Counter-intuitive enhancement of degradation of solid plastic through engineering of lowered enzyme binding to solid plastic
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ABSTRACT
Degradation of solid polyethylene terephthalate (PET) by leaf branch compost cutinase (LCC) produces various PET-derived degradation intermediates (DIs), in addition to terephthalic acid (TPA), which is the recyclable terminal product of all PET degradation. Although DIs can also be converted into TPA, in solution, by LCC, the TPA that is obtained through enzymatic degradation of PET, in practice, is always contaminated by DIs. Here, we demonstrate that the primary reason for non-degradation of DIs into TPA in solution is the efficient binding of LCC onto the surface of solid PET. Although such binding enhances the degradation of solid PET, it depletes the surrounding solution of enzyme that could otherwise have converted DIs into TPA. To retain a sub-population of enzyme in solution that would mainly degrade DIs, we introduced mutations to reduce the hydrophobicity of areas surrounding LCC’s active site, with the express intention of reducing LCC’s binding to solid PET. Despite the consequent reduction in invasion and degradation of solid PET, overall levels of production of TPA were ~3.6-fold higher, due to the partitioning of enzyme between solid PET and the surrounding solution, and the consequent heightened production of TPA from DIs. Further, synergy between such mutated LCC (F125L/F243I LCC) and wild-type LCC resulted in even higher yields, and TPA of nearly ~100% purity.
INTRODUCTION
It is now widely recognized that millions of tonnes of plastics are routinely deposited into landfills and oceans every year, posing a threat to the future and sustainability of the planet’s natural ecosystems.1 Of the numerous types of polyester-based plastics, polyethylene terephthalate (PET) is amongst the most widely used, with packaging and textile industries alone requiring ~70 million tonnes of PET per year.2 This humungous requirement of PET is largely met through fresh (de novo) synthesis from fossil fuel-derived terephthalic acid (TPA), the unit (aromatic) building block of PET. Currently, synthesis of PET takes place at rates far exceeding scope for its degradation.3,4 Consequently, accumulation of PET in different ecosystems has become a matter of great concern. 
One approach to degrading PET by using low levels of energy and/or chemicals involves the use of enzymes.5,6 In particular, there is great interest in the development of hydrolases that degrade PET into pure TPA, by hydrolyzing PET’s ester bonds in a manner that allows the generated TPA to be pure enough to be potentially recycled back into PET,7 through simple chemical condensation, since this would allow the creation and operation of a circular economy reducing dependence upon fossil fuels. The most promising hydrolases thus far studied in respect of their ability to degrade PET are two variants of the same metagenomically-derived enzyme, known as the leaf branch compost cutinase (LCC). 
The two variants of LCC are: (i) a single-site mutant, known as F243I-LCC, and (ii) a four-site mutant, containing the mutations, F243I, D238C, S283C, and Y127G, known as ICCG-LCC. The cutinase, LCC, is tens of times more efficient at degrading PET than any other known enzyme at temperatures ranging from 60 ˚C to 70 ˚C.8 F243I-LCC is ~27 % better than LCC. ICCG-LCC shows the same level of activity as LCC, but displays a melting temperature (Tm) of 94 ˚C, which is ~9.3 ˚C higher than that of LCC.8 Thus, ICCG-LCC displays even greater longevity in functional form, at temperatures approaching the glass-transition temperature of PET (above which PET’s chains become more susceptible to degradation by esterase/cutinase enzymes), than either LCC or F243I-LCC.8
Despite the possession of such excellent qualities, the above enzymes suffer from the same major drawback that all PET-degrading enzymes suffer from. It is that degradation intermediates (DIs) of PET that are generated with TPA, also escape into solution, concomitantly with TPA. In solution, these DIs remain largely un-degraded, and serve to contaminate the produced TPA, causing PET produced through recycling of such TPA to be inferior to that produced from virgin TPA,9,10 in respect of average chain length, crystallinity, thermal properties, and melting properties. Since DIs and TPA possess different end groups, they do not condense together into PET.11 Since purification of TPA from contaminating DIs is prohibitively-expensive,12,13 the only way forward to viable recycling of PET is to develop reagents and/or approaches that enhance TPA purity, along with TPA yields, at all stages of PET degradation. 
This paper demonstrates a method for the generation of pure TPA in which DIs are degraded into TPA concomitantly with their generation. The rationale is as described below. Solid PET is highly hydrophobic, owing to the periodic placement of terephthalate moieties along PET chains.14 Enzymes that degrade PET are required to possess high surface hydrophobicity (in particular, in the vicinity of their PET-binding catalytic sites), in order to partition away from aqueous solution and onto the surface of PET.15-19 Consequently, efforts to improve PET-degrading enzymes have focused on improving the binding of enzymes to PET through enhancement of enzyme surface hydrophobicity, or through the discovery of esterases, or cutinases, with high surface hydrophobicity, and the ability to hydrolyze ester bonds.16, 17
The problem, however, is that PET contains ester bonds between several different types of chemical groups, causing esterases and cutinases to generate numerous types of chemical (intermediate) species while degrading PET, e.g., degradation intermediates (DIs) such as oligoethylene terephthalate (OET), bis-hydroxyethyl terephthalate (BHET), and mono hydroxyethyl terephthalate (MHET). Such DIs, together with the TPA that is produced through enzyme action, partition away from solid PET into aqueous solution. In solution, the DIs accumulate in un-degraded form, along with TPA, despite being susceptible to further enzymatic degradation, ostensibly due to the depletion of PET degrading enzymes in solution, owing to the efficient binding of such enzymes to solid PET. It appears to us, therefore, that the only way forward to achieving degradation of DIs into TPA, in solution, is to ensure the presence of an enzyme sub-population that can be relied upon to remain in solution. 
