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ABSTRACT The extensive accumulation of polyethylene terephthalate (PET) has 
become a critical environmental issue. PET hydrolases can break down PET into its 
building blocks. Recently, we identified a glacial PET hydrolase GlacPETase sharing less 
than 31% amino acid identity with any known PET hydrolases. In this study, the crystal 
structure of GlacPETase was determined at 1.8 Å resolution, revealing unique structural 
features including a distinctive N-terminal disulfide bond and a specific salt bridge 
network. Site-directed mutagenesis demonstrated that the disruption of the N-terminal 
disulfide bond did not reduce GlacPETase’s thermostability or its catalytic activity on 
PET. However, mutations in the salt bridges resulted in changes in melting temperature 
ranging from −8°C to +2°C and the activity on PET ranging from 17.5% to 145.5% 
compared to the wild type. Molecular dynamics simulations revealed that these salt 
bridges stabilized the GlacPETase’s structure by maintaining their surrounding structure. 
Phylogenetic analysis indicated that GlacPETase represented a distinct branch within PET 
hydrolases-like proteins, with the salt bridges and disulfide bonds in this branch being 
relatively conserved. This research contributed to the improvement of our comprehen
sion of the structural mechanisms that dictate the thermostability of PET hydrolases, 
highlighting the diverse characteristics and adaptability observed within PET hydrolases.

IMPORTANCE The pervasive problem of polyethylene terephthalate (PET) pollution in 
various terrestrial and marine environments is widely acknowledged and continues to 
escalate. PET hydrolases, such as GlacPETase in this study, offered a solution for breaking 
down PET. Its unique origin and less than 31% identity with any known PET hydrolases 
have driven us to resolve its structure. Here, we report the correlation between its 
unique structure and biochemical properties, focusing on an N-terminal disulfide bond 
and specific salt bridges. Through site-directed mutagenesis experiments and molecular 
dynamics simulations, the roles of the N-terminal disulfide bond and salt bridges were 
elucidated in GlacPETase. This research enhanced our understanding of the role of salt 
bridges in the thermostability of PET hydrolases, providing a valuable reference for the 
future engineering of PET hydrolases.

KEYWORDS molecular dynamics, PET hydrolase, salt bridges, structure, thermostability

T he advantageous properties of plastics, such as high moldability, lightweight, and 
low cost, have driven their prevalent incorporation into industrial manufacturing 

and daily life. However, current global plastic production exceeds 367 million tons 
annually (1), and only approximately 9% of them are recycled, while most plastics are 
discarded, landfilled, or incinerated (2). Discarded plastics can be further fragmented 
into microplastics through weathering processes and mechanical abrasion (3). Conse
quently, microplastic pollution has now become pervasive across marine and terrestrial 
ecosystems, posing ecological threats across multiple trophic levels (4). Polyethylene 
terephthalate (PET), ranking as the sixth most-produced plastic globally (5), is commonly 
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used in various applications including bottles, films, and fibers. PET is an aromatic 
polyester synthesized by the condensation of terephthalic acid (TPA) and ethylene 
glycol (EG) monomers. The extensive production and consumption of PET have led to its 
massive accumulation in the environment, risking ecosystem, and human health (6).

PET hydrolases can depolymerize PET into its building blocks, providing a cost-effec-
tive and sustainable solution to PET pollution. In recent years, various sources of PET 
hydrolases have been identified and analyzed biochemically and structurally, including 
lipases, cutinases, carboxylesterases, and esterases (7). In 2016, Yoshida et al. identified 
a key PET-degrading enzyme, IsPETase, from a PET-assimilating bacterial strain Ideonella 
sakaiensis 201-F6 (8). This PET hydrolase was able to degrade PET at ambient tempera
tures (8). It featured two disulfide bonds, one at the C-terminus and the other one near 
the active site (9). Meanwhile, there is another class of thermophilic PET hydrolases 
including Cut190, TfCut2, and LCC with single disulfide bonds at the C-terminus (9), 
whose optimal reaction temperatures range from 50°C to 65°C (7). It is reported that 
as the temperature approached the glass transition temperature of PET, the polymer 
chains exhibited increased flexibility, consequently rendering them more susceptible to 
enzymatic attack (10). Therefore, various researchers have attempted to improve the PET 
hydrolysis efficiency of PET hydrolases by improving their thermostability. The adopted 
approach often incorporates the utilization of features relating to protein thermostabil
ity, such as disulfide bonds and salt bridges. For example, a disulfide bond was intro
duced into LCC to improve its thermal stability and performance for PET degradation 
(11). A pair of salt bridge from LCC was grafted into IsPETase to enhance its thermal 
stability and the activity on PET (12). This indicates that disulfide bonds and salt bridges 
are crucial for improving the thermostability of PET hydrolases. However, in the diverse 
PET hydrolases, the mechanisms of disulfide bonds and salt bridges influencing stability 
remain unexplored.

