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Polybutylene adipate terephthalate (PBAT) is a biodegradable alternative to polyethylene and can be broadly used in various applications. These polymers can be degraded by hydrolases of terrestrial and aquatic origin. In a previous study, we identified tandem PETase-like hydrolases (Ples) from the marine microbial consortium I1 that were highly expressed when a PBAT blend was supplied as the only carbon source. In this study, the tandem Ples, Ple628 and Ple629, were recombinantly expressed and characterized. Both enzymes are mesophilic and active on a wide range of oligomers. The activities of the Ples differed greatly when model substrates, PBAT-modified polymers or PET nanoparticles were supplied. Ple629 was always more active than Ple628. Crystal structures of Ple628 and Ple629 revealed a structural similarity to other PETases and can be classified as member of the PETases IIa subclass, α/β hydrolase superfamily. Our results show that the predicted functions of Ple628 and Ple629 agree with the bioinformatic predictions, and these enzymes play a significant role in the plastic degradation by the consortium.
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1 INTRODUCTION
Biodegradable plastics have been introduced to the market as an ecologically-friendly alternative to recalcitrant plastics (Platt, 2006). These are especially used in applications where the desired product is intended to have a short life (e.g., single-use plastics), and recycling is not feasible or possible (Wei et al., 2020). Difficulties in recycling might appear when plastics contain other types of materials (e.g., paper and other organic matter) (Hopewell et al., 2009; Hahladakis and Iacovidou, 2019). One such biodegradable polymer is polybutylene adipate co-terephthalate (PBAT). PBAT is an aliphatic-aromatic co-polyester synthesized by polycondensation of terephthalic acid (T), adipic acid (A) and 1, 4-butanediol (B) (Jian et al., 2020). Due to its composability and similarity in mechanical properties, it is marketed as a biodegradable alternative to polyethylene and is widely used to manufacture agricultural mulch films, plastic bags, and paper coatings (BASF, 2022). At the same time, PBAT can be used as a carbon source due to its bioavailability and its low crystallinity makes it accessible to enzymatic degradation (Tiso et al., 2022). The formed products T, A, and B can be further up-cycled to produce new materials (Tiso et al., 2022).
There are numerous known enzymes with PBAT hydrolytic activity. These are cutinase-like serine hydrolases (Kleeberg et al., 2005; Thumarat et al., 2012; Perz et al., 2016b) that originate from the terrestrial environment or the aquatic environment (Wallace et al., 2017). Poly (ethylene terephthalate) (PET) is an aromatic polyester, and PBAT is an aliphatic-aromatic polymer with a terephthalate-diol component. They both share some structural similarities in relation to the T-diol component. PETases can degrade PET (Yoshida et al., 2016) and are assumed to degrade PBAT polymers as well (Kawai et al., 2020). Some PBAT-degrading enzymes can also degrade PET, albeit with less efficiency (Gouda et al., 2002; Kleeberg et al., 2005), possibly due to the high proportion of aromatic moieties in PET (Marten et al., 2005) and higher crystallinity (Wei et al., 2022). Enzymatic PBAT degradation yields a mixture of the terephthalate-butanediol monoester (BT) intermediate and monomers (Perz et al., 2016b). Similarly, the degradation of PET yields a mixture of mono-(2-hydroxyethyl) terephthalic acid (MHET), bis (2-hydroxyethyl) terephthalate (BHET) and monomers (Yoshida et al., 2016). Not all PBAT-degrading enzymes can degrade the BT intermediate: Thc_Cut1 cutinase from Thermobifida cellulosilytica can degrade PBAT efficiently to its monomers (Perz et al., 2016b), while PpEst from Pseudomonas alcaligenes cannot degrade the BT intermediate and is inhibited by it (Wallace et al., 2017). Although HiC, a cutinase from Humicola insolens, is not inhibited by BHET and MHET when incubated with PET (Eugenio et al., 2021), the release of BT after degradation of a PBAT-blend by HiC seems to inhibit the activity of the enzyme (Perz et al., 2016b). Among these enzymes, only PpEst (Wallace et al., 2017) originates from the aquatic environment. PE-H from the marine bacterium Pseudomonas aestusnigri was shown to degrade PET, but the activity of this enzyme was not tested on PBAT (Bollinger et al., 2020).
We have previously identified two putative PETase-like enzymes (Ples) from a marine microbial consortium, named “I1,” which grows on a commercial PBAT-blend film (ecovio® FT 2341) as the only carbon source (Meyer-Cifuentes et al., 2020). These enzymes were named Ple628 and Ple629. The genes encoding for these enzymes are in tandem, with a few hundred bases and no open reading frames in between. The enzymes were characterized as α/β hydrolases, and had the lipase/esterase signature GXSXG (Ollis et al., 1992; Arpigny and Jaeger, 1999). They are closely related to each other (74% amino acid (aa) identity) and to know PETases such as the Ideonella sakaiensis PETase (IsPETase) (A0A0K8P6T7, GAP38373) (Yoshida et al., 2016), leaf compost cutinase LCC (AEV21261.1) (Sulaiman et al., 2012) and Thermobifida fusca cutinase Thf42_Cut1 (ADV92528.1) (Herrero Acero et al., 2011) (45–50% aa identity). Metatranscriptomic and proteomic analyses showed that the genes encoding these enzymes were highly upregulated during incubation with the commercial PBAT-blend, and the production of the proteins increased, especially in the biofilm growing on the plastic film (Meyer-Cifuentes et al., 2020). We postulated that these enzymes perform the depolymerization of ecovio® FT 2341, and in the process release BT (named previously as “Bte”) as well as aliphatic oligomers (Meyer-Cifuentes et al., 2020). The BT then gets degraded to B and T by a third enzyme, Mle046, whose function we have recently verified after recombinant expression and biochemical analysis (Meyer-Cifuentes and Öztürk, 2021). The functions of Ple628 and Ple629, their differences and biochemical properties, however, remained unverified.
In this study, we recombinantly expressed, purified and characterized Ple628 and Ple629 as marine PET hydrolases. In this framework, we comparatively analyze their kinetic properties, degradation products, and activity on smaller PBAT oligomers (supplied as powder), ecovio®FT, PBAT, and PBSeT (supplied as film), as well as PET nanoparticles. We also elucidate and analyze the structures of both proteins by crystallography.
2 RESULTS
2.1 Ple628 and Ple629 Purification and Identification
The Ple628 and Ple629 sequences were retrieved from a previous study (Meyer-Cifuentes et al., 2020). Phylogenetic analysis of Ple628 and Ple629 and other PETase-like enzymes were described in more detail in the previously mentioned study (Meyer-Cifuentes et al., 2020). These two enzymes were phylogenetically classified as type IIa PETases (Supplementary Figure S1). Additionally, the ple628 and ple629 sequences used in this study were codon optimized for recombinant protein expression. We successfully produced and purified Ple628 and Ple629 from E. coli Origami (DE3). The sizes were similar to those predicted bioinformatically (32.6 and 31.7 kDa for Ple628 and Ple629, respectively) (Supplementary Figure S2). The purest fractions of each protein were pooled and used in this study. The substrates and degradation products that were tested and measured in this study are given in Figure 1.
[image: Figure 1]FIGURE 1 | Substrates and degradation products of Ples. (A) PBAT, (B) PBSeT, (C) PET, (D) 3-PET, (E) 3-PBT, (F) BHET, (G) BHBT, (H) MHET, (I) BT, (J) T. ecovio® FT is a blend of (A,B), with a small amount of added polylactic acid (less than 10%).
2.2 Kinetic Parameters of Ple628 and Ple629
To further analyze the differences observed between Ple628 and Ple629, we determined their enzymatic kinetic parameters, Km and kcat. These parameters were obtained by measuring the hydrolysis of (4-nitrophenyl) acetate (pNPA). We observed that Ple628 had a higher affinity for the substrate pNPA compared to Ple629. Ple628 required 1.8 mM of the substrate to saturate half of the Ple628 present in the reaction, while Ple629 required 2.1 mM. However, the calculated turnover rate was higher for Ple629 (284.5 min−1) than for Ple628 (269.9 min−1). This observation indicates that Ple629 hydrolyses the small substrate pNPA somewhat faster than Ple628.
The kinetic parameters of Ple629 on ecovio®FT film were calculated by plotting different Ple629 concentrations against the rates of ecovio®FT degradation [inverse Michaelis-Menten (invMM)]. This method allows the analysis of enzymatic activities and subsequent calculation of kinetic parameters of enzymes acting on insoluble substrates (Bååth et al., 2021; Vogel et al., 2021). For the analysis, we tested concentrations from 0.5 to 6.5 µM of Ple629 and measured the formation of BT and T. The highest degradation rate was achieved with 4.5 µM of Ple629. The invKm is 1.86 µM and the invkcat is 0.017 h−1.