There are two conceivable approaches to ensuring the presence of an enzyme population in solution. One approach is to use an additional (different) enzyme, i.e., an enzyme that is capable of degrading DIs into TPA, which can be relied upon to remain in solution. Indeed, a recent review in the literature does suggest the need to use multiple enzymes.20 The other approach is to reduce the overall binding of PET that is displayed by an efficient PET-degrading enzyme, without affecting the enzyme’s catalytic efficiency, to allow a sub-population of the enzyme (that remains in equilibrium with other sub-populations) to bind to PET, even while another sub-population remains in solution. Since LCC is tens of times better than other enzymes, the best candidate to try this approach with is LCC itself. Here, we demonstrate that this approach generates pure TPA in yields that are greatly higher than those generated by LCC.
 
MATERIAL AND METHODS
 Bioinformatics studies. 
PYMOL21 (Schrödinger) was used for structural comparison of proteins and distance measurement. Structures of leaf branch compost cutinase, LCC, (PDB ID: 4EB0)22 and PETase (PDB ID: 5YFE)23 were retrieved from the RCSB Data Bank. Molecular docking. A short-chain form of PET [2HE-(MHET)4] was generated through 2D Sketcher (Schrödinger) to function as ligand for LCC and PETase. For each docking, enzyme and ligand were energy-minimized and prepared in respect of missing atoms/groups, flipped groups and protonation states, by Protein Preparation Wizard (Schrödinger),24 and LigPrep module (Schrödinger). Docking of LCC and PETase with ligand, [2HE-(MHET)4], was performed using Glide (Schrödinger),25 with XP docking. Binding affinities were determined using Prime MMGBSA (Schrödinger).26 Molecular dynamics simulations. LCC’s ligand-docked structure was subjected to a 100 ns simulation using Desmond (Schrödinger),27 with simulation performed in an orthorhombic box with OPLS3e force field, TIP3P water as solvent, and 150 mM NaCl.28 Parameters used were: NPT ensemble at 300 K, 10 ps interval recordings, Martyna–Tobias–Klein barostat with 1.0013 bar pressure,29 Nose–Hoover chain thermostat,30 integration time-step of 2 fs. Default cut-off radius (9.0 Å) was used for coulombic interactions. Desmond's simulation interaction diagram (SID) tool was used to evaluate trajectories. Employing VSGB 2.1 solvation model, free energy of binding (Gbind) was calculated as ΔGbind = EComplex − ELigand − EReceptor, with E being the energy associated with hydrophobic, electrostatic and van der Waals interactions (EComplex), during ligand desolvation (ELigand), and receptor desolvation (EReceptor), respectively.
Cloning, expression, purification and identification of LCC and its variants.
 The gene encoding wild-type LCC (Genbank: AEV21261) was codon-optimized for expression in E.coli (without signal peptide) and gotten synthesized through Biotech Desk Pvt. Ltd., Hyderabad, India. It was sub-cloned between Bam HI and Hind III restriction sites in the pQE-30 vector for expression in fusion with a 6xHis tag (N-terminal). LCC variants, F125L-LCC, F243I-LCC and F125L/F243I-LCC were created through site-directed mutagenesis employing splicing by overlap extension (SOE) polymerase chain reactions. Genes for variants were also digested and ligated between Bam HI and Hind III restriction sites of pQE-30. A construct fusing genes encoding LCC and F125L/F243I-LCC [N-LCC-linker(GS)-LCC(F125L/F243I)-C] was cloned between Nde I and Xho I restriction sites of pET-23a vector, for expression with a 6xHis affinity tag (C-terminal). Primer sequences for all SOE-PCR and other PCR reactions are shown in Table T1. The pQE-30 plasmid was transformed into XL1-Blue E. coli cells, and the pET-23a plasmid was transformed into BL21pLysS* E. coli cells, for protein expression. Transformed XL1-Blue cells were incubated for 9 h at 37 °C for production of LCC variants without induction. Transformed BL21pLysS* cells were induced with 1 mM IPTG at 0.6 O.D. (600 nm), followed by 6 h incubation at 37 °C. Cells were harvested, and disrupted in lysis buffer (50 mM sodium dihydrogen phosphate, 150 mM NaCl and 10 mM imidazole). Lysates were centrifuged at 12,000 rpm, to pellet debris, and supernatants were subjected to Ni-NTA column chromatographic (IMAC) purification, using a 35 mM imidazole wash, and elution of 6xHis-tagged protein with 250 mM imidazole. Protein purity was assessed by SDS-PAGE analysis, with excision and identification of additional bands from SDS-PAGE by peptide mass fingerprinting, using standard protocols and reagents (ProteoProfile™ Trypsin In-Gel Digest Kit; Sigma Aldrich, Product Code PP 0100: α-Cyano-4-hydroxycinnamic acid matrix; Sigma Aldrich, Product Code C8982: Synapt G2S-HDMS WATERS mass spectrometer; Expasy server) and Q-TOF analyses using a MALDI source. 
Spectroscopic and chromatographic comparison of wild-type LCC and LCC mutants. 
Secondary structure (circular dichroism). LCC and its variants were examined on a MOS-500 CD spectrometer (BioLogic, France), using a quartz cuvette (2 mm path length), and protein concentrations of ~0.2 mg/ml in 25 mM sodium dihydrogen phosphate buffer, pH 8.0. For plotting of CD spectra, mean residue ellipticity (MRE) was calculated (200 to 250 nm) using MRE = (θ×mean residue weight×100)/(1000×concentration in mg/ml×pathlength in cm), with  being the raw ellipticity measured in degrees. Tertiary structure (fluorescence emission). Fluorescence spectra were collected (300-400 nm) using a 0.3x0.3 cm quartz cuvette and a steady-state fluorimeter (Varian Cary Eclipse, Agilent Technologies), to monitor changes in tryptophan residue environments through changes in the wavelength of maximal emission. Quaternary structure (size exclusion chromatography). Following affinity purification, elutes were concentrated to 500 µl and subjected to size-exclusion chromatography (SEC) on a GE Superdex-75 Increase 10/300 GL gel filtration column  connected to a GE AKTA Purifier-10 workstation (25 mM sodium dihydrogen phosphate buffer, pH 8.0, flow rate 0.5 ml/min).