Recently, we identified a PET hydrolase GlacPETase from the glacier microbiome 
(13). It exhibited a comparable activity on PET with IsPETase at ambient temperatures 
and a better thermostability (13). GlacPETase shared less than 31% amino acid identity 
with any known PET hydrolases. From the predicted structure, it does not contain the 
conserved C-terminal disulfide bond like LCC or the conserved disulfide bond located 
near the catalytic center like IsPETase (13). Instead, it contains a unique disulfide bond 
at the N-terminus (13). These unique features of this glacial-derived enzyme render it an 
appealing candidate for further study.

In this study, the crystal structure of GlacPETase was determined, revealing its 
N-terminal disulfide bond and a unique salt bridge network. This work excavated the 
novel structural features of GlacPETase, not only advancing our fundamental under
standing of the structural mechanisms governing the thermostability of PET hydrolases 
but also broadening our knowledge of the diversity and plasticity among PET hydrolases.

RESULTS

Overall structure and novel features of GlacPETase

The GlacPETase crystal structure was solved at 1.80 Å resolution and two chains were 
observed in an asymmetric unit (Fig. 1A). There was no significant difference in the 
structure of the two chains after structure alignment [root mean square deviation 
(RMSD) for Cα =0.215, Fig. 1B]. The diffraction data and refinement statistics are listed 
in Table S2. According to the structure, GlacPETase was a classical α/β hydrolase, 
arranged as β1-β2-β3-α1-β4-α2-β5-α3-β6-α4-β7-α5-β8-α6-α7-α8-α9-β9 (Fig. 1C). Similar 
to IsPETase (9), GlacPETase adopted catalytic triad composed of Ser147, His227, and 
Asp196 (Fig. 1D). Ser147 functioned as the nucleophile, positioned 2.8 Å away from the 
base His227 for polarization. Meanwhile, His227 was stabilized by the presence of the 
acid Asp196 with a distance of 2.7 Å (Fig. 1D).

Compared to its homologous enzymes, GlacPETase harbored some distinctive 
features in disulfide bond and salt bridges. Only one single intra-molecular disulfide 
bond was observed in GlacPETase (Fig. 1C and 2A). The disulfide bond was located at 
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the N-terminus of GlacPETase, connecting the first β-strand to the loop in front of the 
second β-strand (Fig. 1C). However, a class of its homologous PET hydrolases like LCC 
consistently exhibits a conserved disulfide bond at the C-terminus, linking the last helix 
to the loop in front of the last β-strand. Another class of homologous PET hydrolases like 
IsPETase features an extra disulfide bond linking two loops where the catalytic acid and 
base are situated (14). GlacPETase possessed 46 charged amino acids, with 17 of them 
involved in the formation of salt bridges (Table S3). The formation of these salt bridges 
is attributed to the proximity of the carboxyl groups of acidic residues and the amino 
groups of basic residues, with a distance within 4 Å (Fig. 3). The salt bridge network in 
GlacPETase differed significantly from that of its homologous enzymes (Table 1), which 
will be elaborated upon in the following sections.

N-terminal disulfide bond in GlacPETase: limited impact on its stability and 
PET catalytic activity

To assess the impact of the N-terminal disulfide bond on the structure and function 
of GlacPETase, two cysteine residues responsible for forming the disulfide bond were 
individually mutated to serine. Subsequently, the mutant proteins were purified and 
subjected to melting temperature (Tm) determination and assessment of PET hydrolysis 

FIG 1 Overall structure of GlacPETase. (A) The two polypeptide chains in an asymmertric unit of GlacPETase. Chain A is colored pink and Chain B green. (B) The 

alignment of Chain A and Chain B with a root mean square deviation (RMSD) for Cα of 0.215 Å. (C) The overall structure of GlacPETase is shown as a cartoon 

model. The catalytic triad (green, top) and disulfide bond (yellow, bottom) are shown as sticks. (D) The catalytic triad is composed of Ser147, His227, and Asp196. 

