymatic activity. To eluci-
date the delicate balance between stability and flexibility in
optimizing PETase catalytic activity, we performed theoreti-
cal investigations on both wild-type PETase (WT-PETase) and
a thermophilic variant (Thermo-PETase) using molecular dy-
namics simulations and frustration analysis. Despite being
initially designed to stabilize the native structure of enzyme,
our findings reveal that Thermo-PETase exhibits an unprece-
dented increase in structural flexibility at the PET binding and
catalytic sites, beneficial for substrate recruitment and prod-
uct release, compared to WT-PETase. Upon PET binding,
we observed that structural dynamics of Thermo-PETase are
largely quenched, facilitating subsequent chemical reactions.
Compared to WT-PETase, Thermo-PETase forms more exten-
sive interactions with PET, resulting in a higher population
of catalytically competent enzyme-substrate states, thus con-
tributing to increased catalytic activity. Our theoretical results
are consistent with experimental findings and further suggest
that Thermo-PETase exhibits higher catalytic activity than WT-
PETase across a broad temperature range by leveraging stabil-

ity and flexibility at high and low temperatures, respectively.
Our findings offer valuable insights into how PETase optimizes
its enzymatic performance by balancing stability and flexibil-
ity, paving the way for future PETase design strategies.

1 Introduction

Plastics play a vital role in all aspects of everyday life, offer-
ing numerous benefits to the development of modern society.
However, due to the ultralong lifetimes of most synthetic plas-
tics, plastic waste accumulation has now become one of the
most globally challenging environmental crises, profoundly
impacting the ecosystems and posing great health risks to both
wildlife and humans [1, 2, 3]. Among the various types of
plastics, polyethylene terephthalate (PET) is the most abundant
thermoplastic polyester manufactured in the world, primarily
because of its widespread usage in the packaging market and
textile industry [4, 5]. Despite its prevalence, PET exhibits
high resistance to degradation, leading to the accumulation of
PET plastic waste after use and contributing significantly to the
solid waste problem worldwide [6, 7].

Great efforts have been made towards PET biodegradation,
which is an environmentally friendly and efficient technol-
ogy, ideal for the closed-loop recycling of PET plastics [8].
Enzymes that exhibit PET-degradation activity are known as
PET hydrolases, which are capable of breaking down the long-
chain PET molecules into their building blocks [9, 10, 11].
Over recent decades, several PET hydrolases have been iden-
tified and studied, including cutinases, lipases and esterases
[12, 13]. Among these, PET-degrading cutinases from ther-
mophilic micro-organisms have shown remarkable PET degra-
dation efficiency at high temperatures, near the glass tran-
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sition temperature of PET, where the PET crystalline struc-
ture starts to melt towards the amorphous polymer chains
[13, 14, 15, 16, 17]. In 2016, Yoshida et al. made a break-
through discovery of a cutinase-like PET hydrolase, named
PETase, in the bacterium Ideonella sakaiensis, which can de-
grade and assimilate PET as its source of carbon and energy
[18]. PETase is a naturally evolved PET hydrolase, exhibit-
ing high PET depolymerization activity at ambient tempera-
tures. Consequently, this unique property of PETase has dis-
tinguished it from PET-degrading cutinases [11]. However,
PETase showed very low degradation efficiency for highly
crystallized PET and rapidly lost its enzymatic activity with
increasing temperature [19]. These features impede the practi-
cal applications of PETase in the plastic degradation industry.

To increase the thermostability of PETase and further im-
prove the PET degradation performance, various engineering
strategies have been devised [20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31]. Son et al. discovered that PETase with only
three-residue substitution (S121E/D186H/R280A) remarkably
enhanced the PET depolymerization activity across different
ambient temperatures, compared to wild-type PETase (WT-
PETase) [21]. This new variant, named Thermo-PETase, de-
rived from a structure-based protein engineering strategy, was
primarily designed to stabilize the flexible loop, which exhib-
ited high B-factor values in the crystal structure. The mutations
proposed for Thermo-PETase established the newly formed in-
teractions in the native structure of PETase, thus increasing the
melting temperature by 8.8K compared to WT-PETase [21].
Similar strategies focusing on mutations of residues to stabilize
the most flexible loop in PETase, have been recently developed
to successfully achieve the increased thermostability [32, 33].
Moving forward, a machine-learning method based on train-
ing with nearly 19,000 structures from the Protein Data Bank
(PDB) was employed to introduce two additional mutations
to Thermo-PETase, giving rise to FAST-PETase [25]. FAST-
PETase, which demonstrated much higher PET degradation ac-
tivity than many other PETase variants, exhibited an increase in
melting temperature by 9K over its scaffold Thermo-PETase.
Structural analysis reveals that the increased thermostability
of FAST-PETase is largely attributed to the formation of fa-
vorable salt bridges and hydrogen bonds in the native struc-
ture. Recently, directed evolution methods have been applied
to PETase design, resulting in successful variants capable of
operating at the glass transition temperature of PET, presenting
a significant step towards the complete PET depolymerization
[26, 29].