2.3 Activity of Ple629 and Ple628 on Small Terephthalate-Esters
We analyzed the range of action of both enzymes, Ple629 and Ple628, on oligomeric model substrates of PBAT and PET. The substrates tested were bis(2-(benzoyloxy)ethyl) terephthalate (3-PET), bis(4-(benzoyloxy)butyl) terephthalate (3-PBT), bis(hydroxyethyl) terephthalate (BHET) and bis(4-hydroxybutyl) terephthalate (BHBT). All these model substrates were supplied as powder. The formation of the degradation products, BT, MHET, and T, was monitored after 1, 2, and 24 h of incubation. For the degradation of BHET, an additional sampling point after 30 min was included.
We observed that Ple629 could degrade 3-PET and, to some extent, 3-PBT. Ple629 incubation with 1 mg of 3-PBT released a maximum amount of 35.9 ± 4.1 µM of BT after 24 h (Figure 2). In comparison, when 1 mg of 3-PET was used as the substrate, more than 2,000 µM of MHET was formed. The catalysis of 3-PET by Ple629 also yielded high amounts of T after 24 h of incubation (approximately 1,900 µM of T). Formation of T after 3-PBT degradation by Ple629 was only detected after 24 h of incubation. Conversely, Ple629 incubation with 3-PET yielded T readily after 1 h of incubation. Ple628 could also degrade 3-PET but to a lesser extent than Ple629. Relative to MHET formation after 3-PET degradation by Ple629, we detected less than 30% of MHET formation (601.6 ± 374.1 µM of MHET) when Ple628 was incubated with 3-PET. Consequently, Ple628 produced low amounts of T (13.4 ± 8.0 µM) which were only detected after 24 h of incubation. Similar to Ple629, Ple628 had poor activity on 3-PBT. With Ple628, a maximum of 4.7 ± 0.8 µM of BT was released after 24 h of incubation. Only 0.6 ± 0.5 µM of T was detected when Ple628 was incubated after 24 h with 3-PBT.
[image: Figure 2]FIGURE 2 | Degradation of small terephthalate-esters by Ples. Formation of T (dark pink) and MHET (light blue) or BT (light gray) (in µM) after degradation of BHET, BHBT, 3-PET, and 3-PBT by Ple628 and Ple629. The degradation of BHET and 3-PET leads to the formation of MHET and T and the degradation of BHBT and 3-PBT to the formation of BT and T. The molecular structure of each substrate is shown at the uppermost right corner of each bar plot. The sampling points are shown at 30 min, 1 h, 2h, and 24 h. The error bars indicate the standard deviation (n = 3).
The intermediates of 3-PET and 3-PBT degradation, BHET and BHBT, respectively, were also degraded by Ple628 and Ple629. Ple629 achieved maximum MHET formation after 2 h of incubation with BHET (758.2 ± 60.9 µM) (Figure 2). T was also formed after 30 min, and its production increased throughout the incubation. The maximum amount of T produced was 194.7 ± 4.3 µM after 24 h. Compared to BHET degradation, Ple629 showed lower activity with BHBT. With BHBT, the maximum amounts of BT and T formed after 24 h of incubation were 513.2 ± 31.4 and 42.3 ± 1.9 µM, respectively. Conversely, the incubation of Ple628 with the substrate BHET produced less MHET than with Ple629. After 30 min and 24 h, only 8.4 and 112.9 ± 2.0 µM of MHET were formed, respectively. We did not detect T production at any time point, which indicates that MHET was not further hydrolyzed to T and ethylene glycol. Compared to MHET formation after BHET degradation by Ple628, low amounts of BT were formed when BHBT was used as the substrate. After 24 h of incubation, Ple628 could form only 56.93 ± 5.9 µM of BT. Traces of T were detected at each time point (1.6 ± 1.0 to 2.1 ± 0.5 µM T).
2.4 Temperature Optima of Ple628 and Ple629
Ple628 and Ple629 were incubated at different temperatures for 72 h to find the temperature range that gave the highest activity. When using ecovio®FT as film, we found that Ple629 and Ple628 are mostly active at 30°C (Figure 3). Relative to the Ples enzymatic activity observed at 30°C, the Ples retained most of their activity when the incubation temperature was reduced to 20°C. At 20°C, the Ple629 and Ple628 produced (relative to 30°C) 68 and 58% of BT, respectively. On the contrary, temperatures above 30°C negatively affected the activity of both enzymes. When Ple628 or Ple629 were incubated at 40°C, the BT formation dropped to 31% and 18% compared to the product formation at 30°C, respectively. At 60°C, the highest temperature tested, the BT formation dropped further to 12 and 0.9% for Ple628 and Ple629, respectively. T was also formed, but only in the presence of Ple629. Specifically, T was detected when Ple629 was incubated at 20, 30 and 40°C exclusively. At higher temperatures, T was undetectable. No products were released in the absence of an enzyme at temperatures [image: image] of 50°C. This indicates that the substrate ecovio®FT and the intermediate BT are not affected by auto-hydrolysis at 50°C.
[image: Figure 3]FIGURE 3 | Ples temperature optimum of incubation. Formation of BT (in µM) after degradation of ecovio®FT by Ple628 and Ple629. Ple628 and Ple629 are shown in blue and pink, respectively. The tested temperatures were 20, 30, 40, 50, and 60°C. The error bars indicate the standard deviation (n = 3).
The melting temperatures (Tms) of Ple628 and Ple629 were determined to be 41.4°C and 38.1°C in PBS by nanoDSF, and 47.1°C and 43.2°C by DSC (Supplementary Table S1), respectively.
2.5 Activity of Ple629 and Ple628 on Biodegradable Plastic Films and PET Nanoparticles
The activity of the enzymes Ple629 and Ple628 was tested on PBAT, PBSeT, ecovio®FT films and on PET nanoparticles (PET-NP) at 30°C over time. We observed that both enzymes, Ple628 and Ple629, can hydrolyze all tested polymers. Compared to Ple629, however, Ple628 was less active on all tested polymer substrates. Ple628 produced low amounts of BT, the intermediate product of ecovio®FT degradation, in the presence of PBAT, PBSeT or ecovio®FT. Even after 144 h of incubation, Ple628 produced less than 50 µM of BT with either of the tested polymers. Ple629 yielded 1,103.6 ± 29.8, 891.5 ± 18.6 and 265.9 ± 4.2 µM of BT after 72 h with ecovio®FT, PBSeT and PBAT (Figure 4). Comparable to the assays with the biodegradable plastics, Ple628 produced low amounts of MHET after PET-NP degradation. After 72 h, Ple628 released only 52.9 ± 1.1 µM of MHET, compared to 785.9 ± 27.8 µM of MHET released by Ple629 (Figure 4). The product formation did not significantly increase between 48 and 72 h of incubation for any of the enzymes.
[image: Figure 4]FIGURE 4 | Degradation of biodegradable plastics and PET-NP by Ples. Formation of BT or MHET (in µM) after degradation of ecovio®FT (light blue), PBAT (light gray), PBSeT (dark pink) and PET-NP (white) by Ple629 and Ple628. The degradation of biodegradable plastics and PET-NP leads to the formation of BT and MHET, respectively. The sampling points are shown at 24, 48, 72, and 144 h. The error bars indicate the standard deviation (n = 3).
To some extent, Ple629 could degrade the biodegradable plastic films to T. After 72 h, 35.1 ± 2.5, 31.2 ± 1.6 and 18.9 ± 1.3 µM of T were detected after degradation of ecovio®FT, PBSeT, and PBAT, respectively (Supplementary Figure S3). Surprisingly, Ple629 released high amounts of T after PET-NP degradation, reaching a maximum of 736.3 ± 12.0 µM after 72 h of incubation. As expected, lower amounts (9.5 ± 1.3 µM) of T were released in the presence of Ple628. When the plastic polymers were supplied as the substrate, less than 1 µM of T was formed.
Interestingly, with PBAT as the substrate, the production of BT by Ple629 ceased after 24 h and remained the same between 48 and 72 h (265 ± 0.03 µM). This observation might indicate that Ple629 has limited activity on PBAT compared to the other polymers tested (Figure 4). By comparing the amount of products (BT and T) released in the presence of Ple629, we could also observe that the enzyme degrades more efficiently ecovio®FT over PBSeT and PBAT. We detected insignificant degradation of untreated (without addition of Ple629 or Ple628) ecovio®FT and PBSeT to BT (3.5–11.0 µM BT released after 72 h).
We additionally semi-quantitatively analyzed the release of T and other products by LC-MS after degradation of PBAT and PBSeT by Ple629 or Ple628. A, T and sebacic acid (S), the building blocks of the tested PBAT-like films and mixtures of these monomers were detected (Supplementary Figure S4). The amount of each monomer increased in each reaction after 72 h of incubation. When Ple628 was incubated with either PBAT or PBSeT, T was detected only after 72 h. Conversely, T was readily produced and detected after 24 h when PBAT or PBSeT were incubated with Ple629. The amount of T produced after 72 h was 75-times higher after degradation by Ple629 than Ple628 for both plastics. BT was the only compound detected consistently in all assays. The amount of BT increased 3 times between 24 and 72 h of degradation when PBAT or PBSeT was incubated with Ple629. Approximately 1.5 times more BT was detected when PBSeT was used as the substrate than when PBAT was used. For Ple628, no significant change in BT concentration was observed between these time points. The total amount of BT produced by Ple628 was 6 times less than Ple629 when PBAT was used as a substrate, and 10 times less when PBSeT was used. A mixture of adipate-butanediol (A + B) was only detected after degradation of PBAT with Ple628. Sebacic acid + butanediol (S + B) was not detected in any assay. S and A were both detected in experiments supplied with PBAT and PBSeT, even though PBAT does not contain S and PBSeT does not contain A. This is likely due to cross contamination during the successive extrusion of the films for the study.
