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            Abstract
Present estimates suggest that of the 359 million tons of plastics produced annually worldwide1, 150–200 million tons accumulate in landfill or in the natural environment2. Poly(ethylene terephthalate) (PET) is the most abundant polyester plastic, with almost 70 million tons manufactured annually worldwide for use in textiles and packaging3. The main recycling process for PET, via thermomechanical means, results in a loss of mechanical properties4. Consequently, de novo synthesis is preferred and PET waste continues to accumulate. With a high ratio of aromatic terephthalate units—which reduce chain mobility—PET is a polyester that is extremely difficult to hydrolyse5. Several PET hydrolase enzymes have been reported, but show limited productivity6,7. Here we describe an improved PET hydrolase that ultimately achieves, over 10 hours, a minimum of 90 per cent PET depolymerization into monomers, with a productivity of 16.7 grams of terephthalate per litre per hour (200 grams per kilogram of PET suspension, with an enzyme concentration of 3 milligrams per gram of PET). This highly efficient, optimized enzyme outperforms all PET hydrolases reported so far, including an enzyme8,9 from the bacterium Ideonella sakaiensis strain 201-F6 (even assisted by a secondary enzyme10) and related improved variants11,12,13,14 that have attracted recent interest. We also show that biologically recycled PET exhibiting the same properties as petrochemical PET can be produced from enzymatically depolymerized PET waste, before being processed into bottles, thereby contributing towards the concept of a circular PET economy.
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                    Fig. 1: LCC outperformed all other evaluated PET hydrolases during PET-depolymerization assays.[image: ]


Fig. 2: Improvement of the PET-depolymerization specific activity of LCC after mutagenesis by saturation of the residues in contact with a 2-HE(MHET)3 substrate.[image: ]


Fig. 3: Improvement of LCC thermostability by addition of a disulfide bridge.[image: ]


Fig. 4: Improved performance of LCC variants in enzymatic depolymerization of post-consumer PET waste.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 LCC outperformed all other evaluated PET hydrolases during PET-depolymerization assays.
a, Enzymes used here that are reported to hydrolyse PET8,16,23,36,37. Melting temperatures (Tm) were assessed by DSF; values correspond to means ± s.d. (n = 3). b, Hydrolysis of amorphous Gf-PET using equimolar amounts of purified Is-PETase, FsC, BTA-hydrolase 1, BTA-hydrolase 2 or LCC (6.9 nmolprotein gPET−1 and 2 gPET lbuffer−1) in their respective buffers at various temperatures. The highest specific activities obtained are in bold. The specific activity of LCC towards Pf-PET is also shown. Means ± s.d. (n = 3) are indicated; n.d., not determined.


Extended Data Fig. 2 The thermostability of LCC at 65 °C is the limiting factor in PET depolymerization.
a, Depolymerization of PET by wild-type LCC is not affected by the products of hydrolysis. The graphs compare the kinetics of Pf-PET depolymerization at 65 °C with or without further addition of ethylene glycol (EG; calculated yields (percentages) are obtained from the quantity of terephthalic acid equivalents (TAeq.) released during the reaction), and with or without further addition of TA (calculated yields obtained from the quantity of EG released during the reaction). The amount of EG or TA added at reaction initiation corresponds to the quantity of products released with 100% PET depolymerization. Each symbol shows a mean ± s.d. (n = 3). b, The thermostability of LCC is a limiting factor for the PET-depolymerization yield. No change is observed upon adding 100 mg amorphized Pf-PET after 3 days of reaction at 65 °C (empty diamond) compared with the kinetics of Pf-PET depolymerization by wild-type LCC (filled diamond). However, adding 0.69 nmol of wild-type LCC after 3 days of reaction at 65 °C restarts the previously stopped assay (filled circle) with an identical specific activity to that determined originally (shown in the table). Each symbol represents a mean ± s.d. (n = 3); n.a., not applicable; n.d., not determined.


Extended Data Fig. 3 Comparative analysis of the LCC variants generated here.
a, Boxplot distribution of the saturation results. We produced 209 variants by semi-purification, and determined their respective percentage of specific activity with respect to the wild-type LCC, measured in the same Pf-PET-depolymerization conditions. Q1 and Q3 correspond to the first and third quartiles of the distribution, respectively. The median value is shown as a red line. b, Comparison of specific activities and melting temperatures of wild-type LCC and the variants used here. Experiments were performed through preparative production of enzymes followed by a Pf-PET-depolymerization assay (see Supplementary Method 1). Means ± s.d. (n = 3) are shown.


Extended Data Fig. 4 Formation of an additional disulfide bridge within the D238C/S283C variant of LCC.
First derivatives were calculated from DSF thermal denaturation curves for wild-type LCC (solid line) and the D238C/S283C variant (dashed line) in the presence of 0 mM, 1 mM or 100 mM dithiothreitol (DTT). First-derivative peaks correspond to protein melting temperatures. Each curve is representative of a triplicate test. The increasing concentrations of DTT reduced disulfide bridges, resulting in proteins with reduced thermostability. Grey highlighting represents populations with 0, 1 or 2 formed disulfide bridges. Low DTT concentrations (blue curves) were not sufficient to completely reduce all disulfide bridges, resulting in a mixed population of proteins with intermediate melting temperatures. RFU, relative fluorescence units.