Despite significant achievements made in the discovery of
highly thermostable PETase variants [34, 35, 36], progress to-
wards finding PETase capable of operating efficiently at ambi-
ent temperatures has been proceeding slowly. This is largely
due to the fact that our understanding of the structure-function
relationship in PETase remains elusive [37, 19, 38, 39]. It has
been recognized that, unlike other thermophilic cutinases, the
unique property of PET degradation activity at ambient tem-
peratures for PETase is attributed to its open and flexible sub-
strate binding cleft [40]. Increasing evidence has revealed that
modulating the opening of the binding cleft in thermophilic
cutinases can enhance their catalytic efficiency on PET degra-
dation [41, 42], highlighting the importance of structural flex-
ibility at the substrate binding site of PET hydrolases in facil-

itating enzymatic activity. However, by narrowing down the
binding cleft on the surface of WT-PETase through mutations,
Austin et al. observed increased hydrolytic activity on PET
[38], leading to the seemingly conflicting effects of structural
dynamics in PETase on exerting its catalytic function. Fur-
thermore, increasing the thermostability of PETase is generally
achieved by introducing newly formed interactions to stabilize
the native structure [43, 44]. Thus, reducing the structural flex-
ibility at the native state of PETase, a common strategy for im-
proving stability in PETase design, may be disadvantageous
to substrate binding and product release, potentially slowing
down the catalytic activity. Understanding the interplay be-
tween stability and flexibility in PETase is fundamental and
crucial for further engineering efficient PET hydrolase operat-
ing at ambient temperature, but it presents great challenges.

In this work, we performed molecular dynamics (MD) sim-
ulations along with frustration analysis on WT-PETase and one
prototypical thermophilic PET variant, Thermo-PETase, which
was observed to exhibit an overall enhanced PET hydrolytic
activity over WT-PETase across a wide range of temperatures
[21, 25]. Consistent with experimental findings, our simu-
lations show that Thermo-PETase unfolds more slowly than
WT-PETase at high temperature [21], thus allowing Thermo-
PETase to maintain its functional activity for a longer duration
at elevated temperatures. Interestingly, despite the increase in
global stability led by mutations, we observed that Thermo-
PETase possesses more significant structural flexibility than
WT-PETase at ambient temperatures. Our detailed analyses
unveil that the structural dynamics at the PET binding site
and catalytic triad in Thermo-PETase are more pronounced,
potentially facilitating substrate recruitment and product re-
lease, compared to WT-PETase. Additionally, frustration re-
sults indicate that there are large-scale arrangements of frus-
trated contacts in Thermo-PETase upon mutations, leading to
an increased degree of frustration at the local binding site
while maintaining global scales unchanged. Moreover, we
found that the structural dynamics of Thermo-PETase within
the substrate-enzyme complex are largely quenched by the in-
teractions formed with PET, resulting in a stable catalytic state
primed for subsequent highly efficient chemical reactions. Our
results provide valuable insights into the future rational design
of PETase and other PET hydrolases towards PET degradation
at ambient temperature by balancing the global stability and
local flexibility.

2 Results

2.1 Structural dynamics of PETase at native
states

We performed microsecond-long molecular dynamics (MD)
simulations initialized from the native structures of WT-
and Thermo-PETase to investigate the temperature-dependent
structural dynamics of PETase. MD simulations were carried
out at two ambient temperatures (298K and 308K) and one
elevated temperature (450K), which is much higher than the
melting temperatures of WT- and Thermo-PETase measured
by experiments (321.8K and 329.8K) [21]. Root mean square
deviation (RMSD) relative to the respective native structures

2

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

C

E

F

G

H

I

D

B

D-loop
W-loop

298K

298K 298K

298K 298K

308K

308K-298K

308K308K

450K

308K 308K

WT Thermo 
R280A

S121E

Asp206

Figure 1: Structural stability and flexibility of WT- and Thermo-PETase revealed by molecular dynamics (MD) simulations. Root Mean
Square Deviation (RMSD) relative to the corresponding native structures of WT- and Thermo-PETase (PDB: 5XJH [19] and 6IJ6 [21]) for the
simulations performed at (A) 298K, (B) 308K and (C) 450K, respectively. Root Mean Square fluctuation (RMSF) of WT- and Thermo-PETase
for the simulations performed at (D) 298K and (E) 308K. (F) RMSF differences between 298K and 308K for WT- and Thermo-PETase. RMSF
differences between WT- and Thermo-PETase (RMSFT hermo - RMSFWT ) at (G) 298K and (H) 308K. The purple, orange, and red vertical
lines in (D-H) indicate the catalytic triad Ser160, Asp206, and His237, respectively. (I) RMSF values at 298K and 308K for WT- and Thermo-
PETase projected onto the corresponding native structures. The thickness and color of the tubes illustrated on the PETase structures denote
the magnitudes of RMSF. The blue dashed region in (I) illustrates the PET binding site on the surface of PETase. The PET binding site is
determined by the docking of one PET tetramer to the WT-PETase, described in Figure S1. The three mutations (S121E/D186H/R280A) in
Thermo-PETase with respect to WT-PETase are indicated in (I) [21].

was then calculated for each simulation. We observed that
Thermo-PETase consistently exhibits lower RMSD values than
WT-PETase at all three temperatures, in particular at the high
temperature of 450K (Figure 1A-C, Figure S2). These re-
sults suggest that Thermo-PETase possesses enhanced thermo-
dynamic stability upon the mutations, consistent with experi-
mental observations [21]. Additionally, the consistently lower
RMSD values of Thermo-PETase compared to WT-PETase at
both 298K and 308K imply an overall reduction in the struc-
tural dynamics of Thermo-PETase relative to WT-PETase.