Ser147 serves as the nucleophile and is located 2.8 Å away from the base His227. The acid Asp196 is located 2.7 Å away from His227 to provide stabilization.
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activity. The results indicated that the mutants, C38S and C58S, exhibited Tm values 
of 58°C, surpassing that of the wild type (56°C) by two degrees (Fig. 2B). Compared 
to the wild type, the mutants C38S and C58S exhibited an increased PET activity, 
reaching 109.7% and 115.6%, respectively (Fig. 2C). Subsequently, molecular dynamics 
simulations were performed on the wild type (WT) and its mutants C38S and C58S to 
further investigate the structural implications of the mutations. As shown in Fig. 2D, the 
serine mutations did not lead to significant fluctuations in the protein structure near 
where the disulfide bonds were located. The porcupine plot in Fig. 2E further visualized 
the RMSF for Cα of the structure formed by residues 36 to 62 during the molecular 
dynamics simulation. Little variations in the thickness and color of the lines suggested no 
significant impact on the structure of GlacPETase after serine mutation at the disulfide 
bond site. These findings implied that the N-terminal disulfide bond of GlacPETase was 
not actually playing an important role in maintaining the structure or its catalytic activity 
on PET.

GlacPETase possesses a unique salt bridge network

Analysis of salt bridges revealed the formation of nine pairs of salt bridges in GlacPETase 
(Table S3; Fig. 3). Among them, K115 formed salt bridges with both D159 and E111 (Fig. 
3G). H227 and D196 were components of the catalytic triad, playing a crucial role in 
substrate catalysis. D196 stabilized H227 through salt bridge interactions (Fig. 3B). H227/
D196, R238/D229, and R127/E124 displayed a ≤ 20% accessible surface area (ASA) and 

FIG 2 The N-terminal disulfide bond of GlacPETase and its functional validation. (A) The N-terminal disulfide bond of GlacPETase. The structure of the disulfide 

bond is depicted as a stick model and the omitted electron density map (gray mesh) of the residues involved in the disulfide bond is contoured at 2.0 σ. (B) The 

melting temperatures of GlacPETase and its mutants C38S and C58S. (C) The relative activities of GlacPETase and its mutants C38S and C58S. (D) The average 

root mean square fluctuation (RMSF) for Cα of residues 36–62 in the molecular dynamics simulation for WT and its mutants C38S and C58S. (E) Porcupine plot 

of residues 36–62 in the molecular dynamics simulation for WT and its mutants C38S and C58S. Cysteine involved in forming disulfide bonds, or serine after 

mutation, was represented using pink sticks. Regions with high fluctuations (high RMSF) were displayed in a thicker, teal color, while areas with low fluctuations 

(low RMSF) were shown in blue.
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were then classified as buried. By contrast, R271/E275, K78/E79, K115/D159, K115/E111, 
R53/E86 and R280/E282 were exposed (≥ 20% ASA) (Table S3).

Multiple sequence alignment and structural alignment showed that GlacPETase 
possessed a unique salt bridge network compared to its homologous proteins (Table 
1; Fig. S1). The salt bridge positions in Table 1 were ranked according to their occurrence 
frequency in various PET hydrolases. It can be observed that the salt bridge formed 
by D196 and H227 was strictly conserved across all PET hydrolases (SB 1, Table 1). The 
three salt bridges in LCC involving D155/R158, D267/R269, and D267/R158 were also 
strictly conserved in Cut190, TfCut_2, IsPETase, PE-H, and Ple629 but were absent only 
in GlacPETase (SB 2–4, Table 1). GlacPETase possessed as many as seven additional salt 
bridges that were not found in all other homologous proteins (SB 13–19, Table 1). By 
contrast, IsPETase contained six salt bridges but all of them can be found in other 
homologous proteins, lacking its signature salt bridges (SB 1–6, Table 1). These findings 
indicated that GlacPETase possessed a unique salt bridge network.

FIG 3 The salt bridge distribution of GlacPETase. (A) The nine pairs of salt bridges in GlacPETase. Each pair of salt bridges is marked with a different color. (B) The 

salt bridge connected by D196 and H227 was colored yellow with a distance of 2.7 Å. (C) The salt bridge connected by R238 and D229 was colored cyan with a 

distance of 3.2 Å. (D) The salt bridge connected by R271 and E275 was colored green with a distance of 3.9 Å. (E) The salt bridge connected by R127 and E124 was 

colored blue with a distance of 3.4 Å. (F) The salt bridge connected by K78 and E79 was colored gold with a distance of 2.9 Å. (G) The salt bridge connected by 

K115 and E111/D159 was colored magenta with a distance of 3.0 Å and 2.8 Å respectively. (H) The salt bridge connected by R53 and E86 was colored deep pink 

with a distance of 3.4 Å. (I) The salt bridge connected by R280 and E282 was colored light pink with a distance of 2.9 Å.
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Salt bridges in GlacPETase: evident impact on its stability and PET catalytic 
activity

