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Present estimates suggest that of the 359 million tons of plastics produced annually
worldwide', 150-200 million tons accumulate in landfill or in the natural
environment?. Poly(ethylene terephthalate) (PET) is the most abundant polyester
plastic, with almost 70 million tons manufactured annually worldwide for use in
textiles and packaging?. The main recycling process for PET, via thermomechanical
means, results in aloss of mechanical properties*. 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 hydrolyse®. Several PET hydrolase enzymes have been reported, but show
limited productivity®’. Here we describe animproved PET hydrolase that ultimately
achieves, over 10 hours, aminimum 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 enzyme®® from the bacterium
Ideonella sakaiensis strain 201-F6 (even assisted by a secondary enzyme'®) and related
improved variants ™ 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.

Giventhat crystalline PET has been found to be subject to only limited
depolymerization by cutinase enzymes®"", we used a commercially
available amorphous PET (Gf-PET, from the supplier Goodfellow) to
compare the activity of several enzymes reported previously to hydro-
lyse PET in their optimal conditions. These enzymes were Thermobifida
fuscahydrolases1and 2 (BTAland BTA2), Fusariumsolani pisi cutinase
(FsC), Ideonella sakaiensis PETase (Is-PETase) and leaf-branch compost
cutinase (LCC) (Extended DataFig.1a,b). LCC outperformed all other
enzymestested, reaching aninitial PET-specific depolymerization rate
0f 93.2 Mgrpeq N MEeppyme ' at 65 °C (Fig. 1a; “TAeq. refers to equiva-
lents of terephthalic acid, as detailed in Supplementary Method 1). We
found LCCtobe atleast 33 times more efficient thanany other enzyme
tested (Fig. 1a and Extended Data Fig. 1b), while also demonstrating
the highest thermostability, with a determined melting temperature
of 84.7 °C (Extended Data Fig. 1a). This depolymerization perfor-
mance of LCC at 65 °C was slightly lower when using bottle-grade PET
(Pf-PET) asasubstrate (Fig.1aand Extended DataFig. 1b), with aninitial
PET-specific depolymerization rate of 81.9 mgyseq h™ Mgepyme ' While
approachingthe glass transition temperature, known to maximize PET
chain mobility and enzymatic depolymerization'®', the LCC reaction
stopped after 3 days at 65 °C with a Pf-PET conversion level of only 31%
(Fig.1b). We observed no inhibition by the depolymerization products

ethylene glycol and terephthalic acid at the concentrations that would
be obtained at100% Pf-PET depolymerization (Extended DataFig. 2a),
and Pf-PET crystallinity was unchanged after 6 days at 65 °C (10% crystal-
linity, as measured by differential scanning calorimetry). Moreover, the
initial kinetics could berestored by adding LCC to the stopped reaction
(Extended DataFig. 2b), implying that the thermostability of LCC was
most likely to be the limiting factor, notwithstanding its high melting
temperature when free in solution. To optimize depolymerization
yields, we sought toimprove both the activity and the thermostability
of LCC through enzyme engineering.

To identify amino acid residues for mutagenesis to improve cata-
lytic activity, we used molecular docking and enzyme contact-sur-
face analysis to investigate the mode of binding of a model substrate,
2-HE(MHET),, in the active site of wild-type LCC (Protein Data Bank
(PDB; https://www.rcsb.org) ID 4EBO). We found that the substrate
bindsinanelongated and predominantly hydrophobic groove (Fig. 2a)
present in all X-ray structures of prokaryotic cutinases reported to
date® 2, Intotal, we identified 15 amino acid residues in the first con-
tact shell, of which we chose 11 for targeted mutagenesis (Extended
Data Table 1). We subjected these 11 positions to site-specific satura-
tion mutagenesis to generate all possible 209 variants. Most variants
showed impaired depolymerization of Pf-PET: more than 25% of the
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Fig.1|LCCoutperformed all other evaluated PET hydrolases during PET-
depolymerization assays. a, Comparison of the specific hydrolysis activity
towards amorphous Gf-PET by: Is-PETase or FsCin 50 mM glycine NaOH buffer,
pH9,at40 °C; BTA-hydrolase1or BTA-hydrolase 2 (BTAland BTA2 respectively)
in1M potassium phosphate buffer, pH 8, at 65 °C; and LCCin100 mM
potassium phosphate buffer, pH8,at 65 °C. The hydrolysis of Pf-PET by LCCin
100 mM potassium phosphate buffer, pH 8, at 65 °Cisalso shown. Equimolar
amounts of purified proteins were used (6.9 NMOl,;ocein Zper * AN 2 Zper lputrer -
Means+s.d.(n=3)areshown.b, Detailed hydrolysis kinetics for Pf-PET
depolymerizationby LCC, asdescribed ina.Each filled symbol represents the
mean+s.d.(n=3).

variants exhibited less than 1% specific activity by comparison with
wild-type LCC, and more than 75% exhibited less than 48% specific
activity (Extended Data Fig. 3a). Variants with 75% or more activity
compared with wild-type LCC were purified and analysed individually
for Pf-PET depolymerization specific activity and determination of
the melting temperature by differential scanning fluorimetry (DSF).
Of 25 such variants, we selected variants and W of the F243 position
for further analysis, as they showed improved activity versus wild-type
LCC (Fig. 2b); we also highlighted variants T96M, Y127G, N246D and
N246M, which exhibited anincreased melting temperature, although
no improvement in Pf-PET depolymerization activity (Extended Data
Fig.3b).