To quantitatively assess the structural dynamics of PETase
at the residue level, we calculated root mean square fluc-
tuation (RMSF) by collecting all the simulation trajectories
each at 298K and 308K (Figure 1D and 1E). The RMSF pro-
files and residue-level contact probability maps of WT- and
Thermo-PETase show substantial overlap at both correspond-

ing temperatures, with notable differences primarily observed
at the region involving Trp185 (within the W-loop, Ala180–
Pro197), and the region involving Asp206 (within the D-loop,
Glu204–Ser213) and His237 of the catalytic triad (Figure S3).
As temperature increases, the structural flexibility of these
two catalytic residues (Asp206 and His237) in both WT- and
Thermo-PETase appears to be significantly enhanced (Figure
1F). Interestingly, although the overall structural dynamics of
WT-PETase is more significant than those of Thermo-PETase,
as indicated by RMSD (Figure 1A), Thermo-PETase exhibits
more flexibility in regions involving two catalytic residues at
298K (Figure 1G). Upon increasing the temperature to 308K,
the D-loop in Thermo-PETase appears to be more stable than
it in WT-PETase, while the flexibility of the region close to
His237 in Thermo-PETase is still more pronounced than that
in WT-PETase, as demonstrated by RMSF (Figure 1H) and
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Figure 2: Principal component analysis (PCA) projected on the native dynamics of WT- and Thermo-PETase. (A, B) Free energy landscapes
(FELs) of WT- and Thermo-PETase at 298K, projected onto the first and second principal component (PC1 and PC2). The weights of PC1
and PC2 are 20.89% and 15.35%, respectively. (C, D) Free energy landscapes (FELs) of WT- and Thermo-PETase at 308K, projected onto
the PC1 and PC2. The weights of PC1 and PC2 are 29.19% and 12.18%, respectively. Representative structures of PETase extracted from
the simulation trajectories at 298K projected onto (E) PC1 and (F) PC2, respectively. Representative structures of PETase extracted from the
simulation trajectories at 308K projected onto (G) PC1 and (H) PC2, respectively. In each panel of (E-H), 10 representative structures ranging
from the lowest to highest PC values are shown, with arrows indicating the structural motions along the corresponding PC. (I-L) Local PETase
structural illustrations focusing on the PET binding site for different (meta)stable states indicated in (A-D). The PDB structure of WT-PETase
(grey, representing state 1) is aligned with the (I) states 3 (green) and 4 (red), (J) state 5 (blue), (K) state 6 (cyan) and (L) state 7 (yellow).
In (E-H), the residues at the PET binding site are colored in dark green. In (E-L), the three catalytic residues (Ser160, Asp206 and His237)
are colored in orange. State 2 is structurally similar to state 1 (native structure), thus it is not shown. Full PETase structural illustrations are
shown in Figure S4.

contact probability map (Figure S3). The W-loop, which was
identified as one of the most flexible regions in WT-PETase,
has negative effects on its overall thermostability [45, 32]. Mu-
tation on the residues within the W-loop (e.g., Asp186) in or-
der to form stable electrostatic interactions or hydrogen bonds
has been demonstrated as a practice strategy for enhancing the
thermostability of PETase [21, 33]. Our simulations reveal that
mutations in Thermo-PETase stabilize the W-loop by reducing
the structural flexibility, potentially contributing to increased
stability. On the other hand, the W-loop in Thermo-PETase
remains consistently more stable than it in WT-PETase across
different temperatures. This observation is reminiscent of the
findings from a recent study, which has underlined the advan-
tageous role of a rigid, correctly oriented Trp185 in stabilizing
the binding interactions with the substrate [33].

To better illustrate the structural flexibility of PETase and its
changes with increasing temperature, we mapped the RMSF
values onto the native structures of WT- and Thermo-PETase
(Figure 1I). Noteworthy, the RMSD between the PDB struc-

tures of WT- and Thermo-PETase is only 0.2Å, indicating that
these two PETases share a high degree of similarity in the static
native structure. However, notable differences in structural dy-
namics are evident, particularly in regions close to the PET
binding site. Furthermore, at the low temperature of 298K, the
D- and W-loops in WT-PETase exhibit certain degrees of flex-
ibility, while most regions in WT-PETase are relatively static,
including the PET binding site. As the temperature increases
to 308K, the binding site of WT-PETase becomes dynamic.
The flexible binding site in PETase may potentially facilitate
substrate binding, contributing to the increased PET degrada-
tion efficiency [40]. In contrast, despite having a more rigid
W-loop, Thermo-PETase at 298K exhibits excessive structural
flexibility at the binding site, which becomes even more dy-
namic as the temperature increases to 308K. These distinct ob-
servations of structural dynamics between WT- and Thermo-
PETase may influence substrate binding, thus further making
distinct contributions to the catalytic activity of PETase.
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Figure 3: FELs projected onto the distances between every pair of the catalytic triad of Ser160, Asp206 and His237. FELs at 298K for (A-C)
WT-PETase and (D-F) Thermo-PETase. FELs at 308K for (G-I) WT-PETase and (J-L) Thermo-PETase. Typical structures of PETase focusing
on the catalytic triad at different (meta)stable states are shown. The (meta)stable states are numbered in the same was as they are in Figure
2. Colored triangles depict the geometries of the catalytic sites of PETase at different (meta)stable states, while the grey triangle depicts the
geometry of the catalytic site in the native structure of WT-PETase (state 1). The pairwise distances of the catalytic residues in state 6 are
similar to those in state 1 (native structure), thus the structural illustration of state 6 is not shown.

2.2 Free energy landscapes of PETase at native
states

In order to capture the essential structural dynamics of PETase
at the native states, we collected the simulation trajectories of
WT- and Thermo-PETase at the same ambient temperatures
(298K and 308K), where both PETases remained unfolded, and
subsequently performed principal components analysis (PCA).
At 298K, the free energy landscapes (FELs) projected onto
the first and second principal components (PC1 and PC2) re-
veal that WT-PETase explores a notably smaller conforma-
tional space compared to Thermo-PETase, indicating signifi-

cant structural flexibility in Thermo-PETase at low tempera-
ture (Figure 2A and 2B). At 308K, although the area of FELs is
comparable for WT- and Thermo-PETase, the conformational
spaces explored by these two PETases are significantly differ-
ent, leading to distinct structural dynamics (Figure 2C and 2D).

