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Polyester degradation by soil bacteria:
identification of conserved BHETase
enzymes in Streptomyces
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The rising use of plastic results in an appalling amount of waste which is scattered into the

environment. One of these plastics is PET which is mainly used for bottles. We have identified and
characterized an esterase from Streptomyces, annotated as LipA, which can efficiently degrade the
PET-derived oligomer BHET. The Streptomyces coelicolor ScLipA enzyme exhibits varying sequence
similarity to several BHETase/PETase enzymes, including IsPETase, TfCut2, LCC, PET40 and PET46.
Of 96 Streptomyces strains, 18% were able to degrade BHET via one of three variants of LipA, named
ScLipA, S2LipA and S92LipA. SclipA was deleted from S. coelicolor resulting in reduced BHET
degradation. Overexpression of all LipA variants significantly enhanced BHET degradation. All
variants were expressed in E. coli for purification and biochemical analysis. The optimum conditions
were determined as pH 7 and 25 °C for all variants. The activity on BHET and amorphous PET film was
investigated. S2LipA efficiently degraded BHET and caused roughening and indents on the surface of
PET films, comparable to the activity of previously described TfCut2 under the same conditions. The
abundance of the S2LipA variant in Streptomyces suggests an environmental advantage towards the

degradation of more polar substrates including these polluting plastics.

Petroleum-derived plastics are among the most useful and widespread
synthetic polymers in the modern world. They are relatively easy and cheap to
produce, extremely versatile and durable materials, which makes them
remarkably attractive for a wide range of applications™. This has caused the
demand and production of plastics to steadily rise to an estimated 400 million
metric tons (Mt) produced per year as of 2022°. An estimated 79% of plastic
waste has been mismanaged or landfilled’. In combination with this
increasing output, the durability, and recalcitrance of these polymers make
accumulation and pollution by plastics a major global environmental
concern’. Polyethylene terephthalate (PET) is an extensively used plastic
mainly used to produce bottles, food packaging, clothing, and films. The huge
demand for PET makes it one of the most common plastics with 24 million
tons being produced worldwide in 2022°. Today, PET waste management in
most countries mainly consists of incineration and landfilling. These practices
are causing detrimental effects to the environment, such as leaching and the
release of toxic compounds’. An increasing number of countries have recy-
cling systems in place to prevent environmental accumulation and make
renewed use of PET waste. Despite such efforts, the recovery ratio is still
approximately 30% in Europe and the US. Only a minor fraction, is used to

manufacture new products, with substantial amounts of PET still entering the
environment®’. While plastic waste is accumulating in the environment, the
adaptation and response of soil and aquatic microorganisms to plastic
exposure is imminent. Microbial response and adaptation mechanisms may
help battle plastic pollution and initiate remediation and recycling options.
An important phylum of bacteria remaining to be investigated is the Acti-
nobacteria. This phylum consists of various complex genera such as Ther-
mobifida, Rhodococcus, and Streptomyces. Where the genus Thermobifida
contains approximately twenty enzymes with depolymerizing activity for
PET- or its constituent oligomer bis(2-hydroxyethyl) terephthalate (BHET),
for various other genera including Streptomyces only limited information is
available'"". Streptomycetes are filamentous soil bacteria with a characteristic
lifecycle. They are renowned for their capability to produce antibiotics but are
also known to excrete enzymes to degrade complex natural polymers,
including plant biomass'*"*. Exposure to plastics and their ability to degrade
complex biomass with various hydrolytic enzymes makes them a promising
genus to explore for novel PET hydrolyzing enzymes (PHEs)"*"".

Several promiscuous actinobacterial enzymes exhibiting BHET or
PET-degrading activity have been identified such as the leaf compost
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cutinase (LCC), TfCut2 from Thermobifida fusca and PET40, present in
both Amycolatopsis and some Streptomyces species, earning them their place
in the PAZY database'’ . For the entire genus of Streptomyces, only three
PHEs have been described, namely SM14est, Sub1,and PET40'"****, Hence,
limited data is available concerning the ability of Streptomyces to degrade
BHET and PET and thus on the emergence, distribution, conservation, and
activity of their corresponding BHET-degrading enzymes.

We have investigated the occurrence and conservation of BHET-
degrading enzymes in Streptomyces coelicolor and a number of Streptomyces
species, as an indication of emergence of PET-degrading activity in this
genus. Via homology search using well-known PHEs IsPETase from Ideo-
nella sakaiensis”, LCC, TfCut2, and the recently identified PET40 we
identified an enzyme annotated in Streptomyces coelicolor as Lipase A
(ScLipA), as a BHET-degrading enzyme. ScLipA was previously annotated
in a genomics study, however, it was never further characterized”. The
presence of this BHET-degrading enzyme among other Streptomycetes
was investigated by screening a collection of 96 previously
isolated Actinobacteria (predominantly Streptomyces) under various
conditions™. Overall, 18% of the evaluated strains were able to individually
degrade BHET, confirming a wider distribution of this ability in nature. LipA
is highly conserved in these strains and can be classified into three different
variants. The functionality of all three LipA variants for degradation of
BHET as well as of amorphous PET was investigated in vivo and in vitro.

In conclusion, we present a comprehensive identification and char-
acterization of a novel, conserved BHET-degrading enzyme family of
Streptomyces. Structural characteristics and in vivo and in vitro activity
provide further insight into the evolutionary and ecological adaptation of
soil bacteria towards plastics in their environment.

Results

Scavenging the Streptomyces genome for candidate PETase
homologs

Homologs of the previously characterized PHEs, LCC, TfCut2, PET40, and
IsPETase encoded by the genomes of Streptomyces coelicolor, Streptomyces
scabies, and Streptomyces avermitilis were identified using the protein

BLAST. The most promising enzyme was an S. coelicolor enzyme, pre-
viously annotated as a putatively secreted lipase A (LipA, accession number
QIL2J6™), with a query coverage of 91% and highest identity of 78% with
PET40 (Fig. 1a). Where the query coverage was similar for all investigated
enzymes, the percent identity varied from 78% with PET40 to 47% with the
IsPETase (Fig. 1a). An AlphaFold 2 3D model” of ScLipA and the 3D
structure of PET40 (Fig. 1b) appeared highly similar”. The catalytic triad
was fully conserved, as well as two of the three residues of the predicted PET
substrate binding site. The first binding residue is identical to the one of
PET40 and shows minor variation between previously described PETases™.
The high similarity and the presence of previously described important
residues for PET degradation hint towards the putative PET-degrading
activity of the Streptomyces coelicolor lipase A (ScLipA). On the N-terminal
end of the protein, a twin-arginine translocation (TAT) signal is present
indicating that the natural substrate of this enzyme is located outside of the
cell”. Indeed, for plastics-degrading enzymes, extracellular activity appears
to be essential.

BHET-degrading activity of S. coelicolor

As a first investigation into the putative activity of S. coelicolor M145 on
PET and derived oligomers, the strain was grown on Streptomyces
minimal medium (StrepMM) agar plates containing BHET. Due to its
limited solubility, the addition of bis(2-hydroxyethyl) terephthalate
(BHET) causes the solid growth medium to become turbid. When BHET
is converted to mono-(2-hydroxyethyl) terephthalic acid (MHET) and/
or terephthalic acid (TPA), a halo of clearance appears. Secreted enzyme
activity was expected to be tightly regulated in response to environ-
mental growth conditions™. We anticipated that N-acetyl glucosamine
(GlcNAc) may act as an inducer for the production of extracellular
enzymes such as lipases, and esterases as well as putative BHET-
degrading enzymes. GIcNAc is a monomer of chitin and peptidoglycan,
which under poor nutritional conditions induces development and
antibiotic production in Streptomyces coelicolor’”**, whereas in nutrient-
rich environments these responses are blocked™. Therefore, we tested
GIcNACc as a possible inducer of secreted enzyme activity.