To improve the thermostability of LCC, we sought divalent-metal-
binding sites known toincrease enzyme thermal stability in PET hydro-
lases®*?*. No such metal-ion-binding site could be directly observed
inthe 1.5 A X-ray structure of LCC®. However, such a site—formed by
the side chains of three acidic amino acid residues—can be identified
at topologically equivalent positions in the X-ray structures of three
cutinase homologues (Fig. 3a). The corresponding residue tripletin
LCC comprises two acidic residues (E208 and D238) and the neutral
S$283 (Fig. 3a). DSF experiments confirmed that LCC was thermally
stabilized by the addition of calcium ions (the melting temperature
increased by 9.3 °C on addition of 35 mM CacCl,), in accordance with
previous results® (Fig. 3b). However, in order to reduce reaction costs
and the need for extensive downstream purification, we preferred
to avoid salts and additives. We adopted the alternative strategy of
replacing the divalent-metal-binding site with adisulfide bridge?. The
Co—Cai(4.5A) and CB-Cp (4.4 A) interatomic separation distances for
the D238 and S283 residue pair in the LCC X-ray structure were com-
patible with the engineering of a disulfide bridge®. A D238C/S283C
variant was produced and disulfide-bond formation verified by DSF
(Extended DataFig. 4), allowing thermal stabilization of LCC without
dependence on calciumions (Fig. 3b). This variant exhibited a melting
temperature of 94.5 °C (9.8 °C higher than that of wild-type LCC), with
adecrease in activity of only 28% (Extended Data Fig. 3b).

We added the two mutations leading to the highest specific activity
to the new thermostable variant. The resulting F2431/D238C/S283C
(ICC) and F243W/D238C/S283C (WCC) variants restored the activity
ofthe D238C/S283C variant to at least wild-type LCC levels (122% and
98%, respectively), with melting temperatures that were 6.2 °C and

10.1°Chigher, respectively (Extended DataFig.3b). Subsequently, we
added T96M, Y127G, N246D or N246M mutations—shown to improve
thermostability—to ICCand WCC, generating eight new variants. After
comparative analysis of specific activities and melting temperatures
(Extended Data Fig. 3b), we selected variants F2431/D238C/S283C/
Y127G (ICCG), F2431/D238C/S283C/N246M (ICCM), F243W/D238C/
$283C/Y127G (WCCG) and F243W/D238C/S283C/N246M (WCCM), as
they retained specific activity that was similar to or higher than that
of wild-type LCC, with improved melting temperatures ranging from
+9.3°Cto+13.4°C.

Toenableascale-up of the process, we evaluated these four quadru-
plevariants (ICCG, ICCM, WCCG and WCCM) in bioreactor conditions
and using post-consumer coloured-flake PET waste (PcW-PET). This
PcW-PET is the under-valorized residue remaining after the ultimate
sorting thatleadsto clear PET waste (the latter being used for the ther-
momechanical process of PET recycling). We raised the concentration
of PcW-PET to 200 g kg™ of the total weight of the reaction volume
(PET plus liquid phase) in order to maximize reactor productivity. We
applied pretreatment technologies (extrusion and micronization) that
arewidely used by plastic industries?®*’ to amorphize and increase the
exchange surface of PcW-PET, performing this pretreatmentonaton-
scale here. We raised the temperature to 72 °C in order to maximize
kinetic turnover (Fig. 4), 75 °C being detrimental to PET conversion
(Extended Data Fig. 5a) owing to rapid recrystallization of PcCW-PET.
Indeed, 24.7% crystallinity was reachedin 9 hat 72 °C, whereas it took
only 6 htoreachits maximal 37.5% at 75 °C (Extended Data Fig. 6). The
best conversion level was obtained with ICCG and WCCG, achieving 82%
and 85% conversion in 20 h and 15 h respectively (Fig. 4a). Wild-type
LCC, which shows reduced thermostability compared with the ICCG
and WCCG variants (resulting in a rapid decrease in reaction kinetics
after 2 h), reached only 53% conversion in 20 h. The remaining 47% of
PcW-PET had a high level of crystallinity, estimated at 28.9%, making
animmediate reuse for PET depolymerization unsuitable.