Comparisons of enzymatic activities of wild-type LCC and LCC mutants upon PET films. 
PET films (Goodfellow, Product code: GF25214475) was cut into circular disks of 6 mm diameter, and washed successively, at 50 °C, for 30 min each, with 1 % SDS, water, and ethanol, prior to air-drying. These washed films served as substrates to check enzymatic activity over 50 h of incubation, at 60 °C, in LCC and its variants (including the fusion of LCC and F125L/F243I-LCC), using different enzyme concentrations, incubation times, and shaking at 300 rpm in a thermomixer (Eppendorf thermomixer C). Activity against BHET (Sigma Aldrich, Product Code 465151) at 60 °C, over 4 h of incubation, was checked using 1 µM enzyme, and 250 µM of BHET. HPLC-based separation and quantification of degradation products of PET and BHET. Quantifications of TPA, and the DIs, MHET and BHET, following enzymatic degradation of PET, or BHET, were performed using a Shimadzu HPLC workstation, a LiChrospher® RP-18 (5 μm particle size, L × I.D. 25 cm × 4.6 mm) column, and a photodiode array (PDA) detector monitoring the 240 nm absorbance of eluting fractions. Enzymatic reactions were stopped by mixing equal volumes of acetonitrile and reaction mixture, and placing on ice, prior to loading of 20 µl of the mixture on the RP-18 column, using a mobile phase of pH 2.5 phosphate buffer (Solvent A) and methanol (Solvent B). Run parameters employed were: 25 % of Solvent B from 0-5 minutes, 25 % -100 % of solvent B from 5-22 minutes, and 25 % of solvent B from 22-27 minutes. Products formed (or reactants remaining) were quantified through integration of area under elution peaks in chromatogram(s), which were turned into estimations of concentrations of substances in reactions (at the end of the reaction), based on calibration curves (shown in Supporting Information Figure S1). The data presented thus represents the concentration of each substance in the sample being loaded and, therefore, also the concentration of that substance in the PET hydrolysis reaction after the reaction (which is proportional to, but not identical to, the concentration of the same substance in the elution from the HPLC column, since the volume of elution after reverse phase chromatography is different from the volume of loading). Uniformity of reaction volumes, PET film dimensions, and sample loading volumes on RP-HPLC was maintained throughout all experiments. Assessment of thermal stabilities of LCC and variants. Thermal stabilities of LCC and variants were determined by differential scanning calorimetry using a VP-DSC instrument (Microcal). The thermal history for the experiment was generated by performing 15 to 20 up/down-scans for a control and reference until heating and cooling curves overlapped. Then protein (~0.5 mg/ml) was heated at a rate of 90 °C/hr, between 20 °C and 90 °C, and cooled at a rate of 60 °C/hr between 90 °C to 20 °C. Enthalpic changes and transition temperatures associated with thermal denaturation were calculated from fitting of raw data with a non-2-state (cursor init) model, from the instrument’s software. 

RESULTS AND DISCUSSION
 Identification of residues, F243, and F125, as being involved in initial PET binding by LCC 
To identify essential and non-essential hydrophobic surface features in the vicinity of LCC’s active site, we compared it with PETase (another PET degrading enzyme). The structures of LCC (PDB ID: 4EB0) and PETase (PDB ID: 5YFE) are shown, respectively, in Figures 1A and Figure 1B, with a structural alignment shown in Figure 1C (with LCC and PETase shown, respectively, in green and cyan). The enzymes align with a root mean square deviation (RMSD) of 0.8 Å, confirming that they share identical structural folds, and display extreme structural similarity. Figure 1 shows conserved residues in the enzymes’ active sites (in blue), together with a conserved tryptophan (in magenta), shown just below the catalytic serine, which is considered to be important for cutinase/esterase activity. An examination of residues surrounding the enzymes’ active sites was performed, to identify hydrophobic residues that are present in LCC, but absent in PETase, to identify dispensable residues. Aromatic (hydrophobic) residues present in LCC and PETase (shown in red) were allowed to remain unaltered, since a mutation in one of these could potentially severely reduce LCC’s binding to both PET, and PET-derived DIs. Attention was focused instead upon aromatic residues present in LCC, but absent in PETase. Two such residues were identified: the phenylalanine residues, F125, and F243. 
It may be noted that F243 has already been identified to be important in determining LCC’s overall activity, through a saturation mutagenesis experiment which showed that substitution mutations involving this residue (F243I, or F243W) significantly enhance yields of TPA during degradation of PET, with no comment on TPA purity.8 The authors speculated that creation of additional space in LCC’s active site, allowing better binding of PET by F243I or F243W LCC. We think differently. Our surmise, instead, was that the enhanced yield of TPA probably results not from better binding of PET, but rather from poorer binding of PET leading to the creation of an enzyme sub-population in solution, which then acts to convert DIs into TPA and adds to the pool of TPA being produced. 
The other aromatic residue identified by us, F125, has thus far never been mutated. The effects of simultaneously mutating F125 and F243 upon PET binding have also never been physically investigated before. Thus, we proceeded to first investigate, using molecular docking and molecular dynamics simulation experiments, whether F125 and F243 are at all likely to be involved in binding of LCC to PET, or PET-derived substrates, as a precursor to experiments querying this issue. 