2.6 Inhibition of ecovio®FT Degradation by BT
Films of ecovio®FT were incubated with Ple628 and Ple629 and with increasing concentrations of BT. Previously, homologous enzymes with PET hydrolyzing activities were found to be inhibited by the intermediates BHET and MHET (Barth et al., 2015, 2016). Therefore, we aimed to determine if the activities of Ple628 and Ple629 are also inhibited by intermediates of ecovio®FT degradation, specifically BT. Without the addition of BT, the degradation of 5 mg of ecovio®FT yielded 204 mg/L of BT. Reactions supplied with more than 1,000 µM of additional BT released less than 50% (Figure 5) of the BT formed by subtracting the amount of supplementary BT. This observation indicates that Ple629 is inhibited by this degradation product. As shown before, Ple628 already had very low activity on ecovio®FT and released only small amounts of BT with or without the addition of external BT. Because of this, we could not assess product inhibition of Ple268 by BT.
[image: Figure 5]FIGURE 5 | Inhibition of ecovio®FT degradation by BT. Analysis of ecovio®FT degradation by Ple629 and Ple628 to BT (in µM) at different inhibitory concentrations of BT. Ple629 is shown as dark green diamonds and Ple628 as gray squares. The tested BT concentrations were 0 (control), 500; 1,500; and 2,000 µM. The error bars indicate the standard deviation (n = 3).
2.7 Ple628 and Ple629 Sequences and Crystal Structures Reveal Similarity to Known PETases
For structural determination of Ple628 and Ple629, the signal peptide sequences (M1-A25 for Ple628, and M1-A27 for Ple629) were removed for the production of the core domain of the protein. As predicted from the sequence homology to the lipase and cutinase families, Ple628 and Ple629 both belong to the α/β hydrolase superfamily, and the central twisted β-sheet is formed by nine mixed β-strands (β1–β9) and surrounded by eight α-helices (Figures 6A,B). The catalytic triad S174/S179-D220/D225-H252/H257 was conserved among all PETase-like proteins (positions in Ple628/Ple629, respectively). Like previously described for IsPETase and PE-H (Joo et al., 2018; Bollinger et al., 2020; Wei et al., 2022), Ple628 and Ple629 form two disulfide bridges, DS1(C217-C254/C222-C259) and DS2(C288-C305/C297-C314) (positions in Ple628/Ple629, respectively). The data collection and refinement statistics are given in Supplementary Table S2.
[image: Figure 6]FIGURE 6 | Crystal structures of (A) Ple628, (B) Ple629, superimposed structures of (C) Ple628 (green) and Ple629 (salmon), and (D) Ple628, Ple629, IsPETase (cyan), and PE-H (gray). The catalytic triads, Ple629 extended loop (blue), and disulphide bonds (labeled DS, yellow) are depicted.
The main structural difference between Ple628 and Ple629 was the presence of an extended loop in Ple629, which is longer than the one present in Ple628, with the four extra residues S264, G265, F266, and G267 (Figure 6C). Ple628 has a shorter extended loop, similar to the IsPETase (Joo et al., 2018) and PE-H (Bollinger et al., 2020) (Figure 6D). The root-mean-square deviation (RMSD) of atomic positions of Ple628, Ple629, and previously characterized PETases and other hydrolases confirmed that Ple629 is more similar to mesophilic PETases such as PE-H and IsPETase than it is to LC-cutinase and Est119 (Supplementary Table S3). Interestingly, Ple629 is structurally more similar to the marine PETase PE-H than to Ple628.
3 DISCUSSION
In this study, we purified and biochemically characterized two tandem PETases from a marine microbial consortium that grows on the aliphatic-aromatic co-polyester ecovio®FT. These PETases degrade a broad range of aromatic and aromatic-aliphatic polyesters at moderate temperatures and perform the first step of ecovio®FT degradation by the marine consortium that they originate from (Meyer-Cifuentes et al., 2020).
To understand the mode of action and differences between Ple628 and Ple629, derivatives of PBAT and smaller oligomeric model substrates were used. The other PETases and PBAT hydrolases that are referenced in this section for comparison are summarized in the Supplementary Table S4. We observed that, in general, Ple628 has a lower activity with all the insoluble polyesters tested than Ple629. In different experiments, we detected the formation of BT, MHET, and T, with BT or MHET being the main degradation product. Similar studies have found that PET degradation by TfCut2, a cutinase isolated from Thermobifida fusca KW3, leads to the production of mainly MHET (the counterpart of BT in PET degradation) (60–70%), followed by BHET (14%) and T (8–32%) (Wei et al., 2016). Other studies also showed that some PETases, such as IsPETase, Mors1, PE-H and LCC, produce mainly MHET as the primary hydrolysis product rather than T after PET degradation (Yoshida et al., 2016; Bollinger et al., 2020; Blázquez-Sánchez et al., 2021; Erickson et al., 2022). However, other studies have observed T as the main hydrolysis product rather than MHET when IsPETase was incubated with amorphous PET films (Joo et al., 2018; Blázquez-Sánchez et al., 2021). In contrast to the assays performed by Yoshida et al. (Yoshida et al., 2016), Blazquez-Sanchez et al. (Blázquez-Sánchez et al., 2021) and Joo et al. (Joo et al., 2018), both used higher amounts of IsPETase (>100 nm) and longer incubation times (>24 h). This is an indication that the main source of T release was the hydrolysis of the secondary degradation from other oligomers, including MHET itself. IsPETase degrades MHET but at a very slow rate, and this was observed for other IsPETase variants as well (Brott et al., 2021).
During PET degradation, the formation of T is also possible to a lesser degree due to terminal digestions of the polymer containing T-terminal by PETase-like enzymes (Joo et al., 2018). In our study, T was produced to some extent, especially when BHET and PET-NP were supplied as the substrate. This observation suggests that BHET is a better substrate for Ple628 and Ple629 than its counterpart substrate, BHBT. During the degradation of ecovio®FT and its blend components, BT tended to accumulate as a degradation product. The further hydrolysis of this intermediate to T requires several hours in most cases. Similar to our study, low degradability of the hydrolysis products of PET degradation by single hydrolases has been observed before (Kleeberg et al., 2005). For instance low degradability of MHET by the cutinase HiC from Humicola insolens has been observed repeatedly (Carniel et al., 2017; de Castro et al., 2017). Likewise, another study performed on two cutinases, HiC and Thc-Cut1, the latter isolated from T. cellulosilytica, showed that HiC has poorer activity on the products released after the degradation of PBAT than Thc-Cut1, and Thc-Cut1 converted BHBT to T without the accumulation of BT (Perz et al., 2016b). In contrast to HiC, Ples have higher activity on T esterified with shorter alcohols (BHET over BHBT). Yet, HiC can degrade BHET quickly when supplied as a single substrate (Carniel et al., 2017). With PBAT, HiC cleaved butanediol-adipic acid ester bonds (B + A) better than BT (Perz et al., 2016b). It must be stressed, however, that in nature, ecovio®FT, PBAT, and PBSeT can be completely degraded by the action of other microbes in the consortium carrying downstream-pathway enzymes required for the complete mineralization of these biodegradable polymers (Meyer-Cifuentes et al., 2020).
The activity of Ples on ecovio®FT can be limited by product inhibition, e.g., BT. Similarly to our observations that BT inhibits ecovio®FT degradation, Barth et al. (Barth et al., 2015) found that the cutinase TfCut2 can be inhibited by the PET degradation products, MHET and BHET. Additionally, they observed that both products have a similar effect on the hydrolysis of PET by TfCut2. The same was observed for another cutinase, the LCC (Barth et al., 2016). In natural environments, the inhibition of Ples by BT can be relieved by the presence of another type of enzyme, namely Mles, as described before (Meyer-Cifuentes et al., 2020; Meyer-Cifuentes and Öztürk, 2021).
The invMM kinetics on ecovio®FT showed that the maximal turnover rates were achieved at 4.5 µM Ple629, after which a saturation point was reached, and the turnover rates dropped. A similar phenomenon was observed during the degradation of PET by HiC, TfC, and IsPETase (Bååth et al., 2021), as well as the LCC (Abhijit et al., 2018), and it is explained by the overcrowding of the enzyme surface (Mukai et al., 1993; Hiraishi et al., 2010; Bååth et al., 2021) and the rapid depletion of suitable attack sites on the enzyme surface (Scandola et al., 1998). The invKm value of Ple629 on ecovio®FT of 1.86 µM is higher than that of IsPETase on PET at 40°C (0.039) and TfC and HiC on PET at 50°C (0.026 and 0.043, respectively) by approximately 50-times (Bååth et al., 2021). Although the results are difficult to compare as the substrates used are different, ecovio®FT required more enzyme to reach saturation than PET.
