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Efficient polyethylene terephthalate degradation at
moderate temperature: a protein engineering study of
LC-cutinase highlights the key role of residue 243
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Enzymatic degradation of poly(ethylene terephthalate) (PET) is becoming a
reality because of the identification of novel PET-hydrolysing enzymes
(PHEs) and the engineering of evolved enzyme variants. Here, improved
variants of leaf-branch compost cutinase (LCC), a thermostable enzyme
isolated by a metagenomic approach, were generated by a semi-rational
protein engineering approach. Starting from a deleted LCC form lacking
the secretion signal (ALCC), single and double variants possessing a higher
activity on PET were isolated. The single-point F243T ALCC variant par-
tially (~ 67%) depolymerized amorphous PET film producing ~ 21.9 mm of
products after 27 h of reaction at 72 °C. The S101N/F243T ALCC double
variant reached a further increase in activity on PET. Notably, for both
single and double variants the highest conversion yield was obtained at
55 °C. Kinetics studies and molecular dynamics simulations support that a
slight decreased affinity for PET is responsible for the superior degradation
performance of the S101N/F243T variant and that this stems from a
slightly higher flexibility of the active site region close to position 243. Fur-
thermore, our findings question the need for a high reaction temperature
for PET degradation, at least for LCC: at > 70 °C, the conversion of
amorphous PET into a more crystalline polymer, resistant to enzymatic
hydrolysis, is favoured. The evolved S101N/F243T ALCC variant is able
to depolymerize fully 1.3 g of untreated postconsumer PET waste in
< 3 days at 55 °C (using 1.25 mg of enzyme only), this making PET enzy-
matic degradation by engineering LCC a more ecofriendly and sustainable
process.
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3PET, PET trimer monohydroxyethyl terephthalate 2-HE-(MHET)3; BHET, bis(2-hydroxyethyl) terephthalate; CD, circular dichroism;

CTAB, cetyltrimethylammonium bromide; DLS, dynamic light scattering; EG, ethylene glycol; GAFF, general Amber force field; IsPETase,
Ideonella sakaiensis PETase; Ky, affinity constant; k., maximal rate of ester bond cleavage; LCC or LC-cutinase, leaf-branch compost cuti-
nase; MD, molecular dynamics; MHET, mono(2-hydroxyethyl) terephthalate; PCR, polymerase chain reaction; PET, poly(ethylene
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square fluctuation; SSM, site saturation mutagenesis; Tg, glass transition temperature; TIP3P, transferable intermolecular potential 3P;
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Introduction

It has been estimated that about 5.8 billion tonnes
(~ 70% of the plastic materials produced worldwide
since the early 1950s) have been disposed in dumpsites
or into the natural environment [1]. This figure is likely
to rapidly grow since, by 2050, more than 33 billion
tons of plastics (mostly single use disposable packaging
materials) will be globally produced. Importantly, plas-
tics landfill did not decrease in the last 10 years [2].
This waste recalcitrant material adds up because of its
poor biodegradability, posing several threats to the ter-
restrial and marine ecosystems and, eventually, to
human’s health [3,4] due to the accumulation of
micro- and nanoplastics in the food chains [5,6]. Poly
(ethylene terephthalate) (PET) is the most relevant
polyester; it consists of alternating ethylene glycol
(EG) and terephthalic acid (TPA) monomers linked by
ester bonds. This thermoplastic polymer is widely used
because of its excellent processing properties [7].

Within the context of plastics circular economy, a
great interest has been attracted by the biocatalytic
depolymerization of waste-derived PET that allows the
production of the TPA and EG monomers for the
resynthesis of novel PET possessing properties identi-
cal to the virgin PET and better than those of conven-
tionally (mechanically or chemically) recycled PET [8].
Despite the polyester nature of PET, only few hydroly-
tic enzymes have been reported to catalyse its depoly-
merization [9]. In 2016, a PET hydrolytic enzyme
(PHE) was identified from the mesophilic bacterium
Ideonella sakaiensis, a microorganism that can com-
pletely degrade a small PET film within 42 days when
cultivated in a fed-batch culture [10]. Later on, the
two key enzymes involved in the hydrolysis of PET by
1. sakaiensis were identified: an extracellular PET
hydrolase (IsPETase) [11,12] able to cleave the PET
polymers into the intermediates bis- and mono(2-
hydroxyethyl) terephthalic acid (BHET and MHET
respectively), and the cell membrane-associated MHET
hydrolase [13].

The enzymatic susceptibility of PET is strictly
related to its chemo-physical properties and, specifi-
cally, to the ratio between crystalline and amorphous
fractions. Semi-crystalline PET shows a glass transition
temperature (7,) of ~ 70 °C. At this temperature, the
mobile amorphous fraction of the PET polymer can be
preferentially accessed by hydrolases and converted
into soluble oligomeric and monomeric feedstocks [14].
This aspect encouraged the use of thermostable biocat-
alysts [15], produced by protein engineering [16-19] or
identified by enzyme discovery approaches. For
instance, LC-cutinase (LCC) isolated from a Ileaf-
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branch compost, a thermophilic habitat for microbes,
has an optimal temperature for PET hydrolysis of
50 °C [20,21]. Differently from IsPETase, fewer protein
engineering studies were performed to improve the
properties of LCC: the thermodynamics and kinetics
of LCC aggregation were elucidated by [22], that also
suggested glycosylation as a strategy to improve the
solubility and stability of the enzyme at high tempera-
tures. An improved LCC variant, carrying multiple
substitutions, was described by [23]: this enzyme
hydrolysed > 90% of postconsumer amorphized and
micronized PET (after 10 h of incubation at 72 °C).

We recently reported on an efficient workflow for the
in vitro evolution of PHEs, which employs a semi-
rational protein engineering approach combined to a
high-throughput colorimetric screening of variant
libraries for their activity on PET nanoparticles [18].
This workflow was used to produce a variant of IsPETase,
carrying four points mutations (TS-AIsPETase), able
to depolymerize ~ 26% of PET microparticles and
> 80% of PET nanoparticles at 45 °C. In the present
study, and with the final aim to generate an efficient
enzymatic tool for polyester degradation, the same
workflow was applied to the evolution of a truncated
version of LCC (ALCC) yielding the single (F243T)
and the double (S101N/F243T) variants, which showed
an increased activity on both PET microparticles and
postconsumer PET at a moderate temperature (i.e.
55 °C).