As aratio of 3 milligrams of enzyme per gram of PET appeared to
maximize PcW-PET depolymerization (Extended Data Fig. 5b), we com-
pared ICCG and WCCG at this ratio. Under these conditions, 90% depo-
lymerization was obtained for both WCCG and ICCG variantsin10.5h
and 9.3 h, respectively (Fig.4b). For the ICCG variant, a higher initial rate
was observed (Extended Data Fig. 5c), and we determined a maximum
specific space-time-yield of 70.1g, 1" h™ gerpyme 1 (7.9 Z1a ™" N7 Berngyme
over the course of the reaction), corresponding to amaximum produc-
tivity of 42.1g;, 17" h™ (16.7 g, 1" h™ over the course of the reaction). This
mean productivity was 98-fold higher than the productivity reported
previously by using TfCut2 with amorphous PETY. Notably, it is also
considerably higher than the productivity reported during degradation
of starch® (4 g1 h™) or cotton® (0.31g 1 h™). To enable the scientific
community to use this enzyme as a reference, we assayed its perfor-
mance with commercially available Gf-PET in laboratory-scale condi-
tions (as described in Supplementary Method 1); the initial rate was
105.6 £3.9 Mgpeq h ' MEeyme - Togainbetter insight into the structural
effects of the mutations, we combined X-ray crystallography (Extended
DataTable 2 and Extended Data Fig. 7) and molecular-dynamics simu-
lations of the enzymes. In the free state (Extended Data Fig. 8a), no
substantial difference was observed between parental LCC and ICCG.
Conversely, molecular-dynamics simulations of the ICCG variant in
complexwiththe 2-HE(MHET), model substrate (Extended DataFig. 8b,
c)revealed that the mutationsintroducedin ICCG facilitate the catalyti-
cally productive binding of 2-HE(MHET), compared with parental LCC
(Extended DataFig. 8b, c). Accordingly, molecular mechanics/general-
ized Bornsurface area(MM/GBSA) calculations predicted anincreased
affinity of ICCG towards 2-HE(MHET), (AAG =-1.37 kcal mol™).

Asacompromise between productivity and enzyme cost, we used the
optimized ICCG variant at 2 mg gp; ' in a150-I pilot-scale depolymeriza-
tionatavery high PcW-PET content (200 g kg™). We calculate that the
costof enzyme needed torecycle1ton of PET represents approximately
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Fig.2|Improvement of the PET-depolymerization specificactivity of LCC
after mutagenesis by saturation of the residuesin contact witha
2-HE(MHET); substrate. a, Structural model of 2-HE(MHET), (coloured stick
model) docked inwild-type LCC (grey ribbon). The putative substrate-binding
site of LCC canbe subdividedinto three subsites (-2, -1, +1), eachin contact
with the MHET units numbered relative to the scissile ester bond

Y95

4% of the ton-price of the virgin PET, with a production cost of US$25
per kilogram of protein estimated using the cost of production of a
cellulase in Trichoderma reesei ($5-$23 per kilogram of protein®?).

As afirst step of process development, we recycled only the tere-
phthalic acid that represents the main part of the PET in weight (1ton
of PET waste leads to 863 kg of terephthalic acid). Using industrially
relevant processes (namely discolouration by activated carbon, com-
monly used inlarge-scale processes®, and crystallization, the final step

Fig.3 |Improvement of LCC thermostability by addition of adisulfide
bridge. a, The main figure shows locations of putative sites that coordinate
divalent metalionsinthe crystal structures of identified PET hydrolases. On
wild-type LCC (ribbon), catalytic residues (S165, D210 and H242) and the
C-terminal disulfide bond (C275-C292) are shown as bluerods. Divalent metal
ionsareshownasgreenspheres.Inthe upperinset, residues that bind metal
ionsin Thermobifida alba Est119 (PDBID 3WYN) are shown as purple sticks,
withtheresiduesindicated with an asterisk; metal-binding residuesin
Thermobifida cellulosilytica Thc Cutl (PDBID 5LUI) are shown as yellow sticks,

218 | Nature | Vol 580 | 9 April 2020

40

ke

35

Gain of specific activity (%)

F243| F243wW

(red triangles). Amino acidsin the first contact shell of LCC are shown as grey
rods. Catalyticresiduesare in magenta.b, Calculated percentage improvement
inspecificactivity of Pf-PET depolymerization by the F2431and F243W variants
compared with wild-type LCC at 65 °C (6.9 NnMOl,,ocein Eper AN 2 Zper lpufrer -
Means +s.d. (n=3) are shown; *P<0.025;**P<0.005 (one-sided t-test).