Further projections of simulation trajectories onto the PCs
with structural illustrations showcase the key motions in
PETase (Figure 2E-H). We observed that the most dominant
structural dynamics in these two PETases at both temperatures
are related to the collective motions led by the PET binding site
and the catalytic site. Specifically, at 298K, the D-loop exhibits
a twisting motion along PC1, whereas it swings in the opposite
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direction to the loop hosting His237 along PC2. This motion
along PC2 may correspond to a conventional “open-to-close”
conformational transition in PETase [38, 46], potentially in fa-
vor of accommodating PET binding. Furthermore, the FEL
of WT-PETase features a single, wide basin, which includes
the native state (denoted as state 1) and a native-like state 2.
In contrast, the FEL of Thermo-PETase displays three widely
distributed energy basins, with the most probable one corre-
sponding to the native state. Thermo-PETase within the right
most basin (denoted as state 4) and the intermediate basin (de-
noted as state 3) both show a more elongated D-loop (Figure
2I), which may facilitate PET binding [47].

The collective motion patterns in PETase vary significantly
as temperature changes. When the temperature increases to
308K, the structural dynamics of PETase along PC1 and PC2
predominantly concentrate on the PET binding site and are
strongly related to the “open-to-close” transition (Figure 2G
and 2H). In this respect, state 5, which was found to be highly
populated in both WT- and Thermo-PETase, exhibits an open
binding site (Figure 2J), serving as a binding-competent state.
In addition, distinct structural dynamic behaviors were ob-
served for these two PETase, as evidenced by the more widely
distributed FEL of WT- and Thermo-PETase focusing along
PC2 and PC1, respectively. It is worth noting that the collec-
tive motion of PETase along PC2 involves a twisting mode,
which may lead to an incomplete opening of the binding site
for PET. Careful analysis on the structures of PETase in states
6 and 7 (Figure 2K and 2L), which are respectively populated
by WT- and Thermo-PETase, reveals no clear expansion in the
binding cleft, thus their roles in PET binding remains elusive.

To elucidate the structural dynamics of PETase at the cat-
alytic site, we projected the FELs onto the spatial distances
between every pair of residues in the catalytic triad of Ser160,
Asp206, and His237 (Figure 3). At 298K (Figure 3A-F), WT-
PETase explores a much narrower conformational space than
Thermo-PETase, with two (meta)stable states observed (states
1 and 2). Noteworthy, while WT-PETase in state 2 is overall
structurally similar to the native structure shown in Figure 2,
it possesses a slightly opened catalytic triad, compared to that
in state 1. The existence of state 2 for WT-PETase may fa-
cilitate this enzyme to bind and consequently degrade PET at
room temperature [40]. On the other hand, Thermo-PETase in
states 3 and 4 exhibits similarly increased pairwise distances
among these three catalytic residues compared to WT-PETase.
This indicates that the structural flexibility of Thermo-PETase
at the catalytic site is significantly enhanced by the mutations,
thus promoting the binding of PET.

At 308K (Figure 3G-L), although WT- and Thermo-PETase
display comparable overall area of FELs, they are populated at
different (meta)stable states. Apart from the shared states 1 and
5, where PETase exhibits the cleft-open, binding-competent
structure, WT- and Thermo-PETase were also found to be pop-
ulated at states 6 and 7, respectively. Detailed analysis re-
veals that WT-PETase maintains structural similarity at the cat-
alytic site between states 1 and 6, indicating that WT-PETase
in state 6 may not be advantageous for PET binding. On the
other hand, Thermo-PETase in state 7 features an open-binding
cleft with the elongated pairs of Ser160–His237 and Asp206–
His237, thus rendering it a binding-competent state for pro-
moting PET binding. In addition, it is evident that Thermo-

PETase can explore more conformational space at large dis-
tance values of Asp206–His237. It is worth noting that the
Asp206–His237 bridge serves as a critical structural scaffold
for the substrate accommodation and directly interacts with
PET molecules (Figure 1I and Figure S1). In this respect,
the extended and flexible Asp206–His237 pair possessed by
Thermo-PETase may assist PET binding through excessive
structural fluctuations.

2.3 Frustrations in native structures of PETase

A naturally evolved, well-folded protein adheres to the “prin-
ciple of minimal frustration” [48], which typically results in a
funneled energy landscape. However, conflicting inter-residue
interactions, known as frustrated contacts, are frequently ob-
served in the native structures of proteins. Although these in-
teractions generally weaken the stability of native structures,
they can promote specific structural dynamics that may be re-
lated to functional purposes [49]. To assess the presence of
frustrated contacts in WT- and Thermo-PETase, we quantified
frustrations in the native structures of these two PETases us-
ing the method introduced by Ferreiro et al. [50]. In brief,
this method compares the energetic contribution to the addi-
tional stabilization provided to a pair of residues in the native
structure with the statistical distribution of energies that would
result from placing different residues in the same position. A
native pair is deemed a highly frustrated contact if it induces
significant destabilization compared to other possibilities, and
vice versa for a minimally frustrated contact. The level of frus-
tration is measured by a quantity, named the frustration index
(FruInd), where a high (low) value of FruInd indicates a low
(high) degree of frustration for the contact.