ScLiph ~ADNPYERGPAPTESSIEALRGPYSVADTSVSSLAVIGFGGGTIYYPTSTSDGTFGAVVI 59 Substrate
PET40 MAENPYERGPAPTISSIEAERGSFAT S TVTISIRIS GFGGGTIYYPTSTTMGTFGAEEI 60 binding site
TfCut2 ~-ANPYERGPJP GFGGGTIYY R THGAVRL 56
Lce —QSNPY RGPYPT] s creearvypTEr-SiTFG 57
IsPETase —QTNPY RGPYPT SLE --BolicReTyyPTA- GTEG I 56
Kk kkk Rk s TRk ok 3kkk e
ScLipA APGFTAYQSSIAWLGPRLASQGFVVFTIDTNTTLDQPDSRGRQLLAALDY———LTGR——S 114
PET40 APGFT QSSIAWLGPREASQGFVVFTIDTLTTIDQPDSRGRQLLAALDY———LT 115
TfCut2 SIAWLG RIASHGFV TIDTITTLDQPDS o1 - RASS 113
LCcC ssﬂAWLG SGFV IETN DIPDS orBAnLNy---1gsPs 114
IsPETase QSSIEWMGP pofiervvrIoTy TLDQPIS paLglivasLicHsss 116
ScLipA SVRGRIDSGRLGVMGH| GGGGTLEAAKSRPSLQAAIPLTPWNLDKSWPEVSTPTLVVGA 174
PET40 RIDS LGvEGH GGGGTLEA SRPSLQAAIPLTLWNL v 175
TfCut2 v RIDS MGH GGGGIL 173
Lce EGH GGGGTLN PSL A PLTPIEE DY 173
IsPETase ‘R!GVMG GGGGILIS PSL 176
Lk K KA kAR E
ScLiph DG IAPVASHAEPFYSGLPSSTDRAYLELNNAT SPNT———SNTTIAKYSISWLKRFI 231
PET40 HzpvasuElervERL eSS viELERE ———SNTTIAKY SWLKRFI 232
TfCut2 D) IAPVA HA b ey QL PS SHERA Y LELNEAT Hr el - BN ' R 230
Lce IS0 NIB 1| vl BN AREFEPNE- - I VTS 230
IsPETase IAP PIYD' LER N N 1 K] KRFH 235
Krikkkn ke R A
ScLipA DDDTRYEQFLCPLPRPSL--TIEEYRG-NCPHGS* 262 100.0%
PET40 DTRYEQFLCPP) SL—— 1 YRG NCPHEE- 263 77.6%
TfCut2 DTRYTQFLCP PR| LFG ICPF*—— 261 62.9%
Lce DTRYRQFLCI PRLS----] 259 55.1%
IsPETase ANV THFA G NN S TRER ANCI* -- 263 46.5% Catalytic

Kakkkk kK

Fig. 1 | Sequence comparison of ScLipA with several PHEs. a Sequence compar-
ison of ScLipA with PET40, TfCut2, LCC, and the IsPETase indicating the binding
sites with yellow asterisks and highlights and the catalytic triad highlighted in orange
with orange asterisks. The percent identity was displayed behind the alignments.

triad

b Predicted model of the structure of ScLipA constructed with AlphaFold (blue)
overlayed with the structure of PET40 as provided by PDB (8A2C). The catalytic
triads are enlarged and shown in green (ScLipA) and orange (PET40). The enlarged
binding domains are displayed in cyan (ScLipA) and yellow (PET40).
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Fig. 2 | The ability of S. coelicolor M145 and other Streptomycetes to
degrade BHET. a Degradation of BHET by S. coelicolor after 18 days of growth on
StrepMM Difco agar with and without Mannitol, BHET, and GlcNAc. b The
degradation of BHET by S. coelicolor in liquid medium (# = 3). The control samples
are displayed as control and only contain NMM with BHET [10 mM]. The addition
of GlcNAc [25 mM] to the cultures is indicated with an asterisk. The area percen-
tages were calculated using GraphPad. The areas are presented in percentage
compounds present in the culture. BHET is indicated in turquoise and MHET is
indicated in magenta. Some impurities are present as a peak around 9.5 min
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retention time, this compound is called unknown and is presented in purple.

¢ Individual screen of all active strains on StrepMM Difco agar with and without
mannitol, BHET, and GlcNAc after 10 days of growth. d Analysis of BHET degra-
dation in agar plugs after 15 days of growth using LC-MS. The area percentage was
calculated using GraphPad. *The agar plug of M145 was taken after 18 days. BHET is
indicated in turquoise and MHET is indicated in magenta, TPA is represented in
black. The statistical significance of the BHET degradation compared to the control
is indicated with three asterisks. All error bars display the standard deviation, n = 3,
and ***p < 0,0001. Individual data points are shown in Supplementary Fig. 4.

Thus, S. coelicolor M145 was grown in the presence and absence of
BHET [10 mM], mannitol [25 mM] and N-acetyl glucosamine [25 mM]
in all possible combinations. Indeed, a clearance halo was observed at 18
days of growth (Fig. 2a). Notably, the addition of GIcNAc as an inducer
appeared to induce BHET degradation as well as enhance the develop-
ment of the colony. Additionally, S. coelicolor is known to produce
agarase”, which resulted in ‘sinking” halos as observed in the controls
without BHET (Fig. 2a, StrepMM). These ‘sinking halos’ looked similar
to clearance halos. Therefore, BHET degradation by S. coelicolor
was confirmed by growth in liquid culture followed by Liquid
Chromatography-Mass Spectrometry (LC-MS) (Fig. 2b). Strain M145
was precultured and inoculated in a minimal liquid medium without
polyethylene glycol (NMM), with and without BHET and GlcNAc.
Samples were taken after 24 h and 72h and analyzed using LC-MS.
When grown in NMM medium containing BHET, 35% of the BHET was

degraded within 24 h whereas 50% of BHET was degraded in the cultures
containing GlcNAc. Indeed, the addition of GIcNAc significantly
enhanced the degradation of BHET after 24 h (Fig. 2b, Supplementary
data 1). After 72 h, all BHET was converted to MHET. With S. coelicolor
M145 exhibiting a clear but modest BHET-degrading activity on plates,
we set out to screen a diverse collection of 96 Actinobacteria of our strain
collection™ to investigate the spread of this characteristic and identify
additional BHET-degrading bacteria. 36 strains were randomly chosen
from this collection to perform an initial BHET toxicity test. Growth of
all strains appeared to be somewhat delayed with 10 mM BHET, and
impaired with 20 mM BHET and higher concentrations. Hence, a
concentration of 10 mM of BHET was chosen for screening, with all
tested strains able to grow and with several strains halos readily observed
(Supplementary Fig. 1, Supplementary Table 1). A bulk screen for BHET
degradation was performed with all 96 strains split over two 96-well

Communications Biology | (2024)7:725



https://doi.org/10.1038/s42003-024-06414-z

Article

plates to provide them with enough space for development. Seven strains
did not grow on the plates and were taken out of the screen (Supple-
mentary Fig. 1, Supplementary Table 1). Actinobacteria, especially
Streptomyces, depend on environmental cues and interspecies interac-
tions for the induction of enzymes and secondary metabolites”. Con-
sequently, it was important to investigate their individual BHET-
degrading activity on separate plates. All strains showing halos in the
bulk BHET screen were grown on individual plates (Supplementary
Fig. 2, Supplementary Table 2). Of 38 active strains, only 17 strains
exhibited individual activity on BHET after 10 days of growth (Fig. 2c,
Supplementary Fig. 2). Interestingly, most strains required the addition
of GIcNAc to express the BHET-degrading enzyme. The addition of
GlcNac resulted in enhanced colony growth and development which
likely also affected the degradation pattern of BHET. Only 5 strains,
MBTS5, 12, 15, 91, and 92 degraded BHET in the absence of GlcNAc.
MBT92 appeared to exhibit constitutive expression showing a similar-
sized halo in all conditions. To substantiate a good correlation between
halo size and biochemical degradation, strains MBT2, 5,12, 28,92, and S.
coelicolor M145 were incubated with approximately 2 x 10° spores on
StrepMM Difco plates containing BHET and GlcNAc. Samples of agar
were taken after 15 days using an agar excision tool to cut out part of the
halo. Since S. coelicolor M145 displayed no activity after 15 days, halos
were excised after 18 days. Samples were spun down using nylon spin
columns, separating all liquids from the agar, and prepped for LC-MS
analysis (Fig. 2d). In all strains, clear and significant conversion from
BHET to MHET was observed. The MBT?2, 5, 12, and 28 show traces of
TPA indicating further conversion of MHET. A two-way ANOVA was
performed to confirm the significance of the data, the results were dis-
played in Supplementary Data 1. LC-MS reference spectra can be found
in Supplementary Fig. 3.

Identification of LipA in BHET-degrading strains

To investigate if lipA is present in the strains showing activity in the indi-
vidual screens displayed in Fig. 2c, PCR with degenerative primers was
performed and the products were sequenced (Supplementary Fig. 5, Sup-
plementary Note 1). Sequence alignment demonstrated substantial diver-
gence between the signal sequences predicted with SignalP 6.0, while only
minor variations in the overall enzyme coding regions were observed
(Supplementary Fig. 6). The amino acid alignment showed variations
between the proteins especially surrounding the catalytic triad and the
C-terminal part of the protein (Fig. 3a). The enzyme sequences clustered
into three variants: S. coelicolor (ScLipA), MBT92 (S92LipA) only present in
MBT92, and a variant present in all other active strains (S2LipA). Alphafold
2 enzyme structure prediction indicated small changes in enzyme structure
with minor effects on the overall structure (Fig. 3b-d)”.