Results

In silico analysis of the interaction between
ALCC and PET

With the aim of identifying the residues of LCC that
play a major role in the interaction with the substrate,
thus being the most promising targets for generating
libraries of single-point variants by site saturation muta-
genesis (SSM), the interaction between the substrate
PET and the protein was investigated through a com-
putational analysis. A PET trimer of monohydrox-
yethyl terephthalate (2-HE-(MHET);, 3PET) was
docked to ALCC (a deleted form of LCC lacking the
34 residue-long N-terminal secretion signal). Molecular
dynamics (MD) simulations improved the best ligand-
enzyme complex by allowing a reciprocal optimization
of the active site side chains and PET interaction
(Fig. 1A). In all three replicates, the substrate con-
verged to a similar conformation after 100 ns of simu-
lation supporting the reliability and stability of the
predicted complex (Fig. S1). The overall (AGyping,
—35.4 £ 1.1 kcal-mol™") and per-residue binding free
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Fig. 1. Computational analysis of the interaction between ALCC and 3PET. (A, B) Representative frame of the MD simulation of the ALCC-
3PET complex possessing the minimum estimated AGy;ng. The ligand 3PET is represented as sticks and coloured according to the atom
type (carbon in orange and oxygen in red): the carbon of the ester bond of the substrate which undergoes the nucleophilic attack is indi-
cated by a black circle. Protein residues of the catalytic triad (light pink) involved in catalysis or 3PET interaction (for at least 30% of MD sim-
ulation frames) are visualized as balls and sticks; residues considered for the first or second round of SSM are depicted in purple or deep
salmon respectively; the residues excluded from SSM are depicted in blue. Images were prepared with open-source pymoL 2.5.0 (The
PyMOL Molecular Graphics System, Version 2.5.0; Schrédinger, LLC, https://github.com/schrodinger/pymol-open-source). (C) Plot of average
estimated per-residue AGping. The dashed line represents the AGging threshold of —1 kcal-mol™" used to predict hot-spot residues interacting
with 3PET (Table S1). (D) Plot of 6-averaged Hamiltonian score difference with respect to the wild-type residue (AH,g) for ALCC residues
whose binding contribution is < —1.0 kcal-mol~". The dashed line represents the mean 6-averaged AH,e of the whole sequence (-0.571).

Symbols in panels (C, D) are coloured according to the colour scheme for panel A.

energy between the protein and the 3PET were esti-
mated from MD simulations [24,25]. Specific residues
contributing to the overall complex stability with an
individual AGping < —1 kcal-mol™ (i.e. Tyr95, Thr96,
Tyrl127, Hisl64, Metl66, Trpl90, Val212, Phe243)
were considered binding hot spots (Fig. 1C, Table 1).
In comparison to previously reported docking analy-
ses between PHEs and PET, our model of the complex
resembles the one reported by Sonnendecker (which
docked a PET dimer of monohydroxyethyl terephtha-
late, 2-HE-(MHET),) while it significantly differs from
the one reported by Tournier et al. based on a 3PET
ligand [23,26]. Specifically, our results show a minor
contribution of the residue Phe243 to the PET binding
in comparison to the active site residues Tyr95, Tyr127
and Trpl190 (Fig. 1A,B). It must be pointed out that

the use of a dimer of PET did not allow the investiga-
tion of the interaction between the third TPA ring and
Phe243 (and surrounding residues).

The evolvability of each ALCC residue was predicted
by calculating the probability of any possible mutation
(expressed as a Hamiltonian score difference with
respect to the wild-type residue, with more negative val-
ues being less probable) under a statistical Potts model
of an alignment representative of the LCC family that
accounts for inter-residue constraint positions. Tyr95,
Thr96, Ala97, Ser101, Tyr127, Val212 and Phe243 pos-
sessed a Hamiltonian score averaged over all possible
mutations > —0.571 (the score average over the whole
sequence) and thus were predicted as promising candi-
dates for SSM in the first round of mutagenesis
(Fig. 1D). Positions Ala97 and Ser101 were excluded
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Table 1. List of pairwise interactions between ALCC residues and the ligand 3PET observed during the MD simulations. The predicted
average AGping contribution of each protein residue was calculated according to the MM-GBSA analysis. Only interactions at a distance

< 4.0 A observed in > 30% of the MD frames are reported. The residues belonging to the catalytic triad are underlined.

Frequency AGping
Residue Group Type(s) of interaction (% of MD frames) (kcal-mol™")
Tyr95 Backbone; side chain Hydrogen bond; Hydrophobic r-stacking 100.0 -2.81
Ser165 Side chain Hydrogen bond 98.4 —0.55
Met166 Backbone Hydrogen bond 98.7 -2.13
His164 Side chain van der Waals 94.3 -1.43
Trp190 Side chain Hydrophobic n-stacking 93.4 -2.12
Phe243 Backbone; side chain Hydrophobic n-stacking 88.4 -1.14
Val212 Backbone; side chain Hydrophobic contact 84.5 -1.77
Throé Side chain Hydrogen bond 82.8 -1.01
His242 Side chain van der Waals 80.2 -0.67
Ala97 Side chain van der Waals 78.2 -0.77
Gly94 Backbone van der Waals 68.0 -0.70
Tyr127 Side chain Hydrophobic n-stacking 62.7 -1.20
Ser101 Backbone; side chain Hydrogen bond 34.7 -0.42

from the first round of mutagenesis as they showed an
individual AGpng < —1 kecal-mol™ (Fig. 1C).

Production of the first generation of evolved
ALCC variants

Using the gene-encoding wild-type ALCC as template
and NNK primers (to decrease the number of screened
clones, Table S1), SSM at positions 95, 96, 127, 166, 212
and 243 was independently performed (Fig. S2). Posi-
tion 166 was selected as a negative control since this
position shows a high degree of conservation. ALCC
libraries were screened for their activity on both BHET
and PET nanoparticles (the substrate of main interest)
using the Phenol Red dye (phenolsulfonphthalein dye,
PSP) high-throughput colorimetric enzymatic assay at
540 nm on 96-well microtitre plates [18]. Variant
libraries at position 95, 96, 127 and 166 showed a small
fraction of clones possessing an improved enzymatic
activity on PET nanoparticles in comparison to the
wild-type ALCC (~ 8%, ~ 3%, ~ 9% and ~ 6% respec-
tively, Table S2). This well matches with the high degree
of conservation for Thr96, Tyr127 and Met166 in LCC
homologues, as determined by evolutionary conserva-
tion analysis. However, position 95 shows a low evolu-
tionary conservation degree (Table S2). As already
observed in the case of IsPETase, the very low fraction
of improved variants at this position could be related to
its involvement in forming a hydrophobic cavity for sub-
strate binding with Trp190 [18]. However, libraries gen-
erated at positions 212 and 243 showed a significant
fraction of improved variants (~ 19% and ~ 23%,
respectively, Table S2). Altogether, 14 ALCC variants

(namely, Y95H, Y95K, Y95R, T96A, T96H, TI6Y,
Y127P, Y1278, M166K, M166F, V212M, V212T, F2431
and F243T) in the screening assay possessed a signifi-
cantly increased activity in comparison to wild-type
ALCC (from ~ 120% for the M166K variant to ~ 500%
for the F2431 one).