We observed wide distributions of FruInd for both WT- and
Thermo-PETase, with highly frustrated contacts being only
weakly populated (Figure 4A, 4B, 4C and Table S1). Addition-
ally, the distributions of FruInd for WT- and Thermo-PETase
largely overlap, suggesting that the three mutations in Thermo-
PETase may not lead to significant changes in the frustrations
of the native structures. These results imply that both PETase
and its variant have largely eliminated the highly frustrated in-
teractions in their native states, resulting in stable structures
as robust scaffolds for function. Focusing on the PET binding
site, we observed that the distributions of FruInd for WT- and
Thermo-PETase slightly shift to the left, indicating an accumu-
lation of highly frustrated contacts at the binding site (Figure
4D). This suggests that the binding site of PETase is fragile
and prone to deformation [51]. Furthermore, notable differ-
ences in frustration were observed between WT- and Thermo-
PETase (Figure 4E and 4F). Detailed comparisons at the bind-
ing site reveal that Thermo-PETase exhibits lower values in the
FruInd distribution and possesses more highly frustrated con-
tacts than WT-PETase. These findings together suggest that
WT- and Thermo-PETase may share globally similar structural
dynamics, with discrepancies primarily observed locally at the
binding site, where Thermo-PETase displays more significant
structural flexibility than WT-PETase.
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Figure 4: Local frustrations in WT- and Thermo-PETase. (A) Distribution of the frustration index (FruInd) for contacts involving all residues,
with a dashed grey line indicating the most probable value. (B) Distribution of FruInd specifically for contacts involving residues within the
binding site, with a dashed grey line indicating the most probable value. Visualization of total frustration on the structures of (C) WT-
and (D) Thermo-PETase, respectively. Visualization of frustration at the binding site on the structures of (E) WT- and (F) Thermo-PETase,
respectively. In (C), (D), (E) and (F), green lines represent the minimally frustrated contacts, while red lines represent the highly frustrated
contacts. Neutral contacts are not shown.

2.4 Dynamics of PETase upon PET binding

Structural flexibility of enzymes at catalytic sites can be advan-
tageous for substrate recruitment and product release [52, 53],
however excessive structural dynamics at catalytic sites may
induce large catalytic distances, thereby impeding chemical re-
actions. In order to see how PET binding impacts the structural
dynamics of PETase and subsequent catalysis, we performed
molecular docking of a PET tetramer (4PET) with PETase
(Figure S1). The complex structure of PET:PETase obtained
through docking is consistent with those from the previous
studies [19, 54], and subsequently was used as the initial struc-
ture for the MD simulations at ambient temperatures (298K
and 308K).

It has been proposed that the nucleophilic attack carried out
by Ser160 to the carbonyl group of the benzene ring of the sub-
strate PET molecules is essential for initializing the hydrolysis
of PET polymer by PETase [37, 55, 56]. In this regard, we cal-
culated the distance (dOC) between the oxygen Oγ of the cat-
alytic Ser160 and the carbonyl carbon C of the substrate during
MD simulations (Figure S6), with the fact that a chemical reac-
tion only occurs when the involving atoms are spatially close.
At 298K, both WT- and Thermo-PETase keep the distance dOC
at relatively low values, optimal for the subsequent catalytic re-
action. When the temperature increases to 308K, the distance
dOC during the simulations largely remained at small values.
We note that the large fluctuations in dOC were observed occa-
sionally (dOC > 6 Å) at both temperatures, leading to substrate
drifting away from the binding site. Due to the inherent flexi-
ble characteristics of the polymer, the enzyme-substrate bound

state was observed to be flexible in our simulations, consistent
with previous studies [54, 57].

In order to assess the structural dynamics of PETase upon
substrate binding, we extracted the trajectories when 4PET is
bound with PETase and calculated the RMSF of PETase (Fig-
ure 5A, 5B and S7). Interestingly, we found that the RMSF
profiles of WT- and Thermo-PETase in the PET-bound binary
complex are very similar. This is different from PETase at the
apo state, where arresting discrepancies were found upon mu-
tations (Figure 1). Detailed comparisons of RMSF profiles be-
tween WT- and Thermo-PETase indicate that Thermo-PETase
has overall smaller RMSF values than WT-PETase, in partic-
ular at the catalytic residues of Asp206 and His237. Further
structural analysis reveals that the catalytic triad of PETase in
the bound complex is very similar for bothe WT- and Thermo-
PETase (Figure S8), resembling that in the native structure of
PETase in its apo state. Our findings indicate that WT- and
Thermo-PETase share similar structures and dynamics when
they are bound with substrate.

We observed extensive quenching of structural dynamics
in PETase bound with 4PET (Figure 5C and 5D). In de-
tail, the most significant dynamics quenching effects for WT-
PETase occurred within the W-loop. The side chain of Trp185
has been found to adopt three conformations in the native
structure of WT-PETase [37, 38]. Quenching the structural
dynamics of Trp185 and adapting its structure towards the
one in the PET-binding state are crucial steps in realizing
the catalysis of PETase, leading to the major difference be-
tween mesophilic and thermophilic PET hydrolases. On the
other hand, 4PET significantly stabilizes the catalytic residues
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Figure 5: Structural dynamics of PETase upon substrate binding. RMSF of WT- and Thermo-PETase binding with substrate at (A) 298K
and (B) 308K. RMSF differences of PETase between the apo state and the binary substrate-complex state for WT- and Thermo-PETase at (C)
298K and (D) 308K. (E) Normalized frequency distribution of spatial distance dOC between the oxygen Oγ and the carbonyl carbon C of the
substrate during MD simulations at (E) 298K and (F) 308K. The catalytic state and pre-catalytic state are defined by a threshold of dOC of 4.0
Å.

