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Polyethylene terephthalate (PET) is a widely used synthetic polymer and

known to contaminate marine and terrestrial ecosystems. Only few PET-

active microorganisms and enzymes (PETases) are currently known, and it is

debated whether degradation activity for PET originates from promiscuous

enzymes with broad substrate spectra that primarily act on natural polymers

or other bulky substrates, or whether microorganisms evolved their genetic

makeup to accepting PET as a carbon source. Here, we present a predicted

diene lactone hydrolase designated PET40, which acts on a broad spectrum

of substrates, including PET. It is the first esterase with activity on PET from

a GC-rich Gram-positive Amycolatopsis species belonging to the Pseudono-

cardiaceae (Actinobacteria). It is highly conserved within the genera Amyco-

latopsis and Streptomyces. PET40 was identified by sequence-based

metagenome search using a PETase-specific hidden Markov model. Besides

acting on PET, PET40 has a versatile substrate spectrum, hydrolyzing d-
lactones, b-lactam antibiotics, the polyester-polyurethane Impranil� DLN,

and various para-nitrophenyl ester substrates. Molecular docking suggests

that the PET degradative activity is likely a result of the promiscuity of

PET40, as potential binding modes were found for substrates encompassing

mono(2-hydroxyethyl) terephthalate, bis(2-hydroxyethyl) terephthalate, and

a PET trimer. We also solved the crystal structure of the inactive PET40 var-

iant S178A to 1.60 �A resolution. PET40 is active throughout a wide pH (pH

4–10) and temperature range (4–65 °C) and remarkably stable in the
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presence of 5% SDS, making it a promising enzyme as a starting point for

further investigations and optimization approaches.

Introduction

Petroleum-based plastics are, in general, extremely sta-

ble and durable. The global use at a multimillion tons

scale over 70 years and the lack of recycling and circu-

lar use concepts have resulted in unprecedented pollu-

tion in nearly all environments [1,2]. Microbial- and

enzyme-driven plastics degradation have made enor-

mous progress in the last years, and several reviews

have summarized the current knowledge [3–7].
Currently, around 80 enzymes originating from four

different bacterial phyla are biochemically characterized

PET-active hydrolases (www.pazy.eu database search,

accessed on 02.05.23; [8]) (Fig. 1). These enzymes com-

prise cutinases (EC3.1.1.74), lipases (EC3.1.1.3), and car-

boxylesterases (EC3.1.1.1) that can act on amorphous

and low-crystalline PET. They hydrolyze ester bonds in

the polymer yielding bis-(2-hydroxyethyl) terephthalate

(BHET), mono-(2-hydroxyethyl) terephthalate (MHET),

terephthalic acid (TPA), and ethylene glycol (EG). Some

bacteria can hydrolyze MHET using an MHETase

[9,10]. TPA can be degraded via cleavage of the aromatic

ring structure using known aryl pathways [11,12]. While

EG is often oxidized to glycolate before entering glyoxy-

late degradative pathways.

The best-studied enzymes are derived from the

Gram-negative proteobacterium Ideonella sakaiensis

201-F6 [9] and from a leaf branch compost metagen-

ome [15]. The latter is a designated leaf and branch

compost cutinase (LCC) and is phylogenetically affili-

ated with the Gram-positive genus Thermobifida [15].

This genus together with the closely related genera

Thermomonspora and Saccharomonospora are phyloge-

netically grouped within Actinobacteria and have been

a rich source for PET hydrolases [16–22] (Fig. 1).

Also, it has been shown that the Gram-negative genus

Pseudomonas (Proteobacteria) harbors a diverse set of

PET-active enzymes, listed in the PAZy database

(www.pazy.eu). Among them are PpCutA from

P. pseudoalcaligenes, PpelaLip derived from P. pelagia

and PE-H from P. aestusnigri [23–25]. Additionally,

we recently reported on PET-degrading enzymes found

in the Bacteroidetes phylum [26]. Altogether, these

studies have significantly advanced our knowledge of

the structural and biochemical processes affiliated

with PET hydrolysis [10,27,28]. Furthermore, Candida

antarctica lipase B (CalB), Fusarium solani FsC, and

Humicola insolens HiC were affiliated with PET degrada-

tion as part of promiscuous enzyme activities [29].

Since it is well-known that some esterases are highly
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Fig. 1. PET40 shares sequence similarities

with other actinobacterial PETases and LCC.

The unrooted phylogenetic tree is based on

amino acid sequence homologies. Overall, a

selection of 23 enzymes was included in

this alignment. The structural alignment

was calculated with T-COFFEE EXPRESSO [13].

The tree was constructed by a Maximum

Likelihood method using MEGAX [14] with

1000 bootstraps. The bootstrap values are

indicated as percentages at the branches.

GenBank entries of the sequences used are

listed in Table 1 and on www.pazy.eu. The

phylogenetic groups are highlighted with

distinct colors, as shown in the legend.
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promiscuous [30,31] and the turnover rates of wild-type

enzymes on PET are low to moderate, we assume that

PETases are in general rather promiscuous enzymes and

PET is not the native substrate. Our understanding of

the origin, evolution, and role of PET-active enzymes in

the environment is still very poor. These challenges can

only be met by mining biodiversity for novel enzymes

and analyzing and comparing their structural, phyloge-

netic, and kinetic characteristics.

Within this framework, and to further enrich the

biodiversity of known PET-active enzymes, we have

searched for new PET-active enzymes. Therefore, we

used a previously published hidden Markov model

(HMM) search algorithm to mine global genomes and

metagenomes [32,33]. We identified a single novel

esterase, designated PET40, that is distinct from previ-

ously identified enzymes in the Actinobacteria. Intrigu-

ingly, PET40 is highly conserved within the genera of

Amycolatopsis and Streptomyces. The enzyme is highly

active on a wide range of different substrates, includ-

ing PET, and has remarkably good activity on para-

nitrophenyl (pNP)-esters even at temperatures as low

as 4 °C. While it is already known that some predicted

diene lactone hydrolases can degrade PET [34], this

study is one of the first that highlights substrate pro-

miscuity aspects of a PET-active esterase by delivering

experimental and structural evidence.