Biochemical properties of single-point ALCC
variants

All selected variants were overexpressed and purified
by metal-chelating affinity chromatography using the
protocol optimized for the wild-type protein. All puri-
fied recombinant variants migrated as a single band at
~ 29 kDa and showed > 90% purity in SDS/PAGE.
The substitutions affected the volumetric yield and the
specific activity on p-nitrophenyl acetate (pNPA, a
widely used small aromatic ester) and on PET
nanoparticles (see infra) of the enzyme variants in
comparison with the wild-type ALCC. The T96A and
Y127P variants showed a volumetric yield similar to
the wild-type; variants Y95H, Y95K, Y95R, M166K,
V2I12T and F2431 showed an improved volumetric
yield (from 140% to 164%) while a lower figure was
apparent for the T96H, T96Y, Y127S, M166F, V212M
and F243T variants (from 36% to 52%, Table S3).
Interestingly, the variants at position 127 and 212, sites
showing a low degree of conservation, possessed a sig-
nificantly increased specific activity on pNPA (Fig. 2).
The activity of the selected ALCC variants was
investigated on PET nanoparticles using the turbidi-
metric assay at 50 °C. When a fixed concentration of
PET nanoparticles (~ 96 pg-mL™", mean diameter of
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Fig. 2. Relative activity of ALCC variants (0.02 mg-mL~") on PET
nanoparticles (red) and on pNPA (blue). The activity of the wild-
type enzyme is set as 100%. Error bars indicate the standard devi-
ation (n = 3). Reaction conditions: 0.094 mg-mL~" of nanoparticles
at 50 °C or T mm pNPA at 30 °C in 50 mm Tris=HCI buffer, 100 mm
NaCl, pH 8.0. *Second-generation variants.

~ 80 nm) was incubated with 20 pgmL™" of ALCC
variants, a linear decrease in the ODggg ny, Signal was
observed after an equilibration phase of ~ 1 min. An
enzyme saturating condition was used, that is, a con-
centration of the enzyme at which the measured activ-
ity was not affected by the ratio between the PET
nanoparticles and the enzyme [27]. Compared to wild-
type ALCC, the F243T variant showed the largest
increase in activity on PET nanoparticles (175%), fol-
lowed by the F2431 (151%), V212T (134%), V212M
(133%) and T96H (125%) variants. Interestingly, no
correlation between increased activity on PET
nanoparticles at 50 °C and on pNPA at 30 °C was
apparent; for example, the ALCC variants at position
243 (one of the most active on PET nanoparticles)
showed a decreased activity on pNPA (Fig. 2,
Table S3). We propose that substitutions increasing
the PET hydrolytic activity (i.e. F243T) are often detri-
mental for the general esterase activity of ALCC,
probably because of the altered geometry of the rele-
vant active site residues required for binding and ori-
entation of such as different substrates.

Biodegradation of different PET samples by
single-point ALCC variants: the effect of
temperature

The polymer degradation by the single-point ALCC
variant at each position showing the highest activity

Cutinase laboratory evolution for PET degradation

on PET nanoparticles was now investigated on differ-
ent PET samples (variants at positions 95 and 166,
which produced only poorly effective enzymes, were
excluded).

At first, purified wild-type, T96H, Y127P, V212T or
F243T ALCC (40 pg each) were added to 1 mL of
reaction mixture containing an amorphous PET film
swatch of 7 mg (the reference substrate for the charac-
terization of PHEs) and were incubated at 72 °C for
68 h (i.e. the optimal reaction temperature for the PET
hydrolysis as reported by Tournier et al) [23]
(Fig. 3A). The degradation kinetics was followed by
monitoring the increase of the absorbance at 240 nm
of the reaction supernatant due to the accumulation of
the soluble aromatic compounds BHET, MHET and
TPA deriving from PET degradation [18,27]. After
27 h of incubation, the biodegradation of PET film by
the F243T variant was over with a production of
21.9 mm of products (conversion yield of ~ 61%).
This  corresponds to a reaction rate of
0.48 mmolpmducts»mgcnzymc_loday_l, a value ~ 1.2-fold
higher than with wild-type ALCC that, in the same
time interval, produced 17.4 mm products. The Y127P
variant showed a kinetics similar to the wild-type
enzyme, while the T96H and V212T variants showed
very poor PET depolymerization. In all cases, the final
product concentration was lower than the maximal
theoretical one (36.1 mm), even for the F243T variant
(Table 2). A further addition of 40 pg of F243T vari-
ant did not significantly increase the concentration of
PET depolymerization products (data not shown).
This result suggests that the end of the reaction was
not due to enzyme full inactivation but it could be
related to an alteration in the physical properties of
the PET substrate at 72 °C, resulting in a partial crys-
tallization of the polymer, as already observed by
[23,28].

Next, in order to evaluate the activity of ALCC
variants on a substrate resembling the postconsumer
PET (i.e. a PET with a crystallinity fraction up to
33.8% [17]), a depolymerization reaction was setup
using a high crystallinity PET microplastics (diameter
300 pm). Purified variants were added to 1 mL of reac-
tion mixture containing 40 mg PET microparticles and
were incubated at 72 °C. Notably, the reaction was
over after 2 h of incubation; only a marginal amount
(2-7%) of reaction products was generated during the
subsequent 1.5 h of incubation (Fig. 3B). The best
variant (F243T ALCC) generated 23.2 mm soluble
products after 2h with a productivity rate of
7.0 mmolproducts-mgenzyme’1~day’l and a 11.1% conver-
sion yield of PET microparticles (Table 2). Interest-
ingly, the presence of PET microparticles increased the

The FEBS Journal 290 (2023) 3185-3202 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3189

Federation of European Biochemical Societies.