Salt bridges play an important role in the thermostability and function of many enzymes 
(15). In this study, alanine single mutation in GlacPETase was used to validate the roles of 
these unique salt bridges in its thermostability and PET hydrolytic activity. These alanine 
mutants were individually expressed and purified. Then, the mutated proteins under
went melting temperature (Tm) evaluation and PET activity analysis. Results showed 
that compared to the WT, the Tm of R271A, E275A, D229A, R238A, K78A, E79A, K115A, 
D159A, E282A, E124A, and R127A have decreased. The Tm value of E282A showed the 
greatest reduction, 8°C below that of the WT. Next, the Tm values of R271A and D229A 
decreased by 5°C each. The Tm of R280A remained unchanged, whereas E86A exhibited 
an increment of 2°C, and both R53A and E111A increased by 1°C (Fig. 4A). The Tm value 
difference between the two single mutants forming every salt bridge was less than 2°C, 
except for the difference between R280A and E282A, which reached 8°C. In terms of 
PET hydrolytic activity, only E111A displayed an enhancement, reaching 145.5% of the 
WT’s activity. By contrast, the activities of all other mutants were reduced by varying 
degrees (Fig. 4B). Among them, the activities of R271A, E282A, and D229A were only 
17.5%, 21.8%, and 28.5% of the WT, respectively.

TABLE 1 The salt bridge distribution of several typical PET hydrolasesb

Salt bridgesa GlacPETase LCC Cut190 TfCut_2 IsPETase PE-H Ple629

SB 1 D196/H227 D210/H242 D222/H254 D176/H208 D177/H208 D217/H249 D198/H230
SB 2 \ D155/R158 D166/R169 D120/R123 D121/R124 D161/R164 D142/R145
SB 3 \ D267/R269 D279/R281 D233/R235 D236/R238 D277/R279 D262/R263
SB 4 \ D267/R158 D277/R169 D231/R123 D234/R124 D275/R164 D260/R145
SB 5 R280/E282 R286/D284 E297/R299 \ D254/R256 D297/R299 D282/R284
SB 6 \ \ E61/K266 \ E15/K223 E54/R264 E35/R249
SB 7 \ \ D151/R189 \ \ D143/R185 D124/R166
SB 8 \ D129/H191 \ R178/H156 \ \ \
SB 9 \ D129/R173 \ D94/R138 \ \ \
SB 10 \ \ D54/R281 \ \ D47/R279 \
SB 11 \ \ K266/D292 \ \ \ D277/R249
SB 12 \ \ \ \ \ D196/R179 D177/R160
SB 13 R271/E275 \ \ \ \ \ \
SB 14 D229/R238 \ \ \ \ \ \
SB 15 E86/R53 \ \ \ \ \ \
SB 16 K78/E79 \ \ \ \ \ \
SB 17 K115/D159 \ \ \ \ \ \
SB 18 K115/E111 \ \ \ \ \ \
SB 19 E124/R127 \ \ \ \ \ \
SB 20 \ D53/R108 \ \ \ \ \
SB 21 \ D98/R124 \ \ \ \ \
SB 22 \ R173/D193 \ \ \ \ \
SB 23 \ R173/E176 \ \ \ \ \
SB 24 \ \ R159/E163 \ \ \ \
SB 25 \ \ E236/R299 \ \ \ \
SB 26 \ \ \ K216/E251 \ \ \
SB 27 \ \ \ K229/D12 \ \ \
SB 28 \ \ \ R143/D145 \ \ \
SB 29 \ \ \ \ \ D123/R66 \
SB 30 \ \ \ \ \ D238/H273 \
SB 31 \ \ \ \ \ \ D208/R284
aThe order of salt bridges (SB) naming is based on their occurrence frequency in various PET hydrolases, from high to low.
bThe slash (\) means that the salt bridge at this location is absent in this PET hydrolase.
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MD simulations unveil the stabilizing roles of salt bridges in GlacPETase