Scanning electron microscopy imaging of Streptomyces species
on amorphous PET film

MBT2, 5, 12, 28, and 92 were grown with PET film in NMM with and
without GlcNAc for 14 days. All strains form a biofilm surrounding the
edges of the plastic films, thereby fixing them to the 12 wells plates. Samples
were fixated, sputter coated, and visualized with scanning electron micro-
scopy (SEM). All strains appeared to adhere well to the plastic films, forming
hyphal structures colonizing the film (Supplementary Fig. 7). Some areas
were heavily overgrown and did not allow for visualization of the film. Less
cultivated areas did not show more damage than the control film, suggesting
that no degradation of the PET films was achieved.

Knock-out and overexpression of the three lipA variants in S.
coelicolor

To obtain a better understanding of the role and function of LipA in vivo, a
lipA knock-out mutant was constructed in S. coelicolor M145 (“**!, Sup-
plementary Note 2). Additionally, strains were constructed expressing one
of the three different lipA variants under the control of the semi-constitutive
pGAP promotor that is induced by simple sugar molecules***’. To avoid

interference with the native ScLipA and other regulatory elements, all
overexpression constructs were cloned into strain AlipA. This resulted in
strain S3 expressing SclipA, S5 expressing S2lipA and S7 expressing S92lipA.
Two expression media were chosen namely NMM as a minimal medium
with a defined carbon source and tryptic soy broth sucrose medium (TSBS).
Expression was validated on both media using SDS-PAGE and western blot
(Fig. 4a, b, d, e). Both NMM with 5% (w/v) glucose and TSBS yielded clear
protein bands on western blot indicating that enzymes were successfully
expressed.

BHET degradation was examined in vivo by inoculating 1.0 x 10°
spores in 50 ml of NMM with glucose [5% (v/v)] and BHET or TSBS
containing BHET. Samples were taken at 24, 48, and 72 h and analyzed
using LC-MS. The percentages BHET, MHET, and TPA were calculated
over the total peak area. After 24 h, while the spores are still germinating,
limited activity is observed. After 48 h, on NMM, the knock-out shows
significantly less activity on BHET than the wild-type strain. After 72 h, a
clear difference was observed in the degradation pattern of the knock-out
compared to the wild-type strain. On minimal medium, the overexpression
constructs show 40-50% degradation, which is similar to the wild-type
strain, although it is significantly higher than in the knock-out strain
(parental strain) (Fig. 4c). Some residual activity, not related to LipA, was
still observed in the knock-out strain. After 48 h on TSBS, no difference was
observed in BHET-degrading ability of the wild-type strain compared to the
knock-out strain. After 72h, the wild-type strain degraded significantly
more BHET than the knock-out strain. Unlike a minimal medium, the
strains containing the overexpressed lipA variants showed drastic BHET
degradation on TSBS after 48 h, with some variation between the different
enzyme variants (Fig. 4f). After 72 h, the knock-out converted approxi-
mately 23% of the BHET to MHET, whereas the wild-type strain converted
approximately 32%, the overexpression strains degraded all BHET after 72 h
and TPA could be observed in the medium. The knock-out still showed
some activity suggesting the presence of at least one other enzyme with low
BHET-degrading activity. A two-way ANOVA clearly indicated the sta-
tistical significance of the results (Supplementary Data 2).

To observe physical changes within the cultures, automated time-lapse
microscopy imaging was used to follow and visualize the development of the
strains and degradation of the BHET. This microscope can make brightfield
images at time intervals resulting in a time-lapse video (Supplementary
Movies 1-6). It takes all strains around 10 h to start developing from spores
(Fig. 5). Initially, no or only slight changes were observed in the presenceand
shape of the BHET crystals but over time the BHET crystals roughened and
disappeared. The overexpression strains degraded the BHET crystals
between 15 and 20 h, where the edges of the crystals started to roughen until
the entire crystal fell apart (Fig. 5). The knock-out strain also degraded
crystals, but complete degradation was only observed after 25 h. The wild-
type strain degraded the BHET in approximately 23 h.

Expression and in vitro characterization of LipA variants

For comprehensive in vitro biochemical analysis of the enzymes, the cor-
responding gene sequences were trimmed to remove their signal peptides,
codon-optimized, synthesized, and cloned into pET16b (adding an
N-terminal His-tag to the protein), and expressed in E. coli BL21 A-I. As
positive controls, the genes encoding the PET40, TfCut2, the LCC, IsPETase,
and PET46 were synthesized and expressed in the same way. All above-
mentioned enzymes exhibit BHET and/or PET-degrading activity, however,
their substrate preference, efficiency, optimal conditions, and stability are
different. IsPETase has PET as its preferred substrate whereas PET40 is a
promiscuous esterase which has a broad substrate range. TfCut2 and LCC
are cutinases that display high activity on cutinase-like substrates such as the
para-nitrophenyl substrates and lipase-like substrates as tributyrin®***,
PET46 was annotated as feruloyl esterase which should be more specific for
the degradation of feruloyl polysaccharides and was shown to be more
efficient in MHET degradation®. Expression and purification of the cor-
responding enzymes were confirmed on SDS-PAGE (Fig. 6a) and western
blot (Fig. 6b) with protein bands around 32kDa. His-tag purification

Communications Biology | (2024)7:725



https://doi.org/10.1038/s42003-024-06414-z

Article

a
ScLipA ADNPYERGPAPTESSIEALRGPYSVADTHVSSLAVIGFGGGTIYYPTSTSDGTFGAVYIRN 60
S2LipA ADNPYERGPAPTESSIEALRGPYSVADTHVSSLAVIGFGGGTIYYPTSTSDGTFGAVYIE 60
S92LipA ADNPYERGPAPTESSIEALRGPYSVADTEVSSLAVIGEFGGGTIYYPTSTSDGTEFGAVAIRN 60
IR b b b b b S 2 Sh 2h Sb Ih b b b b b I 2 g dh 2h Sb b b o 4 ****************************.*:
W
ScLipA PGFTAYQSSHAWLGPRLASQGFVVETIDTNTTLDOQPDSRGRQLLAALDYLTERSSVRGRI 120
S2LipA PGFTAYQSSHAWLGPRLASQGFVVETIDTNTTLDOQPDSRGROQLLAALDYLTERSSVRGRI 120
S92LipA PGFTAYQSSVUAWLGPRLASQGFVVETIDTNTTLDOQPDSRGRQLLAALDYLTEHRSSVRGRI 120
KKK Kk kKKK ¢k ok kKRR KKk kKRR KK Kk KRR KKk kAR KKKk A AR KKKk AR Kk kK Kk kK
L » ®
ScLipA DSERLGVMGHBMGGGGHLEAAKSRPSLOAATIPLTPWNLDKSWPEVSTPTLIVGADGRTHA 180
S2LipA DSPRLGVMGH GGGGELEAAKSRPSLQAAIPLTPWNLDKSWPEVSTPTLEVGADGIEWA 180
S92LipA DSPRLGVMGHSMGGGGHLEAAKSRPSLOAATIPLTPWNLDKSWPEVSTPTLVGADGDTHA 180
*“k.****‘k********:*‘k*******************************:‘k******:*
®
ScLipA PVIASHINEPFY S[ELPSETDRAYLELNNATHE SPNISNTTIAKY SlSWLKRFIDEDTRYEQFE 240
S2LipA PVE|SHEEPFYSELPSETDRAYLELNNATHF SPNIISNTTIAKY SlSWLKRFIDNDTRYEQF 240
S92LipA PVINSHRNEPFY S[ELPSIATDRAYLELNEATHESPNESNTTIAKY SSWLKREIDNDTRYEQE 240
KK e kok e kAR KK KKK Kk kA AR KKK KRR KKk ks Ak Kk ok kA AR K o ok k AR KKk ok s kK Kk ok kK
ScLipA LCPLPRPSLTIEEYRGNCPHGS* 262
S2LipA LCPLPRPSLTIEEYRGNCPHGS* 262
S92LipA LCPLPRPSLTIEEYRGNCPHGS* 262

AKAKKAAIAAKAKAKR A A AKX AR XX KK

Fig. 3 | Comparison of the Lipase A variants. a Sequence comparison of the ScLipA,
S2LipA, and $92LipA indicating the binding residues with yellow asterisks/highlight
and the catalytic triad with orange asterisks/highlight. Sequence differences from the
different lipases are highlighted in gray, when only one sequence differs, the

d

S92LipA

conserved amino acids are highlighted in black. b-d Predicted model of the structure
of ScLipA (b), S2LipA (c) and S92LipA (d) constructed with AlphaFold 2. The
catalytic triad residues are displayed in green and the binding domain residues are
displayed in cyan.

resulted in the LipA samples displaying two bands on SDS-PAGE. The
higher band (~60 kDa) was always observed on SDS-PAGE and incon-
sistently observed on western blot; Fig. 4e is an example where the higher
band is clearly observed whereas in Fig. 6b this band is not observed. We
hypothesize that this higher band corresponds with a dimeric form where
the His-tag is poorly accessible. Native zymogram analysis clearly showed
that enzyme activity only resided with the lower band for the Lipase A
variants (Fig. 6¢). PET40, TfCut2 and the LCC did not migrate through the
native gel, possibly due to a substantial difference in isoelectric point.