Bååth et al., observed that 3-PET (denoted as BETEB in the publication) gave much higher turnover rates than amorphous PET (Bååth et al., 2021) with IsPETase. PBAT hydrolases Ppest (Wallace et al., 2017) and Cbotu_EstA (Perz et al., 2016a) released more products when 3-PBT (denoted as BABuTABuBA in these publications) was used than when PBAT was used. In our study, Ple629 released more products per mol enzyme when the model substrate 3-PET was used compared to nano-PET particles, but much less when 3-PBT was used compared to ecovio®FT and its blend components. Perz et al., also observed that the degradation rates for 3-PBT were much lower than for PBAT (Perz et al., 2016b). It has been previously demonstrated that molecules that contain more aliphatic domains are more readily degraded than those that contain a high proportion of B + T bonds, which are very rigid (Gan et al., 2004; Marten et al., 2005; Kasuya et al., 2009; Perz et al., 2016b). PBAT also has a low crystallinity (around 10%), while 3-PBT is highly crystalline, which may account for its low degradability (Perz et al., 2016b). Similar to 3-PET and 3-PBT, far more degradation products were released when BHET was used compared to BHBT, suggesting that this substrate possibly fits the enzyme active site better.
The degradation of PET-NP has been analyzed similarly with IsPETase and variants of IsPETase at different temperatures in a previous study (Brott et al., 2021). By comparing the total amount of products formed after 24 h of incubation at 30°C we observed that Ple629 presents better activity than the IsPETase wild type (WT) and than each variant tested in that study (Brott et al., 2021). Between 30 and 60°C, IsPETase WT and the different IsPETase variants produced less than 400 µM of MHET, T and BHET together, while Ple629 produced more than 1,200 µM of MHET and T together. The activity was comparable to the activity of an engineered high-thermal stability variant of IsPETase, namely DuraPETase, and its variants incubated at 60°C, which indicates that Ple629 has enhanced degradation capabilities towards PET-NP. Similarly, DuraPETase has increased degradation activity against highly crystalline PET films compared to IsPETase (Cui et al., 2021). Unlike IsPETase and DuraPETase, however, Ple629 did not degrade PET film.
The crystal structures of Ple628 and Ple629 are highly similar to those of previously characterized PETases. Both enzymes are classified as IIa PETases (Supplementary Figure S1), like the other characterized marine PETase, PE-H (Bollinger et al., 2020). Both enzymes possessed two disulfide bonds. The second disulfide bond, which is in the proximity of the active site, was shown to improve the activity of IsPETase (Fecker et al., 2018; Joo et al., 2018), and is also present in the other type IIa and IIb enzymes such as PE-H (Bollinger et al., 2020) and Mors1 (Blázquez-Sánchez et al., 2021) (Supplementary Figure S1).
Other activities of other tandem cutinases with high amino acid identity have previously been shown to be different, both on small substrates and plastic polymers (Herrero Acero et al., 2011; Thumarat et al., 2015; Perz et al., 2016a; Arnling Bååth et al., 2022). The tandem cutinases in these studies had even higher amino acid identity to each other than Ple628 and Ple629, demonstrating that even a few amino acid differences can lead to differences in activity in closely related enzymes. For Ple628 and Ple629, some factors that could contribute to the difference in activity are: 1) the differences in the amino acids next to the catalytic H (H252 in Ple628 and H257 in Ple629), which have been shown to influence the activity of IsPETase (Joo et al., 2018) and PE-H (Bollinger et al., 2020); 2) the presence of a longer extended loop in Ple629, which was previously proposed to be an extra substrate binding site for IsPETase (Chen et al., 2018) (Figure 6B). Likely, a combination of these factors is necessary to explain the difference in activity.
The findings of this study confirm the proposed functions of Ple628 and Ple629 as PET hydrolases with an activity on PBAT and its derivatives. These enzymes depolymerize PBAT and its derivatives, as well as PET nanoparticles to their monomers, with the aromatic terephthalate-diol monoester as the intermediate degradation product. In nature, the formed monomers and oligomers are further degraded by the action of other hydrolases, as well as oxidoreductases, lyases, etc. released by different bacteria (Sasoh et al., 2006; Yoshida et al., 2016; Li et al., 2020; Meyer-Cifuentes et al., 2020; Meyer-Cifuentes and Öztürk, 2021). In this study, Ple629 had higher catalytic activity than Ple628 both on polymeric and oligomeric substrates. In our previous study, the fold upregulation for ple628 gene expression was higher than for ple629 during ecovio®FT degradation (Meyer-Cifuentes et al., 2020). The Ple629 protein was only detected when the biofilm proteome was examined separately, and not in the whole community proteome. These findings led to the hypothesis that Ple628 played a bigger role in ecovio®FT degradation than Ple629. The underlying mechanism of gene expression regulation of these tandem cutinases is not known, and why the less active enzyme is produced at higher levels is unclear. Due to its much higher activity, however, we now postulate that Ple629 could also play a significant role in ecovio®FT degradation, although its expression levels are low, and should be included in the overall ecovio®FT degradation mechanism by the marine microbial consortium I1.
4 MATERIALS AND METHODS
4.1 Chemicals and Substrates
Ecovio®FT 2341, and its blend components PBAT and PBSeT were supplied by BASF SE as plastic films. All other model substrates were in-house synthesized. The structures and synthesis protocols of the substrates BHET, BHBT, 3-PET, 3-PBT, and PET-NP are given in the Supplementary Material.
4.2 Recombinant Expression and Purification of Ple628 and Ple629
The signal peptides for both proteins were predicted with SignalP 5.0 (Almagro Armenteros et al., 2019). These were excluded from the final protein construct. Codon-optimized ple628 and ple629 were synthetically produced and cloned into the pCold II plasmid with an N-terminal His-Tag by BioCat GmbH (Germany). The plasmids were chemically transformed into E. coli Origami (DE3) (Merck, Germany) cells. Pre-cultures of 4-5 transformants were grown at 30°C overnight. The cultures were inoculated 1:500 into 500 ml of TB supplemented with ampicillin to an end concentration of 100 mg/L. The cultures were grown to an OD600 of 0.8–1 at 37°C, 140 rpm on a MaxQ™ 4,000 orbital shaker (Fischer Scientific, Germany). After induction with 0.5 mM IPTG, the cultures were grown further to an OD600 of 2, and then overnight at 16°C, 140 rpm. The cell pellets were collected by centrifugation at 4°C, 6,000 × g for 10 min in an Avanti J-26 XPI centrifuge with a JA-14 rotor (Beckman Coulter, United States). The pellets were frozen at −20°C for 20 min, and resuspended in His-Tag binding buffer (20 mM sodium phosphate and 0.5 M NaCl, pH 7.4) at a ratio of 1:10 of the culture volume. Cells were disrupted by sonication with a Sonopuls HD2070 sonicator (Bandelin, Germany). Cell lysates were cleared by centrifugation at 4°C 15,000 × g for 30 min in an Avanti J-26 XPI centrifuge with a JA-14 rotor (Beckman Coulter, United States) and filtrated through a 0.2 µM filter.
The proteins were purified in the same manner as described previously (Meyer-Cifuentes and Öztürk, 2021). Briefly, the cleared lysates were purified on a 5 ml His-TrapTM HP affinity Ni-Sepharose column (Cytiva, Germany) connected to an ÄKTATM Start Purification System (Cytiva, Germany). Proteins were bound and eluted from the column by using the predefined affinity purification protocol included in the UNICORN® start 1.1 software (Cytiva, Germany). The purity of the fractions presenting a peak was determined by SDS-PAGE. These fractions were further concentrated and desalted on a Pierce™ Protein Concentrator PES 10K MWCO (Thermo Fischer Scientific, United States). The fractions were further polished by size exclusion chromatography on a HiPrep™ 16/60 Sephacryl™ S-200 HR column (Cytiva, Germany) connected to an ÄKTATM Start Purification System (Cytiva, Germany) in a buffer consisting of 25 mM Tris–HCl and 200 mM NaCl, pH 7.5. Fractions containing the pure protein were determined by SDS-PAGE, pooled and concentrated on a Pierce™ Protein Concentrator PES 10K MWCO (Thermo Fischer Scientific, United States). The concentration of the purified protein was determined with the Qubit Protein Assay kit and measured on a Qubit 3.0 Fluorometer (Invitrogen, United States).