Results

Profile hidden Markov model search identifies

the novel actinobacterial PET-active

esterase PET40

Previous research has shown that bacterial PET ester-

ases occur in four bacterial phyla (Fig. 1). Most of the

verified PET-active enzymes have been identified in

the phylum of the Actinomycetes with 33 biochemically

characterized enzymes (www.pazy.eu, accessed on

02.05.23). Since hitherto only in the three closely

related genera Thermobifida, Thermomonspora, and Sac-

charomonospora active PETases had been identified, we

wondered whether other GC-rich Gram-positive Acti-

nobacterial genera code for PET-active enzymes. To

address this question, we performed global database

searches on publicly available bacterial genomes and

metagenomes from the NCBI GenBank [35]. and IMG

database [36]. combined with a previously published

HMM-based search approach [32,33]. Among others,

this search identified a potential diene lactone hydrolase

in a soil metagenome affiliated with the Gram-positive

genus Amycolatopsis from a biochar metagenome

(Table 1) [37]. We designated this putative PETase

PET40. A phylogenetic analysis of the deduced amino

acid sequence implied that the predicted enzyme was

phylogenetically related to known actinobacterial

sequences, but not affiliated with any of the three genera

Thermobifida, Thermomonospora, and Saccharomonos-

pora. The amino acid alignment shows that the amino

acid sequence similarity of PET40 ranged from 58.9%

to 69.1% compared with the known high-GC bacterial

PETases listed in Table 1. Based on this observation, we

performed additional BLASTP searches using the PET40-

deduced amino acid sequence. Interestingly, the enzyme

is relatively conserved within the genus of Amycolatop-

sis. It is present in 21 of the 68 Amycolatopsis genomes

deposited in GenBank with E-values ranging from

7e�172 to 1e�149 and the lowest identity of 93% (94%

coverage). Using an arbitrary identity cutoff of 80%, we

found the protein sequence in 73 of the 564 Streptomy-

ces genomes from the NCBI genome database with the

highest E-value of 7e�144 (81% identity at 95% query

coverage). These data imply that the protein is widely

distributed within these two genera and may have been

Table 1. Functionally verified and known PET-active enzymes in the phylum of the Actinobacteria.

Name GenBank accession Phylogenetic affiliation Reference

aa sequence identity

with PET40 (%)

PET40 WAU86704.1 Amycolatopsis sp. This work 100.00

Cut190 BAO42836.1 Saccharomonospora viridis AHK190 [19] 65.40

LCC AEV21261.1 Uncultured bacterium [15] 58.94

Tcur0390 WP_012850775.1 Thermomonospora curvata DSM43183 [38] 68.34

Tcur1278 WP_012851645.1 Thermomonospora curvata DSM43183 [20] 69.14

TfH WP_011291330.1 Thermobifida fusca DSM43793 [21] 63.70

Thc_Cut1 ADV92526.1 Thermobifida cellulosilytica DSM44535 [22] 63.60

Thc_Cut2 ADV92527.1 Thermobifida cellulosilytica DSM44535 62.84

Thf42_Cut1 ADV92528.1 Thermobifida fusca DSM44342 62.45

Tha_Cut1 ADV92525.1 Thermobifida alba DSM43185 [16] 62.45

Thh_Est AFA45122.1 Thermobifida halotolerans DSM44931 68.97
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acquired via horizontal gene transfer within these GC-

rich Gram-positive microorganisms.

Recombinant PET40 hydrolyzes TBT, PCL, BHET,

the ester-based polyurethane Impranil DLN,

and PET

To verify our bioinformatic analysis, we expressed

PET40 in Escherichia coli for functional characteriza-

tion. For this, the candidate gene was synthesized,

cloned into the expression vector pET21a(+) (Bioma-

tik, Wilmington, DA, USA), and transformed in

E. coli BL21 (DE3). Initial tests using recombinant

purified proteins and agar plates containing tributyrin

(TBT) indicated the PET40-gene codes for an active

esterase (Fig. 2A). PET40 was able to hydrolyze

BHET (Fig. 2A), which is a monomeric constituent of

PET used as a screening substrate to indicate possible

activity on PET. Activity on polycaprolactone (PCL),

a polyester model-substrate, could also be shown

(Fig. 2A). The hydrolysis of these model substrates

also indicates possible activity on the polymeric and

more complex PET. Additionally, we observed that

PET40 was able to cleave Impranil� DLN, which is

an aliphatic polyester polyurethane. After an incuba-

tion for 20 min at 40 °C with 5 lg PET40 (250 lL
reaction volume), a release of 790 � 21 lM of H+

was detectable using phenol red as the indicator

(Fig. 2B). Ultra-high-performance liquid chromatogra-

phy (UHPLC) analyses confirmed the release of hydro-

lysis products such as TPA from semicrystalline

(> 40% crystallinity) PET powder after incubation

with PET40 (Fig. 2C).

PET40 (0.1 mg�mL�1 enzyme in 200 lL correspond-

ing to 3.54 lM) was incubated together with 5 mg PET

powder for 72 h at 40 °C. After the incubation, a con-

centration of aromatic degradation products TPA,

MHET, and BHET of 50.41 � 10.21 lM was mea-

sured in the reaction supernatant corresponding to a

relative amount of 0.17 � 0.03 lmol TPA-EG unit

PCL BHETTBT

Control

PET40

(A) (B)

0
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rb
an

ce
 5

50
 n

m

Time [min]

(C)

Fig. 2. PET40 hydrolyses various esters, including PET. (A) Activities of PET40 on TBT, PCL, and BHET using agar plates. 10 lL containing

10–100 lg of purified enzyme were applied to agar plates containing either 33.08 mM TBT, 4.38 mM PCL, or 5 mM BHET. Halos were

observed after 12 h. Control indicates plates with 10 lL enzyme-free buffer. (B) Activity on Impranil� DLN was assessed using phenol red

as pH indicator. Decreasing values of absorbance at 550 nm revealed the breakdown of Impranil� DLN by PET40. Error bars represent stan-

dard deviation (SD) values of n = 3 measurements. (C) UHPLC profile of PET40 reaction supernatant after incubation on PET powder for

72 h showing the release of TPA (elution time: 1.7 min). 0.1 mg�mL�1 of recombinant and purified enzyme were applied to 5 mg of PET

powder in a reaction volume of 200 lL and incubated over 72 h at 40 °C. The chromatograms are representative measurements, which

were repeated in separate experiments at least three times. A control of an equal amount of PET powder was incubated at the same condi-

tions without added enzyme to rule out non-enzymatic TPA release.
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released from the polymer per mg of enzyme per

day (Table 2). For comparison, we assessed the activ-

ity of PET40 to self-produced recombinant IsPETase

and LCC under equal conditions at suitable tempera-

tures. Here, IsPETase released at 30 °C 4.33 � 0.56

lmolTPA-EG�mgenzyme
�1�day�1 and LCC at 50 °C

released 12.78 � 1.44 lmolTPA-EG�mgenzyme
�1�day�1.

Even though activity on PET can be detected for

PET40 through HPLC measurements, the overall PET

degradation takes place at a low rate with a substrate

conversions below 0.1% in the incubations specified

above. The low activity compared with IsPETase or

LCC may be related to a single amino acid substitu-

tion in the predicted substrate binding pocket of

PET40 (Table 3). Notably, IsPETase and LCC carry a

Tyr-Met-Trp motif in their binding sites. PET40, how-

ever, carries a Phe-Met-Trp motif (Fig. 3, Table 3).

Promiscuity assays using esterase, lactonase,

and b-lactamase substrates

Due to the rather recent occurrence of PET in the

environment, it is unlikely that the primary substrate

of a natural esterase is PET and degradation of the

polymer is often only a side activity, as esterases are

known to be promiscuous enzymes [30,31]. This also

justifies the low turnover rates of PET40 on PET.

Therefore, we further characterized PET40 on pNP

esters, lactones, and b-lactams. Furthermore, we tested

the effect of metal ions on PET40 activity.