The optimal pH and temperature for enzyme activity were determined
using para-nitrophenyl dodecanoate as substrate according to the method of
Altammar and colleagues”. Within a pH range from pH 3 to pH 8, for one
hour at 30 °C, pH 7.0 appeared as the optimal pH. A similar approach was
taken to determine the optimal reaction temperature, which was 25°C
(Fig. 7a—c).

Using these conditions a colorimetric assay was developed to
examine BHET degradation of the LipA variants and all above-
mentioned controls. 2.0 pg/ml of enzyme was incubated with 0.5 mM
of BHET for 0, 24, 48 h (Fig. 7d). S2LipA and S92LipA degraded around
0.2mM BHET in 24 h increasing to 0.25 mM in 48 h. ScLipA showed
slightly less degradation activity compared to the other variants up to
0.15 mM in 24 h. PET46 showed similar activity after 24 h as S2LipA but
increased towards 0.3 mM after 48 h. The PET40, TfCut2, and LCC
degraded approximately 30 mM of BHET within 24 h increasing to
40 mM in 48 h. The IsPETase showed the highest activity converting all
substrates within 24 h. Numerical data and Statistical analysis are pro-
vided in Supplementary Data 3.

To obtain a preliminary view of the polymer activity of the Lipase A
enzymes, amorphous PET films were inoculated at pH 7.0 and 25 °C with
15 ug/ml of enzyme for 7 days and visualized using scanning electron
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Fig. 4 | Expression of the LipA variants in S. coelicolor M145 AlipA in NMM and
TSBS medium. a SDS-PAGE of concentrated samples on NMM medium, faint band
around ~32 kDa in the overexpression strains, this band is not present in wild-type
strain M145. b Western blot of NMM samples showing clear signal around ~32 kDa.
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S§7 using LC-MS (n = 3). Samples were taken at 24 h, 48 hand 72 h. The percentage of
BHET is presented in turquoise, the percentage of MHET in magenta, and the
percentage of TPA in black. The area percentage was calculated using GraphPad.
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~32 kDa was observed in the overexpression strains this band was not present in
wild-type strain M145. e Western blot of TSBS samples showing a clear signal
around 32 kDa. f Analysis of BHET degradation in TSBS of the wild-type strain,
AlipA, S3, S5 and S7 using LC-MS. Samples were taken at 24 h, 48 h and 72 h. The
percentage of BHET is presented in turquoise, the percentage of MHET in magenta,
and the percentage of TPA in black. The error bars display the standard deviation.
All original gel pictures are shown in Supplementary Fig. 8. The graphs containing all
individual data points are shown in Supplementary Fig. 9.

microscopy (SEM). Since the activity of the IsPETase exceeded the activity of
all other enzymes it was used as a positive control. Since no significant
difference was observed between PET40, TfCut2, LCC, and PET46 after 48 h,
only TfCut2 was taken as an additional positive control. Samples only
incubated with buffer show a smooth clean surface. PET films incubated with
IsPETase show clear damage in the form of dents and cavities (Fig. 8).
TfCut2 showed roughening of the surface and at 10,000x magnification small
indents. S2LipA showed a similar pattern as TfCut2 although the top layer of
the plastic appeared not to be completely degraded. Both S92LipA and ScLipA
showed limited to no activity which is in line with the enzyme assay (Fig. 8).

Discussion

Understanding and harnessing nature’s response to abundant plastic pol-
lution may help find new solutions for sustainable plastic depolymerization
and recycling. However, and importantly, the abundance of microorgan-
isms that have adapted to the utilization and degradation of plastics is not
known, and the evolution and conservation of genes and proteins involved
remains largely unexplored.

In this research, we have investigated the BHET/PET-degrading
activity of a PHE previously annotated as Lipase A (LipA) from Strepto-
myces coelicolor. Lipase A was originally identified via whole genome stu-
dies, never further investigated for its activity, and automatically annotated
as lipase. In a bulk screen of 96 Streptomyces strains from various origins,
44% was able to degrade BHET in at least one of the tested conditions. When
tested individually, 18% of the strains showed clear degrading activity. Since
in the bulk screen neighboring strains showed BHET-degrading activity
which was not confirmed for all strains when tested individually, interaction
between strains may have an important effect on the expression of BHET-
degrading enzymes. In addition, GIcNAc appeared to induce BHET-
degrading activity. This is likely to be related to GlcENAc-mediated enhanced
development of the Streptomyces strains under famine conditions™*”. So far,
limited information is available on the regulation and induction of PHEs.
Unveiling and understanding the conditions in which PHEs are expressed
will shine a light on environmental cues that may affect the emergence of
biodegradation of polyesters in nature.

LipA was present in 15 different Streptomyces strains as a highly con-
served gene with some variations. Three variants, SclipA (present in

S. coelicolor), S92lipA (present in MBT92), and S2lipA (present all other
active strains) were further investigated. This situation is comparable to the
presence of PET40 in several Amycolatopsis and other Streptomyces
species”’. However, in this study, the BHET-degrading activity in the original
host strains was not investigated. We chose to investigate the in vivo activity
of ScLipA by comparing a knock-out strain with the wild-type strain, in both
rich and minimal medium; the knock-out exhibited a significant decrease in
its BHET-degrading activity. Since some remaining BHET degradation was
still observed in the knock-out strain, at least one other enzyme is likely to be
involved in BHET degradation. However, this activity most likely resides
with another type of enzyme since no other homolog was found during the
homology search. All three LipA variants exhibited significantly enhanced
degradation of BHET when expressed in the knock-out strain under a semi-
constitutive promoter, on both rich and minimal medium.

All enzyme variants were found to have an optimal pH of 7 and an
optimal temperature of 25 °C. The enzymes were active in a range from pH
5-10, similar to the PET40%. However, in contrast with the PET40, the LipA
variants appeared to lose most activity above 40 °C. Colorimetric BHET
assays confirmed the BHET-degrading activity of S2LipA and S92LipA
under optimal conditions, however, all positive controls displayed higher
activities consistent with the literature. The relatively rapid loss of activity of
the LipA enzymes is likely related to the stability of the enzymes.

Incubation of amorphous PET film with purified S2LipA caused the
formation of indents and roughening of the surface, similar to the observed
activity of PET-degrading cutinase TfCut2 in suboptimal conditions™. Thus,
the S2LipA variant showed some degrading activity on PET film, in contrast
to the other two variants. Since the activity on amorphous PET is low, we
expect that S2LipA will not show activity on post-consumer PET. To obtain
high activity on polymeric PET further enzyme engineering and optimi-
zation will be required.

While the structure and catalytic activity of the LipA variants are more
similar to PETases than to BHETases™, our enzymes seem to exhibit more
activity on BHET than on amorphous PET. Indeed, while PET is not the
main substrate, PET and BHET degradation appear as promiscuous activity,
similar to the moonlighting effect described for the LCC, TfCut2, and
PET40"*°. Furthermore, the activity and behavior of the LipA enzymes are
not in line with the original annotation as lipase. The observed activity is
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Fig. 5 | Time-lapse images of BHET degradation by S. coelicolor M145, AlipA, S3,
S5, and S7. Time-lapse images at 5-h intervals of wild-type and AlipA mutant and
overexpression strains S3, S5, and S7 in the presence of BHET particles (diamond-
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shaped particles). A negative control lacking bacterial inoculation was used to
demonstrate that the BHET particles do not undergo natural degradation over time
(indicated as control). The scale bar in the top right corner is 10 pm.

more consistent with PETase-like esterase and/or feruloyl-esterase activity
comparable to PET40. Since the main activity was observed on BHET we
suggest re-evaluating the annotation of those genes and enzymes and
changing it to BHET-degrading esterase A, or BdeA. $92LipA and ScLipA
showed lower BHET-degrading activity than S2LipA which most probably
is due to structural variations in the enzymes caused by the various amino
acid substitutions. In comparison to S92LipA and ScLipA, S2LipA contains
a region close to important catalytic residues and substrate binding residues
where three alanines have been substituted by serines (Fig. 3a). This may
enable enhanced formation of hydrogen bonds with the substrate and/or
enhanced enzyme stability’ ™. Since all of the strains in our study are
environmental isolates, we hypothesize that the abundance of the S2LipA
variant in these strains is caused by evolution towards enhanced activity on
polar substrates and a more stable esterase and not toward plastic degra-
dation per se. Yet, current pollution rates may push the environmental
evolution of those enzymes towards enhanced BHET/PET affinity. The
current abundance of BHET-degrading enzymes in nature indicates that
nature can indeed take on the challenge of degradation and bioremediation.
By further investigating and understanding this phenomenon, the microbial
and enzyme characteristics involved, and applying those features, we may
move towards mitigating plastic pollution for a more sustainable future.