for the chemical production of terephthalic acid**), we purified tere-
phthalic acid monomersto alevel higher than 99.8%, with an American
Public Health Association (APHA) colour number of 2.9. During this
process, 0.6 kg of sodium sulfate was produced per kg of recycled PET.
With our new process, the recycling of 100,000 tons of PET per year will
produce around 60,000 tons of sodium sulfate per year, representing
0.28% of the world market of sodium sulfate (21.5 million tons per year,
especially in the detergent, paper and glass industries, with a2.9%
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with theresidues underlined in black; and the metal-binding sites in
Saccharomonosporaviridis Cut190 variants (PDBID 4WF) and 5ZNO) are shown
asgrey sticks, with residue names underlined inred. The left panels show a
putative calcium-binding site formed by E208, D238 and S283in LCC (with
calciumshownasablue sphere), and the disulfide bond (yellow) introduced
here.b, Assessment of melting temperature (7,,) by DSF for both wild-type LCC
and the D238C/S283C variantinthe presence of increasing concentrations of
CaCl,.Curvesrepresent the optimalfit to the data, and each symbol represents
themean+s.d. (n=3).
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Fig.4 |Improved performance of LCC variants in enzymatic
depolymerization of post-consumer PET waste. Assays of PcCW-PET

(200 gkg™) depolymerization were carried out in Minibio bioreactorsat pH 8
and 72°C.a, Comparison of PcW-PET depolymerization kinetics at
1Mgensyme Eper - for the WCCG, ICCG, WCCM and ICCM variants and wild-type
LCC.b, Comparison of PcW-PET depolymerization kinetics at 3 Mge,,yme Sper |
for the WCCG and ICCG variants. PET-depolymerization percentages were
calculated on the basis of NaOH consumption.

annual growth rate)®. We used the terephthalic acid produced here
to synthesize virgin PET. During PET synthesis (in the polycondensa-
tionstep), thelevels of diethylene glycol, antimony and phosphorous
and the value of carboxylic end groups were in the range of the bottle-
grade PET norm (2.2%,177 ppm, 14 ppm, 23 mg,, &, respectively). At
the end of the synthesis process (during solid-state polymerization),
the evaluated number average molecular weight (36,650 g mol™) and
intrinsic viscosity (0.75 dl g™) of the newly made PET were similar to
those of PET synthesized using petrochemical terephthalicacid (evalu-
ated number average molecular weight 38,390 g mol™ and intrinsic
viscosity 0.78 dlg™). Bottles blown from this PET had similar mechanical
properties (a displacement of 2.9 mm at a maximal top-load force of
176 N) to those of commercial PET bottles (a displacement of 3.0 mmat
amaximaltop-load force of 181 N). Moreover, their excellent lightness
values of 87.5% are better than those of the minimal standard for PET
bottles (greater than 85%).

Here, using computer-aided enzyme engineering, we have improved
enzyme-catalysed PET depolymerizationto 90% conversioninless than
10 h, withamean productivity of16.7 g;, 1" h™. We have used the result-
ing purified terephthalic acid monomers to synthesize PET, whichwas
ultimately blownintobottles, closing the loop of the circular economy.
With the urgent global need to address the issue of plastic disposal—
and with many governments, national and international agencies and
manufacturers committing to sustainability goals and the idea of a
circular economy—the enzymatic processing of PET waste described
here may help to meet such goals.
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Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Enzyme Organism of origin Uni_protKB Reference_of po_ly_ester Estimated Tm by DSF
Accession number hydrolytic activity (°C) £s.d.
BTA-hydrolase 1 Thermobifida fusca Q6A014 23, 36 70.8 £0.0
BTA-hydrolase 2 Thermobifida fusca Q6A0I3 23 67.2+0.3
FsC Fusarium solani pisi P00590 16 56.2 £ 0.2
Is-PETase Ideonella sakaiensis 201-F6 AOAOK8P6ET7 8 46.4 £0.2
LCC Uncultured bacterium G9BY57 37 84.7 £0.2
b
PET substrate Enzyme Buffer Specific activity (MgTaeq-h™'-MGenzyme ') * s.d.
40°C 50°C 60°C 65°C
Gf-PET Is-PETase 50 mM glycine NaOH pH 9 0.01 +0.00 n. d. n. d. n. d.
Gf-PET FsC 50 mM glycine NaOH pH 9 0.07 £ 0.01 0.02 +0.00 n.d. n.d.
Gf-PET BTA-hydrolase 1 1 M potassium phosphate pH 8 n. d. 0.79 +0.03 2.36 +0.34 2.76 +0.70
Gf-PET BTA-hydrolase 2 1 M potassium phosphate pH 8 n. d. 0.27 +£0.04 1.85 £ 0.21 2.10 £ 0.41
Gf-PET LCC 100 mM potassium phosphate pH 8 n. d. 16.20 £ 0.07 59.73 £ 3.17 93.19 £ 0.29
Pf-PET LCC 100 mM potassium phosphate pH 8 n.d. 17.02 £1.96 n.d. 81.85 +4.53