Para-nitrophenyl-esters are commonly used sub-

strates for the biochemical characterization of carboxy-

lesterases. Using pNP esters with a C-chain length

ranging from 4 to 18 (pNP C4-C18), PET40 showed

activities on all substrates, with higher activities

observed on pNP-esters with acyl chain lengths

between C6 and C14 (Fig. 4A). Significantly lower

activities were measured with shorter (C4) and longer

(C16–18) C-chain lengths. The kinetic parameters of

PET40, determined according to Michaelis–Menten

for pNP-C12 at 30 °C and pH 8, are vmax = 0.86

nmol�min�1, kcat = 8.26 s�1, Km = 0.73 mM, and kcat/

Km value of 1.14 9 104 M�1�s�1.

Using 1 mM pNP-C12 as substrate, PET40 revealed

a remarkably broad temperature range. PET40 was

most active at pH 8.0 when tested in 0.1 M potassium

phosphate buffer with 1 mM of substrate at the tem-

perature optimum of 40 °C. Surprisingly, at 4 °C, the
enzyme still showed a relative activity of 59% com-

pared with the activity at optimal conditions

(Fig. 4A). At 40 °C, PET40 is also active over a broad

pH range (pH 5–10), for which more than 75% resid-

ual activity was observed. To assess the enzyme’s ther-

mostability, it was incubated at 50 °C and 60 °C for

2 h, after which the enzyme only showed 11% and 5%

residual activity, respectively, compared with the con-

trol without incubation (data not shown). At 50 °C,
PET40 has a half-life time of 30 min (Fig. 4B). Nano

differential scanning fluorimetry (NanoDSF) measure-

ments indicated a Tm of 54.56 � 0.24 °C of the pro-

tein. To further characterize the effects of metal ions,

possibly conveying activity through increased stability to

the enzyme, Ca2+, Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Ni2+,

or Zn2+, were added to the assays at 1 and 10 mM. The

activity was measured with pNP-C12 and compared with

a metal-free control. The activity of PET40 slightly

decreased at a 10 mM concentration for most of these

ions and was mostly unaffected at the 1 mM concentra-

tion (Fig. 4A). Therefore, we conclude that the enzyme

does not need metal ions for its activity. To probe

PET40’s tolerance against chelating agents and

inhibitors, we tested the influences of ethylenediaminete-

traacetic acid (EDTA), dithiothreitol (DTT), or phenyl-

methylsulfonyl fluoride (PMSF) in concentrations of 1

and 10 mM. The presence of EDTA, DTT, and PMSF

resulted in < 20% reduction in activity which, regarding

EDTA, is also in line with the findings about the unaf-

fectability through metal ions. Finally, we tested the sen-

sitivity of PET40 toward detergents. A concentration of

5% (v/v) of the detergents Tween 80 and Triton X-100

lead to a decrease of 80% and 32%, respectively. SDS at

the same concentrations had no negative impact on the

enzyme’s activity (Fig. 4A). Thus, PET40 has a relatively

high stability against denaturing agents.

Lactonase activity of PET40 was further investigated

in a phenol red assay, where the hydrolysis on

d-dodecalactone, c-dodecalactone, d-octalactone, and

c-caprolactone was detected due to the release of pro-

tons. These lactones differ in their chain length and ring

structure. PET 40 showed the highest activity on

d-octalactone (0.43 U�mg�1). While d-dodecalactone

Table 2. TPA-EG units (lM) released from PET by PET40 in com-

parison with IsPETase and LCC. The recombinant and purified

enzymes were incubated at a concentration of 0.1 mg�mL�1 for a

time period of 72 h at 40 °C (PET40), 50 °C (LCC) and 30 °C (IsPE-

Tase), respectively. For the tests, 5 mg of PET powder (as speci-

fied in Materials and methods) were employed. Incubations were

carried out in a reaction volume of 200 lL. Data are mean values

with standard deviations derived from three measurements per

sample.

Enzyme Phylum Released lmolTPA-EG�mgenzyme
�1�day�1

PET40 Actinobacteria 0.17 � 0.03

LCC 12.78 � 1.44

IsPETase Proteobacteria 4.33 � 0.57
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was cleaved rather quickly (0.22 U�mg�1),

c-dodecalactone was not (0.06 U�mg�1). The hydrolysis

rate of c-caprolactone (0.02 U�mg�1) was similar to that

of c-dodecalactone.
The activity of PET40 on different b-lactams

(Fig. 5A) was tested in a standard disk diffusion

assay on agar plates. The commercially available disks

used in this assay contained indicated amounts of

antibiotic compounds (Fig. 5B). The zone of inhibi-

tion (ZOI) of bacterial growth around these disks

was evaluated after incubation of the disks with

PET40. Susceptible E. coli DH5a cells were cultivated

together with the pre-incubated disks on lysogeny

broth (LB)-agar plates. The inhibition zones are smal-

ler or even not present when the antibiotics have been

inactivated. The results were compared with control

disks incubated without enzyme. PET40 was able to

reduce the inhibitory effect of mezlocillin 30 lg (MEZ

30, ureidopenicillin group), cefamandole 30 lg (MA

30), and cefaclor 30 lg (CEC 30, cephalosporin 2nd

generation) completely, and cefotiam 30 lg (CFT 30,

cephalosporin 3rd generation) to 95.9%. Interestingly,

PET40 did not reduce the inhibitory effect of imipe-

nem 10 lg (IPM 10), which belongs to the carbape-

nem group (Fig. 5B) and is an antibiotic of last

resort.

Table 3. Conserved motifs and structural features identified in PET40 and other PETases. The Ideonella sakaiensis PETase (IsPETase, PDB:

6EQE; [9,39]), LCC (4EB0; [40]), PET2 [32], the Bacteroidetal enzyme PET27 and PET30 were included for benchmarking purposes. PorC,

Por secretion system C-terminal sorting domain; SP, signal peptide; b, b-sheet; �, none.

Predicted

PETase

SP cleavage

site Catalytic triad

Substrate

binding site Disulfide bondsa N-terminal SP

C-terminus

Secondary

structure

Conserved

domain

IsPETase 27–28 Asp-His-Ser Tyr-Met-Trp 29 Sec/SPI – –

LCC 21–22 Asp-His-Ser Tyr-Met-Trp 19 Sec/SPI – –

PET2 27–28 Asp-His-Ser Tyr-Met-Trp 29 Sec/SPI – –

PET27 23–24 Asp-His-Ser Phe-Met-Trp 19 Sec/SPI 7xb PorC

PET30 23–24 Asp-His-Ser Phe-Met-Tyr 19 Sec/SPI 7xb PorC

PET40 47–48 Asp-His-Ser Phe-Met-Trp 29 Sec/SPI – –

aVerified and predicted disulfide bonds.

