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The successful enzymatic degradation of polyester substrates has fueled worldwide investigation into the treatment of plastic waste using bio-based processes. Within this realm, marine-associated microorganisms have emerged as a promising source of polyester-degrading enzymes. In this work, we describe the hydrolysis of the synthetic polymer PET by SM14est, a polyesterase which was previously identified from Streptomyces sp. SM14, an isolate of the marine sponge Haliclona simulans. The PET hydrolase activity of purified SM14est was assessed using a suspension-based assay and subsequent analysis of reaction products by UV-spectrophotometry and RP-HPLC. SM14est displayed a preference for high salt conditions, with activity significantly increasing at sodium chloride concentrations from 100 mM up to 1,000 mM. The initial rate of PET hydrolysis by SM14est was determined to be 0.004 s−1 at 45°C, which was increased by 5-fold to 0.02 s−1 upon addition of 500 mM sodium chloride. Sequence alignment and structural comparison with known PET hydrolases, including the marine halophile PET6, and the highly efficient, thermophilic PHL7, revealed conserved features of interest. Based on this work, SM14est emerges as a useful enzyme that is more similar to key players in the area of PET hydrolysis, like PHL7 and IsPETase, than it is to its marine counterparts. Salt-tolerant polyesterases such as SM14est are potentially valuable in the biological degradation of plastic particles that readily contaminate marine ecosystems and industrial wastewaters.
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1. Introduction

The Streptomyces genus has proven to be a worthwhile source of secondary metabolites, ranging from antimicrobial to cytotoxic compounds, with human health needs being the primary driver of the discovery efforts for these bioactive products (Lacey and Rutledge, 2022). As with other actinomycetes, Streptomyces species are also important producers of industrially relevant enzymes (Kumar et al., 2020), although perhaps they have not yet been as well-explored in this regard to date. The last decade has seen a notable shift away from terrestrial ecosystems toward the marine environment as a source of microorganisms harboring novel biological activities (Dharmaraj, 2010; Yang et al., 2020; Olaniyan and Adetunji, 2021). Nevertheless, given the vast and varied nature of the Earth's oceans, we are still in the early stages of the quest to describe the full potential of the marine microbiome (Abreu et al., 2022). In particular, marine invertebrates such as sponges have been shown to represent a hotspot of microbial biodiversity and activity, brought about by the mutualistic interactions that exist between microbial symbionts and the host sponge, which have the potential to be sustainably exploited for biotechnological purposes (Amelia et al., 2022).

Marine sponges harbor diverse communities of bacteria, archaea, and unicellular eukaryotes, which inhabit sponge tissues at densities of over 109 cells/cm3 and contribute to as much as 35% of the total sponge biomass (Hentschel et al., 2012). Sponge-associated microbes are known to be quite prolific producers of natural products, as well as extracellular enzymes, which are believed to contribute positively to the metabolism and overall health of their sea sponge host (Taylor et al., 2007; de Oliveira et al., 2020; Nnaji et al., 2022). Such enzymes are often hydrolase family members and are likely to be produced in an attempt to degrade the wide variety of substrates present in the large quantities of seawater being filtered by the sponge, providing both symbiotic partners with a source of energy and nutrients (Wang, 2006; Pita et al., 2018; Birolli et al., 2019). In the marine environment, heterotrophic microbes are responsible for the biogeochemical cycling of dissolved organic carbon, an abundant reservoir comprising thousands of distinct chemical structures. However, dissolved organic carbon compounds are often quite complex and recalcitrant to degradation, thus requiring adaptable enzymes for their utilization as substrates (Wagner et al., 2020). Marine microbial hydrolases must also withstand the changeable and challenging conditions associated with ocean waters, further supporting the potential applicability of these resilient enzymes across a range of new biotech products and services (Sana, 2015).

PET hydrolase enzymes have, for the past number of years, been the focus of extensive research and engineering efforts to support the biological recycling of polyester plastics, with increasing success since the identification of TfH, a PET-hydrolyzing enzyme from Thermobifida fusca, in 2005 (Wei et al., 2022). LC-cutinase (LCC) from a leaf compost-derived metagenome has represented a highly active benchmark PET hydrolase (Andler et al., 2022; Wei et al., 2022). The LCC variant, ICCG, which can achieve 90% degradation of pre-treated post-consumer PET within 10 h, has even been implemented as a catalyst in pilot-scale PET bio-recycling (Tournier et al., 2020). Most recently, HotPETase and FAST-PETase, which are thermostable variants of IsPETase from the mesophilic bacterium Ideonella sakaiensis, have been engineered to match the activities of LCC and ICCG (Bell et al., 2022; Lu et al., 2022). During enzymatic hydrolysis, the polyethylene terephthalate (PET) polymer is primarily converted into the intermediate products MHET [mono(2-hydroxyethyl terepththalate)] and [bis(2-hydroxyethyl terepthalate)], which may then be further degraded into the monomeric subunits terephthalic acid (TPA) and ethylene glycol (EG; Figure 1). TPA and EG can also be further abbreviated to T and E, respectively, which allows for short-hand notation of the PET breakdown products that reflects their composition and length, for example, where ET is MHET and ETE is BHET (Schubert et al., 2023).


[image: Figure 1]
FIGURE 1
 Experimental setup for the detection of the soluble products of PET hydrolysis. Polymeric PET substrate is suspended in the reaction buffer and homogeneity is maintained with fast stirring. The PET substrate and PET hydrolase of interest are incubated with continuous shaking under the selected temperature and time parameters. Upon successful PET hydrolysis, the soluble fraction will include the shortest oligomers, MHET and BHET, and the simplest monomeric units, TPA and EG, which are separated from insoluble PET material by centrifugation. The aromatic ring-containing hydrolysis products may be detected from the supernatant, for example, by UV-spectrophotometry alone or coupled to RP-HPLC for separation of individual products.


Within the realm of enzymatic plastic degradation, several groups have investigated marine-derived microbes for polyester hydrolases, particularly those capable of breaking the ester bonds that link the subunits of the synthetic polyester PET (Blázquez-Sánchez et al., 2022; Meyer Cifuentes et al., 2022; Weigert et al., 2022). PET waste is widely distributed in the marine environment, both in macro and microplastic forms, thereby posing a significant threat to marine life and ultimately to humans (Nabi et al., 2022). While it is interesting to consider the enzymatic degradation of PET by marine microorganisms, both from an ecological and biotechnological perspective, it is not yet well-understood whether this capacity has evolved specifically in response to plastic pollution in our oceans or if this is among the many unconventional side reactions that hydrolases can facilitate when deprived of simpler substrates that are more easily metabolized (Barzkar et al., 2021; Dittmar et al., 2021; Jiménez et al., 2022).