4.3 Km and Kcat Determination
In a 96-well-plate, the purified Ple628 or Ple629 (end concentration 0.005 μg/μl) was combined with pNPA with concentrations ranging from 0.1–2.5 mM in 60 µl PBS, pH 7.0. The formation of 4-nitrophenolate was measured continuously at 405 nm at 20°C in a TECAN Infinite® M200 plate reader (TECAN, Switzerland) and retrieved using the TECAN i-control v. 1.5.14.0 software (TECAN, Switzerland). The concentration of 4-nitrophenolate was calculated using a standard series in the reaction buffer and measured under the same conditions. Each assay was performed in triplicate. Km, Vmax and kcat were determined by non-linear least squares regression (http://biomodel.uah.es/en/metab/enzimas/MM-regresion.htm, last accessed 19.10.2021).
4.4 Activity Assay on Small Terephthalate-Esters
Activity assays with BHET and BHBT were performed in 20% DMSO in PBS, pH 7.0, to keep the substrates soluble at a final concentration of 0.5 mM. As the substrates 3-PET and 3-PBT were not soluble in this reaction buffer, they were treated as insoluble substrates, and the reactions were performed in PBS, pH 7.0. One mg of 3-PET or 3-PBT was used per assay. The final reaction volume for each experiment was 200 μl, and the final concentration of Ple628 or 629 was 0.156 µM. 50 µl of sample was taken after 1, 2, and 24 h. An additional 50 µl samples were taken for the BHET assays after 30 min. The reactions were stopped by the addition of 50 µl of cold methanol. The inactivated reactions were centrifuged for 10 min at 12,000 × g at 20°C to remove the debris, and the filtrates were transferred to HPLC vials. The degradation products BT and T were detected with a 1260 Infinity II LC System (Agilent Technologies, United States) equipped with an Agilent Poroshell 120 HPH-C18 column (Agilent Technologies, United States). The measurement protocol was modified from Palm et al., (Palm et al., 2019). A gradient of acetonitrile 99.9% HPLC grade (Fischer Scientific, United States) and 0.1% (v/v) formic acid (98–100% Suprapur®, Sigma-Aldrich, United States) in Milli-Q water was used. The flow rate was set at 0.2 ml/min. 10 µl of the sample was injected. Acetonitrile was increased from 5 to 44% until minute 12 and then to 70% at minute 15, remaining constant for 3 min. Both products were detected at 240 nm and the quantification was realized using calibration curves. Reactions without the enzyme were used as negative controls. Trace amounts of product formed in the negative controls were subtracted from the enzyme assay results during the calculation. Each assay was performed in triplicate.
4.5 Determination of Melting Points
The melting points of Ple628 and Ple629 were determined by nano differential scanning fluorimetry using the Prometheus NT.48 (NanoTemper Technologies, Germany). The measurement was conducted in ddH20 and PBS buffer (pH 7.4) using a protein concentration of 1 mg/ml and a temperature profile from 20 to 95°C at 1°C/min. The instrument has a fixed excitation wavelength of 285 nm in combination with emission wavelengths of 330 and 350 nm.
4.6 Activity Assay on Biodegradable Plastic Films and PET-NP
To determine the optimum temperature for ecovio®FT degradation, 0.156 µM of Ple628 or Ple629 were incubated with 5 mg of ecovio®FT, supplied as film, in 500 µl of PBS at temperatures between 20–60°C, with 10°C increments. After 72 h, the concentrations of BT and T were measured as described above. Each assay was performed in triplicate.
To quantify the degradation of ecovio®FT, PBAT and PBSeT, 5 mg of each plastic substrate was immersed in 500 µl of PBS, pH 7.0. Ple628 or Ple629 was added to each assay tube to a final concentration of 0.156 µM. The reactions were incubated at 30 °C. 50 µl samples were taken after 24, 48, and 72 h for incubations with Ple629 and after 24 and 144 h of incubation with Ple628. The concentrations of BT and T were measured as described above. Reactions without the enzyme were used as negative controls. Each assay was performed in triplicate. Additionally, the full spectrum of degradation products was determined by LC-MS. Samples were analyzed using a 6545 Q-TOF mass spectrometer coupled to a 1290 series HPLC (Agilent, Germany) using an Acquity BEH C18 column (particle size 1.7 µM, 2.1 × 150 mm, Waters, United States). The samples were run with a 1 µl injection volume at 35°C. The eluents were A (water + 0.1% formic acid) and B (acetonitrile + 0.1% formic acid) using the following gradient: 5–44% B in 12 min, 44–70% B in 3 min, and 70% B for an additional 3 min. Compounds were detected by recording a DAD spectrum (230–640 nm) and by mass spectrometry in negative mode in a mass range of 100–1000 m/z with the following ESI settings: gas temperature 300°C, drying gas 8 L/min, nebulizer 18 psig, sheath gas 350°C and 12 L/min, capillary voltage 3 kV and fragmentor 180 V. MassHunter version B.08.00 software was used for data evaluation.
Heterogenous kinetics of ecovio®FT degradation by Ple629 were determined as described before using inverse Michaelis-Menten kinetics (enzyme concentration vs rate, invMM) (Scandola et al., 1998; Ronkvist et al., 2009; Wei et al., 2016; Bååth et al., 2021). To determine the invMM kinetics of Ple629, 5 mg of ecovio®FT film was incubated with Ple629, concentrations ranging from 0.5–6.5 µM in 500 ml of PBS, pH 7.0. 50 µl samples were taken after 6 and 24 h, and the concentrations of T and BT were measured as described above. Assays without the enzyme were used as negative controls. Each assay was performed in triplicate. The inverse Km (invKm) and kcat (invkcat) values were calculated with the linearized form of the kinetic function 1/V against 1/E0. The following formula was used:
[image: image]
where V is the substrate degradation rate measured as (µM BT produced/h)+ (µM T produced/h), S0 is the substrate amount in mg, and E0 is the enzyme concentration in µM.
PET-NP was produced as previously described (Brott et al., 2021; Pfaff et al., 2021; Vogel et al., 2021). One hundred µg (0.2 mg/ml) PET-NP were hydrolyzed by 10 µg of Ple628 or Ple629 in a reaction volume of 500 µL. The degradation was performed in triplicates in PBS buffer (pH 7.4) at 30°C and 1,000 rpm for 24, 48, and 72 h in a ThermoMixer C (Eppendorf AG, Germany). The hydrolysis products were analyzed via reverse-phase HPLC on a VWR Hitachi LaChrom Elite system (VWR International, United States) equipped with a Kinetex® column (5 µM EVO C18 100 Å, 150 × 4.6 mm; Phenomenex®, Germany). Ten µl injected sample were separated at 30°C with a gradient of acetonitrile and 0.1% (v/v) formic acid in water. Acetonitrile was increased from 5 to 44% over 12 min and then to 70% over 3 min, after which the ratio remained constant for a further 3 min, using a flow rate of 0.8 ml/min. The amounts of T, MHET, and BHET were detected via UV at 240 nm and the quantification was realized using calibration curves.
4.7 Crystallization, Data Collection, Structure Determination
The genes encoding Ple628 and Ple629 were chemically synthesized by GENE ray Biotech Co. (China) and ligated into the pET32a vector. The plasmids were transformed into E. coli BL21 (DE3) cells which were grown in LB medium at 37°C to an OD600 of 0.8 and then induced by 0.4 mM IPTG at 16°C for 24 h. Cells were harvested by centrifugation at 5,000 × g for 15 min, then re-suspended in lysis buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 20 mM imidazole, followed by disruption with a French Press (Thermo Electron, United States). Cell debris was removed by centrifugation at 17,000 × g for 1 h. The supernatant was then applied to a Ni-NTA column FPLC system (GE Healthcare, United States). The target proteins eluted at 100 mM imidazole when using a 20–250 mM imidazole gradient. Proteins were dialyzed against buffer containing 25 mM Tris-HCl, pH 7.5, and 150 mM NaCl, and subjected to TEV protease digestion, overnight, to remove the 6x His tag. The mixtures were then passed through another Ni-NTA column. Untagged proteins were eluted with 25 mM Tris-HCl, pH 7.5, 150 mM NaCl. After washing unbound proteins, the target protein was purified by using a DEAE Sepharose Fast Flow (Cytivia, Germany) and then a HiLoad 16/600 Superdex 200 GF column (Cytivia, Germany). The purity of proteins (>95%) was checked by SDS-PAGE analysis. The purified proteins were concentrated to 25 mg/ml for crystallization screening.
All crystallization experiments were conducted at 25°C using the sitting-drop vapor-diffusion method. In general, 1 µL Ple628 containing solution (25 mM Tris-HCl, pH 7.5, 150 mM NaCl; 25 mg/ml) was mixed with 1 µL of reservoir solution in 48-well Cryschem Plates (Hampton Research, United States), and equilibrated against 100 µL of the reservoir solution. The optimized crystallization condition of Ple628 was 20% PEG 8000, 0.2 M calcium acetate, 0.1 M sodium cacodylate, pH 6.5. The optimized crystallization condition of Ple629 (25 mM Tris-HCl, pH 7.5, 150 mM NaCl; 23 mg/ml) was 30% PEG 8000, 0.2 M ammonium acetate, 0.1 M tri-sodium citrate dihydrate, pH 5.6. Within 5–6 days, the crystals reached dimensions suitable for X-ray diffraction.