85USD| T SUOLULLOD BRSO B|qeo!dde au) Aq pauieA0B 818 S3RIe VO ‘B8N JO S3|NJ J0j ArIqIT 8UIUO AB]IM UO (SUORIPUOD-PUB-SLLBILICY A8 | M ARe.q 1 pUIIUO//SARY) SUORIPUOD PUe SWS L 8U} 885 " [7202/20/9T] Uo Aelgiauliuo | Buansul [P 1UN AQ 9E29T 'SGRYTTTT OT/I0P/W0D" M| 1m AReiq1jouluO'Sgey//:sdny woy papeojumod ‘2T ‘€202 ‘8S9YZrLT



Cutinase laboratory evolution for PET degradation

V. Pirillo et al.

L ® 49
S 3 T R s S
% N GACIGEN v 127p V2127 FousT % —e—Y127P Fig. 3. Biodegradation of different PET
= 30r —:—yg;g o = 30 —&—V212M types catalysed by ALCC variants at
*8 25 7‘2 25 TRt different temperatures. (A) Biodegradation
-§ 20 '§ of 7 mg-mL™" of amorphous PET film by
a a different ALCC variants. Inset, photograph
_5 15 _5 shows the residual PET film after incubation
§ 10 § with the enzyme at 72 °C for 68 h. (B)
£ . x Biodegradation of 40 mg-mL~" PET
microplastics at 72 °C by different ALCC
00 8 16 24 32 40 48 56 64 0 . ; * : : - variants. Panel (A) and (B): wild-type (@),
Time (hour 0 05 1 T:rfe (lfourz).S 3 35 196H (m), Y127P (#), V212T (A) and F243T
(C) (D) (W) ALCC. Reaction conditions:
40 ' 40 0.04 mg-mL~" of ALCC variants in 100 mm
351 __:_“J‘g °8 _ 35 i potassium phosphate buffer, pH 8.0. (C, D)
460 °C Biodegradation of amorphous PET film (C)
30t y7e0 30} ]

[Reaction products] (mM)
N
o

[Reaction products] (mM)
N
o

and PET microparticles (D) at different

’ temperatures by the F243T variant: 45 °C
(@), 55 °C (M), 60 °C (A) and 72 °C (V).
Reaction conditions as in panels A and B. In
all cases, the reaction time course was
followed through the determination of the
total amount of soluble reaction products in
the supernatant of the reaction mixture.

—8-45°C |
—-55°C
—4—60°C ]
-¥-72°C

10+ 10

5r 5
0 oW :
0 20 40 60 80 0 8

Time (hour)

rate of inactivation of the biocatalysts: the residual
activity of the enzymes was < 25% after only 0.5 h of
incubation (data not shown). It is plausible that the
decrease in soluble active enzyme arises from its
adsorption onto the surface of the PET microparticles,
as already observed for IsPETase [18,29].

With the aim to prevent the crystallization of the
amorphous PET film and to prevent the thermal inac-
tivation of the biocatalyst, the temperature of the
depolymerization reactions was decreased below 65 °C
(i.e. below the T, for amorphous PET). Under these
conditions, the depolymerization yield increased even
if the initial productivity rates were lower than the
reaction performed at 72 °C. The F243T variant
reached a ~ 84% product yield at 55-60 °C (Fig. 3C);
the highest productivity rates were 0.22 mmolyod-
ucts.mgenzyme_l‘day_I (at 52h) and 0.31 mmolyeg.
sctsmgenzyme -day” (at 44 h) at 55°C and at 60 °C
respectively. A similar product yield (81%) was
obtained following the incubation at 45 °C, but the
reaction completion required almost 16 days (Fig. S3).
Interestingly, at this temperature the residual activity
at the end of the reaction was still 60% for the F243T
variant, while values of 70% and 53% were observed
at 55 °C and 60 °C, respectively, after 4 days of incu-
bation. However, no significant differences in the

16 24 32 40 48
Time (hour)

Error bars indicate the standard deviation
(n=23).

depolymerization yield were observed when PET
microparticles were incubated with the F243T variant
at different temperatures (Fig. 3D).

Second generation of evolved ALCC variants

Since the two most improved ALCC variants were
obtained by introducing substitutions at position 243,
this region of the active site was further inspected.
Two small residues, namely Ala97 and Serl01, are
close to the substrate on the opposite side of the active
site cleft (Fig. 1A). These residues, corresponding to
residues Ala65 and Ser69 in polyester hydrolase PHL7,
were predicted by our analysis and by [26] to play a
minor contribution to the overall binding energy of
the enzyme-PET complex and to be prone to accept
substitutions (Fig. 1C). ALCC double variant libraries
at these two positions were generated by SSM using
the F243T variant as the starting sequence (Table S1).
Interestingly, the library of variants at position 97
showed a high fraction of clones with an increased
activity on BHET and PET substrates (~ 24% and
~ 18% respectively); while, the fraction of most active
variants at position 101 was significantly lower (~ 8%
with both substrates, Table S2). Four double variants
(namely A97G/F243T, A97T/F243T, S10IN/F243T
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Cutinase laboratory evolution for PET degradation

Table 2. Comparison of the depolymerization performances of selected ALCC variants on amorphous PET film, postconsumer PET waste
and PET microparticles at 45 °C, 55 °C, 60 °C, or 72 °C. The full depolymerization of 7 mg of PET film in 1 mL of reaction mixture film
corresponds to the generation of 36.4 mwm of soluble products and of 40 mg of microPET to 208 mm of soluble products.

Temperature [E] Time [Products] Product rate formation Depolymerization
ALCC variant (°C) (pg) (h) (mm) (MMOlprogucts MPenzyme -day ™) yield (%)
Amorphous PET film
Wild-type 72 40 27 (44) 17.4 (22.5) 0.39 (0.31) 48 (62)
T96H 72 40 27 (44) 9.6 (13.6) 0.21 (0.18) 26 (37)
Y127P 72 40 27 (44) 19.4 (22.8) 0.43 (0.31) 53 (63)
V212T 72 40 27 (44) 0.7 (0.6) 0.02 (0.01) 2(2)
F243T 72 40 27 (44) 21.9 (24.3) 0.48 (0.33) 60 (67)
Wild-type 60 40 39 (63) 6.3 (156.9) 0.10 (0.15) 17.4 (44.0)
F243T 60 40 39 (63) 156.27 (27.7)° 0.23 (0.26) 42.1 (76.7)
A97T/F243T 60 40 39 (63) 10.2 (29.0) 0.16 (0.28) 28.3 (80.3)
ST101N/F243T 60 40 39 (63) 22.1 (30.4) 0.34 (0.29) 60.5 (83.5)
Wild-type 55 40 65 (89) 16.5 (23.1) 0.15 (0.16) 46 (64)
F243T 55 40 65 (89) 24.8 (32.3) 0.23 (0.22) 68 (89)
A97T/F243T 55 40 65 (89) 22.8 (27.6) 0.21 (0.19) 63 (76)
ST0TN/F243T 55 40 65 (89) 33.1 (33.3) 0.31 (0.22) 91 (91)
Wild-type 55 5 42 (90) 156.8 (29.5) 1.81 (1.57) 44 (82)
F243T 55 5 42 (90) 26.0 (33.5) 2.97 (1.79) 72 (93)
STOTN/F243T 55 5 42 (90) 32.3 (35.3) 3.69 (1.88) 89 (98)
Postconsumer PET waste
Wild-type 55 5 42 (90) 13.7 (28.2) 1.67 (1.50) 38 (78)
F243T 55 5 42 (90) 28.1 (32.8) 3.21 (1.75) 78 (91)
ST01N/F243T 55 5 42 (90) 32.8 (34.9) 3.75 (1.86) 91 (97)
PET microparticles
Wild-type 72 40 2 (3.5) 19.6 (21.6) 5.88 (3.69) 9.4 (10.4)
T96H 72 40 2 (3.5) 18.3 (21.0) 5.49 (3.60) 8.8 (10.1)
Y127P 72 40 2 (3.5) 20.9 (23.0) 6.27 (3.94) 10 (1)
V212T 72 40 2 (3.5) 16.7 (20.4) 5.01 (3.49) 6.6 (9.8)
F243T 72 40 2 (3.5) 23.2 (24.0) 6.96 (4.11) 11.1(11.5)
F243T 60 40 2 (3.5) 156.9 (20.2) 4.77 (3.46) 9 (11)
F243T 55 40 2 (3.5) 14.6 (18.4) 4.38 (3.15) 8 (10)
F243T 45 40 2 (3.5) 5.0 (9.8) 1.50 (1.68) 3 (6)
Wild-type 55 5 4 (7.5) 2.9 (3.8) 3.48 (2.43) 2(2)
F243T 55 5 4 (7.5) 4.3 (5.2) 5.16 (3.33) 2 (3)
ST01N/F243T 55 5 4 (7.5) 5.8 (6.2) 6.96 (3.97) 3(3)