Our group had previously identified SM14est, a polyesterase from the marine-sponge derived Streptomyces sp. SM14, during the mining of 52 Streptomyces genome sequences for PET hydrolase-encoding genes. Polycaprolactone (PCL) was used to confirm polyesterase activity of the heterologously expressed enzyme in an agar-based plate clearing assay (Almeida et al., 2019b). Although petroleum-based PCL and PET are both employed to produce semi-crystalline thermoplastics, the biodegradable polycaprolactone only serves as a model substrate for the more complex PET, which is an aliphatic-aromatic co-polyester (Niaounakis, 2017; Molitor et al., 2020). Based on computational characterization and molecular docking with BHET, the ester of PET monomeric units EG and TPA, hydrolytic activity toward PET was predicted but not confirmed (Almeida et al., 2019b).

Here we present biochemical and kinetic data for SM14est, obtained using a suspension-based assay that allows for the detection of PET hydrolysis products. A Bacillus subtilis heterologous host was employed to produce and secrete recombinant SM14est, which was his-tagged and subsequently affinity purified. The purified SM14est was found to hydrolyze PET following incubation at 45°C in sodium phosphate buffer (pH 8), with products measured by UV-spectrophotometry. This activity toward PET was enhanced with increasing concentrations of sodium chloride (100–1,000 mM) and further progress curve analysis revealed a 5-fold increase in the initial rate of PET hydrolysis when sodium chloride (500 mM) was included in the reaction.



2. Materials and methods


2.1. Enzyme expression and purification

SM14est (Genbank: DAC80635.1) was codon optimized for heterologous expression in Bacillus subtilis and produced as previously described (Jensen et al., 2010), with modification during construct design such that the native SM14est signal peptide was replaced by AmyL (FJ556804.1) from B. licheniformis and a hexa histidine-tag was incorporated at the C-terminus of the protein. The recombinant SM14est protein (29 kDa) was purified by Ni-affinity chromatography on a HisTrap FF 5 mL column (Cytiva) using the ÄKTA™ Pure system. A peristaltic pump (MiniPuls 3, Gilson®) was used for the initial column wash and loading steps. The purified protein was desalted using Spectra/Por® dialysis membrane (MWCO 12–14 kDa). The molar extinction coefficient of 39,880 M−1 cm−1 was predicted by ExPASy-ProtParam and was used to calculate the concentration of purified enzyme from the absorbance measured at 280 nm. The SM14est sample was visualized following SDS-PAGE of 2.5 μg of purified protein on a Tris-Glycine 4–20% gel (Bio-Rad Laboratories). Thermal denaturation experiments were conducted in triplicate with 10 μM of enzyme and analyzed by nano differential scanning fluorimetry (nanoDFS) using a temperature slope of 2°C min−1 (Prometheus NT.48, Nano Temper).



2.2. Suspension-based PET activity assay

A suspension-based assay (Bååth et al., 2020) was used to investigate the hydrolytic activity of SM14est toward semi-crystalline PET powder reported to have >40% crystallinity with a particle size of <300 μM (Goodfellow Co, product number ES306031/1). Depending on the required assay setup, this microPET powder was suspended either in the selected buffer or Milli-Q water and pipetted while under vigorous stirring. The PET substrate suspension was transferred to low-binding microplates (Greiner Bio-One™ 655901) or microtubes (Sarstedt 72.706.600), followed by additional buffer, and finally the purified enzyme.

The reactions were performed in triplicate, with samples incubated in a thermomixer (Eppendorf) at 1,100 rpm. Based on preliminary results, assays were typically carried out at 45°C using 0.5 μM enzyme, 10 g L−1 PET, and 50 mM sodium phosphate buffer pH 8 in a final reaction volume of 250 μL. Samples were centrifuged to quench the reaction, then supernatants (100 μL) were transferred into a UV-transparent microplate (Corning) to measure soluble aromatic products of PET hydrolysis, such as TPA, MHET, and BHET, at absorbance 240 nm in a plate reader (Molecular Devices SpectraMax Paradigm). As previously described, products were quantified from the absorbance readings by comparing with standard curves for BHET and converting to BHET equivalents (μM), providing a platform for screening and initial characterization of potential PET hydrolase enzymes (Bååth et al., 2020). It should be noted that it is not possible to differentiate between the individual soluble products using this method, however, BHET has been previously employed as a standard to reflect the pooled absorbance of soluble products (Thomsen et al., 2022).



2.3. Progress curve analyses

Supernatant time-point samples were taken at t = 1, 3, 5, and 7 h post-incubation for measurement at 240 nm (as previously described). An additional 100 μL was retained from the remaining supernatant, treated with hydrochloric acid (2 μL, 5M) to quench the reaction, and stored at −20°C until further quantification using reversed-phase high-performance liquid chromatography (RP-HPLC; Thermo Scientific™, Vanquisher: Capital HPLC). Formic acid (7.5 mM) and acetonitrile (5% v/v) were used during the injection of samples (20 μL) at a ratio of 1:5 for 7.5 min, prior to elution using acetonitrile for 12.5 min, with a flow rate of 1 mL min−1 maintained at 40°C. The analytes were detected by UV-spectrophotometry at 240 nm and Chromeleon chromatography studio software (version 7.3.1) was used to perform peak analysis. The mono-aromatic products of PET hydrolysis were quantified against standards of TPA, MHET, BHET, while longer di- and tri-aromatic compounds were quantified against standards of TETE and TETET. All reactions were performed in duplicate and substrate blanks were included for the quantification of autohydrolysis.



2.4. Computational protein analyses

Protein sequences were aligned using T-COFFEE (Di Tommaso et al., 2011) in Expresso (structural alignment) mode, and outputs were visualized with ESPript 3.0 (Gouet et al., 1999). Alpha-Fold, which combines a deep learning-based algorithm with well-curated experimental knowledge from pre-existing structure and sequence databases, was used to model the SM14est protein as it is considered to be highly accurate with respect to atomic structure (Jumper et al., 2021). The Alpha-Fold-predicted structure for SM14est was verified as a good quality model based on the per-residue confidence scores (pLDDT) and the Predicted Aligned Error (PAE) plots (Supplementary Figure 1). The SM14est model was visualized in UCSF-Chimera and the MatchMaker tool was used to facilitate structural comparison with other PET hydrolases (Pettersen et al., 2004).