Fig. 3. Crystal structure of PET40_S178A and alignment with known IsPETase and LCC. (A) The structure of PET40_S178A was solved by

X-ray crystallography. Cartoon representation showing the secondary structure elements and the active site (box). The catalytically active

amino acids are colored in blue, and the substrate binding site is colored green. In the solved crystal structure the catalytic serine was

mutated to alanine. (B) The residues of the active site of PET40_S178A (purple), IsPETase (pink; PDB code 6EQE), and LCC (yellow; PDB

code 4EB0) were overlaid by CHIMERA 1.13.1. The amino acids related to the catalytic activity are labeled. The catalytic triad is conserved

within all three structures (Ser; Asp; His), but PET40 has Phe instead of Tyr at the first position of the substrate binding site. Structures

were generated using USCF CHIMERA version 1.13.1 [41].
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Fig. 4. Biochemical characterization of PET40 using C4-C18 pNP esters. (A) Net diagrams depicting the substrate preference, temperature

optimum, pH optimum as well as the influence of different metal ions, inhibitory agents, solvents and detergents on the activity of PET40.

In all cases, standard deviations were lower than 7%. (B) Graph showing the thermal stability of PET40 at 50 °C over 2 h with an exponen-

tial fit (R2 = 0.94). Data represent mean values of three replicates (n = 3). Error bars represent standard deviations (SD). During all incuba-

tions, 0.25 lg enzyme were incubated for 10 min in 200 lL reaction volume under the different tested conditions. All tests besides

substrate preferences were carried out with pNP-C12.
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Fig. 5. The promiscuous PET40 degrades b-lactam antibiotics. (A) Overview and structures of b-lactam antibiotics used in degradation tests.

(B) Inhibitory effect of PET40 on different b-lactam- antibiotics. Antibiotic assay disks (total amounts as stated in square brackets) were incu-

bated over 17 h in 20 lL potassium phosphate buffer (0.1 M, pH 8) containing 1 mg�mL�1 purified PET40. After incubation the plates were

laid on agar plates on which susceptible Escherichia coli DH5a cells had been plated out. Disks that were incubated only with buffer served

as controls. The ZOI was determined by measuring the halo around the disks. The inhibitory effect of MEZ 30, MA 30, and CEC 30 was

diminished completely by PET40 and in the case of CFT 30 to more than 95%. Abbreviations for the used antibiotics are as follows: Mezlo-

cillin 30 lg (MEZ 30), imipenem 10 lg (IPM 10), cefamandole 30 lg (MA 30), cefaclor 30 lg (CEC 30), cefotaxim 30 lg (CTX 30) and cefo-

tiam 30 lg (CFT 30). Error bars represent standard deviations (SD) of nine replicates (n = 9).
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In summary, the data show that PET40 is a promis-

cuous, cofactor-independent, mesophilic enzyme that is

able to act on the polymers PET, Impranil and PCL,

as well as pNP-esters, lactones and b-lactams. Its tem-

perature optimum lies at 40 °C. PET40 retained more

than 50% relative activity at temperatures as low as

4 °C (Fig. 4). The enzyme was rapidly deactivated

when incubated at temperatures above 50 °C.

Amino acid sequence and structural analyses

identify unique traits of PET40

Amino acid sequence analysis revealed that PET40

contained N-terminal signal domains for protein trans-

port as predicted with SignalP 6.0 [42]. The predicted

cleavage site was located between amino acid (aa)

positions 47 and 48 with the signal peptide using the

standard secretory signal peptides (likelihood of 0.73)

(Table 3). Further sequence analysis identified a

G-x-S-x-G motif typical for a/b serine hydrolases

between aa positions 176 and 180 [43]. To investigate

the structural traits of this promiscuous enzyme,

PET40_S178A, an inactive variant of PET40, was

generated by restriction-free cloning. We obtained

well-diffracting crystals of PET40_S178A reaching a

resolution of 1.60 �A. The crystal was packed in space

group P21, with two molecules in the asymmetric unit.

As confirmed by PISA [44], the biological unit is a

monomer, and the overall root-mean-square deviation

(RMSD) between the two chains present in the asym-

metric unit is 0.161 �A, making them virtually identical.

We were able to unambiguously model the protein

chains in the electron density from residues 48 and 49

for chains A and B, respectively, to residue 309. A

portion of the His-tag was also visible in the electronic

density for both chains, mediating crystal contacts

with symmetric molecules. The final model was refined

to Rwork/Rfree values of 14.59/17.90. All data collection

and refinement statistics are reported in Materials and

methods section.

The crystal structure shows that PET40 shares the

typical fold of a/b serine hydrolases, composed by a

central twisted b-sheet surrounded by a-helices. For

PET40, the b-sheet consists of nine b-strands and is

surrounded by seven a-helices (Fig. 3). The RMSD

between PET40 and IsPETase (PDB ID: 6EQE) is

0.570 �A, while it is 0.561 �A with LCC, which confirms

the high structural similarity with known PETases. As

previously shown for other Type II PET-degrading

enzymes, a disulfide bond is present in PET40 between

C289 and C305 [26,27]. PET40 possesses a catalytic

triad consisting of the residues Asp-His-Ser, in a spa-

tial arrangement highly similar to IsPETase and LCC

(Fig. 3). The substrate binding site contains the aa res-

idues Phe-Met-Trp. The latter differs from the known

IsPETase and LCC binding sites in which a Tyr was

reported in the first position (Fig. 3, Table 3). It is,

however, in consonance with the bacteroidetal PETase

PET27 [26] and Cut190 [45].

Binding mode prediction via molecular docking

To obtain insights into the potential binding modes of

the diverse substrates in the active site of PET40, we

performed molecular docking using a combination

of AutoDock3 [46] as a docking engine and

DrugScore2018 [47,48] as an objective function as done

previously [24,49,50]. We focused on the ester sub-

strates investigated experimentally in this study for the

docking, that is mono(2-hydroxyethyl) terephthalate

(MHET), bis(2-hydroxyethyl) terephthalate (BHET),

PET trimer (PET3), methyl hexanoate (MH),

polycaprolactone trimer (PCL3), propane-1,2,3-triyl tri-

butanoate (tributyrin, TBT), 4-nitrophenyl decanoate

(pNP-C10), and 4-nitrophenyl dodecanoate (pNP-C12).

We performed 100 independent docking runs for each

substrate, which were subsequently clustered into distinct

docking poses based on structural similarity (RMSD cut-

off < 2 �A).

For all substrates, except pNP-C10/12, the binding

pose identified as best based on the binding score

(Table 4), shows a conformation in which the reactive

carbonyl carbon of the ester moiety is close to the

Ser of the catalytic triad (Fig. 6). For pNP-C10/12,

the best-scored binding pose involves interactions of

the nitro moiety with the catalytic triad. The docking

pose from the largest cluster only scored marginally

worse (< 2% compared with the best-scored solution)

Table 4. Docking scores of the representatives of up to the three

best-scored clusters for all docking substrates.

Substrate

Lowest docked energya

Cluster 1 Cluster 2 Cluster 3

MHET �8.52 �8.44 �8.37

BHET �9.84 �9.62 �9.53

PET3 �16.58 �15.61 �15.58

MH �6.33 �5.51 n.a.b

pNP-C10 �11.94 �11.50 �11.32

pNP-C12 �12.75 �12.28 �12.11

PCL3 �12.72 �12.28 �12.04

TBT �11.20 �10.66 �10.60

aSum of the estimated intermolecular energy and internal energy

of the ligand in kcal�mol�1. The energy of the pose depicted in

Fig. 6 is marked in bold.; bNot available as only two clusters were

obtained.
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and captures the key interactions of the ester car-

bonyl carbon with the serine. Thus, we consider this

docking pose more relevant for the reaction of

pNP-esters in PET40. The aliphatic chains of pNP-

C10 or 12 point in opposite directions. However, it is

not uncommon that a ligand or ligands with minor

structural changes can bind to a protein in different

poses [51,52], and the determined binding pose can

even be impacted by the method used for structure

elucidation [53].