%Interpolated.; PCalculated after 67 h of incubation.

and S101V/F243T) showing a significantly increased
activity on PET (from ~ 125% to ~ 184% in compar-
ison to the starting F243T ALCC) were selected.

These variants were overexpressed and purified by
metal-chelating affinity chromatography using the con-
ditions optimized for the wild-type ALCC. The volu-
metric yield of double variants was significantly
increased in comparison to the wild-type protein: a
~ 3.8-fold increase (corresponding to 9.6 mg of pro-
tein-L™" culture) was observed for the A97G/F243T
variant (Table S3). Interestingly, and similarly to the
F243T variant, the decreased specific activity on pNPA
(e.g. the SI01N/F243T variant showed a specific activ-
ity ~ 3-fold lower than the wild-type ALCC) was fre-
quently coupled to a significant increase in activity on

PET nanoparticles (Table S3, Fig. 2). In particular,
the S1I0IN/F243T and A97T/F243T variants showed
the largest increase in activity on PET nanoparticles:
~ 130% and ~ 227% in comparison to the F243T and
wild-type ALCC.

Kinetics on PET nanoparticles and thermal
stability of the ALCC variants

A detailed kinetic investigation was performed on
wild-type ALCC and on the best variants of the first
and second round of mutagenesis (i.e. F243T and
S101N/F243T, respectively): the turbidity decrease of
the PET nanoparticles solution was recorded at
increasing enzyme concentrations (up to 60 pg-mL™")

The FEBS Journal 290 (2023) 3185-3202 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3191

Federation of European Biochemical Societies.

85U80|7 SUOWLLIOD 3ARea.D 8|qedl|dde aup Aq peusenob ae sejonie O 8sn Jo Sa|n. 10} Ariq1T8ulUO A3|IA UO (SUOTPUCD-pUR-SWBI W00 A8 1M AReq 1 Ul |UO//:Sdny) SUORIPUOD Pue SWwie | 8u1 8ss *[Z0z/20/9T] uo ArIqiTaulluo (1M BLgnsul [BA IUN A 9829T'SGRYTTTT OT/I0P/WOY" A8 1M AReIq 1 [BU1UO'SCRY//SAnY Wo. pepeolumod ‘2T ‘€202 ‘859YZ.LT



Cutinase laboratory evolution for PET degradation

(Fig. 4A). The square root of the rate of turbidity
decrease, measured in the linear part of the plots, was
plotted as a function of the enzyme concentration and
data were fitted using (Eqn 1) to obtain the maximal
rate of the ester bond cleavage of amorphous PET (k)
and the affinity constant between the enzyme and PET
(Ka). A hyperbolic behaviour was observed for all
enzymes (Fig. 4B). The F243T substitution resulted in
a significantly improved k. (134% compared to the
wild-type) and in a slightly reduced affinity for PET.
The S101N/F243T double variant showed a further
increased k. constant (191% compared to the wild-
type) and decreased substrate affinity (Ka was 61%
compared to the same value for the wild-type ALCC)
(Table 3). The effect of TPA on the activity of the

V. Pirillo et al.

enzyme was investigated up to 35 mm (a close value to
the one reached at the end of PET biodegradation
experiments): a 22 + 1% and 30 £ 4% inhibition was
determined for wild-type and S101N/F243T ALCC,
respectively, at the maximal product concentration.
This result allows to exclude that the improved perfor-
mance of the double variant is due to a decrease in the
product inhibition and that the latter is responsible for
the partial PET degradation, as reported in Fig. 3.

The thermal stability of the ALCC variants was
determined following the loss of secondary structure at
increasing temperature by recording the variation of
the circular dichroism (CD) signal at 220 nm. Under
the experimental conditions employed, the wild-type
enzyme possesses a melting temperature (7, of
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Fig. 4. Kinetic and thermal stability properties of ALCC variants. (A) Time course of relative decrease in turbidity of PET nanoparticle
solution incubated with increasing concentrations of wild-type (left), F243T (centre), and ST0TN/F243T (right) ALCC variants. Values have
been corrected for the control without the enzyme. Values recorded at 10- or 20-s intervals are reported; error bars indicate the standard
deviation (n = 3). Reaction conditions: 0.094 mg-rnL‘1 of nanoparticles in 50 mm Tris—=HCI buffer, 100 mm NaCl, pH 8.0, at 50 °C with
increasing concentrations of ALCC variants: 0.001 (@, for ALCC) or 0.002 (@, for F243T and S101N/F243T), 0.006 (M), 0.015 (e), 0.02 (A),
0.03 (V), 0.04 (0) and 0.06 mg-mL™" (). (B) Kinetic analysis of ALCC variants on PET nanoparticles. Plot of initial depolymerization rates
(decrease of the square root of turbidity per minute) determined at increasing concentrations of the ALCC variants: wild-type (black), F243T
(purple) and STOTN/F243T (blue). Experimental data points, shown as circles, were fitted based on Eqgn (1). Kinetic measurements were per-
formed in triplicate; conditions as in panel A. (C) Melting temperature of selected ALCC variants as determined by loss of protein secondary
structure at increasing temperatures followed by CD spectroscopy.
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Table 3. Kinetic parameters for the enzymatic hydrolysis of PET
nanoparticles by ALCC variants at 50 °C (Fig. 4). Data were fitted
using (Egn 1); R? is the nonlinear regression coefficient.