The X-ray diffraction data sets were collected at beam line BL02U1 of SSRF and BL17B, BL18U1, and BL19U1 beamline of National Facility for Protein Science in Shanghai (NFPS) at the Shanghai Synchrotron Radiation Facility (Zhang et al., 2019). The Ple628 crystals were mounted in a cryoloop and soaked with cryoprotectant solution (21% PEG 8000, 0.4 M calcium acetate, 0.1 M sodium cacodylate, pH 6.5, 20% glycerol) prior to data collection at 100 K. The cryoprotectant solution for Ple629 is 30% PEG 8000, 0.2 M ammonium acetate, 0.1 M tri-Sodium citrate dihydrate, pH 5.6, and 10% glycerol. The diffraction images were processed by using the HKL2000 software (Otwinowski and Minor, 1997). The crystal structures of Ple628 and Ple629 were both solved by the molecular replacement method with Phaser (McCoy et al., 2007) using the structure of polyester hydrolase from Pseudomonas aestusnigri (PDB code 6SCD) (Bollinger et al., 2020) as a search model. Further refinement was carried out using the programs Phenix v 1.19.2 (Afonine et al., 2012; Liebschner et al., 2019) and Coot (v 0.9.6) (Emsley and Cowtan, 2004). Prior to structural refinements, 5% of randomly selected reflections were set aside for calculating Rfree (Brünger et al., 1998) as a monitor. Data collection and refinement statistics are summarized in the Supplementary Table S2. All figures were prepared by using the PyMOL program (https://pymol.org/2/, last accessed on 26.10.2021). The RMSD values were calculated with Coot v 0.9.6.
4.8 Sequence Analysis of the PETases
The sequences used in the alignment were retrieved from the UniProt database, and aligned with the Clustal Omega 1.2.2 software built in Geneious Prime 2021.2.2.
DATA AVAILABILITY STATEMENT
The nucleotide sequences of ple628 and ple629 were deposited in the GenBank database with the accession numbers OK558824 and OK558825, respectively.
AUTHOR CONTRIBUTIONS
MN-S performed the LC/MS analysis of the degradation products. PW and JG performed the expression, purification, crystallization and optimization of Ple628 protein crystals. YZ and XH performed the expression, purification, crystallization and optimization of Ple629 protein crystals. WL and ZL performed the X-ray data collection, structure determination and refinement of both structures. UB supervised a part of the project and acquired funding. BÖ supervised the project and acquired funding, IM and BÖ wrote the paper, BÖ, IM, MN-S, RW, and WL revised and edited the paper. All authors have read and agreed with the final version of the MS.
FUNDING
The authors LP and RW gratefully acknowledge the financial support received from the European Union’s Horizon 2020 research and innovation program (MIX-UP, grant number 870294; upPE-T, grant number 953214). The authors, IM and BÖ thank BASF SE for financial support. The authors PW, YZ, WL, ZL, JG, and HX acknowledge the financial support provided by the National Key Research and Development Program of China (2021YFC2103600, 2021YFA0910200), and from Tianjin Synthetic Biotechnology Innovation Capacity Improvement Project (TSBICIP-PTJJ-008, TSBICIP-IJCP-003, TSBICIP-KJGG-009-01, TSBICIP-KJGG-002-06), Youth Innovation Promotion Association CAS and China Scholarship Council.
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.
ACKNOWLEDGMENTS
The authors thank Anja Gatzemeier, Dominik Werner, and Pia Bauer (Microbial Biotechnology group, DSMZ) and Gesa Martens (Research Group Metabolomics, DSMZ) for technical assistance. Furthermore, we thank the staff from BL10U2 (BL17U)/BL17B/BL18U1/BL19U1 beamlines of the National Facility for Protein Science in Shanghai (NFPS) at Shanghai Synchrotron Radiation Facility (SSRF) for assistance during data collection.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.930140/full#supplementary-material
REFERENCES
 Abhijit, N. S., White, C., Englaender, J. A., Zwarycz, A., Butterfoss, G. L., Linhardt, R. L., et al. (2018). Stabilizing Leaf and Branch Compost Cutinase (LCC) with Glycosylation: Mechanism and Effect on PET Hydrolysis. Gross Biochem. 57 (7), 1190–1200. doi:10.1021/acs.biochem.7b01189
 Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Moriarty, N. W., Mustyakimov, M., et al. (2012). Towards Automated Crystallographic Structure Refinement with phenix.Refine. Acta Crystallogr. D. Biol. Cryst. 68, 352–367. doi:10.1107/s0907444912001308
 Almagro Armenteros, J. J., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 Improves Signal Peptide Predictions Using Deep Neural Networks. Nat. Biotechnol. 37, 420–423. doi:10.1038/s41587-019-0036-z
 Arnling Bååth, J., Novy, V., Carneiro, L. V., Guebitz, G. M., Olsson, L., Westh, P., et al. (2022). Structure-function Analysis of Two Closely Related Cutinases from Thermobifida Cellulosilytica. Biotechnol. Bioeng. 119, 470–481. doi:10.1002/bit.27984
 Arpigny, J. L., and Jaeger, K.-E. (1999). Bacterial Lipolytic Enzymes: Classification and Properties. Biochem. J. 343, 177–183. doi:10.1042/bj3430177
 Bååth, J. A., Borch, K., Jensen, K., Brask, J., and Westh, P. (2021). Comparative Biochemistry of Four Polyester (PET) Hydrolases**. ChemBioChem 22, 1627–1637. doi:10.1002/cbic.202000793
 Barth, M., Honak, A., Oeser, T., Wei, R., Belisário-Ferrari, M. R., Then, J., et al. (2016). A Dual Enzyme System Composed of a Polyester Hydrolase and a Carboxylesterase Enhances the Biocatalytic Degradation of Polyethylene Terephthalate Films. Biotechnol. J. 11, 1082–1087. doi:10.1002/biot.201600008
 Barth, M., Oeser, T., Wei, R., Then, J., Schmidt, J., and Zimmermann, W. (2015). Effect of Hydrolysis Products on the Enzymatic Degradation of Polyethylene Terephthalate Nanoparticles by a Polyester Hydrolase from Thermobifida Fusca. Biochem. Eng. J. 93, 222–228. doi:10.1016/j.bej.2014.10.012
 [Dataset]BASF (2022). ecovio® – Certified Compostable Polymer with Bio-Based Content. Ludwigshafen, Germany: BASF. Available at: https://plastics-rubber.basf.com/global/en/performance_polymers/products/ecovio.html (Accessed June 10, 2022). 
 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, e0184221. 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
 Brott, S., Pfaff, L., Schuricht, J., Schwarz, J. N., Böttcher, D., Badenhorst, C. P. S., et al. (2021). Engineering and Evaluation of Thermostable IsPETase Variants for PET Degradation. Eng. Life Sci. 22, 192–203. doi:10.1002/elsc.202100105
 Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-Kunstleve, R. W., et al. (1998). Crystallography & NMR System: A New Software Suite for Macromolecular Structure Determination. Acta Cryst. D. 54, 905–921. doi:10.1107/s0907444998003254
 Carniel, A., Valoni, É., Nicomedes, J., Gomes, A. d. C., and Castro, A. M. d. (2017). Lipase from Candida antarctica (CALB) and Cutinase from Humicola Insolens Act Synergistically for PET Hydrolysis to Terephthalic Acid. Process Biochem. 59, 84–90. doi:10.1016/j.procbio.2016.07.023
 Chen, C. C., Han, X., Ko, T. P., Liu, W., and Guo, R. T. (2018). Structural Studies Reveal the Molecular Mechanism of PET Ase. Febs J. 285, 3717–3723. doi:10.1111/febs.14612
 Cui, Y., Chen, Y., Liu, X., Dong, S., Tian, Y. e., Qiao, Y., et al. (2021). Computational Redesign of a PETase for Plastic Biodegradation under Ambient Condition by the GRAPE Strategy. ACS Catal. 11, 1340–1350. doi:10.1021/acscatal.0c05126
 de Castro, A. M., Carniel, A., Nicomedes Junior, J., da Conceição Gomes, A., and Valoni, É. (2017). Screening of Commercial Enzymes for Poly(ethylene Terephthalate) (PET) Hydrolysis and Synergy Studies on Different Substrate Sources. J. Ind. Microbiol. Biotechnol. 44, 835–844. doi:10.1007/s10295-017-1942-z
 Emsley, P., and Cowtan, K. (2004). Coot: Model-Building Tools for Molecular Graphics. Acta Crystallogr. D. Biol. Cryst. 60, 2126–2132. doi:10.1107/S0907444904019158
 Erickson, E., Shakespeare, T. J., Bratti, F., Buss, B. L., Graham, R., Hawkins, M. A., et al. (2022). Comparative Performance of PETase as a Function of Reaction Conditions, Substrate Properties, and Product Accumulation. ChemSusChem 15, e202101932. doi:10.1002/cssc.202101932
 Eugenio, E. d. Q., Campisano, I. S. P., de Castro, A. M., Coelho, M. A. Z., and Langone, M. A. P. (2021). Kinetic Modeling of the Post-consumer Poly(ethylene Terephthalate) Hydrolysis Catalyzed by Cutinase from Humicola Insolens. J. Polym. Environ. 30, 1627–1637. doi:10.1007/s10924-021-02301-4
 Fecker, T., Galaz-Davison, P., Engelberger, F., Narui, Y., Sotomayor, M., Parra, L. P., et al. (2018). Active Site Flexibility as a Hallmark for Efficient PET Degradation by I. Sakaiensis PETase. Biophysical J. 114, 1302–1312. doi:10.1016/j.bpj.2018.02.005
 Furukawa, M., Kawakami, N., Tomizawa, A., and Miyamoto, K. (2019). Efficient Degradation of Poly(ethylene Terephthalate) with Thermobifida Fusca Cutinase Exhibiting Improved Catalytic Activity Generated Using Mutagenesis and Additive-Based Approaches. Sci. Rep. 9, 16038. doi:10.1038/s41598-019-52379-z
 Gan, Z., Kuwabara, K., Yamamoto, M., Abe, H., and Doi, Y. (2004). Solid-state Structures and Thermal Properties of Aliphatic-Aromatic Poly(butylene Adipate-Co-Butylene Terephthalate) Copolyesters. Polym. Degrad. Stab. 83, 289–300. doi:10.1016/S0141-3910(03)00274-X