For small ligands with a limited number of degrees

of freedom, such as MH and MHET, our docking

converges to two and three binding poses, respectively.

However, for more complex ligands with a high num-

ber of degrees of freedom, such as PET3 and PCL3, we

obtain a high number of clusters that mainly differ in

the conformation at the end of the oligomer chain.

However, the orientation of the reactive carbonyl car-

bon atom to the hydroxyl group oxygen of the serine

is similar in most cases. Therefore, we calculated the

minimum distance between the serine hydroxyl group

oxygen and the reactive carbonyl carbon of each sub-

strate for all docking runs (Fig. 7) to evaluate whether

the substrate is close enough to the catalytic triad for

a reaction to take place. This distance is < 5 �A for all

substrates for the majority (> 55% for all cases, up to

Fig. 6. PET40 has an active site cavity that can accommodate a large variety of substrates. Docking poses identified as best for mono(2-

hydroxyethyl) terephthalate (MHET), bis(2-hydroxyethyl) terephthalate (BHET), PET trimer (PET3), methyl hexanoate (MH), polycaprolactone

trimer (PCL3), propane-1,2,3-triyl tributanoate (tributyrin, TBT) in the binding site of PET40 (depicted without substrate in the center). *For 4-

nitrophenyl decanoate (pNP-C10) and 4-nitrophenyl dodecanoate (pNP-C12), binding modes from the largest cluster were chosen rather than

those with the lowest energy. Structures were generated using PYMOL [54].
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95% for MH) of the docking solutions (Fig. 7). Thus,

our docking approach yields binding poses in line with

the geometry required for a reaction for all substrates,

despite the high number of degrees of freedom of some

of the investigated substrates.

Overall, we find that relatively small substrates such

as the polymeric building blocks MHET, BHET, and

MH, but also bulky ligands such as TBT and the

pNP-esters are well-accommodated by the active site

of PET40 and can come close to the Ser of the cata-

lytic triad with their electrophilic carbon. The binding

site is located at the protein surface, facilitating the

access of small and bulky substrates. Even for such

binding sites, using an appropriate docking engine and

objective function as done here can yield good binding

modes with only a moderate drop-off compared with

docking to “classical” binding sites [55]. Moreover,

more complex substrates such as PET3 and PCL3 are

also well-docked into the catalytic site, again pointing

the reactive ester moiety toward the catalytic Ser.

These results mirror the activity analyses on these sub-

strates, which all were cleaved by PET40.

In the case of the b-lactam antibiotics, the binding

poses generated by AutoDock3-DrugScore2018 did not

yield catalytically viable complexes. For this reason, we

employed GLIDE as an alternative to generate putative

binding poses. We docked the six experimentally tested

antibiotics and assessed the distance between the serine

Fig. 7. Histograms of the minimum distance between the serine hydroxy group oxygen of PET40 and the electrophilic carbonyl carbon of

the substrate for all obtained docking solutions. The following substrates were docked: mono(2-hydroxyethyl) terephthalate (MHET), bis(2-

hydroxyethyl) terephthalate (BHET), a polycaprolactone trimer (PCL3), a PET trimer (PET3), 4-nitrophenyl decanoate (pNP C10), 4-nitrophenyl

dodecanoate (pNP-C12), methyl hexanoate (MH), and propane-1,2,3-triyl tributanoate (tributyrin, TBT).
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hydroxyl group of PET40 and the carbonyl carbon of

the lactam group, as well as the angle described by the

serine hydroxyl group, the carbonyl carbon, and the

carbon opposite to it in the lactam ring, and compared

the obtained values with the values of a crystallized

Michaelis–Menten complex of a serine b-lactamase

(Fig. 8A). The results show that for the five degraded

antibiotics, we identified at least one docking solution

with pairs of distance/angle values close to the values

observed in the crystal structure (Fig. 8B). However, for

imipenem, the only nondegraded antibiotic, no catalyti-

cally viable docking solution was identified. In the pre-

dicted binding poses of the five degraded antibiotics, the

b-lactam ring is positioned in a consistent orientation

within the active site (Fig. 9). Overall, the docking

results can provide a structure-based explanation for

the observations in the disk diffusion assays.

Discussion

Today’s major global plastic pollution in all environ-

ments makes the study of plastic-degrading microor-

ganisms and enzymes compulsory. Still, the number of

functionally verified microbial enzymes is limited, and,

today, there are only a handful of known bacterial

phyla encoding active PET esterases (Fig. 1). PET-

degrading enzymes belong to the classes of cutinases

(EC3.1.1.74), lipases (EC3.1.1.3), or carboxylesterases

(EC3.1.1.1). Diene lactone hydrolases (often grouped

into EC3.1.1.45 of carboxymethylenebutenolidases) are

not commonly known to degrade PET. Therefore,

PET40 is one of the few enzymes known that belongs

to this enzyme class and can act on PET.

Here, we identified and partially characterized the

novel promiscuous esterase PET40, derived from a

biochar metagenome. A more detailed phylogenetic

analysis indicated that PET40 was affiliated with the

genus Amycolatopsis within the Actinobacteria phy-

lum. This genus is well-known to involve species that

degrade a wide range of aromatic substances and

plant-based polymers. It contains microorganisms that

are ubiquitous and frequently isolated from soil and

sediment samples. Furthermore, bacteria from this

genus are well-known for their secondary metabolite

production [56]. The genus currently contains more

than 70 species. Most genomes appear to have sizes of

10 Mbp and larger. The genus is relatively closely

related to the Streptomyces [57–60]. PET40 homology

can be found in a significant fraction (21 out of 68) of

the Amylocolatopsis and also Streptomyces (104 out

of 564) genomes. This implies that enzymes with activ-

ity on PET are probably occurring more frequently

than previously assumed.

PET40 appears to be a secreted enzyme, as it carries

an N-terminal secretion signal, implying that the

enzyme is probably released into the surrounding envi-

ronment and can act on its substrates. Since it is well-

known that some esterases are highly promiscuous

enzymes being able to convert a large number of

diverse substrates, it can be assumed that PET is not

the primary substrate of PET40, as the polymer is pre-

sent only relatively recent in nature next to much more

favorable carbon sources and, especially, as turnover

rates of PET40 are low compared with enzymes, whose

primary substrate is PET, such as IsPETase. Promiscu-

ous enzymes such as PET40 can turn over a broad

range of substrates probably because of an exposed

active site, a certain cavity volume-to-surface ratio [30]

and certain structural rigidity characteristics [31]. Sub-

strates that do not fit well into the active or binding

site are turned over with lower rates than those sub-

strates that fit best [30,31,61,62].