ALCC variant k. (min™") Ka (mL-mg™") R

Wild-type 0.355 + 0.038 83.8 + 28.4 0.98
F243T 0.475 + 0.046 78.4 £+ 23.0 0.98
ST101N/F243T 0.677 £+ 0.072 51.3 £ 13.7 0.99

80.8 °C, lower than the value reported in literature
(84.7 °C) [23] (Fig. 4C, Table S3). The single point
substitutions T96A, T96H, T96Y, Y127P and Y127S
did not significantly alter the thermal stability of the
enzyme (AT, < +1.4 °C). A slight decrease in thermal
stability was instead observed for the V212M, F2431
and F243T ALCC variants (7, values of 77.9-
78.8 °C). The largest decrease in thermal stability was
observed for the V212T variant (—5.3 °C compared to
the wild-type enzyme, Fig. 4C, Table S3). Concerning
the double variants, a further slight decrease in ther-
mal stability (compared to the F243T variant) was
observed for the A97T/F243T and SI101N/F243T
ALCC, which showed T, values of 77.4 °C and
76.6 °C, respectively (Fig. 4C).

Biodegradation of different PET samples by ALCC
double-point variants

The performance of the two best double variants
(SIOIN/F243T and A97T/F243T ALCC) on the amor-
phous PET film degradation was investigated using the
conditions set up for the first-generation variants (i.e.
at an incubation temperature lower than the 7, of
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Cutinase laboratory evolution for PET degradation

PET). At 55 °C, the S101N/F243T variant performed
significantly better than the F243T and wild-type
ALCC (Fig. 5A) while the A97T/F243T variant resem-
bled the F243T. At this temperature, the S101N/
F243T ALCC hydrolysed 91% of PET film in 65 h
(0.31 mmolpmdum-mgenzyme_l~day_1) versus ~ 68% for
the F243T variant. At 60 °C, the rate of hydrolysis
was slightly faster in the first part of the bioconversion
(0.34 mrnolpmducls~mgenzyme_l-day_1 at 39 h), reaching
a concentration of products at the end of the biocon-
version similar as for reactions at 55 °C (31.3 mwm after
70 h, corresponding to an 86% product yield and a
hydrolysis rate of 0.27 mmolpmducts~mgenzyme_'~day_l,
Fig. 5B). The rate of hydrolysis of the SI0IN/F243T
variant was faster than the one of the A97T/F243T at
both temperatures, and 2.0- and 3.5-fold faster than
the one of the wild-type ALCC at 55 °C and 60 °C
respectively (Fig. 5). Notably, the highest yields of
PET degradation were observed performing the reac-
tion at the lower temperature (Table 2).

Pilot enzymatic biodegradation reactions of different
PET types (amorphous PET film, the reference sub-
strate, and amorphous postconsumer PET) have been
set up using the best performing variant (i.e. the
S101N/F243T ALCC) and at 55 °C, since this temper-
ature represents the best trade-off between reaction
rate and depolymerization yield (Table 2). With a view
to potential large-scale application of the biocatalyst,
the enzyme load was significantly decreased: the high-
est rate of PET film hydrolysis was observed using an
enzyme to PET ratio in the 0.4-1.4 mge,,zyme~gp];T_1
range (Fig. 6A). At a 0.71 mgenzyme-ngT_1 ratio
(5 pgmL™") and 55°C, the SI10IN/F243T ALCC
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Fig. 5. Biodegradation of amorphous PET film by ALCC double variants at (A) 55 °C and (B) 60 °C. The reactions were followed determining
the total amount of soluble reaction products in the supernatant of the reaction mixture (continuous line): wild-type (@), F243T (W), A97T/
F243T (A) and S101N/F243T (W) ALCC. The residual activity of the enzyme in solution is reported as dashed lines and open symbols. Error
bars indicate the standard deviation (n = 3). Reaction conditions: 7 mg-mL~" of PET film with 0.04 mg-mL™" of ALCC variants in 100 mm

potassium phosphate buffer, pH 8.0.
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Fig. 6. (A) Biodegradation of amorphous PET film by different concentrations of S101N/F243T ALCC. Comparison of biodegradation of
7 mg-mL~" amorphous PET film with increasing concentration of S101N/F243T ALCC from 1 to 40 pg-mL™" after 48 h of incubation at
55 °C. Reaction conditions: PET film in 100 mm potassium phosphate buffer, pH 8.0 at 55 °C. Error bars indicate the standard deviation
(n = 3). Biodegradation of (B) amorphous PET film and (C) postconsumer PET waste by wild-type (@), F243T () and S101N/F243T (V)
ALCC at 55 °C. The reaction was followed through the determination of the total amount of soluble reaction products in the supernatant of
the reaction mixture. Reaction conditions: 7 mg-mL™" of PET substrates (amorphous PET film or postconsumer PET waste) with
0.005 mg-mL~" of ALCC variants in 100 mm potassium phosphate buffer, pH 8.0. (D) Photoframes of the time-lapse video (Video S1) of the
pilot biodegradation of 1.3 g disposable PET jar lid (diameter = 6.5 cm) by ST01N/F243T ALCC variant at 55 °C in 250 mL of 100 mm potas-
sium phosphate buffer, pH 8.0. In the last photograph of the series, the pieces left over at the end of bioconversion correspond to 0.8% of

the starting weight.

performed significantly better than the F243T and
wild-type ALCC (Fig. 6B,C). At this temperature, the
S101N/F243T variant hydrolysed 89% of amorphous
PET film and 91% of postconsumer PET waste in
42 h, while at the same time frame the F243T single
variant hydrolysed ~ 72% of amorphous PET film and
78% of postconsumer PET waste. The SI01N/F243T
ALCC was 2.0- and 2.1-fold faster than the wild-type
enzyme on the amorphous PET film and postconsumer
PET waste substrates, respectively (Fig. 6B,C, Table 2).
The use of a lower amount of biocatalyst allowed
reaching a productivity rate of 3.69 mmol,oductsMEen-
Zyme_l-day", a value ~ 12-fold higher than the one
obtained using a 5.71 mgenzym~gp]§{1 ratio. The pro-
ductivity rate for the postconsumer PET waste was
even slightly higher (3.75 mmolpmduas-mgcnzyme_1'
.day™).

Interestingly, 1.25 mg of the S101N/F243T variant
fully depolymerized 1.3 g of postconsumer PET waste
(disposable PET jar lid, diameter 6.5 cm, 1.2%

crystallinity [17]) in 72 h at 55 °C, with a 99.2% yield
(residual PET was 0.01 g) (Fig. 6D, Video S1).