Asp206 and His237 in Thermo-PETase, thus the dynamics of
catalytic triad observed in apo state has been largely quenched.
As the stable catalytic sites and spatially closed catalytic dis-
tances are prerequisite for catalysis, 4PET binding stabilizes
structures of Thermo-PETase more than those of WT-PETase,
possibly due to the fact that the interactions formed between
substrate and enzyme are stronger and more widely distributed
in Thermo-PETase than WT-PETase (Figure S9).

By analyzing the dOC distribution, we found that Thermo-
PETase has a closer catalytic distance when bound to 4PET,
leading to a higher population at the catalytic state, than WT-
PETase (Figure 5E and 5F). This implies that Thermo-PETase
is easier to trigger the subsequent catalytic reaction than WT-
PETase, potentially contributing to the enhanced efficiency of
catalysis. As the temperature increased from 298K to 308K,
we found a decreasing population of the catalytic state for
Thermo-PETase while WT-PETase maintained similar distri-
butions of the catalytic and pre-catalytic states. Our results
suggest that the catalytic sites of Thermo-PETase, compared
to those of WT-PETase, are more sensitive to external stimuli,
such as substrate binding and temperature changes.

3 Discussion and conclusions
In this work, we used MD simulations combined with lo-
cal frustration analysis to investigate how the three mutations
(S121E/D186H/R280A) contributed to the enhanced catalysis
efficiency of Thermo-PETase. Although the initial design ob-
jective for Thermo-PETase was to increase the thermostabil-
ity of the enzyme by introducing additional stabilizing inter-
actions [21], we observed significant enhancements of struc-

tural flexibility at the PET binding sites. The open and dy-
namic nature of the active-site cleft has been recognized as
the critical factor enabling PETase to function at ambient tem-
peratures, providing a distinct catalytic advantage over ther-
mophilic hydrolases [38, 40]. Our analysis of local frustration
shows consistent results with MD simulations that introduc-
tion of the three mutations in Thermo-PETase increases the
degree of frustration at the local PET binding sites, thus mak-
ing Thermo-PETase be prone to deformation in favor of ac-
commodating the substrate during binding. Noteworthy, our
results on apo form of PETase reveal the dynamic picture of
PETase when recruiting PET substrate, reminiscent of recently
proposed conformational selection for PETase:PET complex
initiation [46]. Interestingly, we found that substrate bind-
ing significantly reduces the structural dynamics of Thermo-
PETase induced by the mutations, resulting in a stable catalytic
triad, similar to that of WT-PETase. Furthermore, we observed
increases in substrate-enzyme inter-chain contacts in Thermo-
PETase, leading to more populated catalytic states for chemical
reactions compared to WT-PETase. Collectively, we propose
that the effects of mutations in Thermo-PETase on improving
the PET degradation performance may be multifaceted: (1) en-
hancing the overall stability of the enzyme for increasing its
tolerance to the environmental changes; (2) increasing the local
structural flexibility at the binding site, which is advantageous
for substrate recruitment and product release; (3) quenching
the structural dynamics of enzyme at catalytic sites upon sub-
strate binding, a perquisite for chemical reactions.

Substrate-binding residues are important for enzymatic ac-
tivity. Previous studies identified a unique conformationally
dynamical equilibrium of the Trp185 side chain wobbling be-
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Figure 6: Energy landscapes and FELs of WT- and Thermo-PETase. The funneled energy landscapes of WT- and Thermo-PETase show
arresting differences in the depth of funnels (upper center), suggesting increased stability for Thermo-PETase upon the triple mutations. With
close examination at the bottom of the funnel, WT- and Thermo-PETase exhibit distinct free energy profiles (left and right), each showcasing
unique temperature responses. Orange arrows denote the transitions between states near the native state, with arrow thickness representing the
ease of these transitions. Upon PET binding (lower center), these two PETases have the same catalytically competent native structure with
PET being more loosely bound with WT-PETase than Thermo-PETase.

tween conformers A, B and C in PETase [37, 38]. This
has made PETase distinguishable from other homologous en-
zymes, such as thermophilic PET hydrolases, where the equiv-
alent conserved Trp adopts conformer C (Figure S10). Struc-
tural analysis indicates that substrate can only bind to PETase
with Trp185 in conformer B by forming stacked interactions
with one of the rings in PET molecules, while other conform-
ers of Trp185 would clash with the substrate, thus hindering
the binding [37]. Recent experiments and simulations have
underlined the importance of the unique amino acids Ser214
and ILe218 of WT-PETase in triggering the high mobility
of Trp185, thereby proposing a general mechanism for im-
proving the catalytic activity of thermophilic PET hydrolases
through the permission of the “wobbling” dynamics of Trp185
[45, 58]. Interestingly, our simulation results reveal that the
conformational dynamics of Trp185 in Thermo-PETase have
vanished, associated with a stabilized W-loop, compared to
WT-PETase. Detailed structural analysis shows that Trp185
in Thermo-PETase is already in conformer B (Figure S10),
thus facilitating the subsequent substrate binding. It is worth
noting that great efforts have been made recently on mutat-
ing residues in the W-loop, aiming at fixing Trp185 in con-
former B while simultaneously enhancing the overall stability
[32, 26, 33]. Consequently, the mutations in Thermo-PETase
have effectively stabilized both the local structure at Trp185 to-
wards the substrate-binding conformation and the global struc-
ture by introducing a hydrogen bond (S121E/D186H) at the W-
loop, which is one of the most flexible regions in WT-PETase
[21, 59].