Materials and methods

Strains and culturing conditions

For the initial tests, Streptomyces coelicolor M145" and Actinobacteria from
the MBT strain collection of the Institute of Biology Leiden were used for

screening. These strains were isolated from the Himalayan mountains,
Qinling mountains, Cheverny and Grenouillere France, and the
Netherlands*'. The Streptomyces plates were incubated at 30 °C for 10 days
or longer before investigating the BHET degradation. E. coli was grown on
Luria-Burtani (LB) agar or in LB cultures overnight at 37 °C.

Routine Streptomyces manipulation, growth, and preparation of spore
stocks was performed according to the Streptomyces manual™. Spore sus-
pensions were obtained by growing the strains on Soy Flour Mannitol agar
(SFM™) until sporulation.

Homology search

Potential homologs of LCC (Accession number G9BY57*), TfCut2 (Acces-
sion number Q6A0I4”), PET40 (Accession number WAU86704.1%) and
IsPETase (Accession number AOAOK8P6T7”) in the Actinobacterial gen-
omes were identified by performing a BLASTp for the genome of Strepto-
myces coelicolor (NCBI 100226)". BLASTp was run in the default setting. The
hits were ranked based on their BLAST score, their query cover, their percent
identity, and the presence of the catalytic triad and substrate binding site.

Bulk screens

The strains are inoculated on the plates using the stamping method. A stamp
fitting a 96-well plate was autoclaved, placed in the stamping device, and
placed in the 96-well plate, containing 100 pl of each spore stock in separate
wells, and stamped on the plates of interest. Each spot contained approxi-
mately 2 pl of spore solution. The plates were grown for 10 days at 30 °C. The
spore plates were stored at —20 °C.

Communications Biology | (2024)7:725



https://doi.org/10.1038/s42003-024-06414-z

Article

a pa M 2 92 M145 40 TiCut LCC PET 46
70
50 w——
40 ==
30 e — s N
b kpa M 2 92 M145 40 TfCut LCC PET 46

70
50
40
% e T s
25 —
c 92 M145 PET 46

40 TfCut LCC

720
480

242

Fig. 6 | Expression and purification of Lipase A enzymes in E. coli. a SDS-PAGE of
the purified Lipase A variants, along with the PET40 (40), TfCut2, LCC, IsPETase
(PET) and PET46 (46); 1: Ladder, multicolor broad range protein ladder; 2: S2LipA
sample (30 kDa); 3: S92LipA (30 kDa); 4: ScLipA (30 kDa), 5: PET40 (28 kDa), 6:
TfCut2 (28 kDa), 7: LCC (27 kDa), IsPETase (27 kDa), 8: PET46 (30 kDa). The
Lipase variants show two bands one around 60 kDa and one around 35 kDa.

b Western blot using a His-antibody was conducted to identify the purified enzymes
of the Lipase A variants. 1: ladder, Spectra multicolor broad range protein marker; 2
till 8: same samples as for the SDS-PAGE ¢ Zymogram of 750 ng of purified enzymes
and LipA variants on 1% tributyrin. The Lipase A variants, PET40, TfCut2, LCC, and
PETase show degradation of tributyrin (yellow spots). NativeMarker used as a
marker and visualized by overlaying Native SDS-PAGE with a zymogram. All ori-
ginal gel pictures are shown in Supplementary Fig. 10.

Plate assays

Plate assays were performed using minimal medium plates with different
types of agars. Upon media selection, Streptomyces minimal medium
(StrepMM™) Difco agar was chosen as the standard condition™. Plates and
additives are described in Supplementary Table 3. Bis(2-hydroxyethyl)
terephthalate (BHET) provided by Sigma (Cas: 959-26-2, PN 465151),
N-acetyl glucosamine (GIcNAc) provided by Sigma (Cas 7512-17-6,
PN A4106).

Individual screens
For the individual screens, 2 pl of uncorrected spore solution was spotted on
5 cm agar plates, and grown at 30 °C for 10 days.

Agar excision agar samples

S. coelicolor M145, and Streptomyces species MBT2, MBT5, MBT12,
MBT38, and MBT92 with 2 x 10° spores were inoculated on StrepMM
Difco with GlcNAc [25 mM] and BHET [10 mM]. After 14 days of growth,
a part of the halo was excised using an agar excision tool. The agar and
liquids were separated using clear spin-filtered microtubes (Sorenson
BioSciences) spun at 10,000 rpm for 15 min. The flow-through was stored at

—20°C and prepared for LC-MS analysis according to the sample pre-
paration protocol.

Identification variants Streptomyces strains

For the identification of the Lipase A variants in the Actinobacteria collec-
tion genomic DNA of the active strains was isolated. A PCR was performed
using degenerative primers (Supplementary Table 4) based on the sequence
of the 2lipA gene. PCR was performed with Phusion according to the
Phusion protocol provided by Thermo Fischer Scientific (F531S). The
blunt-end PCR products were cloned in pJET2.1 using the CloneJET PCR
cloning kit from Thermo Fischer Scientific (K1231) and sequenced by
Macrogen using Sanger sequencing.

CRISPR/Cas knock-out

To obtain a LipA knock-out strain, the CRISPR-Cas9-based pCRISPomyces
was used***". In this system, the CRISPR-Cas9-mediated double-stranded
break will be repaired via homology-directed repair. Two homologous arms
of approximately 1000 bp with a 40 nt overlap at both sides of lipA have been
amplified via PCR on the genomic DNA of M145. These homologous arms
can be digested into the pCRISPomyces-2 via a three-piece Gibson
Assembly using the Xbal site. Additionally, a sgRNA will be annealed into
the plasmid using Golden Gate cloning. Primers for these homologous arms
bordering LipA and sgRNA were made using the protocol of Cobb and
colleagues and are provided in Supplementary Table 5. Assembled plasmids
were confirmed via sequencing. Assembled plasmids were transferred to
Streptomyces coelicolor M145 via conjugation with E. coli ET12567 har-
boring the pUZ8002 plasmid™**. Single colonies were streaked on SFM with
apramycin [50 ug/ml] to check for true apramycin resistance. Resistant
colonies were picked to TSBS for gDNA isolation. Correct gene knockouts
were confirmed via diagnostic PCR and sequencing Supplementary Fig. 11.
Plasmid loss was achieved by restreaking strains for several generations on
SEM agar without antibiotic pressure at 37 °C and checking for the loss of
apramycin resistance'””.

Construction overexpression strains

Overexpression strains were obtained by using the pSET152 integrative
plasmid®. To create overexpression strains for LipA and its variants, the
genes were transferred to a pSET152 integrative plasmid. Genomic DNA of
S. coelicolor M145, Streptomyces sp. MBT2 and Streptomyces sp. MBT92 was
isolated and the lipA PCR amplified with overhangs containing an Ndel site
on the 5" and a His-tag followed by a BamHI site on the 3 end of the product
(Supplementary Table 6). pSET152 was linearized with BamHI and Ndel
and PCR amplified lipA genes were digested into the plasmid using T4
ligase. Assembled plasmids were confirmed via restriction analysis with
BamHI and Ndel and sequencing (Supplementary Fig. 12). ScLipA and its
variations were cloned into pSET152 under the regulation of strong semi-
constitutive promotor pGAP*. pSET152 was transferred to Streptomyces
coelicolor M145 via conjugation as described in refs. 57,58. Single colonies
were streaked on SFM with apramycin to select for the correct integration of
the plasmid. All strains obtained are described in Supplementary Table 7.

Liquid cultures for enzyme expression

For liquid chromatography-mass spectrometry (LC-MS) analysis, 1.0 x 10°
spores were inoculated in 50 ml liquid minimal medium without PEG
(NMM™) + 5% glucose (w/v) and enzyme expression medium Tryptic soy
broth sucrose (TSBS™) containing 10 mM BHET. Samples of 1 ml were
taken after 24, 48, and 72 h.