 Gouda, M. K., Kleeberg, I., Vanden Heuvel, J., Muller, R.-J., and Deckwer, W.-D. (2002). Production of a Polyester Degrading Extracellular Hydrolase from Thermomonospora Fusca. Biotechnol. Prog. 18, 927–934. doi:10.1021/bp020048b
 Hahladakis, J. N., and Iacovidou, E. (2019). An Overview of the Challenges and Trade-Offs in Closing the Loop of Post-consumer Plastic Waste (PCPW): Focus on Recycling. J. Hazard. Mater. 380, 120887. doi:10.1016/j.jhazmat.2019.120887
 Herrero Acero, E., Ribitsch, D., Steinkellner, G., Gruber, K., Greimel, K., Eiteljoerg, I., et al. (2011). Enzymatic Surface Hydrolysis of PET: Effect of Structural Diversity on Kinetic Properties of Cutinases from Thermobifida. Macromolecules 44, 4632–4640. doi:10.1021/ma200949p
 Hiraishi, T., Komiya, N., Matsumoto, N., Abe, H., Fujita, M., and Maeda, M. (2010). Degradation and Adsorption Characteristics of PHB Depolymerase as Revealed by Kinetics of Mutant Enzymes with Amino Acid Substitution in Substrate-Binding Domain. Biomacromolecules 11, 113–119. doi:10.1021/bm900967a
 Hopewell, J., Dvorak, R., and Kosior, E. (2009). Plastics Recycling: Challenges and Opportunities. Phil. Trans. R. Soc. B 364, 2115–2126. doi:10.1098/rstb.2008.0311
 Jian, J., Xiangbin, Z., and Xianbo, H. (2020). An Overview on Synthesis, Properties and Applications of Poly(butylene-Adipate-Co-Terephthalate)-PBAT. Adv. Industrial Eng. Polym. Res. 3, 19–26. doi:10.1016/j.aiepr.2020.01.001
 Joo, S., Cho, I. J., Seo, H., Son, H. F., Sagong, H.-Y., Shin, T. J., et al. (2018). Structural Insight into Molecular Mechanism of Poly(ethylene Terephthalate) Degradation. Nat. Commun. 9, 382. doi:10.1038/s41467-018-02881-1
 Kasuya, K.-I., Ishii, N., Inoue, Y., Yazawa, K., Tagaya, T., Yotsumoto, T., et al. (2009). Characterization of a Mesophilic Aliphatic-Aromatic Copolyester-Degrading Fungus. Polym. Degrad. Stab. 94, 1190–1196. doi:10.1016/j.polymdegradstab.2009.04.013
 Kawai, F., Kawabata, T., and Oda, M. (2020). Current State and Perspectives Related to the Polyethylene Terephthalate Hydrolases Available for Biorecycling. ACS Sustain. Chem. Eng. 8, 8894–8908. doi:10.1021/acssuschemeng.0c01638
 Kleeberg, I., Welzel, K., Vandenheuvel, J., Müller, R.-J., and Deckwer, W.-D. (2005). Characterization of a New Extracellular Hydrolase from Thermobifida Fusca Degrading Aliphatic−Aromatic Copolyesters. Biomacromolecules 6, 262–270. doi:10.1021/bm049582t
 Li, W.-J., Narancic, T., Kenny, S. T., Niehoff, P.-J., O’Connor, K., Blank, L. M., et al. (2020). Unraveling 1,4-butanediol Metabolism in Pseudomonas Putida KT2440. Front. Microbiol. 11, 382. doi:10.3389/fmicb.2020.00382
 Liebschner, D., Afonine, P. V., Baker, M. L., Bunkóczi, G., Chen, V. B., Croll, T. I., et al. (2019). Macromolecular Structure Determination Using X-Rays, Neutrons and Electrons: Recent Developments in Phenix. Acta Cryst. Sect. D. Struct. Biol. 75, 861–877. doi:10.1107/S2059798319011471
 Marten, E., Müller, R.-J., and Deckwer, W.-D. (2005). Studies on the Enzymatic Hydrolysis of Polyesters. II. Aliphatic-Aromatic Copolyesters. Polym. Degrad. Stab. 88, 371–381. doi:10.1016/j.polymdegradstab.2004.12.001
 McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni, L. C., and Read, R. J. (2007). Phasercrystallographic Software. J. Appl. Cryst. 40, 658–674. doi:10.1107/S0021889807021206
 Meyer-Cifuentes, I. E., and Öztürk, B. (2021). Mle046 Is a Marine Mesophilic MHETase-like Enzyme. Front. Microbiol. 12, 2031. doi:10.3389/fmicb.2021.693985
 Meyer-Cifuentes, I. E., Werner, J., Jehmlich, N., Will, S. E., Neumann-Schaal, M., and Öztürk, B. (2020). Synergistic Biodegradation of Aromatic-Aliphatic Copolyester Plastic by a Marine Microbial Consortium. Nat. Commun. 11, 5790. doi:10.1038/s41467-020-19583-2
 Mukai, K., Yamada, K., and Doi, Y. (1993). Kinetics and Mechanism of Heterogeneous Hydrolysis of poly[(R)-3-hydroxybutyrate] Film by PHA Depolymerases. Int. J. Biol. Macromol. 15, 361–366. doi:10.1016/0141-8130(93)90054-p
 Ollis, D. L., Cheah, E., Cygler, M., Dijkstra, B., Frolow, F., Franken, S. M., et al. (1992). The α/β Hydrolase Fold. Protein Eng. Des. Sel. 5, 197–211. doi:10.1093/protein/5.3.197
 Otwinowski, Z., and Minor, W. (1997). “[20] Processing of X-Ray Diffraction Data Collected in Oscillation Mode,” in Methods in Enzymology . Vol. 276 of Macromolecular Crystallography Part A (Cambridge, MA, USA: Academic Press), 307–326. doi:10.1016/s0076-6879(97)76066-x
 Palm, G. J., Reisky, L., Böttcher, D., Müller, H., Michels, E. A. P., Walczak, M. C., et al. (2019). Structure of the Plastic-Degrading Ideonella Sakaiensis MHETase Bound to a Substrate. Nat. Commun. 10, 1717. doi:10.1038/s41467-019-09326-3
 Perz, V., Baumschlager, A., Bleymaier, K., Zitzenbacher, S., Hromic, A., Steinkellner, G., et al. (2016a). Hydrolysis of Synthetic Polyesters byClostridium Botulinumesterases. Biotechnol. Bioeng. 113, 1024–1034. doi:10.1002/bit.25874
 Perz, V., Bleymaier, K., Sinkel, C., Kueper, U., Bonnekessel, M., Ribitsch, D., et al. (2016b). Substrate Specificities of Cutinases on Aliphatic-Aromatic Polyesters and on Their Model Substrates. New Biotechnol. 33, 295–304. doi:10.1016/j.nbt.2015.11.004
 Pfaff, L., Breite, D., Badenhorst, C. P. S., Bornscheuer, U. T., and Wei, R. (2021). “Fluorimetric High-Throughput Screening Method for Polyester Hydrolase Activity Using Polyethylene Terephthalate Nanoparticles,” in Methods in Enzymology . Vol. 648 of Enzymatic Plastic Degradation (Cambridge, MA, USA: Academic Press), 253–270. chap. 12. doi:10.1016/bs.mie.2020.11.003
 Platt, D. K. (2006). Biodegradable Polymers: Market Report. Shrewsbury, UK: Smithers rapra limited. 
 Ronkvist, Å. M., Xie, W., Lu, W., and Gross, R. A. (2009). Cutinase-catalyzed Hydrolysis of Poly(ethylene Terephthalate). Macromolecules 42, 5128–5138. doi:10.1021/ma9005318
 Sasoh, M., Masai, E., Ishibashi, S., Hara, H., Kamimura, N., Miyauchi, K., et al. (2006). Characterization of the Terephthalate Degradation Genes of Comamonas Sp. Strain E6. Appl. Environ. Microbiol. 72, 1825–1832. doi:10.1128/aem.72.3.1825-1832.2006
 Scandola, M., Focarete, M. L., and Frisoni, G. (1998). Simple Kinetic Model for the Heterogeneous Enzymatic Hydrolysis of Natural Poly(3-Hydroxybutyrate). Macromolecules 31, 3846–3851. doi:10.1021/ma980137y
 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
 Thumarat, U., Kawabata, T., Nakajima, M., Nakajima, H., Sugiyama, A., Yazaki, K., et al. (2015). Comparison of Genetic Structures and Biochemical Properties of Tandem Cutinase-type Polyesterases from Thermobifida Alba AHK119. J. Biosci. Bioeng. 120, 491–497. doi:10.1016/j.jbiosc.2015.03.006
 Thumarat, U., Nakamura, R., Kawabata, T., Suzuki, H., and Kawai, F. (2012). Biochemical and Genetic Analysis of a Cutinase-type Polyesterase from a Thermophilic Thermobifida Alba AHK119. Appl. Microbiol. Biotechnol. 95, 419–430. doi:10.1007/s00253-011-3781-6
 Tiso, T., Winter, B., Wei, R., Hee, J., de Witt, J., Wierckx, N., et al. (2022). The Metabolic Potential of Plastics as Biotechnological Carbon Sources - Review and Targets for the Future. Metab. Eng. 71, 77–98. doi:10.1016/j.ymben.2021.12.006
 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
 Vogel, K., Wei, R., Pfaff, L., Breite, D., Al-Fathi, H., Ortmann, C., et al. (2021). Enzymatic Degradation of Polyethylene Terephthalate Nanoplastics Analyzed in Real Time by Isothermal Titration Calorimetry. Sci. Total Environ. 773, 145111. doi:10.1016/j.scitotenv.2021.145111
 Wallace, P. W., Haernvall, K., Ribitsch, D., Zitzenbacher, S., Schittmayer, M., Steinkellner, G., et al. (2017). PpEst Is a Novel PBAT Degrading Polyesterase Identified by Proteomic Screening of Pseudomonas pseudoalcaligenes. Appl. Microbiol. Biotechnol. 101, 2291–2303. doi:10.1007/s00253-016-7992-8
 Wei, R., Oeser, T., Schmidt, J., Meier, R., Barth, M., Then, J., et al. (2016). Engineered Bacterial Polyester Hydrolases Efficiently Degrade Polyethylene Terephthalate Due to Relieved Product Inhibition. Biotechnol. Bioeng. 113, 1658–1665. doi:10.1002/bit.25941
 Wei, R., Tiso, T., Bertling, J., O’Connor, K., Blank, L. M., and Bornscheuer, U. T. (2020). Possibilities and Limitations of Biotechnological Plastic Degradation and Recycling. Nat. Catal. 3, 867–871. doi:10.1038/s41929-020-00521-w
 Wei, R., von Haugwitz, G., Pfaff, L., Mican, J., Badenhorst, C. P. S., Liu, W., et al. (2022). Mechanism-based Design of Efficient PET Hydrolases. ACS Catal. 12, 3382–3396. doi:10.1021/acscatal.1c05856
 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
 Zhang, W.-Z., Tang, J.-C., Wang, S.-S., Wang, Z.-J., Qin, W.-M., and He, J.-H. (2019). The Protein Complex Crystallography Beamline (BL19U1) at the Shanghai Synchrotron Radiation Facility. Nucl. Sci. Tech. 30, 170. doi:10.1007/s41365-019-0683-2
Conflict of Interest: The 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.
Copyright © 2022 Meyer Cifuentes, Wu, Zhao, Liu, Neumann-Schaal, Pfaff, Barys, Li, Gao, Han, Bornscheuer, Wei and Öztürk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-930140-g005.gif