Molecular Dynamics (MD) simulation was used to obtain atomistic insights into the 
mechanism of salt bridge roles. Figure 5 displays the average RMSF for Cα of residues 
surrounding each pair of salt bridges in WT and the aforementioned single-point alanine 
mutants. As shown in Fig. 5A through C, the RMSF of adjacent residues within the three 
pairs of salt bridges, namely R280/E282, R271/E275, and D229/R238, exhibited most 
notable variations compared to the WT. However, the variations of RMSF were minor 
in other salt bridge mutants (Fig. 5D through G). This observation was consistent with 
the changes in the protein melting temperatures, indicating that the three pairs of salt 
bridges R280/E282, R271/E275, and D229/R238 exerted a more substantial impact on 
the thermostability of GlacPETase compared with the other salt bridges. The disruption 
of the D229/R238 salt bridge led to obvious fluctuations in the loop between D229 
and R238 during the molecular dynamics simulations. Similarly, the mutation of the 
R271/E275 salt bridge resulted in more fluctuations in the α-helix (residues 267–275) 
where the salt bridge was located, as well as the subsequent loop (residues 276–279). 
The disruption of the R280/E282 salt bridge led to more fluctuations in the preceding 
loop (residues 276–279) of the β-sheet where the salt bridge was located, as well as the 
latter half of the connected α-helix (residues 271–275). These findings provided evidence 
for the stabilizing roles of these salt bridges in their surrounding structures.

Conserved distribution of disulfide bonds and salt bridges in GlacPETase-like 
proteins

To investigate the phylogenetic relationships among PET hydrolases, a phylogenetic tree 
was constructed for 68 identified PET hydrolases and their 632 homologous proteins. It 
was evident that the identified PET hydrolases (marked with red color in Fig. 6A) were 
distributed diversely across the entire tree, forming two main clades and several smaller 
branches. GlacPETase was classified into a distinct branch (Fig. 6A), and its closely related 
homologs exhibited similar distributions of the disulfide bonds and salt bridges (Fig. 6B). 
The two cysteines involved in disulfide bond formation in GlacPETase were conserved in 
all nearby homologous proteins except in WP 199286989.1, where only one of cysteine 
was identified. Regarding salt bridges, the following three pairs were strictly conserved: 
D196/H227, E124/R127, and K78/E79. At positions E275, E86, and E282, glutamic acid was 

FIG 4 The melting temperature and PET hydrolysis activity of GlacPETase and its mutants associated with salt bridges. (A) The melting temperature of 

GlacPETase and its mutants. (B) The relative activities of GlacPETase and its mutants. The asterisks (* and **) indicate significant (P < 0.05 and P < 0.01, 

respectively) differences between salt bridge mutants and wild type.
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substituted by the similarly negatively charged aspartic acid. At position D159, aspartic 
acid was replaced by the similarly negatively charged glutamic acid. At positions R238 
and R271, arginine was replaced by similar amino acids such as glutamine or glutamic 
acid.

DISCUSSION

In the present study, we determined the crystal structure of GlacPETase using X-ray 
crystallography. Structural analysis revealed that GlacPETase formed a disulfide bond 
at the N-terminus and harbored a unique salt bridge network. Site-directed mutagen
esis experiments demonstrated that the disulfide bond did not impact GlacPETase’s 
thermostability or catalytic activity toward PET but some salt bridges did affect these 
properties. Furthermore, molecular dynamics simulations provided insights into the 
dynamic salt bridge network and their roles in preserving the structural stability of 
GlacPETase.

In previous studies, disulfide bonds were considered to play an important role in 
the thermostability and enzymatic activity of PET hydrolases (9, 16, 17). Disrupting the 

FIG 5 Molecular dynamics simulations analysis of GlacPETase and salt bridge mutants. The average RMSF for Cα of residues surrounding each pair of salt bridges 

were marked with boxes and circles of the same color (A–G).
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disulfide bond near the active site in IsPETase resulted in a reduction of the melting 
temperature by approximately 13°C, accompanied by a sharp decline in its PET hydrolytic 
activity (9). Similarly, disrupting the disulfide bond at the C-terminus in LCC resulted in a 
reduction of approximately 15°C in its melting temperature (16). In addition, Huang et al. 
employed two computational algorithms to rationally introduce an additional disulfide 
bond into BbPETase, resulting in an increase of nearly 15°C in its melting temperature 
(18). It was reported that the introduction of two disulfide bonds into CaPETase by 

FIG 6 Phylogenetic analysis of PET hydrolase-like proteins. (A) The phylogenetic tree of 68 identified PET hydrolases and their homologs. The identified PET 

hydrolases were marked with red color and GlacPETase was marked with blue color. Boxed sequences were shown in panel B. (B) The distribution of residues 

involved in disulfide bonds and salt bridges in homologs within the same branch of GlacPETase. The disulfide bonds and salt bridges conserved strictly in 

homologs were colored with a gray background. The hosts of these homologs were also displayed.