Conventionally, the practical design of WT-PETase aims to
improve the thermostability by reducing the structural flexi-
bility [21, 27, 60, 32, 26, 25, 29, 33, 24, 30], as stability and
flexibility are usually considered to be coupled in proteins. For
instance, the residues within the highly flexible W-loop of WT-
PETase have been targeted as the hot spots for engineering.
Through the substitutions of Asp186 with polar or non-polar
residues in the W-loop [21, 32, 33], most PETase variants ex-
hibited increased melting temperatures along with enhanced
catalytic activity, compared to WT-PETase. From the energy
landscape perspective, the stability of a protein can be asso-
ciated with the degree of funnelness of the energy landscape
[61, 62]. In this regard, mutations aiming at introducing sta-
bilized interactions at the native state, which corresponds to
the bottom of the funnel, will deepen the energy landscape,
thus leading to increased thermostability (Figure 6). Inter-
estingly, our simulations reveal that the improvements in the
catalytic activity of Thermo-PETase can be partially attributed
to the enhanced structural flexibility of the enzyme at its na-
tive state. In other words, in addition to increasing the depth
of the funnel, mutations in Thermo-PETase have unprece-
dented effects on modulating the shape of the energy landscape
at the bottom of the funnel. At low temperature, Thermo-
PETase can explore a wider range of conformational space
than WT-PETase. Mutations enable Thermo-PETase to switch
between the native structure resembling WT-PETase and the
PET binding-competent structure with the open and flexible
active cleft, which promotes substrate binding. This binding-
competent structure can be highly populated for WT-PETase
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only at elevated temperatures, where Thermo-PETase becomes
more flexible in rendering multiple binding-competent struc-
tures. However, WT-PETase is heat-labile and prone to de-
naturation, slowing down its catalytic activity at high temper-
atures. Upon PET binding, the extensive structural dynam-
ics of Thermo-PETase are largely quenched by PET, leading
to the stable catalytically competent native structure, same as
WT-PETase. Furthermore, we found that the complex formed
by WT-PETase and PET switch between catalytic and pre-
catalytic states, supported by the NMR experiments, where
PET in the binding cleft of PETase was found to be highly
dynamic [39, 63]. Compared to WT-PETase, Thermo-PETase,
which forms more extensive contacts with PET and is dynam-
ically quenched, exhibits closer catalytic distances for nucle-
ophilic attack, thus leading to higher activity for PET hydrol-
ysis. In conclusion, mutations in Thermo-PETase have decou-
pled the interplay between global stability and local flexibility
of the enzyme, thus improving the catalytic performance of
Thermo-PETase over WT-PEase across a wide range of tem-
peratures [21].

In summary, our results reveal that the stability and flexibil-
ity of enzymes are not necessarily correlated, in contradiction
to the convention that high (low) stability usually leads to a
rigid (flexible) protein structure [64]. It is worth noting that a
recent work has observed a decoupling interplay between the
stability and flexibility in a computationally designed hydro-
lase Turbo-PETase, which has demonstrated superior perfor-
mance compared to other PET hydrolases to date [30]. The
high PET depolymerization efficiency of Turbo-PETase was
attributed to the mutations that have resulted in both increases
in thermostability at the global scale and structural flexibility at
the PET-binding site, exhibiting elevated melting temperature
and simultaneously enabling the promiscuous attack to differ-
ent PET surface structures [30]. This significant achievement
made by Turbo-PETase has paved a promising way for future
PETase design, focusing on enhancing both thermostability
and flexibility. Although the full mechanistic understanding
of achieving an optimal balance between the stability and flex-
ibility in PETase for highly efficient PET degradation remains
elusive, our study offers new insights into the rational design
strategy to improve the catalytic activity and thermostability of
PETase, where both the structure and dynamics of the enzyme
should be simultaneously considered.

4 Materials and Methods

4.1 Molecular dynamics simulations

We performed all-atom MD simulations using Gromacs-
2023.2 software [65]. MD simulations were conducted with
the Amber ff14SB force field in conjunction with the TIP3P
water model [66]. Simulations were initialized from the re-
spective native structures for WT- and Therm-PETase (PDB:
5XJH [19] and 6IJ6 [21]). The native structures of WT- and
Thermo-PETase were individually placed in a cubic box with
margins of 10 Å. The protein systems were solvated with
the TIP3P water model and the salt concentration was set to
be 100 nM to mimick the in vivo environment. A short en-
ergy minimization step in each simulation system was done

through the steepest descent algorithm. Systems were then
equilibrated at the NVT phase using the v-rescale thermostat.
Subsequently, the NPT simulations were conducted with the
Parrinello-Rahman barostat at a relaxation time of τp = 4.0 ps
[67]. The LINCS algorithm was used to constrain all hydrogen
bonds [68], resulting in a time step of 2 f s. The particle-mesh
Ewald (PME) approach for computing the long-range electro-
static interactions was used [69] and all the non-bonded inter-
actions were cut off at 10 Å. Simulations were run for 10 µs
at the ambient temperatures (298K and 308K) and 1 µs at an
elevated temperature of 450K. For each PETase system, two
trajectories were performed at every simulation temperature.

4.2 Trajectory analysis

We used the built-in modules of Gromacs to calculate RMSD,
RMSF, residue distances and conduct PCA, while MDAnal-
ysis was employed for calculating the contact map [70]. All
the analyses were performed after removal of the translation
and rotation of the protein in the simulation system during
the trajectories. RMSF value for each residue was calculated
by averaging RMSF of atoms belonging to that residue. For
contact probability calculations, contacts between any heavy
atoms of one residue pair were included with the cut-off dis-
tance set at 5Å. The results were normalized to obtain the
residue-level contact probability. For PCA, the covariance
value Ci j between residue i and j was firstly calculated by:
Ci j =

1
N ∑

N
k=1(r

k
i −〈ri〉)(rk

j −〈r j〉), where N is the total num-
ber of simulation frames, rk

i is the coordinate of Cα atom of
residue i in frame k. Then, the eigenvectors (PCs) and eigen-
values were calculated by diagonalizing the covariance matrix.
Frustration results were obtained by using the Frustratometer
online server [71].