3. Results


3.1. Purification of SM14est and Tm analysis

The expression and purification of SM14est was evaluated by SDS-PAGE analysis, which displayed a single band at around 29 kDa that corresponded to the predicted molecular weight of the recombinant SM14est protein (Figure 2A). Nano differential scanning fluorimetry was employed to study protein denaturation and the thermal transition midpoint (Tm) of SM14est was subsequently determined to be 55°C in sodium phosphate buffer, pH 8 (Figure 2B). Here, the intrinsic fluorescence of aromatic amino acid residues, primarily tryptophan, was used to track protein unfolding by measuring and recording changes in the fluorescence intensity ratio (350:330 nm), yielding a value for Tm when plotted as a function of temperature (Wen et al., 2020). The inflection point and isolated peak observed following the nanoDFS scan further validated the purity of the SM14est protein sample, given that a mixed sample would have generated a linear F350/330 signal and multiple first derivative peaks.
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FIGURE 2
 Post-purification analyses of SM14est by (A) SDS-PAGE, with pre-stained protein marker in lane 1 and SM14est in lane 2 and (B) NanoDFS, with the F350/330 ratio and its first derivative shown for Tm determination.




3.2. Investigating the effect of temperature, salt, and pH on SM14est PET-hydrolyzing activity

The PET-hydrolyzing activity of the recombinant SM14est was assessed in the temperature range 10–45°C (Figure 3A), as well as in the presence of increasing concentrations of NaCl (Figure 3B), and in the alkaline pH range 8.5–10.5 (Figure 3C). SM14est was shown to hydrolyze PET, to varying extents, at a number of different temperatures; 10, 28, 37, and 45°C (Figure 3A). SM14est activity increased with the addition of NaCl, using concentrations up to 900 mM, at which point the effect appeared to plateau (Figure 3B). A marked decrease in the PET-hydrolyzing activity of SM14est was observed at pH 9.5 when compared to that measured at pH 8.5 and the enzyme performed poorly when tested at pH 10.5 (Figure 3C).


[image: Figure 3]
FIGURE 3
 Effect of (A) temperature, (B) sodium chloride concentration, and (C) alkaline pH on the PET-hydrolyzing activity of SM14est. Reaction products were detected by absorbance at 240 nm following incubation of SM14est (0.5 μM) with PET (10 g L−1) in 50 mM sodium phosphate buffer, pH 8 except for (C) where 50 mM glycine buffer (with 500 mM NaCl added) was used. Incubations were set up as follows; (A) 1 h, 10–45°C and (B, C) 2 h, 45°C. Substrate blanks with no enzyme added served as a control.




3.3. Characterization of SM14est activity toward PET

Given that SM14est polyesterase activity increased at higher sodium chloride concentrations, the recombinant enzyme (0.5 μM) was subsequently assayed with PET (10 g L−1) as substrate over a 7 h period at pH 8 and 45°C, both with and without the addition of sodium chloride (500 mM; Figure 4). In absence of NaCl, reasonable levels of PET degradation were observed, reaching 56 μM product in the t7 sample. However, higher levels of activity were generated in the presence of NaCl, with 270 μM of product having accumulated in the equivalent t7 sample. The progress curves produced provide an insight into the initial rates of PET hydrolysis by SM14est, which were calculated to be 0.02 s−1 for the reaction with NaCl and in 0.004 s−1 in its absence (R2 = 0.9976 and 0.8959, respectively). This represents a 5-fold difference in the initial rate of product formation, and thus PET-hydrolyzing activity, when sodium chloride is included in the reaction vs. without the addition of salt.


[image: Figure 4]
FIGURE 4
 Product release over 7 h incubation of SM14est (0.5 μM) and PET (10 g L−1) in 50 mM sodium phosphate buffer, pH 8 with sodium chloride (500 mM) and without added salt at 45°C, quantified using a BHET standard curve.


RP-HPLC-based analysis (Figure 5) was then performed to identify the reaction products generated during the 7-h time-course assay in Figure 4. This provides a breakdown of individual hydrolysis products, namely TPA, MHET, and BHET (shown here as T, ET, and ETE, respectively); as well as soluble di-aromatic oligomers which may include TET, TETE, ETETE. Tri-aromatic oligomers were not detected in any of the samples. It is clear from this analysis that SM14est displayed increased activity in the presence of sodium chloride, reflected in the generation of much higher quantities of PET degradation products. MHET was detected as the primary product of hydrolysis in both the presence (Figure 5A) and absence (Figure 5B) of sodium chloride; with minor secondary conversion of MHET to TPA, being observed with time.


[image: Figure 5]
FIGURE 5
 Individual products released during the 7 h time-course assay (A) with 500 mM NaCl added and (B) without additional salt, as detected by RP-HPLC. Mono-aromatic TPA, MHET, and BHET are represented by T, ET, and ETE, respectively (where T, terephthalic acid and E, ethylene glycol).





4. Discussion

To date, known PET-hydrolyzing enzymes are derived from esterases, lipases, and cutinases, with thermostable proteins being prioritized since PET is most easily hydrolyzed when reaction conditions are set in accordance with the glass transition temperature (Tg) of the plastic polymer (Lu et al., 2022). While thermotolerant enzymes have yielded promising results for the development of improved, bio-based recycling processes, it remains crucial to study enzymes that can efficiently degrade PET, among other plastics, under a variety of conditions to address the widespread issue of residual plastic that finds its way into natural ecosystems (Carr et al., 2022).

In the suspension-based assay employed for the characterization of SM14est, the aromatic ring structure present in MHET, BHET, and TPA enables UV-detection of these products at 240 nm, thus providing insight into the enzyme's PET hydrolase activity (Bååth et al., 2020). The substrate used here is of similar crystallinity to that of post-consumer PET waste (30–40 %), but exists in a powder form which is more readily depolymerized due to the particle size and available surface area (Gamerith et al., 2017). Pre-treatment by grinding and micronization are currently required for efficient enzymatic recycling of PET and, importantly, a large proportion of PET already exists as microparticles in the environment (Kawai, 2021).

While PET-hydrolyzing activity was observed at each temperature tested, SM14est performed best at 45°C (Figure 3A). Semi-crystalline PET is composed of both amorphous and crystalline regions and its Tg is 65–70°C in water (Kawai, 2021). The amorphous chains of PET have increased mobility around the Tg, where they exist in a softened, rubber-like state (Thomsen et al., 2022). As reaction temperatures increase toward the Tg, PET becomes more malleable and enzymes can better access its constituent chains, increasing the efficiency of hydrolysis (Figure 3A). SM14est has a Tm around 55°C, facilitating the high levels of activity observed at 45°C. By comparison, wildtype IsPETase, the mesophilic model PET hydrolase, has a lower Tm of 49°C, and displays optimal activity between 30 and 40°C (depending on the substrate) and loses activity after 1 h at temperatures above 40°C (Son et al., 2019; Kawai, 2021).