Full-Length Text Applied and Environmental Microbiology

March 2024  Volume 90  Issue 3 10.1128/aem.02242-23 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
21

 M
ar

ch
 2

02
4 

by
 2

02
.1

20
.8

.4
7.

https://doi.org/10.1128/aem.02242-23


rational design resulted in an increment in its melting temperature by nearly 9°C (19). 
Surprisingly, the disruption of the N-terminal disulfide bond of GlacPETase in this study 
did not adversely affect both its thermostability and PET hydrolytic activity. As shown 
in Fig. 1C, the N-terminal disulfide bond of GlacPETase connects the loop preceding β1 
and β2. It was reported that the interactions between two β-sheets typically involve 
hydrogen bonds, Van der Waals forces, and hydrophobic interactions, maintaining a 
certain level of rigidity in the protein structure (20). In GlacPETase, these interactions 
naturally exist between β2 preceding C58 and β1 containing C38 (Fig. 1C), maintain
ing the structural stability in this vicinity. Therefore, disrupting this disulfide bond did 
not significantly impact the neighboring structure. This unexpected result seems to 
challenge conventional assumptions about the role of disulfide bonds in PET hydrolases, 
suggesting a more intricate interplay of factors governing the entire stability of PET 
hydrolase.

Salt bridges have been demonstrated in previous studies to play a crucial role in 
maintaining protein stability by enhancing the rigidity of the protein structure (21–24). 
Furthermore, the introduction of salt bridges has been proven to enhance the thermo
stability of PET hydrolases (12, 25, 26). In this study, the distribution of salt bridges in 
major PET hydrolases was systematically analyzed (Table 1), demonstrating the presence 
of a distinctive salt bridge network in GlacPETase. Site-directed mutagenesis experiments 
showed that the majority of the salt bridge mutants exhibited a reduction in their 
melting temperatures, indicating a reduced thermostability. It is noteworthy that the 
difference in the decrease in melting temperatures caused by the two mutants in the 
same salt bridge was generally within 2°C, suggesting that the disruption of salt bridges 
was the primary factor contributing to the reduction in melting temperatures. However, 
for the same salt bridge, E282A exhibited an 8°C lower melting temperature compared 
to R280A. From the results of molecular dynamics simulations, the residues 266 to 280 
in the E282A mutant displayed more significant fluctuations compared to the WT and 
R280A counterparts (Fig. 5A), suggesting additional roles of E282 from forming of a 
salt bridge with R280. An analogous case also occurred in the engineering of IsPETase, 
where a new salt bridge formed between I168R and D186 after the I168R mutation 
and the guanidine group of I168R also established new hydrogen bonding interactions 
with the amide oxygen and backbone oxygen atoms of S188Q (26). It was reported that 
PET hydrolytic activities of PET hydrolases are correlated with enzyme stability (10). In 
this study, the reduced stability by salt bridge disruption may well led to the enzymes 
exerting their activity for a shorter duration at the same test temperature, resulting in 
relatively lower total hydrolysis product yields. Moreover, it is possible that these salt 
bridge sites are also involved in binding the PET substrate, resulting in reduced activity 
after mutations. Nevertheless, validating this hypothesis certainly requires obtaining 
co-crystal structures of PET with different mutants.

A noteworthy mutation was E111A, which exhibited increased thermostability and 
PET hydrolytic activity after alanine mutation (Fig. 4). This might be attributed to the 
elimination of electrostatic repulsion between E111 and D159, as E111 was located 
opposite to D159 (Fig. 3G). The salt bridge between D159 and K115 stabilizes the 
positions of the two helices (α2 and α3). After the alanine mutation, the electrostatic 
repulsion ceased, leading to enhanced thermostability. However, the increased PET 
hydrolytic activity of E111A cannot be solely attributed to its improved thermostability. 
Other factors such as a more favorable substrate binding might contribute, which needs 
further explanation through the determination of complex structures.

Compared with its homologs, GlacPETase exhibits moderate thermostability (Table 
2). The stronger thermostability of GlacPETase compared to IsPETase may be attributed 
to the stabilizing contribution of salt bridges in GlacPETase, outweighing the stability 
supported by disulfide bonds and other factors in IsPETase. The lower thermostability of 
GlacPETase compared to TfH, TfCut2, and LCC may be due to the greater contribution of 
disulfide bonds or other factors in these proteins. The contribution of each influencing 
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factor may be related to their respective positions and the strength of the interactions, 
which requires further experimental analysis.