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FIGURE 1: Crystal structure of A) LCC (PDB ID: 4EB0, shown in green), and B) PETase (PDB ID: 5YFE, shown in cyan, showing the catalytic sites (in blue), a conserved tryptophan (in magenta) and the aromatic residues (in red) in both. The yellow sticks in PETase show the aliphatic hydrophobic residues at positions where the corresponding residues in LCC are aromatic in nature. C) Structural super-imposition of LCC and PETase for examining difference in surface hydrophobicity.

Verification of residues, F125 and F243, being involved in initial PET binding, using docking and molecular dynamics simulations. 
To confirm whether F125 and F243 are involved in PET binding, we carried out molecular docking of LCC with the ligand, 2-HE(MHET)4. This ligand is a short-chain form of PET, i.e., it is an oligoethylene terephthalate (OET), hereinafter referred to as ‘the OET’, consisting of a chain of four copies of MHET. Figure 2A shows that residues Y127, S165, W190, and F243, interact with the OET, but that residue, F125, doesn’t directly interact with it. Figure S2A shows the surface representation of the docked LCC-OET complex, the free energy of binding of which was previously determined by us to be -71.95 kcal/mol, using the MM/GBSA (Schrödinger) tool. Figure 2B provides details of residues in LCC that were identified to be interacting with the OET, using this tool. Once again, F125 is not observed to interact directly with the OET. Figure 2C shows the simulation interaction diagram (SID) obtained from 100 ns worth of molecular dynamics (MD) simulations, for residues involved in hydrophobic interactions (grey), hydrogen bonding interactions (green), or water bridge-based interactions (blue) with the OET. Video V1 presents an MD simulation trajectory showing interactions of the OET with the catalytic and binding site residues of LCC. Catalytic residues, S165, D210 and H242 are shown as pink sticks. Phenylalanine residues, F125, and F243, are situated on the opposite ends of the substrate binding groove of LCC. Notably, residue F243 is seen to interact distantly with the OET via π-π stacking interactions, whereas residue F125 is seen to not interact with the OET at all. Figure S2B and S2C show deviations (RMSD) and fluctuations (RMSF) for 100 ns worth of MD simulations. Importantly, from the SID data in Figure 2C, it is evident that F125, and F243 (residue positions of both are shown as dashed vertical lines) have ‘relatively insignificant’ time-fractions of interaction with the OET. 
We concluded, therefore, that a conversion of F125 into e.g., a leucine (maintaining the hydrophobic nature of the residue, while lowering hydrophobicity) would be highly unlikely to negatively influence catalysis of ester bond breakage, since F125 lies outside LCC’s active site. However, we also concluded that such a mutation could conceivably lower the overall binding of PET by LCC, at least in the initial stages of interaction of LCC with PET, since (a) PET is much longer than the OET used above, and also because (b) F125 lies in the vicinity of the active site, although it does not lie within it. In contrast, F243 lies near the groove that contains the catalytically-active site of LCC, and mutating this phenylalanine residue into e.g., an isoleucine residue (once again maintaining hydrophobicity) could be expected to potentially influence catalysis, by reducing the eventual binding and stabilization of the ligand at the active site. However, since F243 was also seen to engage in interactions with the OET for an insignificant overall time-fraction during MD simulations, like F125, we concluded that mutations of both F125 and F243, individually, and simultaneously, into other residues possessing lower hydrophobicity, e.g., to leucine (F125L) or to isoleucine (F243I), would not significantly reduce the ability of LCC to degrade PET, or PET-derived substrates. However, such mutations could significantly reduce the ability of LCC to bind to solid PET. Thus, the introduction of mutations such as F243I and F125L could potentially allow us to cause LCC to partition between solid PET and the surrounding aqueous solution, and not become entirely titrated onto the surface of solid PET.
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FIGURE 2: A) XP-docking using Glide module of Schrödinger showing the binding pocket of LCC and the docked 2HE-(MHET)4 molecule. The two non-essential phenylalanine residues are shown in red sticks. B) 2D representation of the type of interactions (hydrophobic, H-bonds, etc) involved in LCC-2HE-(MHET)4 complex formation. C) The simulation interaction diagram showing stacked bars normalized over the course of the trajectory (100 ns simulation) for LCC-2HE-(MHET)4 complex, depicting the extent and types of interaction between binding pocket residues and the ligand. The F125 and F243 residues are indicated with red arrows.

Structural analyses of LCC, F125L-LCC, F243I-LCC and F125L/F243I-LCC 
Figures S3A and S3B show that purified LCC and its variants exist in monomeric state as well as in a dimeric state that is SDS-resistant, since bands corresponding to dimeric SDS-resistant forms were confirmed to have the same peptide mass fingerprint as LCC, as shown in Figures S3C and S3D. The introduced mutations did not significantly alter the secondary, tertiary or quaternary structural characteristics of LCC. Figure 3A shows circular dichroism (CD) spectra of variants F243I, F125L and F125L/F243I which can be seen to overlap with the CD spectrum of LCC, displaying minor enhancements in the CD signals at 208 nm, and 215-218 nm. Since positions 125 and 243 are in looped regions of the structure, the removal of bulky aromatic groups could conceivably have resulted in formation of small regions of β-stranded, or helical, structure. Thus, the secondary structures of the single mutants (F125L and F243I) and the double mutant (F125L/F243I) were largely identical to that of LCC. Figure 3B shows that the intrinsic fluorescence emission of LCC is identical to that of all three variants, in respect of both (i) the wavelength of maximal (combined) fluorescence emission from LCC’s four tryptophan residues, and also (ii) the shapes of the fluorescence spectral envelopes of the variants. Thus, the tertiary structures of the folded mutants too appear to be similar to that of LCC. In investigating quaternary structures, we came across some interesting size exclusion chromatographic (SEC) behavior. Figure 3C shows that LCC and its variants elute from a GE Superdex-75 Increase gel filtration columns in two populations, both of which arise from interactions between the enzyme and the column. When a protein with a very hydrophobic surface interacts with a gel filtration column (typically due to the occurrence of hydrophobic interactions with the material of the column) its elution is delayed, and occurs at a larger (or later) elution volume than anticipated. In the present instance, instead of the expected elution volume of ~12 ml, which is anticipated for a monomeric molecular weight of ~29.4 kDa, LCC eluted primarily at ~16.7 ml, even with the use of enhanced salt concentrations (e.g., 300 mM NaCl) that can typically prevent protein-column interactions, as shown in Figure S4. Interestingly, all of the three variants of LCC eluted at earlier elution volumes than LCC. This suggests that the intended objective of reducing overall surface hydrophobicity was achieved. F125L/F243I showed the highest shift for its major elution fraction (~13.5 ml) down from ~16.7 ml, and towards earlier elution volumes (approaching ~12 ml). The next-highest shift was seen in F243I (~14.6 ml), followed by F125L (~15.3 ml). All three variants thus had lower surface hydrophobicity than LCC.