Extended DataFig.1|LCCoutperformed all other evaluated PET hydrolases hydrolase 20or LCC (6.9 NMOl,;oein per ' aNd 2 Zper lpurrer 1) in their respective
during PET-depolymerization assays. a, Enzymes used here thatarereported buffersatvarious temperatures. The highest specific activities obtained arein
to hydrolyse PET®16233637 Melting temperatures (T,,) were assessed by DSF; bold. The specificactivity of LCC towards Pf-PET isalso shown. Means +s.d.
values correspond to means +s.d. (n=3).b, Hydrolysis of amorphous Gf-PET (n=3)areindicated; n.d., notdetermined.

using equimolar amounts of purified Is-PETase, FsC, BTA-hydrolase 1, BTA-
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Specific activity Product addition Specific activity after product addition
Enzyme (MgTaeq-h" . MGenzyme ') £ 5.d. at 3 days (MgTaeq-h" . MGenzyme ') £ 5.d.
Wild-type LCC 76.8 £0.8 n. a. n.a.
Wild-type LCC 70.6 £2.2 100 mg Pf-PET n.d.
Wild-type LCC 717 £5.3 0.69 nmol wild-type LCC 76.6 £11.7
Extended DataFig.2|The thermostability of LCCat 65 °Cis thelimiting PET depolymerization. Eachsymbol showsamean+s.d.(n=3).b, The

factor in PET depolymerization. a, Depolymerization of PET by wild-type LCC thermostability of LCCisalimiting factor for the PET-depolymerizationyield.
isnot affected by the products of hydrolysis. The graphs compare the kinetics No changeis observed upon adding 100 mgamorphized Pf-PET after 3 days of

of Pf-PET depolymerization at 65 °C with or without further addition of reaction at 65 °C (empty diamond) compared with the kinetics of Pf-PET
ethylene glycol (EG; calculated yields (percentages) are obtained fromthe depolymerization by wild-type LCC (filled diamond). However, adding
quantity of terephthalic acid equivalents (TA,,) released during the reaction), 0.69 nmol of wild-type LCC after 3 days of reaction at 65 °Crestarts the

and with or without further addition of TA (calculated yields obtained from the previously stopped assay (filled circle) with anidentical specific activity to that
quantity of EGreleased during the reaction). Theamount of EG or TAadded at determined originally (showninthe table). Eachsymbolrepresentsa

reactioninitiation correspondsto the quantity of productsreleased with100%  mean+s.d. (n=3); n.a.,notapplicable; n.d., not determined.
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Specific activity Specific activity Estimated Tm ATm
compared to wild-type LCC by DSF
Enzyme (MGraeq-N " MPenyme ') £ 8.0. (%) £s.d. (°C)xsd. (°C) £sd.
Wild-type LCC 81.9+56 100 847 £0.2 0
T96M 59.3 £3.1 725 +38 87.4+0.2 +2.7 £0.2
Y127G 545+53 66.6 £ 6.5 87.0+0.0 +2.3 £0.0
F243I 1044 £5.2 1275+ 6.4 81.6+0.0 -3.1+£0.0
F243W 96.9 +5.6 1184 +6.8 86.1 £ 0.0 +1.4 £0.0
N246D 85.4+23 104.3+29 87.9+0.0 +3.2+0.0
N246M 81.5+1.8 99.6 +2.2 88.0 £ 0.2 +3.3+0.2
D238C/S283C 59.2+23 724 +£28 942+ 0.0 +9.5+0.0
F2431/D238C/S283C 100.2 + 15.8 122.4 +19.3 90.9+£0.0 +6.2 £0.0
F243W/D238C/S283C 80.0+7.5 97.7 £ 9.1 948+0.0 +10.1+£0.0
F2431/D238C/S283C/T96M 70.1 £1.5 85.7+1.8 942+ 0.0 +9.5+0.0
F2431/D238C/S283C/Y127G 82.0 £3.9 100.1 +4.8 94.0+0.2 +9.3 £0.2
F2431/D238C/S283C/N246D 154 +£20 188 +24 86.4 + 0.0 -0.1 £0.0
F2431/D238C/S283C/N246M 96.4 +2.9 117.7 £ 3.5 945+0.0 +9.8 £ 0.0
F243W/D238C/S283C/T96M 48.2 +3.0 589 +3.7 98.0+0.2 +13.3+0.2
F243W/D238C/S283C/Y127G 759 £5.9 927 +7.2 98.0+0.2 +13.3+0.2
F243W/D238C/S283C/N246D 229 +1.9 28.0+24 88.6 £+ 0.2 +3.9+£0.2
F243W/D238C/S283C/N246M 85.8 +4.5 1049 +55 98.1+0.0 +13.4+0.0
Extended DataFig.3 | Comparative analysis of the LCC variants generated quartiles of the distribution, respectively. The median valueis shownasared
here. a, Boxplotdistribution of the saturation results. We produced 209 line.b, Comparison of specific activities and melting temperatures of wild-
variants by semi-purification, and determined their respective percentage of type LCC and the variants used here. Experiments were performed through
specificactivity withrespect to the wild-type LCC, measured in the same Pf- preparative production of enzymes followed by a Pf-PET-depolymerization