Liquid chromatography-mass spectrometry (LC-MS)

Upon thawing, cell-free media was prepared for the LC-MS run by dilution
in 1:1 in acetonitrile at a final volume of 1 ml and passed through 0.2 um
filters (Sartorius). Analysis of TPA, MHET, and BHET. LC-MS analyses
were performed on a Shimadzu LC-20AD system with a Shimadzu Shim-
Pack GIST-HP Cl18-AQ column (3.0 x 150 mm, 3 pm) at 40°C and
equipped with a UV detector monitoring at 240 and 260 nm. The following
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Fig. 7 | Determination of optimal enzyme conditions and BHET degradation
under optimum conditions. a-c Relative activity on para-nitrophenol dodecanoate
at different pH for S2LipA (a), S92LipA (b) and ScLipA (c) (n = 3). The graphs are
overlays of the graph containing the error bars and the same graph with the indi-
vidual data points original graphs are displayed as Supplementary Fig. 13. d Enzy-
matic BHET degradation using colorimetric assay after 24 and 48 h. The activity of

Temperature °C

buffer control (black) as a negative control, S2LipA (magenta) S92LipA (turquoise),
and ScLipA (dark purple), the positive controls are displayed as PET40 (lavender),
TfCut2 (light blue) LCC (black), PET46 (dark blue), and IsPETase (purple). The
activity was displayed as the concentration of BHET degraded in mM. The indicated
significance displays the significant difference with the buffer (n = 3). The error bars
display the standard deviation, ***p < 0,0001.

solvent system, at a flow rate of 0.5 ml/min, was used: solvent A, 0.1% formic
acid in water; solvent B, acetonitrile. Gradient elution was as follows: 80:20
(A/B) for 1 min, 80:20 to 45:55 (A/B) over 6 min, 45:55 to 0:100 (A/B) over
1 min, 0:100 (A/B) for 2 min, then reversion back to 80:20 (A/B) over 1 min
and 80:20 (A/B) for 2 min. This system was connected to a Shimadzu 8040
triple quadrupole mass spectrometer (ESI ionization).

The reference chromatogram used for the identification of BHET and
its monomers [~1 mg/ml each]. The area percentage was calculated using
GraphPad Prism. The statistical analysis of all LC-MS data consists of a two-
way ANOV A using the default setting of GraphPad Prism (p < 0.05, n = 3).
A multiple comparison analysis was performed providing insights into the
significance of each compound present in each sample. The outcomes of the
statistical analysis are provided in Supplementary Data 1-3 respectively.

Microscopy

The Lionheart FX automated microscope (BioTek) was used for the time-
lapse imaging of BHET particle degradation. In total, 3.5 x 10* spores were
precultured in TSBS + nalidixic acid [50 pg/ml] for 48 h. Spores were pre-
cultured in TSBS containing nalidixic acid [50 pg/ml] for 48h. Of
this solution, 5pl was inoculated in 200 pul TSBS containing ampicillin
[50 ug/ml] and BHET [0.25 mM]. This solution was added to a Greiner Bio-
One SensoPlate 96-well, non-treated black plate with a clear bottom and
spun down to settle the mixture. Bright-field pictures were taken every
15 min over the course of 60 h on a 40x magnification at 30 °C.

Expression in E. coli

S2LipA, S92LipA, ScLipA, LCC, TfCut2, PET40, and IsPETase without
signal sequences were codon optimized for E. coli and ordered with
GeneART from ThermoFisher Scientific (Netherlands). The genes
arrived in the Thermofisher plasmid pMA containing an ampicillin
resistance. PET46 was provided by the Streit Lab of the University of
Hamburg and amplified using primers with BamHI and Ndel overhangs
(Supplementary Table 8) All codon-optimized DNA sequences are
provided in Supplementary Note 3.

The plasmids were transformed into chemically competent E. coli
DH5a cells for amplification and isolated using the “GeneJET plasmid
miniprep Kit” (Thermofischer, K0503). After plasmid isolation, the lipA
variants were cloned into the pET16b plasmid using restriction/ligation with
restriction enzymes BamHI and Ndel [10 U/pl] (Thermo Fischer Scientific).
BamHI was added half an hour after incubation with Ndel to achieve higher
efficiency. Following restriction, the restriction enzymes were inactivated by
incubating the samples for 20 min at 80 °C in a water bath. The lipA genes
and the linearized pET16b plasmids were extracted from the gel using the
“GeneJET GEL extraction Kit” (Thermofischer, K0692). T4 ligase was used
according to the user manual of the manufacturer. See Supplementary
Table 9 for an overview of the used plasmids for protein expression.

Transformed E. coli BL21 A-I (Invitrogen C607003) strains were grown
on agar plates with ampicillin [100 pg/mL] at 37 °C or in LB liquid medium
at 37 °C at 200 rpm (Supplementary Table 10).
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Enzyme purification

For protein production, 20 ml precultures with ampicillin (100 pg/ml) of the
transformed E. coli BL21 A-I were made following the standard culture
conditions. 5 ml of these precultures were transferred to 500 ml TB con-
taining ampicillin. When an OD value between 0.6 and 0.8 was reached, the
cultures were induced using arabinose [0.2% (w/v)] and IPTG [0.5 mM].

Pellet the 500ml cultures were harvested by ultracentrifugation
(Himac) for 30 min, 6000 rpm at 4 °C. The harvested pellet was transferred
to 50 ml falcon tubes and frozen in liquid nitrogen. The frozen pellets were
stored at —20 °C.

Next, the defrosted pellet was resuspended in 15 ml 50 mM Tris-HCl
and 300 mM NaCl pH 7.5. These solutions were sonicated (Bandelin,
Sonopuls) 3 times for 30 s at 15% Amplitude. Subsequently, to remove the
insoluble faction’s ultracentrifugation (Himac) took place for 60 min,
10,000 rpm at 4 °C. The Sample was filtered through a 0.2 pm filter (Fil-
tropur S 0.2 pum, Sarstedt).

To obtain purified Lipase A variants, His — affinity purification using
stationary columns system was performed, following standard His-tag
purification protocols. During purification, the column was washed with
10 ml 50 mM Tris-HCI, 300 mM NaCl containing 75 mM imidazole pH 7.5,
and eluted with the same buffer containing 500 mM imidazole. After pur-
ification, the fractions were desalted using buffer C desalting columns
(Cytiva, PD-10) according to the protocol of Cytiva columns. The resulting
purified Lipase A variants were stored at —20 °C in 25 mM Tris-HCl con-
taining 150 mM NaCl and 40% glycerol.

SDS-PAGE, Western blot, and Zymogram
For SDS-PAGE and Western blot, 50 ml of TSBS/NMM + 5% glucose (v/v)
were inoculated with 50 pl dense spore prep and incubated for 24 h. Cultures

were centrifuged at 4000 x ¢ for 10 min and supernatant was filtered
through a 0.2 pm filter. The supernatant was concentrated using a Viaspin
column (Sartorius 5 kDas). Protein concentrations were estimated and
normalized to 200 ng/ul by performing a Bradford assay.

Overall, all SDS-PAGE:s contained 12% acrylamide and were run for
20 min at 70 V to stack the proteins on the gels. Further, the gel was run at
150 V until the loading dye reached the bottom of the gel. SDS-PAGE gels
were stained with Coomassie-blue staining. For the western blot, the gels
were transferred using a BioRad Trans-blot Turbo and the corresponding
transfer packs (1704157EDU) according to the mixed gel protocol of
BioRad. Gel was washed using Tris-buffered saline (TBS) buffer and blocked
using Tris-buffered saline with 0.5% Tween 20 (TBST) buffer containing 1%
Elk milk. The blot was blocked between 60 and 90 min. His-antibody was
added to a final concentration of 1 ug/ml and incubated overnight (K953-
01). The blot was rinsed with water and washed 4 times with TBST, the blot
was then incubated with luminol for 1 min, (product number) dried, and
developed on X-ray film.

For the zymogram, an 8% native gel, was run for 30 minat 70 Vand 2 h
at 150 V. The gel was rinsed with demi water and washed with demi water
and equilibrated by incubating 3 times for 30 min with 25 mM NaCl. After,
the gel is placed on a 1% tributyrin, 0.5% agarose plate, and incubated at
30°C for 1.5h™.

Standard enzyme assays

The concentration of enzyme was estimated using the Bradford method
(Bio-Rad, Bradford 1x Dye Reagent 5000205). The esterase/cutinase activity
was tested using para-nitrophenyl dodecanoate (Sigma- Aldrich, 61716) The
protocol followed was based on the protocol of Altammar and colleagues
with minor adjustments”. For the optimal pH test, 50 mM citrate buffers
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ranging from pH 3 to pH 7 were used, and for pH 7.5 and 8 50 mM Tris-HCl
buffer was used. The incubation step of 10 min was prolonged to 1 h. The
reaction was terminated using 0.1 M sodium carbonate™

Colorimetric assay BHET degradation

The colorimetric assay was performed according to the methods of Beech
and colleagues”. 2 pg/ml of the enzyme was incubated with 0.5mM of
BHET for 0, 24, and 48 h and measured at 615 nm in the Tecan M Spark. A
reference line was made by adding BHET in the concentrations of 0.5 mM to
0mM in steps of 0.05 mM an excess of PET40 was added to convert all
BHET to MHET.

The amount of BHET degraded was calculated with GraphPad using
the above-mentioned reference. The statistical analysis consists of a one-way
ANOVA using the default setting of GraphPad Prism (p =0.05, n=3). A
comparison was made between the means of each enzyme treatment pro-
viding insights into the significance of the BHET-degrading activity of each
enzyme. The outcomes of the statistical analysis are provided in Supple-
mentary Data 3. The error bars in the figures represent the standard
deviation.