Differential PET binding by LCC, F125L-LCC, F243I-LCC and F125L/F243I-LCC
In support of the likely apparent decrease in LCC’s overall surface hydrophobicity in the vicinity of the active site, suggested by the changes described in the immediate previous section, which appeared to owe to the introduced mutations, here we show evidence of a lower degree of PET binding. We incubated LCC and its variants with PET film for 40 h, and examined the amount of the enzyme that still remained in solution, in relation to the enzyme discovered to be still bound to the PET film [by extracting the PET-bound population through boiling of the PET film in SDS-PAGE sample loading buffer (SLB), following washing with phosphate buffered saline, after the 40 h incubation]. Figure 3D shows representative images of the results, for F125L/F243I-LCC, which showed the greatest reduction in PET film binding, with the results for F125L-LCC and F243I-LCC being intermediate to that seen for LCC, on the one hand, and F125L/F243I-LCC. In Figure 3D, lane 1 shows that after a 40 h incubation with PET film, no LCC remains in solution, while lane 2 shows the complementary result, i.e., that the entire LCC population is bound to the film. In contrast, with F125L/F243I-LCC, lane 4 shows that a significant fraction of the variant remains in solution even after 40 h of incubation, although here too the bulk of the enzyme population remains bound to the film, as can be seen in lane 5. These results clearly demonstrate that F125L and F243I mutations compromise binding of PET film by enzyme, presumably through reduction of scope for π-π ring-stacking interactions between terephthalate moieties and phenylalanine side chains. Our next question related to the binding and hydrolysis of PET-derived degradation intermediates, such as OET, BHET or MHET, by LCC and its variants. 
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FIGURE 3: Structural analysis and binding assessment of wild-type LCC and its variants. A) CD spectra showing the secondary structural changes in wild-type LCC, F125L, F243I and F125L/F243I. B) Intrinsic fluorescence spectra showing the tertiary structural changes in wild-type LCC, F125L, F243I and F125L/F243I. C) Size exclusion chromatography shows the relative elution volumes and the extent of the interaction of wild-type LCC, F125L, F243I and F125L/F243I with the column. D) PET film binding assay comparison of type LCC and its variant F125L/F243I. SDS-PAGE analysis: 1. Wild-type LCC in solution, 2. Wild-type LCC bound to PET, 3. Protein Marker, 4. F125L/243F mutant in solution, 5. F125L/243F mutant bound to PET.

Enhanced hydrolysis of PET and BHET by F125L/F243I-LCC 
We reacted LCC and its variants with PET, and also with commercially-sourced BHET, to determine the amounts of residual BHET, MHET and TPA, (or generated BHET, MHET and TPA) through HPLC analyses, using different enzyme concentrations and durations of reactions. Figure 4A shows the activity of LCC and its variants (2 µM each) on PET film, at 60 °C, over 8 h of incubation, with monitoring of the formation of BHET, MHET and TPA. Yields of TPA and MHET are clearly seen to increase in all variants, with (a) F243I-LCC showing higher yields of TPA and MHET than F125L-LCC; (b) both of these showing higher yields of TPA and MHET than LCC itself; and (c) F125L/F243I-LCC showing the highest yields of TPA and MHET. F125L/F243I-LCC, F243I-LCC, and F125L-LCC, respectively, proved to be ~3.6-fold, ~3-fold, and ~1.95-fold, more active than LCC. Figure 4B shows a comparison of products formed from PET by LCC and its variants, at a lower enzyme concentration of 100 nM, using a longer incubation period of 50 h. Both Figures 4A and 4B suggest that the three binding-compromised LCC variants (F125L/F243I-LCC, F243I-LCC, and F125L-LCC) are all more efficient at hydrolyzing PET than LCC itself. Of course, the difference is more pronounced at higher enzyme concentrations (e.g., 2 µM, instead of 100 nM), and with use of shorter incubation periods. With use of low enzyme concentrations and longer incubation periods, all the three variants, F125L-LCC, F243I-LCC and F125L/F243I-LCC show strikingly similar levels of activity, with all three variants being ~60-66% more efficient than LCC. We propose that this owes to the presence of a significantly smaller sub-population of enzyme in solution (in the unbound state), whenever lower enzyme concentrations are used, i.e., owing to the higher fractional titration of enzyme onto the surface of solid PET (film), and leading to lesser levels of conversion of DIs into TPA. 
We determined the percentage increment in activity of F125L-LCC as compared to LCC, at different enzyme concentrations, at 60 °C for 50 h. Figure 4C illustrates that F125L-LCC is ~74%, and 13-17%, more efficient in generating TPA and MHET, respectively, at 100 nM enzyme, and 1-2 µM enzyme, than LCC. This is explained by the possibility that, at high concentrations, LCC, and F125L-LCC, have higher fractions of enzyme in the solution (potentially owing to saturation of enzyme binding by the PET film), with this yielding higher TPA and noticeably lower MHET amounts. However, even at such (surface saturation) concentrations, F125L-LCC performs better than LCC. Figure S5A shows that F243I-LCC is ~15% better in degrading PET films. 