In 2018, Joo et al. classified PET hydrolase-like enzymes into two types based on 
their sequence and structural information (9). Type I PET hydrolases possess a single 
conserved disulfide bond at the C-terminus. Type II PET hydrolases feature an additional 
disulfide bond and an extended loop near the catalytic triad in addition to the C-terminal 
disulfide bond in Type I PET hydrolases (9). However, with the continuous discovery of 
new PET hydrolases in recent years, this classification criterion seems to be inadequate. 
For instance, GlacPETase in this study has a unique N-terminal disulfide bond and a 
unique salt bridge network, making it apart from Type I and Type II PET hydrolases. 
Another case is FsC, which displays significant structural differences from both Type 
I and Type II PET hydrolases, despite also being an α/β hydrolase. In addition, some 
PET hydrolases exhibited some significant modifications in the core fold and some 
PET hydrolases possessed extra structural domains (28). In this study, the phylogenetic 
analysis of identified PET hydrolases and their homologs further reflected the diversity 
of PET hydrolases (Fig. 6). Therefore, when classifying PET hydrolases, other structural 
features such as salt bridges, domains, overall structural similarities, and additional 
factors are also suggested to be considered.

Notably, most of the hosts harboring GlacPETase-like enzymes belong to the 
Pseudomonadota Phylum, such as Pseudomonas mangrovi, Thalassolittus, and Ocean
ospirillales (Fig. 6B). This observation underscores their evolutionary resemblance, 
suggesting a shared evolutionary trajectory among these enzymes. Strains in the same 
genus as these hosts are often reported to be associated with the degradation of 
hydrocarbons such as petroleum and alkanes (29). Therefore, these enzymes may have 
evolved from enzymes with the function of degrading hydrocarbons in these strains to 
enable the utilization of PET as a carbon source for growth.

In conclusion, the structural analysis of GlacPETase derived from glacial microbiomes 
revealed its unique salt bridge network crucial for its stability, marking it as a promising 

TABLE 2 Comparison in the melting temperature of GlacPETase and some representative PET hydrolasesa

Protein Melting temperature (°C) Reference

Wild Type GlacPETase 56 (13)
IsPETase 49 (13)
TfH 70 (27)
TfCut2 68 (9)
LCC 86 (16)

Disruption of disulfide bonds GlacPETaseC38S Tm
WT+2 This study

GlacPETaseC58S Tm
WT+2 This study

IsPETaseC203A/C239A Tm
WT-13 (9)

LCCC292A Tm
WT-15 (16)

Disruption of salt bridges GlacPETaseR271A

GlacPETaseE275A

GlacPETaseD229A

GlacPETaseR238A

GlacPETaseK78A

GlacPETaseE79A

GlacPETaseK115A

GlacPETaseD159A

GlacPETaseE282A

GlacPETaseE124A

GlacPETase R127A

Tm
WT-8 ~Tm

WT-1 This study

Build of salt bridges IsPETaseI168R/S188D Tm
WT+7 (12)

IsPETaseI168R/S188E Tm
WT+8 (12)

aThe measured melting temperatures may vary due to different experimental conditions employed by different 
experimenters, but the overall difference does not exceed 5°C. Tm

WT refers to the melting temperature of the wild 
type under the same experimental conditions as the mutants.
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candidate for further protein engineering. These discoveries contribute significantly to 
our fundamental knowledge of the thermostability in PET hydrolases but also under
score the immense diversity and adaptability within this enzyme family, offering hope for 
addressing the global plastic pollution crisis.

MATERIALS AND METHODS

Protein expression and purification

The expression and purification of GlacPETase were carried out as previously reported 
(13). Briefly, the gene GlacPETase was cloned into the pET-32a vector using EcoRI (5′ end) 
and NotI (3′ end) sites, fused to the N-terminal TrxA-coding sequence. A TEV protease 
recognition site was introduced between trxA and glacPETase. The resulting plasmid was 
transformed into E. coli BL21 trxB (DE3), cultured in LB with 100 µg/mL ampicillin at 20°C 
for 48  h. After the harvest by centrifugation and lysed by ultrasonication, the superna
tant underwent Ni-NTA chromatography for purification. Following TrxA-tag removal 
through TEV protease digestion and additional Ni-NTA chromatography, the mature 
GlacPETase was obtained. Then, the GlacPETase for crystallization was further purified 
using a gel filtration chromatography column (GE Healthcare Life Sciences, Boston, MA) 
in buffer (20 mM Tris-HCl, pH 8, 300 mM NaCl). Then, the protein was ultrafiltered to 
11 mg/mL for crystallization screening.