SEM

The effect of Streptomyces on amorphous plastic films was investigated by
incubating 107 spores in 3 ml of NMM with amorphous PET for two weeks
at 30 °C. The samples were fixed with 1.5% glutaraldehyde (30 min). Sub-
sequently, samples were dehydrated using a series of increasing ethanol
percentages (70%, 80%, 90%, 96%, and 100%, each step 30 min) and critical
point dried (Baltec CPD-030). Hereafter the samples were coated with
10 nm Platinum palladium using a sputter coater and directly imaged using
a JEOL JSM6700F. When investigating enzymes on PET film, 15 pg/ml of
the enzyme was incubated for 7 days, the films were washed with water and
70% ethanol, air dried, sputter coated with 10 nm Platinum palladium, and
visualized using a JEOL JSM6700F.

Statistical analysis and reproducibility

The statistical analysis of datasets consists of a one-way or two-way ANOVA
using the default settings of GraphPad Prism (*p<0.05, **p<0,01,
*HKp <0,0001, n=3 biological replicates). Multiple comparisons were
made, and the displayed significance in the figures consists of the negative
control compared to the samples. The outcomes of the statistical analysis
and numerical data of the graphs are provided in Supplementary Data 1-3.
The error bars in the figures represent the standard deviation.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The protein sequences used for the alignments in Fig. 1 and further
expression can be found in the Uniprot database using the following
accession numbers LCC (Accession number G9BY57*), TfCut2 (Accession
number Q6A0I4%), IsPETase (Accession number AOAOKS8P6T7*) and
(ScLipA, accession number Q91.2J6™). The protein sequence of PET40 and
(NCBI accession number WAU86704.1%), PET46 was obtained via the
PAZy database (NCBI accession number RLI42440.1). The source data
underlying Fig. 2 can be found in Supplementary Data 1. The DNA and
protein sequences underlying the information in Fig. 3 are provided in
Supplementary Note 1 and Supplementary Fig. 6. The original gels of Fig. 4
can be found in Supplementary Fig. 8, the source data of the graphs of Fig. 4
can be found in Supplementary Data 2 and the graphs containing all indi-
vidual data points is provided as Supplementary Fig. 9. The supplementary
movies supporting Fig. 5 can be found as Supplementary Movies 1-6. The
original gels of Fig. 6 are provided as Supplementary Fig. 10. All source data
for Fig. 7 is provided in Supplementary Data 3, and the non-overlayed
graphs of Fig. 7 can be found in Supplementary Fig. 13. Any remaining data
of this study are available upon request.

Received: 8 November 2023; Accepted: 5 June 2024;
Published online: 12 June 2024

References

1.  Geyer, R., Jambeck, J. R. & Law, K. L. Production, use, and fate of all
plastics ever made. Sci. Adv. 3, e1700782 (2017).

2. Verschoor, J.-A., Kusumawardhani, H., Ram, A. F. J. &de Winde, J. H.
Toward microbial recycling and upcycling of plastics: prospects and
challenges. Front. Microbiol. 0, 701 (2022).

3. Plastics Europe. Plastics the Facts 2023. https://plasticseurope.org/
knowledge-hub/plastics-the-fast-facts-2023/ (2023).

4.  Walker, T. R. & Fequet, L. Current trends of unsustainable plastic
production and micro(nano) plastic pollution. TrAC Trends Anal.
Chem. 160, 116984 (2023).

5. Bahl, S., Dolma, J., Singh, J. J. & Sehgal, S. Biodegradation of
plastics: a state of the art review. Mater. Today Proc. 39,

31-34 (2021).

6. Taniguchi, I. et al. Biodegradation of PET: current status and
application aspects. ACS Catal. 9, 4089-4105 (2019).

7. Adeniran, A. A. & Shakantu, W. The health and environmental impact
of plastic waste disposal in South African townships: a review. Int J.
Environ. Res. Public Health 19, 779 (2022).

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

9. Plastics Europe. Plastics the Facts 2022. https://plasticseurope.org/
knowledge-hub/plastics-the-facts-2022/ (2022).

10. Godden, B., Legon, T., Helvenstein, P. & Penninckx, M. Regulation of
the production of hemicellulolytic and cellulolytic enzymes by a
Streptomyces sp. growing on lignocellulose. J. Gen. Microbiol. 135,
285-292 (1989).

11. Almeida, E. L., Rincén, A. F. C., Jackson, S. A. & Dobson, A. D. W. In
silico screening and heterologous expression of a polyethylene
terephthalate hydrolase (PETase)-like enzyme (SM14est) with
polycaprolactone (PCL)-degrading activity, from the marine sponge-
derived strain Streptomyces sp. SM14. Front. Microbiol. 10,

1-11 (2019).

12. El-Shafei, H. A., Abd EI-Nasser, N. H., Kansoh, A. L. & Ali, A. M.
Biodegradation of disposable polyethylene by fungi and
Streptomyces species. Polym. Degrad. Stab. 62, 361-365 (1998).

13. Chua, T.-K,, Tseng, M. & Yang, M.-K. Degradation of Poly (e-caprolactone)
by thermophilic Streptomyces thermoviolaceus subsp. thermoviolaceus
76T-2. AMB Express 3, 8 (2013).

14. Pometto, A. L., Lee, B. & Johnson, K. E. Production of an extracellular
polyethylene-degrading enzyme(s) by Streptomyces species. Appl.
Environ. Microbiol .58, 731 (1992).

15. Hsuy, K. J., Tseng, M., Don, T. M. & Yang, M. K. Biodegradation of
poly(B-hydroxybutyrate) by a novel isolate of streptomyces
bangladeshensis 77T-4. Bot. Stud. 53, 307-313 (2012).

16. Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.-H. &
Stackebrandt, E. The Prokaryotes. (Springer, 2006).

17. Hoskisson, P. A. & van Wezel, G. P. Streptomyces coelicolor. Trends
Microbiol. 27, 468-469 (2019).

18. Barka, E. A. et al. Taxonomy, physiology, and natural products of
actinobacteria. Microbiol. Mol. Biol. Rev. 80, 1-43 (2016).

19. Ribitsch, D. et al. A new esterase from thermobifida halotolerans
hydrolyses polyethylene terephthalate (PET) and polylactic acid (PLA).
Polymers 4, 617-629 (2012).

20. Herrero Acero, E. et al. Surface engineering of a cutinase from
Thermobifida cellulosilytica for improved polyester hydrolysis.
Biotechnol. Bioeng. 110, 2581-2590 (2013).

21. Herrero Acero, E. et al. Enzymatic surface hydrolysis of PET: effect of
structural diversity on kinetic properties of cutinases from
Thermobifida. Macromolecules 44, 4632-4640 (2011).

Communications Biology | (2024)7:725

11


https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/
https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/
https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/

https://doi.org/10.1038/s42003-024-06414-z

Article

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ribitsch, D. et al. Characterization of a new cutinase from
Thermobifida alba for PET-surface hydrolysis. Biocatal. Biotransform.
30, 2-9 (2012).

Kitadokoro, K. et al. Structural insights into the unique polylactate-
degrading mechanism of Thermobifida alba cutinase. FEBS J. 286,
2087-2098 (2019).

Buchholz, P. C. F. et al. Plastics degradation by hydrolytic enzymes:
The plastics-active enzymes database—PAZy. Proteins Struct.
Funct. Bioinform. 90, 1443-1456 (2022).

Roth, C. et al. Structural and functional studies on a
thermostable polyethylene terephthalate degrading hydrolase
from Thermobifida fusca. Appl. Microbiol. Biotechnol. 98,
7815-7823 (2014).

Furukawa, M., Kawakami, N., Tomizawa, A. & Miyamoto, K. Efficient
degradation of poly(ethylene terephthalate) with thermobifida fusca
cutinase exhibiting improved catalytic activity generated using
mutagenesis and additive-based approaches. Sci. Rep. 9,

1-9 (2019).

Jabloune, R. et al. Enzymatic degradation of p-nitrophenyl esters,
polyethylene terephthalate, cutin, and suberin by Sub1, a suberinase
encoded by the plant pathogen Streptomyces scabies. Microbes
Environ. 35, 1-7 (2020).

Zhang, H. et al. The metagenome-derived esterase PET40 is highly
promiscuous and hydrolyses polyethylene terephthalate (PET). FEBS
J. 291, 70-91 (2024).

Yoshida, S. et al. A bacterium that degrades and assimilates
poly(ethylene terephthalate). Science 351, 1196-1199 (2016).
Bentley, S. D. et al. Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3(2). Nature 417,

141-147 (2002).

Zhu, H. et al. Eliciting antibiotics active against the ESKAPE
pathogens in a collection of actinomycetes isolated from mountain
soils. Microbiology 160, 1714-1726 (2014).