We also performed a comparison of the action of the three variants and LCC upon a PET degradation intermediate, BHET. The compound, BHET, was degraded to yield either TPA, or the degradation intermediate, MHET, which is also eventually further degraded into TPA. A higher percentage of conversion of MHET into TPA suggests either (a) a higher rate of MHET hydrolysis, or (b) a release of the inhibition of LCC’s activity, caused by MHET, as reported in previous studies for a homologous cutinase from Thermobifida fusca, TfCut2.10 Figure 4D shows that LCC and F125L-LCC produce comparable percentages of TPA and MHET from BHET degradation [48 % TPA, and 52 % MHET, for LCC; 47 % TPA, and 53 % MHET, for F125L-LCC]. In contrast, with F125L/F243I-LCC, and F243I-LCC, a substantially higher yield of TPA with an equivalent reduction in residual MHET was observed [84 % TPA, and 16 % MHET, for F125L/F243I-LCC; 81 % TPA, and 19 % MHET, for F243I-LCC]. Figure 4D demonstrates that F125L/F243I-LCC is the most efficient in generating the highest amounts of TPA from both BHET and MHET hydrolysis. From the results, it is also clear that the F125L/F243I-LCC and F243I-LCC variants are better able to convert MHET into TPA, indicating that they are better released from the MHET-based inhibition of activity that is seen with LCC.
These results are also supported by Figure 4E, in which lower concentrations of enzymes (100 nM) were incubated with BHET concentrations varying from 0 to 3 mM. On increasing of BHET concentrations, there was an increase in the amount of TPA. The rate of TPA formation was highest for F125L/F243I-LCC, followed by F243I-LCC, LCC, and F125L-LCC, which showed a comparable increment in TPA formation upon increasing of BHET concentration. This higher conversion of MHET to TPA, during BHET degradation, as shown in Figure 4F is attributable to the mutation-induced reduction in MHET-based inhibition of the enzymes, for F125L/F243I-LCC and F243I-LCC. It is pertinent to note that a previous study had already shown that the mutant F243I (identified through site-specific saturation mutagenesis, rather than through rational selection as reported here) displays ~27% higher activity against PET than the wild-type enzyme, at 65 °C (with 6.9 nmol enzymes per gram PET and 2 gram PET per litre buffer). However, the possible rationale underlying this improvement of activity was never discussed by the authors publishing this data.8 Subsequently, a more recent study proposed that the F243I mutation increases the space available in the substrate-binding cleft, resulting in more efficient binding of PET chains, as well as BHET or MHET.31 However, we feel that this proposal is not fully supported by the existing data. On the one hand, (i) it has been shown that a different mutation, F243W, which actually reduces the space available, also results in increase in TPA yields,8 and on the other hand (ii) if the binding of PET chains had indeed shown an improvement, this would have led to less enzyme remaining in solution, and not to more enzyme remaining in solution, as experimentally demonstrated for the F243I mutant, in this paper.
Therefore, we propose instead that the improvement of the activity of F243I could be attributed to either, or both, of the following: (i) the mutant’s reduced PET binding ability, which results in some fraction of the mutant population remaining in solution (as demonstrated here) and acting to hydrolyze OETs, BHET, and MHET, into TPA, thereby increasing the yields of TPA, and/or (ii) an improved ability of the mutant enzyme to act upon MHET, with lower MHET-based inhibition of the enzyme, resulting in enhancement of the overall rate of depolymerization of PET into TPA. It is evident from the docked structure that residue F243 is at a proximal distance from the PET substrate (~3.8 Å). Thus, we propose that it normally facilitates MHET-based inhibition to a greater extent than F125 (which is ~9.7 Å from the short PET chain). 
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FIGURE 4: Comparison of the activity of wild-type LCC, F125L, F243I and F125L/F243I on PET and BHET. A) High concentration (2 µM) activity of all four enzyme variants on PET film at 60°C for 8 hours. B) Low concentration (100 nM) activity of all four enzyme variants on PET film at 60°C for 50 hours. C) Comparison of activities of wild-type LCC and F125L variant at different molar concentrations (0.1 µM, 1 µM and 2 µM) on PET film at 60°C for 50 hours. D) Comparison of activities of all four enzymes (1 µM) on BHET (250 µM), a PET degradation intermediate, at 60°C for 4 hours.  Comparison of the concentrations of E) TPA formed in µM and F) MHET formed in mM, when 0.1 µM of each enzyme was incubated with varying BHET concentrations at 60°C for 4 hours. The error bars show standard deviation from triplicate experiments conducted for all the panels.

 Synergy between LCC and F125L/F243I-LCC leads to even more efficient PET hydrolysis.
Above, F125L/F243I-LCC has already been demonstrated to display attenuated PET binding and enhanced PET degradation, in addition to enhanced BHET and MHET degradation. To further enhance the yield of TPA generated by F125L/F243I-LCC, the possible synergy of its action with that of its parent enzyme, LCC, was examined. The rationale underlying this experiment was as follows. Since LCC binds to PET with higher efficiency than F125L/F243I-LCC, it could potentially saturate the surface of solid PET with higher efficiency than F125L/F243I-LCC. This could, in turn, cause F125L/F243I-LCC, which binds to PET with lower efficiency than LCC, to become available in solution to a greater extent than LCC. Thus, our anticipation was that LCC acting upon solid PET, and F125L/F243I-LCC acting in solution (and also upon solid PET, if allowed by the competition with LCC for available binding space) could act in synergy with each other. Figure 5A shows the synergistic action of the double mutant, F125L/F243I-LCC and LCC, where the total enzyme concentration used is only 100 nM, instead of 2 µM. The incubation was performed at 60 °C for 50 hours. The total amount of TPA formed in the reaction tube having 50 nM each of LCC, and F125L/F243I-LCC, was observed to exceed the TPA formed by 100 nM LCC, or by 100 nM F125L/F243I-LCC. The activity obtained with 50 nM each of LCC and F125L/F243I-LCC was 10.5 % more than that obtained with F125L/F243I-LCC, and 85.2 % more than that obtained with LCC. This demonstrates that there is a clear synergy in the mode of action of the two enzymes. 