PET-depolymerization conditions. Qland Q3 correspond to the first and third assay (see Supplementary Method 1). Means +s.d. (n=3) are shown.
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Extended DataFig. 4 |Formation of anadditional disulfide bridge withinthe  concentrationsof DTT reduced disulfide bridges, resultingin proteins with

D238C/S283C variant of LCC. First derivatives were calculated from DSF reduced thermostability. Grey highlighting represents populations with 0, 1or
thermal denaturation curves for wild-type LCC (solid line) and the D238C/ 2formed disulfide bridges. Low DTT concentrations (blue curves) were not
S283Cvariant (dashedline) inthe presence of 0 mM,1mMor100 mM sufficientto completely reduce all disulfide bridges, resulting in amixed

dithiothreitol (DTT). Firs

t-derivative peaks correspond to protein melting population of proteins with intermediate melting temperatures. RFU, relative

temperatures. Each curveisrepresentative of atriplicate test. The increasing fluorescence units.



a 100 b 100 -
e =
90 A 90 A /_';.
’
80 - 80 A Sy
. . '1/‘
PEO, 70 4 é 70 A ,l/.
r .
S 60 - sed{ /I
8 s !
é 50 - g 50 A ;
> 40 A = 404 !
(e} (e} LA
& S 30 { )
3 30 1 a 'l.
20 - 20 4 | 1mgenzyme/gPET
10 4 72°C 10 4 — - —-=2mgenzyme/gPET
................. 75°C - - === 3mgenzyme/gPET
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Time (hours) Time (hours)
Cc
Temperature Enzyme Calculated depolymerization from : Initial rate from
. NaOH TAeq . .
concentration consumption EG produced produced Residual PET NaOH consumption
Enzyme (°C) (MYenzyme-greT ) (%) (%) (%) (%) (Ghydrolyzed PET-L.0")
Wild-Type LCC 72 1 52.7 53.3 55.1 53.9 25.7
F2431/D238C/S283C/Y127G 72 1 82.0 84.0 86.0 85.6 31.0
72 2 92.9 93.3 96.1 95.3 40.3
72 3 93.6 99.5 96.5 95.1 44.7
75 1 59.3 60.2 62.7 60.9 34.4
F2431/D238C/S283C/N246M 72 1 78.4 81.9 84.7 81.2 32.2
F243W/D238C/S283C/Y127G 72 1 85.5 89.7 89.0 88.6 30.3
72 3 92.4 98.8 89.0 92.3 36.2
F243W/D238C/S283C/N246M 72 1 79.6 83.1 81.6 82.5 28.5

Extended DataFig. 5| Comparative analysis of the kinetics of PcCW-PET
depolymerization in Minibio bioreactors by the LCC variants generated
here. a, Effect of temperature on PcW-PET depolymerization by the LCC variant
F2431/D238C/S283C/Y127G at 72 °Cor 75 °C, With 1 Mg,y me Zper - b, Effect of
enzyme concentration on PCW-PET depolymerization by the LCC variant F2431/
D238C/S283C/Y127G at 72 °C With 1 MgEen,yme Bper ' » 2 MEenzyme Sper - OF

3 MEenzyme Erer - Percentages of PET depolymerization were calculated onthe
basis of NaOH consumption. ¢, Comparison of wild-type LCC and variantsin

assays of PcCW-PET depolymerizationin 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 depolymerizationyields (after 24 h), based on either NaOH
consumption, EG produced, TA,, produced, or the weight of residual PET. The
last columnrepresents the calculated initial rate of the reaction, based on
NaOH consumption.
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Extended DataFig. 6 | Kinetics of PET crystallization. Evolution of the crystallinity level of PET (from coloured PcW-PET) at 65 °C, 70 °C,72°Cand 75 °C.