The activity of PET40 on PET was shown through

the release of the degradation product TPA. In 200 lL
reaction volume, it released 50.41 � 10.21 lM of

monomeric PET degradation products in a 72-h time

period at 40 °C. Comparing activities of PET-active

enzymes is generally difficult, as in most studies, differ-

ent types of PET substrates with different degrees of

crystallinity and distinct assay conditions have been

used. To partly overcome this problem, we cloned and

expressed the recombinant IsPETase and LCC

and compared their activities with PET40 at suitable

temperatures under otherwise identical assay condi-

tions. Here, even though PET40 is less active than

IsPETase and LCC, it still exhibited a distinct degra-

dation activity on PET (Table 2). The observation that

PET40 is catalytically active on PET implies a wider

Fig. 8. Docking poses for b-lactam antibiotics in PET40 have a similar geometry as in a crystallographically determined serine b-lactamase/b-

lactam antibiotics complex. (A) Distance (d) and angle (a) between the protein and the substrate measured for the docking solutions. The

structure shows the binding pose for the enzyme-substrate complex of a serine b-lactamase from Mycobacterium tuberculosis (PDB ID:

3NY4). Structures were generated using PYMOL [54]. (B) Dispersion plots showing the pairs of distance-angle values calculated for each dock-

ing solution of an antibiotic substrate in PET40. The color scale shows the docking score of the pose. The red dashed lines show the values

observed in the crystal structure (PDB ID: 3NY4). Only imipenem yields no solution with similar geometry to the crystal complex.
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role of homologous enzymes in the degradation of this

plastic, especially micro- and nanoparticles in nature.

Particles reduced in size have an increased surface-to-

volume ratio so that they can be better attacked by an

enzyme. Therefore, the enzyme and its homologs may in

fact play a heretofore unknown role in PET micro- and

nanoparticle degradation This hypothesis is supported

by our observation that homologs of PET degrading

enzymes can be found on a global level, covering a wide

range of climate zones, in a large fraction of the genomes

of Amycolatopsis and Streptomyces. Both these bacterial

genera are ubiquitous soil and marine organisms.

In summary, our biochemical data significantly

extend the knowledge of promiscuous esterases with

activity on PET derived from Gram-positive bacteria

and provides PET40 as a novel promising and versatile

candidate for further investigation and optimization.

Within this framework, further possible substrates

of the enzyme could be identified yielding more con-

ceivable applications or present activities could be

enhanced through alteration of the wildtype enzyme.

Here, it could especially be of interest to elucidate the

possible increase of the enzyme’s activity on PET, for

example through an amino acid exchange from Phe-

Met-Trp to Tyr-Met-Trp in the substrate binding site.

Furthermore, the data already presented here

will help to advance our understanding on the evolu-

tion of genes encoding PET-active enzymes within the

Gram-positive bacteria. Our research contributes to

knowledge on the possible decomposition of marine

and terrestrial PET litter and enables the development

of an expanded phylogenetic framework for identifying

the diversity of putative PETases in diverse microbial

groups on a global scale.

Materials and methods

Bacterial strains, plasmids, and primers

Bacterial strains, plasmids, and primers employed in this

study are listed in Table 5. E. coli clones were grown in

LB medium (1% tryptone/peptone, 0.5% yeast extract,

1% NaCl) supplemented with appropriate antibiotics

(25 lg�mL�1 kanamycin, or 100 lg�mL�1 ampicillin) at

37 °C for 18 h, if not indicated otherwise.

Databases used in this study and bioinformatic

analysis

Nucleotide and amino acid sequences of the putative and

confirmed PETases were acquired from databases inte-

grated into the NCBI (https://www.ncbi.nlm.nih.gov/), Uni-

Prot (http://www.uniprot.org/) and IMG (JGI, http://jgi.

doe.gov/) servers [63–65].

Sequence comparisons to other sequences deposited in

the NCBI databases were conducted using the BLAST align-

ment tools [66]. The profile HMM search [33] was carried

out using the HMMER (http://hmmer.org) webpage and a

Fig. 9. Predicted binding poses for b-lactam antibiotics. The binding pose with the angle and distance that most closely resembles the crys-

tal structure is shown for each antibiotic. The catalytic triad Ser-His-Asp is highlighted in cyan, purple, and violet, respectively. Structures

were generated using PYMOL [54].
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local version of the software (v3.1b2) [67] with downloaded

datasets. Structural information on LCC (PDB 4EB0) and

IsPETase (PDB 6EQE) was retrieved from the RCSB-PDB

database [68].

The DNA sequence data were processed and analyzed

using CHROMASPRO 2.1.8 (Technelysium, Brisbane, Qld, Aus-

tralia) and SNAPGENE (GSL Biotech LLC, San Diego, CA,

USA). The amino acid sequence alignment was constructed

employing structural alignments with T-COFFEE [13]. Overall,

the amino acid sequences of 23 enzymes were included in

this alignment. The phylogenetic tree was constructed by

Maximum Likelihood method using MEGAX [14] using 1000

bootstraps. GenBank entries of the sequences used are

listed in Table 1 or were retrieved from the PAZy database

(www.pazy.eu; [8]). UHPLC profiles were plotted and edi-

ted using software MATLAB version R2021a (The Math-

Works, Inc., Natick, MA, USA).

Heterologous production of PET40 in E. coli

BL21 (DE3)

The putative PET-active enzyme PET40 was found in a

metagenomic dataset. For this, the gene sequences were

optimized for expression in E. coli and synthesized into

pET21a(+) vector at Biomatik (Wilmington, DE, USA).

The resulting construct was sequenced at Eurofins (Ebers-

berg, Germany) and verified for correctness by comparing

to the original sequences. Chemically competent E. coli

BL21 (DE3) were used for heterologous expression of the

predicted PETase gene. Cultures carrying the expression

plasmid were grown aerobically in auto-induction medium

(ZYM-5052) [69] containing 100 lg�mL�1 ampicillin for

pET21a(+) at 37 °C until they reached an optical density

(OD600) of 1.0. Proteins were produced afterwards at 22 °C

for 16–20 h. Cells were harvested and lysed with pressure

using a French press. From this lysate, recombinant PET40

was purified using nickel-ion affinity chromatography

employing Ni-NTA agarose (Macherey-Nagel, D€uren, Ger-

many). The purified protein was analyzed by SDS/PAGE.

Finally, the elution buffer was exchanged against 0.1 mM

potassium phosphate buffer (pH 8.0) using a 10 kDa Ami-

con Tube (GE Health Care, Solingen, Germany).

PET degradation assay measured by UHPLC

To assay enzymatic PET hydrolysis, 5 mg of PET powder

(Goodfellow GmbH, Bad Nauheim, Germany) were added

to 1.5-mL Eppendorf tubes with 20 lg of enzyme in

200 lL of 100 mM potassium phosphate buffer at pH 8.0.

Incubation was carried out under continuous shaking and

at 400 r.p.m. in 1.5-mL microcentrifuge tubes. The incuba-

tion was made at PET40’s optimal temperature of 40 °C if

not stated otherwise.