Based on the observed effect of increasing salt concentration, it appears the SM14est enzyme is halophilic and displays good salt tolerance (Figure 2B). The average salinity of seawater is commonly reported as being ~3.5% or 600 mM NaCl, and the general performance of the marine-derived SM14est seems to improve in accordance with this concentration range. The beneficial effect of sodium chloride on the activity of SM14est is further supported by the progress curves and product profiles generated in the presence and absence of salt (Figures 4, 5). In a previous study the halophilic PET hydrolase, PET6, from Vibrio gazogenes, was reported to exhibit a preference for very high salt concentrations, with optimum product release occurring between 1 and 1.5 M sodium chloride, when incubated at 30°C in PET-coated microtiter plates while using the well-studied IsPETase as a reference (Weigert et al., 2022). At a fixed concentration of sodium chloride (50 mM), PET6 exhibited distinct optimal activity between 45 and 50°C, while IsPETase displayed optimal activity at 30°C. In general, IsPETase displayed optimal activity at low salt concentrations, which rapidly decreases as ionic strength increases, while the opposite effect was observed for the PET6 enzyme. In the case of PET6, higher salt concentrations appeared to confer thermal stability, with a Tm increase from 49.8 to 57.7°C, and hence superior activity (Weigert et al., 2022).

Given the observed increase in SM14est activity with the addition of sodium chloride, high salt conditions may elicit a stabilizing effect on SM14est, as seen with the halophilic PET6. Multiple sequence alignment of SM14est with PET6 demonstrates 75.89% similarity between both their protein sequences (Table 1), including conservation of the serine hydrolase catalytic triad (Ser163-Asp209-His241 in PET6; Ser131-Asp177-His209 in SM14est) and GXSXG motif (GWSMG in PET6; GHSMG in SM14est; Supplementary Figure 2A). The shared α/β fold arrangement, which was visualized by superimposing the Alpha-Fold model for SM14est onto the already resolved PET6 crystal structure (chain A), is well-conserved between these two enzymes (Figure 6). Structural analysis of PET6 previously revealed binding sites for monovalent ions, where one sodium ion interacts with Arg61, Ala63, and Phe65 residues, a second sodium ion is associated with Asp282, Ser284, and Val287, each occurring within a small loop via the amino acid backbone carbonyl groups (Weigert et al., 2022). In SM14est, Arg32, Ser35, and Phe38 correspond to the first ion site in PET6, while Gly248, Thr250, and Val253 are found in a loop around the second site (Figure 6). In PET6, a chloride ion sits in a shallow pocket comprised by Ala208, Asp209, Ala210, Val211, Ser240, His241, Phe242, which is similarly present in SM14est by Asn176, Asp177, Ala178, Ile179, Gly208, His209, and Phe210 (Figure 6; Weigert et al., 2022). This comparison indicates structural similarity between the two enzymes, supporting their potential adaptation to saline environments, which, when combined with the observed promotion of activity by sodium and chloride ions, provides further insights into marine-derived polyester hydrolases.


TABLE 1 Sequence similarities generated for SM14est against five functionally verified PET hydrolases.
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FIGURE 6
 Superimposition of SM14est model (blue) onto PET6 structure (gray, PDB code: 7Z6B). Sodium and chloride ions (colored in purple and green, respectively) are shown at their PET6 binding sites, with relevant residues colored in orange. The corresponding residues in SM14est are colored in red-orange.


The Plastics-Active Enzymes Database (PAZy) has recently been established as a repository for enzymes with experimentally confirmed activities toward synthetic polymers, primarily those which act on PET (Buchholz et al., 2022). PET6, together with PE-H from Pseudomonas aestusnigri, and Ple629 from Marinobacter sp. are among the marine-derived PET hydrolases in the PAZy collection. Although SM14est shares over 70% amino acid sequence similarity with these three marine enzymes and between 32 and 34% sequence identity, it shares almost 80% similarity and just over 46% sequence identity with one of the top performing PET hydrolases, PHL7 (Table 1 and Supplementary Figure 2B). An engineered variant of PHL7 displays comparable activity to mutant LCC (ICCG), generating high levels of degradation products on a millimolar scale (Kawai et al., 2022). The identity and similarity percentages generated between SM14est and the benchmark enzymes LCC and IsPETase also ranked above those of the aforementioned marine examples, PET6, PE-H, and Ple629. This may indicate a potential for SM14est to represent an interesting “middle-ground” in the study of marine PET hydrolases, where its sea-sponge origin is complemented by its similarity to enzymes which have the highest known capacity for PET degradation. The product profiles obtained for SM14est by RP-HPLC (Figure 5) are comparable to those generated for thermophilic PET-hydrolyzing cutinases in a previous study, further evidencing the PET degradation ability of SM14est (Bååth et al., 2020).

Structural analysis and molecular docking experiments have previously been conducted to identify important amino acid residues in PHL7, particularly those contributing to its degradation efficiency and those with binding affinity for PET (Sonnendecker et al., 2022). The residues in the active site are highly conserved between SM14est and PHL7 (chain B; Figure 7). Within the substrate-binding cavity, Gly62, Thr64, Gln95, His130, Ser131, Met132, Trp156, Asp177, Ile179, Ala180, His209, Leu210, and Asn213 (catalytic triad residues underlined) are identical in SM14est and PHL7 (colored in magenta), with differences at just three positions; Tyr63, Thr69, and Tyr93 in SM14est correspond to Phe63, Ser69, and Leu93 in PHL7 (colored in orange; Figure 7). In PHL7, Leu210 was proposed as a particularly important residue for substrate binding and was experimentally verified to contribute to higher activity of PHL7 over the near-identical enzyme PHL3, which differs only by four amino acids overall. When this leucine was substituted for phenylalanine, which is found at this position in other type I PET hydrolases, the activity of PHL7 decreased to that of native PHL3 (Sonnendecker et al., 2022). The occurrence of leucine at position 210 in SM14est may have similar implications for PET binding and catalysis. Based on the PAZy-defined “PET hydrolase core domain,” Tyr63 in SM14est is likely to be an aromatic oxyanion hole residue involved in stabilizing the PET hydrolysis reaction intermediate, which occurs as tyrosine in 51% of homologous core domains (e.g., Tyr95 in LCC) and as phenylalanine in 46% (e.g., Phe63 in PHL7; Buchholz et al., 2022). In another study of PHL7, the replacement of phenylalanine with tyrosine at this position resulted in a variant with decreased hydrolytic activity but further investigation would be required to determine the role of Tyr63 in SM14est (Pfaff et al., 2022).
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FIGURE 7
 Superimposition of SM14est model (blue) onto PHL7 structure (gray, PDB code: 7NEI). Conserved active site residues are colored in magenta, distinguished from non-identical pocket residues, which are colored in orange. The catalytic triad residues (Ser131-Asp177-His-209) are labeled and shown in stick format.