Magdalena, S., Tenconi, E., Rigali, S. & Van Wezel, G. P. Functional
analysis of the N-acetylglucosamine metabolic genes of
streptomyces coelicolor and role in control of development and
antibiotic production. J. Bacteriol. 194, 1136 (2012).

Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

Han, X. et al. Structural insight into catalytic mechanism of PET
hydrolase. Nat. Commun. 8, 2106 (2017).

Wu, L.-F., Ize, B., Chanal, A., Quentin, Y. & Fichant, G. Bacterial twin-
arginine signal peptide-dependent protein translocation pathway:
evolution and mechanism. J. Mol. Microbiol. Biotechnol. 2,

179-189 (2000).

McCormick, J. R. & Flardh, K. Signals and regulators that govern
Streptomyces development. FEMS Microbiol. Rev. 36, 206-231
(2012).

Swiatek, M. A., Urem, M., Tenconi, E., Rigali, S. & van Wezel, G. P.
Engineering of N-acetylglucosamine metabolism for improved
antibiotic production in Streptomyces coelicolor A3(2) and an
unsuspected role of NagA in glucosamine metabolism. Bioengineered
3, 280 (2012).

Bibb, M. J., Jones, G. H., Joseph, R., Buttner, M. J. & Ward, J. M. The
agarase gene (dag A) of Streptomyces coelicolor A3(2): affinity
purification and characterization of the cloned gene product. J. Gen.
Microbiol. 133, 2089-2096 (1987).

Traxler, M. F., Watrous, J. D., Alexandrov, T., Dorrestein, P. C. & Kolter,
R. Interspecies interactions stimulate diversification of the
Streptomyces coelicolor secreted metabolome. mBio 4, e00459-

13 (2013).

Cobb, R. E., Wang, Y. & Zhao, H. High-efficiency multiplex genome
editing of Streptomyces species using an engineered CRISPR/Cas
system. ACS Synth. Biol. 4, 723-728 (2015).

41. Tong, Y., Charusanti, P., Zhang, L., Weber, T. & Lee, S. Y. CRISPR-
Cas9 based engineering of actinomycetal genomes. ACS Synth. Biol.
4, 1020-1029 (2015).

42. Zhang, A. L. et al. Recent advances on the GAP promoter derived
expression system of Pichia pastoris. Mol. Biol. Rep. 36, 1611-1619
(2009).

43. Bierman, M. et al. Plasmid cloning vectors for the conjugal transfer of DNA
from Escherichia coli to Streptomyces spp. Gene 116, 43-49 (1992).

44. Sulaiman, S. et al. Isolation of a novel cutinase homolog with
polyethylene terephthalate-degrading activity from leaf-branch
compost by using a metagenomic approach. Appl. Environ. Microbiol.
78, 1556-1562 (2012).

45. Shirke, A. N. et al. Stabilizing Leaf and Branch Compost Cutinase
(LCC) with glycosylation: mechanism and effect on PET hydrolysis.
Biochemistry 57, 1190-1200 (2018).

46. Wei, R. et al. Engineered bacterial polyester hydrolases efficiently
degrade polyethylene terephthalate due to relieved product inhibition.
Biotechnol. Bioeng. 113, 1658-1665 (2016).

47. Tournier, V. et al. An engineered PET depolymerase to break down
and recycle plastic bottles. Nature 580, 216-219 (2020).

48. Perez-Garcia, P. et al. An archaeal lid-containing feruloyl esterase
degrades polyethylene terephthalate. Commun. Chem. 6, 1-13 (2023).

49. Altammar, K. A. et al. Characterization of AnCUT3, a plastic-
degrading paucimannose cutinase from Aspergillus niger expressed
in Pichia pastoris. Int. J. Biol. Macromol. 222, 2353-2367 (2022).

50. Li, A. et al. Discovery and mechanism-guided engineering of BHET
hydrolases for improved PET recycling and upcycling. Nat. Commun.
14, 1-16 (2023).

51. Pace, C. N. et al. Contribution of hydrogen bonds to protein stability.
Protein Sci. 23, 652-661 (2014).

52. Carlsson, A. C. C. et al. Increasing enzyme stability and activity
through hydrogen bond-enhanced halogen bonds. Biochemistry 57,
4135-4147 (2018).

53. Gray, T. M. & Matthews, B. W. Intrahelical hydrogen bonding of serine,
threonine and cysteine residues within alpha-helices and its relevance
to membrane-bound proteins. J. Mol. Biol. 175, 75-81 (1984).

54. Kieser. T. Practical Streptomyces Genetics. (John Innes
Foundation, 2000).

55. Hobbs, G., Frazer, C. M., Gardner, D. C. J., Cullum, J. A. & Oliver, S. G.
Dispersed growth of Streptomyces in liquid culture. Appl. Microbiol.
Biotechnol. 31, 272-277 (1989).

56. Hopwood, D. A. Phase-contrast observations on Streptomyces
coelicolor. J. Gen. Microbiol. 22, 295-302 (1960).

57. Zhong, X., Zhang, L., van Wezel, G. P., Vilgenboom, E. & Claessen, D.
Role for a lytic polysaccharide monooxygenase in cell wall remodeling
in Streptomyces coelicolor. mBio 13, e0045622 (2022).

58. Flett, F., Mersinias, V. & Smith, C. P. High efficiency intergeneric
conjugal transfer of plasmid DNA from Escherichia coli to methyl
DNA-restricting streptomycetes. FEMS Microbiol. Lett. 155,
223-229 (1997).

59. Ng, A. M. J., Zhang, H. & Nguyen, G. K. T. Zymography for picogram
detection of lipase and esterase activities. Molecules 26, 1542 (2021).

60. Lusty Beech, J. et al. A flexible kinetic assay efficiently sorts
prospective biocatalysts for PET plastic subunit hydrolysis. RSC Adv.
12, 8119-8130 (2022).

Acknowledgements

We thank Lennart Schada von Borzyskowski for providing BL21 A-l and the
pET16b. Additionally, Chaoxian Bai for providing the CRISPR system for
Streptomyces and his advice on using it. Erik Vijgenboom and Jean Richard
Quant for providing pSET152pGAP. The group of Wolfgang Streit from the
University of Hamburg provided the plasmid containing PET46. Kees van
den Hondel for this introduction into the lipase substrates. Marco Blasioli for
his background work on LipA. Mia Urem for suggesting GlcNAc as a pos-
sible inducer. Somayah Elsayed for explaining the MZ-mine software.

Communications Biology | (2024)7:725

12



https://doi.org/10.1038/s42003-024-06414-z

Article

Nathaniel Martin for his advice and support on setting up the LC-MS
methods. Finally, Davy de Witt for preparing all the media.

Author contributions

J.A.V.: conceptualization, data acquisition (including LC-MS, SEM, and
Lionheart) data analysis, figure design, and writing. M.C.: Data acquisition
(including LC-MS), data analysis, and writing; S.L. homology search, 3D-
structure modeling, PyMOL analysis, and figure design; A.M.: Data acqui-
sition; C.B.: Data acquisition; P.l.: development LC-MS methods and
acquisition LC-MS data; J.W.: development SEM methods and acquiring
SEM images; M.E.C.: development Lionheart methods and acquisition
Lionheart videos and pictures. G.P.vW. providing Streptomyces strains and
proofreading; A.R.: conceptualization, supervision, and reviewing. J.H.dW.:
conceptualization, supervision, writing, and reviewing.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06414-z.

Correspondence and requests for materials should be addressed to
Johannes H. de Winde.

Peer review information Communications Biology thanks Wolfgang Streit
and Rui Bao for their contribution to the peer review of this work. Primary
Handling Editor: Tobias Goris. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:725

13


https://doi.org/10.1038/s42003-024-06414-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polyester degradation by soil bacteria: identification of conserved BHETase enzymes in Streptomyces
	Results
	Scavenging the Streptomyces genome for candidate PETase homologs
	BHET-degrading activity of S. coelicolor
	Identification of LipA in BHET-degrading strains
	Scanning electron microscopy imaging of Streptomyces species on amorphous PET�film
	Knock-out and overexpression of the three lipA variants in S. coelicolor
	Expression and in vitro characterization of LipA variants

	Discussion
	Materials and methods
	Strains and culturing conditions
	Homology�search
	Bulk screens
	Plate�assays
	Individual screens
	Agar excision agar samples
	Identification variants Streptomyces strains
	CRISPR/Cas knock-out
	Construction overexpression strains
	Liquid cultures for enzyme expression
	Liquid chromatography-mass spectrometry (LC-MS)
	Microscopy
	Expression in E. coli
	Enzyme purification
	SDS-PAGE, Western blot, and Zymogram
	Standard enzyme�assays
	Colorimetric assay BHET degradation
	SEM
	Statistical analysis and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