Discussion

In the present study, we applied a semi-rational in
vitro evolution approach to improve the ability of
LCC cutinase to depolymerize the PET polymer. Sev-
eral single- and double-point variants were produced
starting from the ALCC wild-type deletion variant.
Different biodegradation results were obtained depend-
ing on the PET sample used: nanoparticles show a
3000-fold higher surface/mass ratio and a lower crys-
tallinity as compared to microparticles, and PET films
are mainly amorphous. These features affect both the
affinity of the enzyme for the polymer (and the recog-
nition of attack sites on films) and the enzyme adsorp-
tion on the surface, thus altering differently the
kinetics and the time course of enzyme inactivation
(mostly apparent with PET microparticles).
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The best single-point variant (F243T) was able to
depolymerize amorphous PET film 1.3-fold better than
wild-type ALCC enzyme, producing ~ 21.9 mm of sol-
uble products after 27 h of reaction at 72 °C, with a
depolymerization rate of 0.49 mmolpmdm-mgmzymc_l-day_l,
and a partial depolymerization (~ 67%) of PET at the
end of the reaction. The low yield was not due to a
depletion of the active enzyme from the reaction mix-
ture but to the process of recrystallization of PET at
> 70 °C, as previously described [23,28]. The highest
PET film depolymerization yield (89%) was observed
for the F243T ALCC performing the reaction at a
lower temperature (55 °C, Fig. 5A). This variant out-
performed wild-type ALCC also when used to degrade
PET microparticles with a very high crystallinity
(> 40%). At 72°C, a depolymerization rate of
~17.4 mmolpmducl‘mgenzyme_1-day_l was  observed
(Fig. 3B) with a low overall biodegradation yield
(~ 12%), that confirmed the general difficulty of PHEs
to attack the crystalline regions of PET and the neces-
sity of an amorphization treatment prior enzymatic
treatment [23].

Focusing on positions 97 and 101, improved double
variants were generated starting from the F243T
ALCC: S10IN/F243T an A97T/F243T variants
showed the largest increase in activity on PET
nanoparticles. A significant increase in k. for PET
nanoparticles at 50 °C was obtained for the S101N/
F243T compared to F243T and wild-type ALCC
(Table 3): this variant also showed a ~ 4 °C lower T,
(Fig. 4C), and a higher ability to degrade amorphous
PET (at 55-60 °C, Fig. 5) and postconsumer PET
waste (at 55 °C, Fig. 6). From a kinetic point of view,
the superior PET degradation performance of the
S10IN/F243T double variant can be explained based
on the Sabatier principle [28]: a substitution that
caused the decrease of its affinity for the polymer
(from 83.8 to 51.3 mL-mg~!) resulted into an almost
2-fold increase in the maximal turnover rate (Table 3).
This result agrees with the previous observation that
the highest turnover rate of LCC was observed in the
presence of the surfactant cetyltrimethylammonium
bromide (CTAB), causing a 62% decrease in the affin-
ity of the enzyme for PET [30]. This figure exactly cor-
responds to the decrease in K, observed for the
S10IN/F243T ALCC (63%). For this reason, we spec-
ulate that the changes in PET affinity by the SIOIN/
F243T substitutions allowed ALCC to reach the opti-
mal catalytic efficiency.

Analysis of the root mean square fluctuation
(RMSF) of the backbone atoms, which is a proxy for
protein flexibility, from MD simulations carried out
for F243T and SI10IN/F243T ALCC models in

Cutinase laboratory evolution for PET degradation

complex with 3PET, suggests that the region of the
active site close to position 243 is slightly more flexi-
ble in these variants in comparison to the wild-type
(Fig. S1B, Fig. 7A). The predicted AGy;,q values
(=36.0 + 2.5 kcalmol™!  and AGp, = =333+
1.6 kcal-mol™!, respectively) are in accordance with the
kinetic experiments showing a similar or an almost
halved KA for PET in the case of the single or double
variant, respectively (Table 3).

Interestingly, residue F243 of LCC corresponds to
residue S238 of PETase from I. sakaiensis (Fig. 7B). In
the latter PHE, a phenylalanine was previously intro-
duced to narrow the active site by [12], but a subsequent
study introducing a smaller alanine resulted in a more
active variant [18]. The introduction of an alanine at the
same position in IsPETase improved PET binding affin-
ity, especially towards the conformation found in crys-
talline regions [31], as well as increased 12.7-fold the
activity on low crystallinity PET film in the presence of
cationic surfactants in Thermobifida fusca cutinase
TfCut2 (G62A/F209A variant) [32]. The same trend is
apparent comparing the two close homologues polyester
hydrolases PHL3 and PHL7 [26]. These two enzymes
differ only by four residues; in particular, at position
210 (corresponding to position 243 of LCC), PHL3 pos-
sesses a phenylalanine while PHL7 (the enzyme showing
the best PET hydrolytic activity) holds a smaller leucine
residue. Structural analysis allowed to conclude that leu-
cine at position 210 contributed to the high PET hydro-
lytic activity in PHL7 compared to other PHEs [26].
Altogether, our investigation supports the hypothesis
that this specific position at the active site of PHEs,
although being ~ 8 A far away from the active centre
Ser165, is a key hotspot for the interaction with PET
(Fig. 7C), and the presence of smaller hydrophobic resi-
dues resulted in superior activity at the expense of ther-
mostability. On this side, a clear negative correlation
exists between the thermal stability of the ALCC vari-
ants and their activity on PET nanoparticles (Fig. 7D).

Mutagenesis studies have been previously performed
also at positions resembling S101 in LCC: in 7. fusca
Tfu_0883 cutinase the substitution of T101 into an ala-
nine, by creating a greater space at the active site,
resulted in higher activity on PET [33], while the S93A
substitution in IsPETase altered the substrate prefer-
ence [34].