Since the identification of IsPETase in 2016, there has been an ongoing debate regarding the relevance of mesophilic PET hydrolases in the context of plastic waste management (Wallace et al., 2020; Kawai, 2021; Wei et al., 2022). Previously, it was highlighted that mesophilic PET hydrolases may be unsuitable for enzymatic PET recycling given the temperature requirements for efficient hydrolysis and furthermore, that attempts to improve the thermostability of IsPETase were contradictory to the original claims that this enzyme could enable PET hydrolysis under mild conditions (Kawai, 2021). Based on a study of LCC (ICCG) mutant and IsPETase molecular reaction mechanics, it has been suggested that the superior activity of known thermostable PET hydrolases is primarily due to the greater accessibility of PET polymer chains at higher temperatures, as opposed to their specific interaction with or affinity for the substrate (Boneta et al., 2021).

During the construction of the PAZy database, a PET hydrolase core domain was determined by Hidden Markov Model-based profiling and used to identify 2,930 homologs in the Lipase Engineering Database (LED), which was then assessed in terms of amino acid conservation (Buchholz et al., 2022). Using the LED PETase tool within PAZy, SM14est was aligned with IsPETase to compare positions that have previously been proposed to have structural or functional involvement in PET hydrolysis (Supplementary Figure 3). The isoleucine residue corresponding to Ile179 in SM14est has been implicated as a key residue for IsPETase substrate interaction. The tryptophan residue of subsite I, found at position 156 in SM14est, is referred to as the “wobbling tryptophan” in IsPETase since it is hypothesized to adopt three different conformations which confers increased flexibility within the substrate binding site. This effect is likely restricted in SM14est due to nearby His185 and Phe189 residues, but in other cases these have been successfully substituted for Ser and Ile (the neighboring residues in IsPETase) to enhance tryptophan mobility and thus, PET-hydrolytic activity (Aboelnga and Kalyaanamoorthy, 2022; Brott et al., 2022). Nonetheless, this tryptophan is believed to form stacking interactions with the aromatic component of PET and it is conserved in 77% of PET hydrolase core domain homologs (Buchholz et al., 2022). While many of the subsite I and II residues are equivalent in both IsPETase and SM14est, SM14est does not display the same extension in the second alpha-helix, another structural hallmark linked to superior IsPETase activity at ambient temperature (Sagong et al., 2021).

Recently, quantum mechanics/molecular mechanics (QM/MM) calculations have been employed for a more in-depth examination of the PET hydrolysis reaction pathway and the key structural features required for efficient catalysis (Jerves et al., 2021; Aboelnga and Kalyaanamoorthy, 2022). The IsPETase molecular features investigated, which enable the accommodation of PET in an advantageous bent conformation and promote tightened hydrogen bond interactions between catalytic triad residues, could prove useful in the rational engineering of SM14est. In particular, emphasis is placed on the role of the unique disulfide bond present near the IsPETase active site. Interestingly, the typical type I PET hydrolase disulfide bond (DS1) and the additional disulfide bond of IsPETase (DS2) are both absent from SM14est, which does not possess any disulfide bridge. Since we have now demonstrated that SM14est can use PET as a substrate, the introduction of DS1, DS2, or both could offer further insight into the role of such bonds in PET hydrolysis. Furthermore, the overall structure of SM14est could be modified using a machine learning-based approach to generate improved variants. A self-supervised, structure-based convolutional neural network called MutCompute was recently implemented to identify stabilizing mutations that resulted in FAST-PETase (functional, active, stable, and tolerant PETaseS121E/D186H/R224Q/N233K/R280A), which emerged as an excellent candidate for in situ PET degradation when compared with wild-type IsPETase, previously engineered variants ThermoPETase and DuraPETase, as well as LCC and mutant LCC (ICCM), across a pH range of 6.5–8.0 and ambient temperatures of 30–40°C (Lu et al., 2022).

Halophilic enzymes are more likely to be resistant to proteolysis and denaturation by organic solvents and detergents, and often display a longer half-life that is particularly advantageous during the relatively slow process of plastic degradation (Atanasova et al., 2021). Plastic frequently contaminates marine and other salt-rich natural environments, together with high-salinity wastewaters, including those derived from agriculture, aquacultural, pharmaceutical, and chemical industries, that already pose a threat to surrounding ecosystems (Raju et al., 2018; Zhao et al., 2020; Atanasova et al., 2021). This highlights the need for bioremediation strategies that employ plastic-degrading bacteria and their enzymes; such approaches are under-represented in the field of PET hydrolases, where the primary goal to date has been to facilitate biological plastic recycling (Atanasova et al., 2021). Marine actinomycetes, including Streptomyces spp., that display halophilicity and halotolerance have previously been isolated from saline environments and shown to be both physiologically and metabolically distinct from their terrestrial counterparts (Almeida et al., 2019a). The work presented here on the PET-hydrolyzing activity of SM14est supports the need for the continued investigation of marine microorganisms and their enzymes, not only for the biological degradation of PET and other plastics, but also for the identification of industrially relevant biocatalysts.



5. Concluding remarks

While rapid advancements have been made in the study of PET hydrolases, the problem of plastic waste is multi-faceted and requires a diverse suite of microbes and enzymes to enable both environmentally sound, closed-loop recycling as well as biological remediation of plastic-contaminated sites. Here, the hydrolytic activity of the marine polyesterase SM14est is characterized using PET as a substrate. SM14est can hydrolyze PET at a range of temperatures, most efficiently at 45°C, but even as low as 10°C, which may be indicative of an ability to act on PET in its native environment. Furthermore, SM14est displayed a strong preference for pH 8 and high salt concentrations, each aligning with the typical conditions found in ocean waters. Following structural protein analyses, SM14est was shown to share similarities as well as key differences with other well-characterized PET hydrolases, including those from marine sources. Although there is a possibility that, as a result of microbial evolution, the enzymatic machinery in marine bacteria could become adapted to degrade the increasing levels of plastics and microplastics to which they are being exposed, we suspect that it is the promiscuous nature of hydrolase enzymes such as SM14est that primarily facilitates the acceptance of an unnatural substrate like PET. Nonetheless, given that marine-specific actinomycetes have been studied and shown to populate a variety of habitats, which as of yet remain a largely neglected resource as of yet, this work on the sea sponge-derived Streptomyces enzyme SM14est provides further incentive to explore different types of marine ecosystems as a source of novel enzymes with potentially interesting biotechnological applications.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

CC designed the experiments with the support of MK, BP, KJ, PW, and AD. Experimental work was performed by CC, BP, SS, and KC. CC, SS, and KC analyzed the data. KJ, PW, and AD contributed reagents, materials, and analysis tools. CC and AD wrote the manuscript. PW, DC, and AD supervised the study. All authors approved the final manuscript.