It should also be noted that with LCC there is the formation (and residue, or non-conversion) of MHET into TPA, to a much greater extent than is seen with F125L/F243I-LCC, in which MHET-based inhibition is released. Thus, when used together, LCC’s handicap in respect of MHET-based inhibition is no longer much of an inhibition, as MHET is efficiently cleared by F125L/F243I-LCC. Figure 5B shows that the action of LCC on PET film generates greater amounts of OETs, in addition to TPA and MHET. The amounts of these OETs reduces substantially when the double mutant is present, with a corresponding increase in the amounts of MHET and TPA, suggesting that LCC generates large amounts of OETs, BHET and MHET (with the MHET appearing to inhibit the enzyme) when it acts to invade solid PET, and that the presence of F125L/F243I-LCC in solution ensures the degradation of OETs, BHET and MHET into TPA with little or no inhibition of the activity of F125L/F243I-LCC by the MHET produced and released into solution. In other words, we appear to have clear evidence of synergistic action between LCC and F125L/F243I-LCC. The synergy is also demonstrated when 1:3 or 3:1 ratios of LCC: F125L/F243I-LCC are used, as shown in Figures 5C and 5D. When LCC used is at thrice the concentration of F125L/F243I-LCC, the OETs are higher and the amounts of TPA and MHET are significantly lower. In contrast, when F125L/F243I-LCC is used at thrice the concentration of LCC, the OETs are significantly lowered and the yields of TPA and MHET are enhanced, with both situations proving to offer better yields of TPA and MHET than when only LCC is present.
To test the efficacy of a single enzyme consisting of a fusion of LCC and F125L/F243I-LCC, we genetically fused the two with a flexible GS-linker of 22 residues. The activity of the fused enzyme, LGD [i.e., LCC-(GS)22-Double mutant F125L/F243I-LCC], against PET film, at 60 °C, was compared with that of LCC for different incubation times. Figure 5E shows that during initial stages of degradation, i.e., until about 8 h, the yield of TPA generated by 1 µM of LGD is about 3 folds higher than the yield of TPA from 2 µM of LCC alone, representing the same availability of LCC and F125L/F243I-LCC. With higher durations of incubation (e.g., > 25 h), MHET accumulation is seen with LCC, but to an insignificant extent with LGD, as shown in Figure 5F. For ever more extended periods of incubation, e.g., 50 h, the yield of TPA is ~20 % more for 1 µM of LGD in comparison with the TPA generated by 2 µM of LCC. The MHET produced is also reduced in the case of LGD. Figure S5B shows that the best synergistic action is observed with a cocktail containing 33 nM each of F125L-LCC, F243I-LCC and F125L/F243I-LCC. A higher amount of MHET and a reduction in TPA formation is observed when LCC is added to this cocktail, with each of the four enzymes present at concentrations of 25 nM.  Figure S5C also suggests the fusion, LGD, yields the highest amount of TPA, at 100 nM concentration, and replacing 50 % of its population with LCC leads to reduction in TPA formation and an increase in MHET. 
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FIGURE 5: Synergistic action of wild-type LCC and the double mutant F125L/F243I. A) Activity was performed with 100 nM of wild-type LCC, 100 nM of F125L/F243I variant and 50 nM each of wild-type and F125L/F243I. B) HPLC chromatogram comparison for the same. C) Activity was performed with varying ratio of wild-type LCC and F125L/F243I concentration used (1:3 or 3:1) as well as 25 nM and 50 nM activities of both enzymes in separate reaction tubes  D) HPLC chromatogram comparison for the same. E) Activity comparison of 1 µM of LGD and 2 µM of LCC at different incubation times (8 hours, 25 hours and 50 hours). F) HPLC chromatogram comparison for products formed after 25-hour incubation of PET films with the enzymes, LGD and LCC. The error bars in panels A), C) and E) show standard deviation from triplicate experiments.

Comparison of the thermal stabilities of LCC, F125L-LCC, F243I-LCC and F125L/F243I-LCC. 