Extended DataFig.7|Overall structures of the catalyticinactive LCC variant
S165A and the catalyticinactive F2431/D238C/S283C/Y127G variant S165A.
a, Left, wild-type LCC (PDBID 4EBO; green) and the catalytic inactive variant
S165A (cyan) are superimposed (with aroot mean square deviation (RMSD) of
0.25Aover 214 Caatoms). Catalytic residues are represented as magentarods.
Theclose-up ontheright focuses on the catalytic serine (5§165) and
neighbouring residues. Also shown is an unbiased composite omit map (grey
mesh, 2F, - F.) contoured at2.0caround residues 164-166. The S165A mutation
does notstructurally affect the folding of the protein around this position.
Moreover, theinactivated enzymeis more liable to crystallize and generate
better-quality crystals, sowe introduced the SI65A mutation to our most

~ SIA165

efficient LCC variant, namely F2431/D238C/S283C/Y127G (ICCG). b, Wild-type
LCC (PDBID 4EBO; green) and the catalytic inactive SI65A mutant of the ICCG
variant (tan) are superimposed (RMSD = 0.27 Aover220 Ca 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 LCCarerepresented as thinner rods by comparison with the ICCG variant.
Unbiased composite omit maps (grey mesh, 2F, - F,) contoured at1.50are
shown.None of the introduced Y127G, S165A, F2431 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 cysteineresidues, labelled as conformersaandb.
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Extended DataFig. 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 Cax atoms calculated per residue along molecular-
dynamics simulations of enzymesin the apo conformation. The RMSF is linked

tothe crystallographic B-factor (B) as follows: RMSF=+v ( 32 ) Red arrows,

3
s
B-strands; black rectangles, a-helices; yellow rectangles, loops in the X-ray
crystalstructure of the wild-type LCC (PDB ID 4EBO); dashed lines, positions of
catalyticresidues. b, Monitoring of key catalyticinteratomic distances that
characterize the catalytic events occurring during molecular-dynamics
simulations of enzymesin complex with the model substrate 2-HE(MHET),. At
therightisarepresentationofthe catalytictriad (residues S165 (Ser165), H242
(His 242) and D210 (Asp 210)) and 2-HE(MHET),, 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-typeand ICCG LCCin complex with2-HE(MHET), (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 hydrogenbonds that assist the catalytic mechanism. The graphs
highlight the favoured catalytically productive state adopted by 2-HE(MHET),
invariantICCG. Substantial changes are observed for dland d2. Whereas ICCG
mainly sampled conformations near the catalytically productive state (average
dlisapproximately 3.2 A; average d2is approximately 2.8 A), 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 enzymesin
complexwith 2-HE(MHET),, the average distance separating the substrate
cleavagesite fromthe catalytic serine (5§165) hydroxyl oxygen was substantially
shorterinICCG thanin parental LCC, suggesting that formation of the covalent
intermediate during catalysis would be facilitated. ¢, Occurrence of key
hydrogen bonds (HBs) between pairs of catalytic residues. The third and fourth
columns show the proportion of snapshotsinwhichan HB interactionis
observed between the pairs of catalytic residues S165/H242 and H242/D210
duringthe first 30 ns of simulations. The higher occurrence of HBsinthe ICCG
simulation between the S165 hydroxyl oxygen and the catalytic H242 e nitrogen
could assistinthe abstraction of the S165 hydroxyl hydrogen by H242, and thus
enhance the catalytic performance of this variant.



Extended Data Table 1| Sequence analysis of eight prokaryotic cutinase homologues of known crystal structure

PDB Catalytic & Putative 3PET binding residues
Enzyme D %D
SITE -2 SITE -1 SITE +1
Lcc 4eb0 100 Y95  F125 Y127 M166 W190 A213 G94 T96  H164 S165 D210 V212 H242 S101 F243 N246
Leaf branch metagenome e e _— e
Is-PETase
L 5xg0  49.2 Y58 L88 Q90 M132 W156 Al80 G57  T59 W130 S131 D177 1I179 H208 564 S209 N212

Ideonella sakaiensis
TfCut2

o 4cg2  59.9 Y60 L90 Q92  M131 W155 Al79 G59 T6l1  H129 S130 D176 1I178 H208 S66  F209 N212
Thermobifida fusca
The Cutt .

o . Slui  60.3 Y61 L91 Q93 M132 W156 Al80 G60  T62  H130 S131 D177 1I179 H209 S67  F210 N213
Thermobifida cellulosilytica
The Cut2 .

o . 5luj  59.1 Y61 L91 Q93 M132 W156 Al80 G60  T62  H130 S131 D177 1I179 H209 S67  F210 N213
Thermobifida cellulosilytica
Est119

o 3wyn 61.2 Y99  L129 Q131 M170 W194 A218 G98  T100 H168 S169 D215 1217 H247 S105 F248 N251
Thermobifida alba
Cutt90 variants 4w, 56.9 F106 L136 Q138 M177 W201 A225 G105 T107 H175 S176 D222 1224 H254 S112 F255 N258
Saccharomonosporas viridis ~ 5zno
PmC ) 2fx5 24.7 T58 N86 G88 Q127 Y150 Al79 G57 G59  H125 S126 D176 1I178 H206 T64 F207 V210
Pseudomonas mendocina