Funding

The work in this study was funded by Science Foundation Ireland (SFI grant numbers: SSPC-3, 12/RC/2275_2, and SSPC-2, 12/RC/2275).



Acknowledgments

The authors wish to acknowledge Louise Kjær Klausen for the excellent technical support.



Conflict of interest

KJ is employed by Novozymes A/S.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1170880/full#supplementary-material



References

 Aboelnga, M. M., and Kalyaanamoorthy, S. (2022). QM/MM investigation to identify the hallmarks of superior PET biodegradation activity of PETase over cutinase. ACS Sustain. Chem. Eng. 10, 15857–15868. doi: 10.1021/acssuschemeng.2c04913


 Abreu, A., Bourgois, E., Gristwood, A., Troubl,é, R., Acinas, S. G., Bork, P., et al. (2022). Priorities for ocean microbiome research. Nat. Microbiol. 7, 937–947. doi: 10.1038/s41564-022-01145-5

 Almeida, E. L., Carrillo Rincón, A. F., Jackson, S. A., and Dobson, A. D. W. (2019a). Comparative genomics of marine sponge-derived Streptomyces spp. isolates SM17 and SM18 with their closest terrestrial relatives provides novel insights into environmental niche adaptations and secondary metabolite biosynthesis potential. Front. Microbiol. 10, 2213. doi: 10.3389/fmicb.2019.02213

 Almeida, E. L., Rincón, A. F. C., Jackson, S. A., and Dobson, A. D. (2019b). 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, 2187. doi: 10.3389/fmicb.2019.02187

 Amelia, T. S. M., Suaberon, F. A. C., Vad, J., Fahmi, A. D. M., Saludes, J. P., and Bhubalan, K. (2022). Recent advances of marine sponge-associated microorganisms as a source of commercially viable natural products. Mar. Biotechnol. 2, 1–21. doi: 10.1007/s10126-022-10130-2

 Andler, R., Tiso, T., Blank, L., Andreeßen, C., Zampolli, J., D'Afonseca, V., et al. (2022). Current progress on the biodegradation of synthetic plastics: From fundamentals to biotechnological applications. Rev. Environ. Sci. Bio/Technol. 21, 829–850. doi: 10.1007/s11157-022-09631-2


 Atanasova, N., Stoitsova, S., Paunova-Krasteva, T., and Kambourova, M. (2021). Plastic degradation by extremophilic bacteria. Int. J. Mol. Sci. 22, 5610. doi: 10.3390/ijms22115610

 Bååth, J. A., Borch, K., and Westh, P. (2020). A suspension-based assay and comparative detection methods for characterization of polyethylene terephthalate hydrolases. Analyt. Biochem. 607, 113873. doi: 10.1016/j.ab.2020.113873

 Barzkar, N., Sohail, M., Tamadoni Jahromi, S., Gozari, M., Poormozaffar, S., Nahavandi, R., et al. (2021). Marine bacterial esterases: Emerging biocatalysts for industrial applications. Appl. Biochem. Biotechnol. 193, 1187–1214. doi: 10.1007/s12010-020-03483-8

 Bell, E. L., Smithson, R., Kilbride, S., Foster, J., Hardy, F. J., Ramachandran, S., et al. (2022). Directed evolution of an efficient and thermostable PET depolymerase. Nat. Catal. 5, 673–681. doi: 10.1038/s41929-022-00821-3


 Birolli, W. G., Lima, R. N., and Porto, A. L. M. (2019). Applications of marine-derived microorganisms and their enzymes in biocatalysis and biotransformation, the underexplored potentials. Front. Microbiol. 10, 1453. doi: 10.3389/fmicb.2019.01453

 Blázquez-Sánchez, P., Engelberger, F., Cifuentes-Anticevic, J., Sonnendecker, C., Griñén, A., Reyes, J., et al. (2022). Antarctic polyester hydrolases degrade aliphatic and aromatic polyesters at moderate temperatures. Appl. Environ. Microbiol. 88, e01842–e01821. doi: 10.1128/AEM.01842-21

 Bollinger, A., Thies, S., Knieps-Grünhagen, E., Gertzen, C., Kobus, S., Höppner, A., et al. (2020). A novel polyester hydrolase from the marine bacterium Pseudomonas aestusnigri–Structural and functional insights. Front. Microbiol. 11, 114. doi: 10.3389/fmicb.2020.00114

 Boneta, S., Arafet, K., and Moliner, V. (2021). QM/MM study of the enzymatic biodegradation mechanism of polyethylene terephthalate. J. Chem. Inform. Model. 61, 3041–3051. doi: 10.1021/acs.jcim.1c00394

 Brott, S., Pfaff, L., Schuricht, J., Schwarz, J.-N., Böttcher, D., Badenhorst, C. P. S., et al. (2022). Engineering and evaluation of thermostable IsPETase variants for PET degradation. Eng. Life Sci. 22, 192–203. doi: 10.1002/elsc.202100105

 Buchholz, P. C. F., Feuerriegel, G., Zhang, H., Perez-Garcia, P., Nover, L.-L., Chow, J., et al. (2022). Plastics degradation by hydrolytic enzymes: The plastics-active enzymes database—PAZy. Proteins 90, 1443–1456. doi: 10.1002/prot.26325

 Carr, C. M., de Oliveira, B. F. R., Jackson, S. A., Laport, M. S., Clarke, D. J., and Dobson, A. D. W. (2022). Identification of BgP, a cutinase-like polyesterase from a deep-sea sponge-derived actinobacterium. Front. Microbiol. 13, 888343. doi: 10.3389/fmicb.2022.888343

 Danso, D., Schmeisser, C., Chow, J., Zimmermann, W., Wei, R., Leggewie, C., et al. (2018). New insights into the function and global distribution of polyethylene terephthalate (PET)-degrading bacteria and enzymes in marine and terrestrial metagenomes. Appl. Environ. Microbiol. 84, e02773–e02717. doi: 10.1128/AEM.02773-17

 de Oliveira, B. F. R., Carr, C. M., Dobson, A. D., and Laport, M. S. (2020). Harnessing the sponge microbiome for industrial biocatalysts. Appl. Microbiol. Biotechnol. 3, 1–24. doi: 10.1007/s00253-020-10817-3

 Dharmaraj, S. (2010). Marine Streptomyces as a novel source of bioactive substances. World J. Microbiol. Biotechnol. 26, 2123–2139. doi: 10.1007/s11274-010-0415-6


 Di Tommaso, P., Moretti, S., Xenarios, I., Orobitg, M., Montanyola, A., Chang, J.-M., et al. (2011). T-Coffee: A web server for the multiple sequence alignment of protein and RNA sequences using structural information and homology extension. Nucl. Acids Res. 39(Suppl_2), W13–17. doi: 10.1093/nar/gkr245