OPS/images/fbioe-10-930140-g006.gif





OPS/images/fbioe-10-930140-g003.gif





OPS/images/fbioe-10-930140-g004.gif





OPS/images/inline_1.gif





OPS/images/math_1.gif
=i





OPS/xhtml/nav.xhtml
Contents

		Cover

		Molecular and Biochemical Differences of the Tandem and Cold-Adapted PET Hydrolases Ple628 and Ple629, Isolated From a Marine Microbial Consortium		1 Introduction

		2 Results		2.1 Ple628 and Ple629 Purification and Identification

		2.2 Kinetic Parameters of Ple628 and Ple629

		2.3 Activity of Ple629 and Ple628 on Small Terephthalate-Esters

		2.4 Temperature Optima of Ple628 and Ple629

		2.5 Activity of Ple629 and Ple628 on Biodegradable Plastic Films and PET Nanoparticles

		2.6 Inhibition of ecovio®FT Degradation by BT

		2.7 Ple628 and Ple629 Sequences and Crystal Structures Reveal Similarity to Known PETases





		3 Discussion

		4 Materials and Methods		4.1 Chemicals and Substrates

		4.2 Recombinant Expression and Purification of Ple628 and Ple629

		4.3 Km and Kcat Determination

		4.4 Activity Assay on Small Terephthalate-Esters

		4.5 Determination of Melting Points

		4.6 Activity Assay on Biodegradable Plastic Films and PET-NP

		4.7 Crystallization, Data Collection, Structure Determination

		4.8 Sequence Analysis of the PETases





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Molecular and Biochemical
Differences of the Tandem and
Cold-Adapted PET Hydrolases
Ple628 and Ple629, Isolated From
a Marine Microbial Consortium





OPS/images/fbioe-10-930140-g001.gif





OPS/images/fbioe-10-930140-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