The analysis of the degradation products was performed

using an UltiMateTM 3000 UHPLC system (Thermo Scien-

tific, Waltham, MA, USA) employing a Triart C18 column

(YMC Europe GmbH, Dinslaken, Germany) and with a

dimension of 100 9 2.0 mm containing particles with

1.9 lm diameter. Isocratic elution was made by using a

mobile phase consisting of 20 : 80 (v/v) acetonitrile and

water (acidified with 0.1% v/v trifluoroacetic acid) at a

flowrate of 0.4 mL�min�1. All UHPLC samples were pre-

pared by mixing 50 lL of incubation supernatant with

200 lL acetonitrile (acidified with 1% vol trifluoroacetic

acid), followed by a centrifugation at 10 000 g for 3 min.

Following this, 200 lL of the supernatant were transferred

into 600 lL of water and 15 lL of sample were injected

per measurement. The detection of breakdown products

Table 5. Bacterial strains and plasmids used in this work.

Properties Reference/source

Strain

Escherichia coli DH5a supE44 DlacU169 (Ф80 lacZ DM15) hsdR17 recA1 endA1

gyrA96 thi-1 relA1

Invitrogen (Karlsruhe, Germany)

E. coli BL21 (DE3) F�, ompT, hsdS B (rB
� m B

�) gal, dcm, kDE3 Novagen/Merck (Darmstadt, Germany)

E. coli SHuffle� T7 huA2 lacZ::T7 gene1 [lon] ompT ahpC gal katt::pNEB3-r1-cDsbC

(SpecR, lacIq) DtrxB sulA11 R(mcr-73::miniTn10--TetS)2 [dcm]

R(zgb-210::Tn10 --TetS) endA1 Dgor Δ(mcrC-mrr)114::IS10

NEB (Frankfurt am Main, Germany)

Vector

pET21a(+) Expression vector, lacI, AmpR, T7-lac- promoter, C-terminal

His6-tag coding sequence

Novagen/Merck (Darmstadt, Germany)

pET21a(+)::PET40 837 bp insert in pET21a(+) coding for PET40 This work

pET21a(+)::PET40_S178A 837 bp insert in pET21a(+) coding for PET40_S178A This work

pET21a(+)::LCC 786 bp insert in pET21a(+) coding for LCC This work, acc. to Sulaiman et al. [15]

pMAL-p4x::IsPETase 795 bp insert in pMAL-p4x coding for the wildtype IsPETase

from Ideonella sakaiensis fused to a maltose binding protein

for purification

Lab of Birte Hoecker, Univ.

Bayreuth, acc. to Yoshida et al. [9]
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was made at 254 nm with a VWD-3400 detector from

Thermo Scientific. The quantification of peak areas was

performed using the data analysis software supplied with

the COMPASS HYSTAR software package from Bruker (Biller-

ica, MA, USA).

Polyester polyurethane degradation assay with

Impranil� DLN and phenol red

Impranil� DLN (Covestro AG, Leverkusen, Germany)

was used as a model substrate for screening activity on an

ester-based polyurethane. The assay was performed as pre-

viously described [30] with minor modifications. For sample

preparation, 10 lL Impranil� DLN was added to a 96-well

plate filled with 235 lL of N-(2-hydroxyethyl)piperazine-N0-
3-propanesulfonic acid) (EPPS) buffer containing phenol

red (0.5 mM final concentration) as a pH indicator. After

adding 5 lL of purified protein (1 mg�mL�1), the reaction

was measured continuously at 550 nm during incubation at

40 °C in a microplate reader (BioTek Instruments Inc.,

Winooski, VT, USA) for 40 min. The reaction was assayed

in triplicate per plate. Neither the actual structure of

Impranil� DLN nor the degradation products are known.

Therefore, in order to quantify the release of protons, a

standard curve with acetic acid was employed.

Biochemical characterization of PET40 using

pNP-esters

For activity tests, PET40 was assayed using purified recom-

binant protein. Unless otherwise indicated, a total amount

of 0.25 lg of the enzyme was added to a substrate solution.

The substrate solution contained 190 lL of 0.1 M potassium

phosphate with a defined pH between 7 and 8 and 10 lL of

0.1 mM pNP-substrate dissolved in isopropanol. Samples

were incubated for 10 min, and the assay was stopped by

adding 200 mM of Na2CO3. After this, the samples were cen-

trifuged at 18 000 g for 3 min and at 4 °C. The pNP-esters

with chain lengths of C4, C6, C8, C10, C12, C14, C16 and

C18 were tested as substrates. For the identification of the

optimal temperature, the samples were incubated at different

temperatures ranging between 4 °C and 90 °C for a 10-min

time period. Following the incubation at the defined temper-

atures, release of the yellow pNP-OH was measured at

405 nm in a plate reader (BioTek Instruments Inc.). All

samples were measured at least in triplicate. The influence of

pH on the activity of each enzyme was measured in either

citrate phosphate (pH 3.0, 4.0 and 5.0), or potassium phos-

phate (pH 6.0, 7.0 and 8.0) and/or in carbonate bicarbonate

buffer (pH 9.2 and 10.2). The influence of cofactors, sol-

vents, detergents, and inhibitors on PET40 was assayed at

different concentration levels. The possible cofactors Ca2+,

Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Ni2+, and Zn2+ were assayed

at a concentration of 1 and 10 mM. Detergent stability was

tested using a concentration of 1% and 5% of SDS (w/v),

1% and 5% of Triton X-100 and Tween 80 (v/v) in the test,

respectively. Possible inhibitory effects of EDTA, DTT, and

PMSF were assayed at 1 and 10 mM concentrations. The

residual PET40 activity was determined after 10-min incuba-

tion at the optimal temperature of 40 °C with pNP-

hexanoate (-C8) and at the optimal pH of pH8. Activity of

PET40 after incubation with possible different cofactors

detergents and solvents was assayed after 1 h of incubation

in the presence of these substances.

Lactonase assay

The lactonase activity of PET 40 was investigated by per-

forming a phenol red-assay according to Perez-Garcia

et al. [49]. As substrates, d-dodecalactone, c-dodecalactone,
c-caprolactone and d-octalactone (Sigma-Aldrich, Munich,

Germany) were chosen, which release protons upon hydro-

lysis resulting in a pH shift. 100 mg�mL�1 stock solutions

of the lactones were mixed with dimethyl sulfoxide and

stored at �20 °C. 8 lL substrate was incubated with 5 lL
protein (1 mg�mL�1) and 5 mM EPPS buffer including phe-

nol red with a final concentration of 0.45 mM in a 250 lL
reaction volume. At 40 °C, the enzymatic activity was mea-

sured at 550 nm every 15 min. The samples were measured

in triplicates, including additional negative controls with

enzyme-free buffer. The enzymatic activity, calculated in

units (U)�mg�1, was determined according to the Lambert–
Beer law using the reported extinction coefficient of phenol

red (8450 M
�1�cm�1) [30] together with the highest deter-

mined initial reduction in extinction values throughout the

first hour of measurement. One unit is defined as

the amount of protein needed to transform 1 lmol of sub-

strate in 1 min under the abovementioned assay conditions.