 Dittmar, T., Lennartz, S. T., Buck-Wiese, H., Hansell, D. A., Santinelli, C., Vanni, C., et al. (2021). Enigmatic persistence of dissolved organic matter in the ocean. Nat. Rev. Earth Environ. 2, 570–583. doi: 10.1038/s43017-021-00183-7

 Gamerith, C., Zartl, B., Pellis, A., Guillamot, F., Marty, A., Acero, E. H., et al. (2017). Enzymatic recovery of polyester building blocks from polymer blends. Process Biochem. 59, 58–64. doi: 10.1016/j.procbio.2017.01.004

 Gouet, P., Courcelle, E., Stuart, D. I., and Metoz, F. (1999). ESPript: Analysis of multiple sequence alignments in PostScript. Bioinformatics 15, 305–308. doi: 10.1093/bioinformatics/15.4.305

 Hentschel, U., Piel, J., Degnan, S. M., and Taylor, M. W. (2012). Genomic insights into the marine sponge microbiome. Nat. Rev. Microbiol. 10, 641–654. doi: 10.1038/nrmicro2839

 Jensen, K., Østergaard, P. R., Wilting, R., and Lassen, S. F. (2010). Identification and characterization of a bacterial glutamic peptidase. BMC Biochem. 11, 1–12. doi: 10.1186/1471-2091-11-47

 Jerves, C., Neves, R. P. P., Ramos, M. J., da Silva, S., and Fernandes, P. A. (2021). Reaction mechanism of the PET degrading enzyme PETase studied with DFT/MM molecular dynamics simulations. ACS Catalysis 11, 11626–11638. doi: 10.1021/acscatal.1c03700


 Jiménez, D. J., Öztürk, B., Wei, R., Bugg, T. D., Amaya Gomez, C. V., Salcedo Galan, F., et al. (2022). Merging plastics, microbes, and enzymes: Highlights from an international workshop. Appl. Environ. Microbiol. 88, e00721–00722. doi: 10.1128/aem.00721-22

 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi: 10.1038/s41586-021-03819-2

 Kawai, F. (2021). The current state of research on PET hydrolyzing enzymes available for biorecycling. Catalysts 11, 206. doi: 10.3390/catal11020206


 Kawai, F., Furushima, Y., Mochizuki, N., Muraki, N., Yamashita, M., Iida, A., et al. (2022). Efficient depolymerization of polyethylene terephthalate (PET) and polyethylene furanoate by engineered PET hydrolase Cut190. AMB Expr. 12, 134. doi: 10.1186/s13568-022-01474-y

 Kumar, M., Kumar, P., Das, P., Solanki, R., and Kapur, M. K. (2020). Potential applications of extracellular enzymes from Streptomyces spp. in various industries. Archiv. Microbiol. 202, 1597–1615. doi: 10.1007/s00203-020-01898-9

 Lacey, H. J., and Rutledge, P. J. (2022). Recently discovered secondary metabolites from Streptomyces species. Molecules 27, 887. doi: 10.3390/molecules27030887

 Lu, H., Diaz, D. J., Czarnecki, N. J., Zhu, C., Kim, W., Shroff, R., et al. (2022). Machine learning-aided engineering of hydrolases for PET depolymerization. Nature 604, 662–667. doi: 10.1038/s41586-022-04599-z

 Meyer Cifuentes, I. E., Wu, P., Zhao, Y., Liu, W., Neumann-Schaal, M., Pfaff, L., et al. (2022). Molecular and biochemical differences of the tandem and cold-adapted PET hydrolases Ple628 and Ple629, isolated from a marine microbial consortium. Front. Bioeng. Biotechnol. 10, 930140. doi: 10.3389/fbioe.2022.930140

 Molitor, R., Bollinger, A., Kubicki, S., Loeschcke, A., Jaeger, K.-E., and Thies, S. (2020). Agar plate-based screening methods for the identification of polyester hydrolysis by Pseudomonas species. Microbial. Biotechnol. 13, 274–284. doi: 10.1111/1751-7915.13418

 Nabi, I., Zaheer, M., Jin, W., and Yang, L. (2022). Biodegradation of macro-and micro-plastics in environment: A review on mechanism, toxicity, and future perspectives. Sci. Tot. Environ. 2022, 160108. doi: 10.1016/j.scitotenv.2022.160108

 Niaounakis, M. (2017). Management of Marine Plastic Debris. Norwich, NY: William Andrew. doi: 10.1016/B978-0-323-44354-8.00001-X


 Nnaji, P. T., Morse, H. R., Adukwu, E., and Chidugu-Ogborigbo, R. U. (2022). Sponge–microbial symbiosis and marine extremozymes: Current issues and prospects. Sustainability 14, 6984. doi: 10.3390/su14126984


 Olaniyan, O. T., and Adetunji, C. O. (2021). “Biological, biochemical, and biodiversity of biomolecules from marine-based beneficial microorganisms: Industrial perspective,” in Microbial Rejuvenation of Polluted Environment, eds C. O. Adetunji, D. G. Panpatte, and Y. K. Jhala (Berlin: Springer), 57–81. doi: 10.1007/978-981-15-7459-7_4


 Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., et al. (2004). UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

 Pfaff, L., Gao, J., Li, Z., Jäckering, A., Weber, G., Mican, J., et al. (2022). Multiple substrate binding mode-guided engineering of a thermophilic PET hydrolase. ACS Catal. 12, 9790–9800. doi: 10.1021/acscatal.2c02275

 Pita, L., Rix, L., Slaby, B. M., Franke, A., and Hentschel, U. (2018). The sponge holobiont in a changing ocean: From microbes to ecosystems. Microbiome 6, 1–18. doi: 10.1186/s40168-018-0428-1

 Raju, S., Carbery, M., Kuttykattil, A., Senathirajah, K., Subashchandrabose, S. R., Evans, G., et al. (2018). Transport and fate of microplastics in wastewater treatment plants: Implications to environmental health. Rev. Environ. Sci. Bio/Technol. 17, 637–653. doi: 10.1007/s11157-018-9480-3


 Sagong, H.-Y., Son, H. F., Seo, H., Hong, H., Lee, D., and Kim, K.-J. (2021). Implications for the PET decomposition mechanism through similarity and dissimilarity between PETases from Rhizobacter gummiphilus and Ideonella sakaiensis. J. Hazard. Mater. 416, 126075. doi: 10.1016/j.jhazmat.2021.126075

 Sana, B. (2015). Marine microbial enzymes: Current status and future prospects. Springer Handb. Mar. Biotechnol. 38, 905–917. doi: 10.1007/978-3-642-53971-8_38