Relative Shannon entropy 0.36 0.70 0.47 0.17 0.20 0.23 0.005 0.49 0.19 0.005 0.007 0.36 0.002 0.63 0.43 0.55

The enzymatic substrate-binding site can be subdivided into three subsites (-2, -1, +1), each in contact with the MHET units numbered relative to the scissile ester bond. For LCC, catalytic
residues are underlined with a solid line, and residues involved in formation of the oxyanion hole are underlined with a dotted line. Column 3 (%ID) indicates the percentage of sequence identity
relative to wild-type LCC. Columns 4-6 (Site -2, Site -1 and Site +1) show the amino acid residues in contact with the 2-HE(MHET); substrate, as well as the catalytic serine and the histidine from
the first shell and the aspartate from the second shell (5165, H242 and D210 in LCC). The bottom row shows the relative Shannon entropy, calculated from a multiple sequence alignment of 609
LCC homologues using the software tool SEQUESTER. We found 15 amino acid residues in the first contact shell and selected 11 for mutagenesis experiments (the essential catalytic S165 and
H242 residues, the conserved M166 residue forming the oxyanion hole involved in stabilization of the tetrahedral reaction intermediate, and the highly conserved G94 residue were excluded
when Y95, the second residue of the oxyanion hole, was selected for mutagenesis, as it is less conserved than M166).
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Extended Data Table 2 | Data collection and refinement statistics

LCC Y127G-S165A-D238C-F2431-S283C  LCC S165A
(PDB 6THT) (PDB 6THS)
Data collection
Space group P63 P63
Cell dimensions
a, b, c(A) 109.41, 109.41, 35.18 109.60, 109.60, 35.28
o, B,y (© 90, 90, 120 90, 90, 120
Resolution (A) 32.98-1.14(1.18 - 1.14) 47.46-1.10(1.13 - 1.10)
R eree 0.09 (0.95) 0.06 (0.62)
1/cl 11.80(1.97) 18.06 (3.27)
Completeness (%) 99.98 (99.99) 99.60 (97.52)
Redundancy 9.5(9.1) 12.7 (12.0)
CC12 0.99 (0.75) 0.99 (0.91)
Refinement

Resolution (A)
No. reflections
Rwork / Rfree
No. atoms
Protein
Imidazole
Glycerol
Citrate
Dioxane
Water
B-factors
Protein
Imidazole
Glycerol
Citrate
Dioxane
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

32.98-1.14 (1.18 - 1.14)
87452 (8676)
0.11 (0.18) 7/ 0.13 (0.19)

1976
5

6

13

299

15.88
10.95
17.00
23.43

28.22

0.019
1.83

47.46-1.10 (1.13 - 1.10)
98540 (9813)
0.13 (0.30) / 0.16 (0.32)

1982




natureresearch

Last updated by author(s): Feb 5, 2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Software and code

Policy information about availability of computer code

Data collection X-Ray data were collected at ALBA using the XALOC beamline (wavelength 0.9791 A), and at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) using the ID30b beamline (wavelength 0.9762 A)
Tm were estimated on a Bio-Rad CFX96 real-time PCR system using the Bio-Rad CFX Manager software
Thermal characteristics and crystallinity of PET powders were estimated using a DSC 3 from Mettler Toledo
Chromoleon software was used for acquisition of spectra on Agilent 1200 and Ultimate 3000 UHPLC systems.
Minibio bioreactor parameters were followed and controlled using my-Control bio controller system (Applikon Biotechnology, Delft, The
Netherlands)
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Data analysis X-ray data processing, structure determination and analyses were carried using standard software packages including XDS, autoPROC
toolbox, Phaser, REFMACS, Coot, Phenix, Pymol

Protein multiple alignement were done using MAFFT version 7.310
Protein signal peptides were predicted with SignalP

Relative Shannon entropy measures of amino acid residue type variation at each position in a multiple sequence alignment were
calculated using SEQUESTER software tool. MMPBSA.py was used to estimate the relative free energy of binding of the substrate model
to the enzyme. AMBER 16 package was used for molecular dynamics simulations with the use of the Berendsen algorithm, the Particle
Mesh Ewald algorithm and the SHAKE algorithm. All trajectory analyses were performed with the CPPTRAJ module

The Avogadro software version 1.1.1 was used to model the substrate, and the Delaunay/Laguerre tessellation using the VLDP software
was used to identify contact shell in substrate/enzyme complex

LEaP, propKa, RESP method implemented in the Gaussian 09 software, Amber ff14SB force field

UHPLC data were analyzed using Chromoleon software version 6.8 for integration of chromatograms.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Structural coordinates have been deposited into the PDB database. Other data are included in this article. Additional supplementary data are available from the
corresponding authors upon request.
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Blinding For kinetics measurements, the analytical team who analyzed the amounts of products released were blind to the samples they were
analyzing.
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Materials & experimental systems
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