Disk-diffusion antibiotic sensitivity test

To test the lactamase activity of PET40, a disk diffusion

test was conducted with antibiotic disks containing effective

antibiotic concentrations. The disks containing mezlocillin

30 lg (MEZ 30), imipenem 10 lg (IPM 10), cefaclor 30 lg
(CEC 30), cefamandole 30 lg (MA 30), cefotiam

30 lg (CFT 30), and cefotaxim 30 lg (CTX 30) were incu-

bated with 20 lL of potassium buffer pH 8 containing

1 mg�mL�1 of the purified recombinant protein. The disks

were incubated for over 17 h at 40 °C. As a negative con-

trol, disks were incubated with the same volume of

enzyme-free buffer. Afterwards, the antibiotic disks were

laid on LB-agar plates on which susceptible E. coli DH5a
cells had been spread. The agar plates were incubated over-

night at 37 °C. The clear zone formation around the disks

indicates the ZOI by various b-lactam antibiotics. The

reduction of ZOI was calculated in comparison to the nega-

tive controls (Fig. 5).
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Binding mode prediction via molecular docking

We applied the AlphaFold2-based workflow of ColabFold

[70] to generate the 3D structural model of the PET40

wild-type. A single model was generated with 10 prediction

cycles (--num_recycles) and structurally refined by running

a relaxation with AMBER (--amber). The modeling was made

before the crystal structure of PET40_S178A was solved.

The structural model and the crystal structure have an

RMSD of 1.26 overall and 0.44 in the binding site. All

docked ligands were generated from their respective

SMILES code [71] using OPENBABEL v.2.4.1 [72]. For the

docking, we considered the following substrates: mono(2-

hydroxyethyl) terephthalate (MHET), bis(2-hydroxyethyl)

terephthalate (BHET), PET trimer (PET3), methyl hexano-

ate (MH), polycaprolactone trimer (PCL3), propane-1,2,3-triyl

tributanoate (tributyrin, TBT), 4-nitrophenyl decanoate

(pNP-C10), and 4-nitrophenyl dodecanoate (pNP-C12).

The substrates were docked into the catalytic site of the

PET40 wild-type utilizing a combination of AutoDock3 [46]

as a docking engine and DrugScore2018 [47,48] as an objec-

tive function [50]. Docking grids with a grid spacing of 0.5 �A

were generated with DrugScore2018 using converged pair

potentials for all atom pairs. The position and dimension of

the docking grid were automatically calculated by

DrugScore2018 using the largest substrate (PET3) manually

placed into the binding site as a reference. Accounting for a

margin of 6 �A in every direction, the final docking grid has

box dimensions of approximately 32 �A 9 46 �A 9 30 �A and

is centered in the active site of PET40. We adapted an estab-

lished procedure [47] to account for the high number of rota-

tional degrees of freedom of the oligomeric substrates. The

docking protocol considered 100 independent runs for each

ligand using an initial population size of 100 individuals, a

maximum number of 105 generations, a maximum number

of 5.0 9 107 energy evaluations, a mutation rate of 0.02, a

crossover rate of 0.8, and an elitism value of 1. All 100 dock-

ing solutions were clustered based on structural similarity

(RMSD cut-off < 2 �A), yielding a few distinct binding

modes. Of these, the best-scored pose was considered the

final solution except for pNP-C10 and pNP-C12, for which

the pose from the largest cluster was taken (Results section).

The Lamarckian genetic algorithm was chosen for sampling

in all approaches.

The distance between the reactive carbonyl carbon atom

of the docked substrates and the hydroxy group oxygen of

PET40_S178 was measured using PYTRAJ [73], a PYTHON

package binding to the CPPTRAJ program [74].

The antibiotic compounds (mezlocillin, cefaclor, cefo-

taxim, cefotiam, cefamandole, and imipenem) were pre-

pared for docking using LIGPREP [75]. Protonation states

were assigned with EpiK at pH 7. Ligands were docked

onto the same protein structure, using a grid of 35 �A in

every direction, centered between the catalytic residues

S178 and H256. Docking was carried out using GLIDE [76]

in standard precision mode, using OPLS_2005 as the force

field and generating 50 poses per ligand. The distance

between the serine hydroxyl and the carbonyl carbon as

well as the angle between the serine hydroxyl, the carbonyl

carbon, and the carbon opposite the carbonyl carbon in

the lactam ring were calculated using PYMOL’s PYTHON API.

Reference values of distance and angle were calculated

from the crystal structure of a serine b-lactamase from

Mycobacterium tuberculosis bound to cefamandole (PDB

ID 3NY4).

Site-directed mutagenesis to generate the

inactive mutant PET40_S178A

Trying to obtain a cocrystal structure of PET40 with a sub-

strate, an inactive mutant of PET40 was generated in which

the active site Ser178 was replaced by Ala. Therefore, the

primer pair PET40/S178ala_for (50-GCTTAGGAGTTG

TGGGCCATGCGATGGGTGGTGG-30) and PET40/

S178ala_rev (50-GTGCCACCACCACCCATCGCATGG

CCCACAAC-30) were used on PET40::pET21a(+) as a

template in a three-step gradient-PCR (Tann = 55–61 °C,
fragment size: 6138 bp), resulting in an amplification of the

whole vector including the mutagenized insert. After PCR

cleanup, the DNA mixture was digested with 1 lL DpnI

overnight at 37 °C to cleave all methylated template DNA.

The following day, the restriction enzyme was inactivated

at 80 °C for 20 min and the reaction transformed into

E. coli DH5a. Colonies were spread on LB agar plates con-

taining 100 lg�mL�1 ampicillin and incubated at 37 °C
overnight. The isolated plasmids were sequenced using the

primers pET_19_21_24_for (50-ATATAGGCGCCAGCAA

CC-30) and T7 Terminator: (50-GCTAGTTATTGCTCA

GCGG-30) and the resulting sequence was checked for

correctness.

Crystallization, data collection, data reduction,

structure determination, refinement, and final

model analysis

PET40_S178A was crystallized by sitting-drop vapor diffu-

sion at 12 °C at a concentration of 11 mg�mL�1 in 100 mM

potassium phosphate buffer pH 7.0. 0.1 lL of this solution

was mixed with 0.1 lL reservoir solution consisting of

0.2 M magnesium chloride hexahydrate, 10% (v/v) EG,

0.1 M 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid

(HEPES) pH 7.5, 15% (v/v) polyethylene glycol (PEG)

Smear medium, 5% v/v 2-propanol. This drop was equili-

brated against the reservoir solution and crystals formed

after 4 weeks. Crystallization drops were overlaid with min-

eral oil, and the crystals were dragged through it for cryo-

protection, and flash-frozen in liquid nitrogen.

Diffraction data were collected at 100 K at beamline ID23-

1 (ESRF, Grenoble, France) using a 0.8856 �A wavelength.
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Data reduction was performed using the program package

XDS [77] and AIMLESS [78] from the CCP4 suite [79]. The struc-

ture was solved via molecular replacement with PHASER [80]

using an AlphaFold model as a search model. The initial

model was refined through alternating cycles of manual

model building in COOT [81,82] and automatic refinement

using PHENIX [83] version 1.19.2_4158. Data collection and

refinement statistics are reported in Table 6. The structure

assembly was analyzed using PISA [44].
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