 Schubert, S., Schaller, K., Bååth, J. A., Hunt, C., Borch, K., Jensen, K., et al. (2023). Reaction pathways for the enzymatic degradation of poly(ethylene terephthalate): What characterizes an efficient PET-hydrolase? ChemBioChem 24, e202200516. doi: 10.1002/cbic.202200516

 Son, H. F., Cho, I. J., Joo, S., Seo, H., Sagong, H.-Y., Choi, S. Y., et al. (2019). Rational protein engineering of thermo-stable PETase from Ideonella sakaiensis for highly efficient PET degradation. ACS Catal. 9, 3519–3526. doi: 10.1021/acscatal.9b00568


 Sonnendecker, C., Oeser, J., Richter, P. K., Hille, P., Zhao, Z., Fischer, C., et al. (2022). Low carbon footprint recycling of post-consumer PET plastic with a metagenomic polyester hydrolase. ChemSusChem 15, e202101062. doi: 10.1002/cssc.202101062

 Sulaiman, S., Yamato, S., Kanaya, E., Kim, J.-J., Koga, Y., Takano, K., et al. (2012). 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. doi: 10.1128/AEM.06725-11

 Taylor, M. W., Radax, R., Steger, D., and Wagner, M. (2007). Sponge-associated microorganisms: Evolution, ecology, and biotechnological potential. Microbiol. Mol. Biol. Rev. 71, 295–347. doi: 10.1128/MMBR.00040-06

 Thomsen, T. B., Hunt, C. J., and Meyer, A. S. (2022). Influence of substrate crystallinity and glass transition temperature on enzymatic degradation of polyethylene terephthalate (PET). N. Biotechnol. 69, 28–35. doi: 10.1016/j.nbt.2022.02.006

 Tournier, V., Topham, C. M., Gilles, A., David, B., Folgoas, C., Moya-Leclair, E., et al. (2020). An engineered PET depolymerase to break down and recycle plastic bottles. Nature 580, 216–219. doi: 10.1038/s41586-020-2149-4

 Wagner, S., Schubotz, F., Kaiser, K., Hallmann, C., Waska, H., Rossel, P. E., et al. (2020). Soothsaying DOM: A current perspective on the future of oceanic dissolved organic carbon. Front. Mar. Sci. 7, 341. doi: 10.3389/fmars.2020.00341


 Wallace, N. E., Adams, M. C., Chafin, A. C., Jones, D. D., Tsui, C. L., and Gruber, T. D. (2020). The highly crystalline PET found in plastic water bottles does not support the growth of the PETase-producing bacterium Ideonella sakaiensis. Environ. Microbiol. Rep. 12, 578–582. doi: 10.1111/1758-2229.12878

 Wang, G. (2006). Diversity and biotechnological potential of the sponge-associated microbial consortia. J. Indus. Microbiol. Biotechnol. 33, 545–545. doi: 10.1007/s10295-006-0123-2

 Wei, R., von Haugwitz, G., Pfaff, L., Mican, J., Badenhorst, C. P., Liu, W., et al. (2022). Mechanism-based design of efficient PET hydrolases. ACS Catal. 12, 3382–3396. doi: 10.1021/acscatal.1c05856

 Weigert, S., Perez-Garcia, P., Gisdon, F. J., Gagsteiger, A., Schweinshaut, K., Ullmann, G. M., et al. (2022). Investigation of the halophilic PET hydrolase PET6 from Vibrio gazogenes. Protein Sci. 2022, e4500. doi: 10.1002/pro.4500

 Wen, J., Lord, H., Knutson, N., and Wikström, M. (2020). Nano differential scanning fluorimetry for comparability studies of therapeutic proteins. Analyt. Biochem. 593, 113581. doi: 10.1016/j.ab.2020.113581

 Yang, Z., He, J., Wei, X., Ju, J., and Ma, J. (2020). Exploration and genome mining of natural products from marine Streptomyces. Appl. Microbiol. Biotechnol. 104, 67–76. doi: 10.1007/s00253-019-10227-0

 Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., et al. (2016). A bacterium that degrades and assimilates poly (ethylene terephthalate). Science 351, 1196–1199. doi: 10.1126/science.aad6359

 Zhao, Y., Zhuang, X., Ahmad, S., Sung, S., and Ni, S.-Q. (2020). Biotreatment of high-salinity wastewater: Current methods and future directions. World J. Microbiol. Biotechnol. 36, 4. doi: 10.1007/s11274-020-02815-4





OPS/images/fmicb-14-1170880-g005.gif
Frodxtely

NaCl, 000 i

-
=
=

Nosak






OPS/images/fmicb-14-1170880-g006.gif





OPS/images/fmicb-14-1170880-g003.gif
Al 240 nm

Al 240 nm

010

006

005

04

002

000

025

020

015

005

000

o m w 48
Tomp ('C)

SELL LSO LSO

NaCl (mM)

- shitdest
= Bk

025
0201
< oxs
3 010
K
005

000

85 95 105
oH





OPS/images/fmicb-14-1170880-g004.gif
o 10, 500





OPS/images/fmicb-14-1170880-g007.gif





OPS/images/fmicb-14-1170880-t001.jpg
Enzyme Origin Identity (%) Similarity (%) References

PHL7 Thermoanaerobacter sp. 46.13 79.41 Sonnendecker et al., 2022
IsPETase Ideonella sakaiensis 41.03 7821 Yoshida et al., 2016

Lcc Leaf-compost metagenome 3851 76.40 Sulaiman et al,, 2012

PET6 Vibrio gazogenes 34.40 75.89 Danso et al., 2018

PE-H Pseudomonas aestusnigri 33.63 73.66 Bollinger etal., 2020
Ple629 Marinobacter sp. 3226 72.87 Meyer Cifuentes et al., 2022






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Purification and biochemical characterization of SM14est, a PET-hydrolyzing enzyme from the marine sponge-derived Streptomyces sp. SM14



		1. Introduction



		2. Materials and methods



		2.1. Enzyme expression and purification



		2.2. Suspension-based PET activity assay



		2.3. Progress curve analyses



		2.4. Computational protein analyses







		3. Results



		3.1. Purification of SM14est and Tm analysis



		3.2. Investigating the effect of temperature, salt, and pH on SM14est PET-hydrolyzing activity



		3.3. Characterization of SM14est activity toward PET







		4. Discussion



		5. Concluding remarks



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Purification and biochemical
characterization of SM14est, a
PET-hydrolyzing enzyme from the
marine sponge-derived
Streptomyces sp. SM14





OPS/images/fmicb-14-1170880-g001.gif
Fastsirting
ber

Postreaction
T B =

‘Supernatant containing PET hydrlyss products
o

e '

e S s
s i
o 5

o “ew






OPS/images/fmicb-14-1170880-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