4.3 Molecular docking

We constructed the complex structure of PETase with a PET
tetramer (4PET) by molecular docking. We used the crys-
tal structure of WT-PETase as the receptor in docking (PDB:
5XJH [19]) and the 4PET ligand was built based on a PET
dimer using Avogadro software [72, 73]. All hydrogen atoms
were added to both the protein and ligand using AutoDock-
Tools prior to performing docking [74]. Molecular docking
was then carried out between the WT-PETase structure and
4PET by AutoDock Vina (version 1.1.2) [75]. During dock-
ing, the ligand was set to be flexible while the protein was kept
rigid. To prevent the collapse of the PET chain, the three bonds
within O–C–C–O connecting the second and third benzene
rings and the central C–C bond connecting the first and second
benzene rings of the PET ligand were not allowed to rotate.
The docking model, which is consistent with those from pre-
vious studies [19, 54], was selected and further evaluation of
the structure model was done by MD simulations. MD simu-
lations of the PETase:4PET complex starting from the docking
model were performed using Gromacs-2023.2 software, fol-
lowing the same protocols as applied in simulations of the apo
state of PETase. PET ligand was parameterized with the gen-
eral Amber force field (GAFF2) [76] and the topology files of
4PET for Gromacs simulations were prepared using ACPYPE
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software [77]. To model the complex structure of Thermo-
PETase with 4PET, we directly implemented three mutations
on WT-PETase using PyMOL software [78]. For each PETase
system, two trajectories with a length of 1 µs were generated
at both 298K and 308K.

Data Availability
The necessary files for setting up Gromacs simulations and
molecular docking, as well as the frustration analysis results
are publicly available at https://osf.io/9yzjf/. Additional data
can be found in Supporting Information.
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der, Pavlo Bielytskyi, Dominique Böttcher, Jörg Matysik,
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Kenney, and Oliver Beckstein. Mdanalysis: A python
package for the rapid analysis of molecular dynamics
simulations. Proceedings of the 15th Python in Science
Conference, pages 98–105, 2016.

[71] R. Gonzalo Parra, Nicholas P. Schafer, Leandro G.
Radusky, Min-Yeh Tsai, A. Brenda Guzovsky, Peter G.
Wolynes, and Diego U. Ferreiro. Protein frustratome-
ter 2: A tool to localize energetic frustration in protein
molecules, now with electrostatics. Nucleic Acids Re-
search, 44(W1):W356–W360, July 2016.

[72] Carola Jerves, Rui PP Neves, Maria J Ramos, Saulo
da Silva, and Pedro A Fernandes. Reaction mecha-
nism of the pet degrading enzyme petase studied with
dft/mm molecular dynamics simulations. ACS Catalysis,
11(18):11626–11638, 2021.

[73] Marcus D Hanwell, Donald E Curtis, David C Lonie, Tim
Vandermeersch, Eva Zurek, and Geoffrey R Hutchison.
Avogadro: an advanced semantic chemical editor, visual-
ization, and analysis platform. Journal of cheminformat-
ics, 4:1–17, 2012.

[74] Garrett M. Morris, Ruth Huey, William Lindstrom,
Michel F. Sanner, Richard K. Belew, David S. Goodsell,
and Arthur J. Olson. Autodock4 and autodocktools4: Au-
tomated docking with selective receptor flexibility. Jour-
nal of computational chemistry, 30(16):2785–2791, De-
cember 2009.

[75] Jerome Eberhardt, Diogo Santos-Martins, Andreas F.
Tillack, and Stefano Forli. Autodock vina 1.2.0: New
docking methods, expanded force field, and python bind-
ings. Journal of Chemical Information and Modeling,
61(8):3891–3898, August 2021.

[76] Junmei Wang, Romain M. Wolf, James W. Caldwell, Pe-
ter A. Kollman, and David A. Case. Development and
testing of a general amber force field. Journal of Compu-
tational Chemistry, 25(9):1157–1174, 2004.

[77] Alan W. Sousa da Silva and Wim F. Vranken. Acpype
- antechamber python parser interface. BMC Research
Notes, 5(1):367, July 2012.

[78] LLC Schrodinger. The pymol molecular graphics system.
Version, 1:8, 2015.

14

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

C

E

F

G

H

I

D

B

D-loop
W-loop

298K

298K 298K

298K 298K

308K

308K-298K

308K308K

450K

308K 308K

WT Thermo 
R280A

S121E

Asp206

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 1

4

5 5

6

7

DC

1 12

3

A B

E F G H

I J K L

WT

298K 298K

Thermo WT Thermo

308K 308K

3
1 4 5 6 7

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


His237

Asp206Ser160

CA B

E F

G H I

KJ L

D

1

1 1

1

1 1

1

1 1
5

5 5

5

5 5

1

1 1

2
2

2

3

3

3

3 4(   )

4(   ) 4(   )3 3

7

7 7

6 6
6

WT
298K

WT
308K

Thermo
298K

Thermo
308K

1
1

2

2

5

3
3

5

7
7

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


A B

E F

Total

FruInd=0.39

FruInd=0.22 Binding Site

C

D
WT Thermo

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


A B

DC

E F

WT WTThermo Thermo

298K 308K

298K 308KComplex-Apo

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/


Complex

WT ThermoUnfolded

Binding-competent

Native

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2024. ; https://doi.org/10.1101/2024.05.11.593663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.11.593663
http://creativecommons.org/licenses/by-nc-nd/4.0/