Extended Data Fig. 5 Comparative analysis of the kinetics of PcW-PET depolymerization in Minibio bioreactors by the LCC variants generated here.
a, Effect of temperature on PcW-PET depolymerization by the LCC variant F243I/D238C/S283C/Y127G at 72 °C or 75 °C, with 1 mgenzyme gPET−1. b, Effect of enzyme concentration on PcW-PET depolymerization by the LCC variant F243I/D238C/S283C/Y127G at 72 °C with 1 mgenzyme gPET−1, 2 mgenzyme gPET−1 or 3 mgenzyme gPET−1. Percentages of PET depolymerization were calculated on the basis of NaOH consumption. c, Comparison of wild-type LCC and variants in assays of PcW-PET depolymerization in Minibio bioreactors. The first two columns show the parameters used during PcW-PET depolymerization (temperature and enzyme concentration). The next four columns show the calculated depolymerization yields (after 24 h), based on either NaOH consumption, EG produced, TAeq. produced, or the weight of residual PET. The last column represents the calculated initial rate of the reaction, based on NaOH consumption.


Extended Data Fig. 6 Kinetics of PET crystallization.
Evolution of the crystallinity level of PET (from coloured PcW-PET) at 65 °C, 70 °C, 72 °C and 75 °C.


Extended Data Fig. 7 Overall structures of the catalytic inactive LCC variant S165A and the catalytic inactive F243I/D238C/S283C/Y127G variant S165A.
a, Left, wild-type LCC (PDB ID 4EB0; green) and the catalytic inactive variant S165A (cyan) are superimposed (with a root mean square deviation (RMSD) of 0.25 Å over 214 Cα atoms). Catalytic residues are represented as magenta rods. The close-up on the right focuses on the catalytic serine (S165) and neighbouring residues. Also shown is an unbiased composite omit map (grey mesh, 2Fo − Fc) contoured at 2.0σ around residues 164–166. The S165A mutation does not structurally affect the folding of the protein around this position. Moreover, the inactivated enzyme is more liable to crystallize and generate better-quality crystals, so we introduced the S165A mutation to our most efficient LCC variant, namely F243I/D238C/S283C/Y127G (ICCG). b, Wild-type LCC (PDB ID 4EB0; green) and the catalytic inactive S165A mutant of the ICCG variant (tan) are superimposed (RMSD = 0.27 Å over 220 Cα atoms). Catalytic (magenta) and mutated (tan) residues are represented as rods. Close-ups show the different mutations and their surrounding residues. Residues from wild-type LCC are represented as thinner rods by comparison with the ICCG variant. Unbiased composite omit maps (grey mesh, 2Fo − Fc) contoured at 1.5σ are shown. None of the introduced Y127G, S165A, F243I or D238C–S283C (engineered disulfide bridge) mutations affected the overall structure of LCC. The asterisked close-up shows that alternative conformations were observed for the cysteine residues, labelled as conformers a and b.


Extended Data Fig. 8 Analysis of 30-ns molecular-dynamics simulations carried out with wild-type LCC (blue) and the ICCG variant (red).
a, Comparison of protein backbone flexibility using average root mean square fluctuations (RMSF) of Cα atoms calculated per residue along molecular-dynamics simulations of enzymes in the apo conformation. The RMSF is linked to the crystallographic B-factor (B) as follows: \(\text{RMSF}=\surd \left(\frac{3B}{8{\pi }^{2}}\right)\). Red arrows, β-strands; black rectangles, α-helices; yellow rectangles, loops in the X-ray crystal structure of the wild-type LCC (PDB ID 4EB0); dashed lines, positions of catalytic residues. b, Monitoring of key catalytic interatomic distances that characterize the catalytic events occurring during molecular-dynamics simulations of enzymes in complex with the model substrate 2-HE(MHET)3. At the right is a representation of the catalytic triad (residues S165 (Ser 165), H242 (His 242) and D210 (Asp 210)) and 2-HE(MHET)3, highlighting three relevant interatomic distances (d1, d2, d3). The three graphs show the distributions of these three distances over the first 30 ns of molecular-dynamics simulations of wild-type and ICCG LCC in complex with 2-HE(MHET)3 (represented as histograms and Gaussian kernel densities), starting from the same initial conformation. Red arrows show changes occurring during the nucleophilic attack of the catalytic serine on the substrate reactive centre; dashed blue lines show hydrogen bonds that assist the catalytic mechanism. The graphs highlight the favoured catalytically productive state adopted by 2-HE(MHET)3 in variant ICCG. Substantial changes are observed for d1 and d2. Whereas ICCG mainly sampled conformations near the catalytically productive state (average d1 is approximately 3.2 Å; average d2 is approximately 2.8 Å), the wild-type LCC showed a pronounced bimodal distribution with the major conformational population centred on higher distance values, indicating less efficient catalysis. Overall, along the first 30 ns of simulations of these enzymes in complex with 2-HE(MHET)3, the average distance separating the substrate cleavage site from the catalytic serine (S165) hydroxyl oxygen was substantially shorter in ICCG than in parental LCC, suggesting that formation of the covalent intermediate during catalysis would be facilitated. c, Occurrence of key hydrogen bonds (HBs) between pairs of catalytic residues. The third and fourth columns show the proportion of snapshots in which an HB interaction is observed between the pairs of catalytic residues S165/H242 and H242/D210 during the first 30 ns of simulations. The higher occurrence of HBs in the ICCG simulation between the S165 hydroxyl oxygen and the catalytic H242 ε nitrogen could assist in the abstraction of the S165 hydroxyl hydrogen by H242, and thus enhance the catalytic performance of this variant.
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