To engineer an improved variant of a PET-degrading hydrolase that is already known to be thermostable, it is imperative to determine the thermal stabilities of variants. Degradation of PET is most effective at temperatures approaching PET’s glass transition temperature (which is in the vicinity of ~75 °C, depending on the actual level of crystallinity in PET). This is ostensibly because chains of PET are flexible and more accessible to the enzyme’s active site for hydrolysis at such temperatures. The development of biocatalysts that can function well within these higher ranges of temperatures, for long durations, is highly desirable. Here, although our objective was to improve TPA yield, and purity, and not to improve the thermal stability of LCC, we compared the thermal stabilities of LCC and the different variants created, using differential scanning calorimetry (DSC). Figure 6 shows that melting of LCC and its variants shows multi-state unfolding suggestive of the unfolding of different domains, or sub-domains, at different temperatures. The average melting temperature was found to be the highest for F125L/F243I-LCC (~13-19 °C higher than the transitions shown by LCC). In contrast, F125L-LCC, and F243I-LCC, were less stable than LCC, and showed, respectively, 3 °C, and 4 °C, reductions in average melting temperature, in relation to LCC. It may be noted that the technique of DSC measures calorimetric contributions relevant to protein unfolding during heating. The main calorimetric changes and, in particular, the enthalpic changes that are associated with unfolding need not always occur at the same temperatures at which other changes are seen in a protein during its unfolding, e.g., changes associated with secondary structure, during circular dichroism (CD), or tertiary structural changes associated with the exposure of hydrophobic surfaces, during differential scanning fluorimetry (DSF) examining the binding of a fluorescent dye (SYPRO Orange) to such surfaces with concomitant change in fluorescent quantum yield.8 Thus, it turns out that our estimate of the temperatures of melting (Tm values) of LCC, obtained through DSC, is in the range of 60-70 °C, whereas our estimate of the Tm of LCC, obtained through CD experiments, is in the range of 70-80 °C. Others have reported an even higher Tm for LCC, in the range of 80-90 °C, based on DSF experiments.8 Collectively, these different estimates indicate that the bulk of the enthalpic (calorimetric) transition occurs for LCC at temperatures much lower than those which cause the development of higher chain entropy, as measured by CD or DSF. This makes it especially significant that enthalpic changes associated with unfolding occur in F125L/F243I-LCC variant at temperatures that are ~13-19 °C higher than those applicable to LCC, since it suggests that the other transitions must occur at even higher temperatures. For any PET degrading enzyme deployed at temperatures at, or above, 60 °C, a higher Tm is expected to translate into greater enzyme longevity in high-temperature reactions and consequently to greater levels of PET degradation.
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FIGURE 6: Differential scanning calorimetry for A) wild-type, B) F125L, C) F243I, and D) F125L/F243I for thermal stability comparison. The black curves are the raw data obtained after DSC while the red curves are the de-convolution peaks in each case obtained after fitting of raw data with a non-2-state (cursor init) model.

CONCLUSIONS
The effort to improve enzymatic PET hydrolysis is currently largely focused on the improvement of enzymes used for degradation of PET, through improvement in (a) the binding of such enzymes to solid PET, (b) the catalytic efficiency with which such enzymes hydrolyze PET, or (c) the thermal/thermodynamic/kinetic stabilities of such enzymes, to improve their longevity in reaction, in functional form. Here, we point out that while improvement of catalytic efficiency and enzyme stability uniformly improve PET hydrolysis reactions carried out at high temperatures, improvement of PET binding only improves PET hydrolysis in a double-edged manner. This is because enzymes degrading PET into TPA do not just produce TPA from solid PET, to release this TPA into the solution surrounding solid PET. Enzymatic action upon PET also simultaneously releases degradation intermediates (DIs) into solution. These DIs represent a further source of TPA (if they can be degraded further), but they are likely to remain undegraded and, therefore, accumulate in solution if there is no enzyme population available in solution for degrading them. Thus, in direct proportion with the efficiency of enzyme binding to PET, there is also a concomitant depletion of enzyme in the solution surrounding solid PET, with the consequence that the production of TPA from PET, although improved, is not improved to the extent that it could be improved, if arrangements were simultaneously made to also degrade DIs into TPA (leading to TPA of greater purity, and with greater recyclability of this TPA back into PET, as a consequence). 
There are two conceivable approaches for arranging for the degradation of the DIs that are released into solution during the degradation of solid PET. One is to find, or create, an enzyme that does not bind to solid PET, but is still able to bind to the DIs and degrade them. Such an enzyme could conceivably then be additionally deployed in PET degradation reactions, alongside the primary PET-binding and PET-invading enzyme, to allow both enzymes to act in a parallel and synergistic manner. This is an approach that we have recently used successfully, in work that is due to appear elsewhere. The other approach is pull back somewhat from achieving the very extremes of PET binding ability in enzymes being used currently for the degradation of PET, and to mutate some of these PET-binding and PET-invading enzymes to somewhat reduce their tendency to titrate completely onto the surface of solid PET. Such an approach could leave a fraction of the enzyme population in solution at all times (making it available to degrade DIs). It is also possible to mix such mutated forms of enzymes with their original wild-type forms, to allow both to act synergistically. The latter approach is the one adopted in this paper. We show that the enzyme, LCC, upon mutation of two surface phenylalanine residues into alanine, loses some of its PET binding ability, with a consequent improvement in overall TPA yields. This improvement appears to be achieved through a three-pronged set of consequences: (i) by design, there is less PET binding and more enzyme available in solution to degrade OETs, BHET and MHET into TPA; (ii) without design, there is an unintended (apparent) improvement in both BHET-degrading and MHET-degrading abilities over that of the wild-type LCC enzyme, and this further improves TPA yields in solution because BHET is degraded more efficiently into MHET and TPA, and MHET is also more efficiently degraded into TPA; (iii) without design, there is an unintended (apparent) improvement in heat-stability that is likely to improve enzyme longevity in reactions. Further, in addition to the obtained improvement in TPA yields by reducing PET binding, we find that mixtures of the mutated and wild-type enzymes display even greater yields of TPA than the wild-type, or mutated, enzymes. The only conceivable explanation for these higher yields is the synergistic functioning of the wild-type enzyme (located preferentially upon PET’s surface) and the mutated enzyme (presumably being able to remain in solution to a greater extent than otherwise, due to saturation of PET’s surface by wild-type enzyme, especially during early stages of reactions).
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	GRAPHICAL ABSTRACT
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Synergistic action of enzyme sub-populations working upon solid PET and degradation intermediates in solution greatly enhances the yield and purity of terephthalic acid, towards greater recyclability of TPA.
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image7.tiff
Products of PET-bound enzyme acted
upon by engineered LCC (lacking the two
aromatic residues) in solution.

Releasing BHET, MHET and TPA

PET film

Two protruding phenylalanine
residues in LCC that could be vital
for bind to crystalline/semi-
erystalline PET surface

residues.
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Structural superimposition
of LCC and PETase
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