Crystallization, data collection and structure refinement

Crystallization of the purified GlacPETase was performed using the sitting-drop vapor-
diffusion method at 20°C. Each experiment consisted of 0.5 µL or 1 µL of GlacPETase 
(11 mg/mL) containing solution (20 mM Tris-HCl, 300 mM NaCl, pH 8.0) and 0.5 µL 
of reservoir solution. Then it was equilibrated against 50 µL of the reservoir solution. 
Diffraction-quality crystals of GlacPETase appeared within 3 days. The best quality 
GlacPETase crystals were grown in 0.1 M Tris, 0.1 M potassium thiocyanate, 0.1 M 
sodium bromide, and 25% vol/vol PEG smear Broad (pH 7.8). For data collection, the 
aforementioned crystals were flash-frozen by immersion in liquid nitrogen after being 
bathed in a reservoir solution containing 20% glycerol as a cryoprotectant. Data were 
gathered at 100 K at the Shanghai Synchrotron Radiation Facility (BL19U beamline) 
and then were integrated, scaled, and merged by HKL3000 (30). Phaser in the CCP4 
program suite (31) was used to carry out the molecular replacement, and the structure 
of GlacPETase predicted by AlphaFold2 (32) was set as the template. The structure was 
manually adjusted using COOT (33) and then refined using Phenix (34).

Evaluation of salt bridges in GlacPETase and their ASA analysis

Salt bridges in GlacPETase were analyzed using “Salt Bridges and charge segregation” in 
ProteinTools (35). GetArea was used to compute the Solvent ASA of residues involved in 
salt bridges (36), which was then converted to %ASA as reported (23).

Site-directed mutagenesis

Site-directed mutagenesis experiments were conducted using a Site-Directed Mutagene
sis Kit (Hieff Mut, Yeasen Biotechnology Co., Ltd., Shanghai, China). Mutagenic primers 
are provided in supplementary materials (Table S1). The expression and purification of 
mutants of GlacPETase were the same as described above.

Enzyme activity and melting temperature (Tm) measurement

The activity of wild type and mutants of GlacPETase was determined using PET 
nanoplastics as substrates. The assay was carried out as a previously reported method 
with some modifications (13). Briefly, 1 mL of 500 nM protein was incubated with 10 
µL of 1% PET stock solutions at 30°C for 24 h. The reaction process was terminated 
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by adding 1 mL of acetonitrile and the supernatant was centrifuged and filtered for 
high-performance liquid chromatography analysis. The profile for HPLC analysis was the 
same as reported previously (13). The relative enzyme activity of mutants was assessed 
by calculating the ratio of the total hydrolysis products (BHET, MHET, and TPA) to that of 
the wild type. The melting temperatures of wild type and mutants were performed using 
the Thermofluor assay as reported previously (13). Three replicates were conducted for 
each mutant and the wild type in both thermostability and enzymatic activity tests. 
T-test was used to validate whether there is a significant difference between mutants and 
wild type.

Phylogenetic analysis and multiple sequence alignment

To obtain homologous proteins of PET hydrolases, 68 identified PET hydrolases were 
utilized as query sequences in BLASTp searches against the Non-Redundant Protein 
Sequence Database (37). The amino acid sequences of these 68 known PET hydrola
ses were placed into Text S1 in supplementary materials. The search was carried out 
using DIAMOND (v0.9.25.126) employing an e-value threshold of 1e−5 and requiring 
a minimum identity and coverage of 30% (38). After removing redundancy, a total 
of 632 sequences were obtained. These sequences, along with the initial set of 68 
identified PET hydrolases, were further aligned using MAFFT-linsi (version 7) with the 
FFT-NS-2 algorithm (39). Then, a phylogenetic tree of these PET hydrolase-like proteins 
was constructed using IQ-TREE (version 2.2.2.6) (40) with the “WAG + F + I + G4” 
model and 1,000 ultrafast bootstraps. The Plastics-Active Enzymes Database presented 
an overview of the accessions corresponding to the 68 PET hydrolases examined in this 
research (41). Then, three thermophilic PET hydrolases (LCC, Cut190, and TfCut_2) and 
three mesophilic PET hydrolases (IsPETase, PE-H, and Ple629) were subjected to multiple 
sequence alignment with GlacPETase using MAFFT-linsi (version 7) (39), shown by ESPript 
(version 3.0) (42).

Molecular dynamics simulations

GROMACS 2021 with the AMBER99SB force field was used to perform molecular 
dynamics simulations (43). Proteins were immersed in a TIP3P water box with octahedral 
boundaries. The system’s unbalanced charge was neutralized by supplementing with 
appropriate counterions (sodium ions and chloride ions). The system underwent energy 
minimization by the steepest descent algorithm, followed by 100 ps of equilibration in 
the NVT and NPT ensembles. A force constant of 1,000 KJ mol−1 nm−1 was used to restrain 
all heavy atoms. Unrestrained production runs were performed for 20 ns in the NPT 
ensemble at 340 K (66°C), with a 2 fs time step.
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