A straightforward comparison of degradation rates
of the S1I0IN/F243T ALCC with improved LCC vari-
ants reported in literature is not feasible due to differ-
ent types of substrates and reaction conditions used.
Anyway, the SI01N/F243T ALCC is able to almost
fully depolymerize postconsumer PET film (~ 90%
yield) in < 2 days at a moderate temperature (55 °C)
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Fig. 7. (A) Per-residue backbone RMSF of MD simulations of wild-type, F243T and F243T/S101N ALCC. The backbone of wild-type, F243T
and F243T/S101N ALCC is represented as ribbon and rainbow coloured according to RMSF values reported above, with increasing values
going from blue to red. The black circle indicates the position of the catalytic Ser165. (B) Superimposition of wild-type ALCC with docked
3PET, IsPETase from Ideonella sakaiensis W159H/S238F variant [12] and PHL3. (C) Superimposition of ST01N/F243T ALCC variant with
docked 3PET, TS-AlsPETase variant and PHL7. Residues of LCC are shown in pink (catalytic triad) and in teal (residues 101 and 243); resi-
dues of IsPETase are shown in light green; the residues of PHL3 or PHL7 are shown in light purple. The protein backbone of the proteins is
shown in wheat (LCC) or in light grey (AIsPET, PHL3 and PHL7). The 3D models of W159H/S238F-IsPETase, ST01N/F243T ALCC, TS-A
IsPETase and PHL3 have been produced in pymoL. Images were prepared with open-source pymoL 2.5.0 (The PyMOL Molecular Graphics
System, Version 2.5.0; Schrodinger, LLC, https://github.com/schrodinger/pymol-open-source). PDB code of wild-type ALCC and PHL7 are
6EQD and 7NEI respectively. (D) Correlation between the thermal stability (7,,) and the enzymatic activity on PET nanoparticles of the pro-

duced ALCC variants.

with a depolymerization rate of 3.75 mmol-mgen yme
.day™" (Fig. 6C). This figure is similar to the one
reported for the F2431/D238C/S283C/Y127G LCC
variant  (4.03 mmol-mgenzyme_'-day_l), a  figure
obtained at 72 °C on pulverized amorphous PET pos-
sessing a higher accessible surface area [23]. Further-
more, the PHL7 enzyme depolymerized 17.4 g of post-
consumer PET in 2 days at 60 °C (~ 2.2 mmol-mg,,_
ame day™") [26]; our SI101N/F243T-ALCC variant
almost fully depolymerized the same type of substrate
showing a similar performance (~ 1.8 mmol-mg.,.
Zyme_l-day_l) but at a lower temperature (55 °C,
Fig. 6C).

Most of the protein engineering efforts performed in
recent years on PHEs have been aimed at improving
the thermal stability of the enzyme, this with the aim

to perform the reaction at high reaction temperatures
(> 70 °C) [16,23,26,32]. Our findings question the
application of this strategy in the case of the ther-
mostable cutinase LCC. Both the wild-type and
improved variants of this enzyme can be employed in
PET depolymerization at high reaction temperatures
(i.e. at 72 °C), a condition that favours the conversion
of amorphous PET into a more crystalline polymer
[23,28], which is almost fully resistant to enzymatic
hydrolysis. Consequently, the kinetic competition at
72 °C between depolymerization and recrystallization
processes prevents reaching a high PET degradation
even using a very high enzyme/PET ratio. However,
the use at 55°C of the evolved ALCC variants
reported in the present study allows reaching > 90%
depolymerization yield of untreated PET after
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< 3 days (both amorphous PET and postconsumer
PET). From an economic and environmental point of
view, the feasibility of performing the whole biodegra-
dation at a lower incubation temperature represents an
opportunity to lower the energy demand of the whole
PET biocatalytic recycling process, making PET enzy-
matic degradation an ecofriendly and sustainable pro-
cess.

Materials and methods

In silico analyses
Docking and molecular dynamics simulations

The PET trimer was prepared and minimized by a steepest-
descent algorithm under the general Amber force field
(GAFF) by using avogapro 1.2.0 software [35,36]. The
AMI1-BCC charges were assigned to the ligand by using
Antechamber with sqm method in AMBERTOOLS21 package
[37,38]. The 3D model of ALCC was generated with open-
source PYMOL (PyMOL Molecular Graphics System, Ver-
sion 2.5.0; Schrodinger, LLC, New York, NY, USA,
https://github.com/schrodinger/pymol-open-source)  using
the PDB structure of wild-type LCC (PDB ID: 4EBO) [20].
Molecular docking of ALCC model with 3PET was carried
out with oNINA 1.0 [39]. The box (a square with 20 A per
side) was centred at catalytic Ser165 and an exhaustiveness
of 32 was used to sample 10 docking poses with default
root-mean-square deviation (RMSD) for clustering. The
CNN score was used to rank docking poses. A docking
pose was considered catalytically competent if a distance
< 4.0 A was measured between (a) the carbon atom of an
ester group and the y-OH of the catalytic nucleophile
Ser165, and (b) the carbonyl oxygen of the same ester
group and the N atoms of the backbone of Tyr95 and
Met166 (which form the oxyanion hole). This choice was
based on previous knowledge of the catalytic mechanism of
LCC, the transition state formed in the first reaction step
of cutinases [40] and other GxSxG serine-hydrolases [41],
and the general rules of nucleophilic biomolecular reactions
[42].

The best catalytically competent docking pose was used
for further steps. Hydrogens were added to catalytically
competent 3PET-ALCC docked system with ppB2PQR 3.2.0
[43], according to the predicted pK, with proPkA 3.4.0 [44]
at pH 8. The hydrogenated system was energetically mini-
mized by using Gromacs 2019.6 [45] (AMBERFF14sB force
field [46]), included in a dodecahedron box and solvated in
transferable intermolecular potential 3P (TIP3P) water [47]
with Na* and CI~ counterions at 100 mm to neutralize the
charge. This system was equilibrated under constant pres-
sure and temperature conditions (1 atm and 60 °C) and
used as the starting point for three independent 200-ns
MD simulations performed while applying an umbrella-

Cutinase laboratory evolution for PET degradation

sampling harmonic biasing potential with a null rate and a

' to restrain ~ 3.5 A

constant force of 5000 kJ-mol™'-nm™
the distance between the carbon of the attacked ester group
of 3PET and the y-OH of the Ser165. This potential was
required since the 3PET molecule floated away from the
system after ~ 50 ns in its absence, even if a relaxation step
of up to 40 ns was applied before to release any potential.
The system coordinates were saved every 1 ns. The last
100 ns of each simulation, where the all-atom RMSD was
stable, was used for further analyses.

The binding free energy (AGyinq) of the protein-ligand
interaction was estimated by molecular mechanics energies
combined with the generalized Born and surface area con-
tinuum solvation using MMPBSA.PY [48] from the AMBER-
TooLs21 package [49]. The AGy;,q values were averaged
over the mean values calculated for each simulation repli-
cate by decomposing their contribution with the per-residue
effective free-energy decomposition (prEFED) protocol, as
done in [25,50]. Residues were defined as a hot spot of
interaction with 3PET if their energy contribution was
< —1.0 kcal-mol™".

The 3D models of the variants were prepared in CHIMERA
1.16 [51] using the most probable side-chain from the Dun-
brack library [52] followed by an energy minimization of
the models of the variants.

Predicting the effects due to site-saturation substitutions

The sequence positions predicted to be the hotspot of inter-
action with the docked substrate were further filtered by
considering the average relative variation (%) of the
sequence Hamiltonian upon all other 19-point mutations
(relaxation enthalpy, AH ). AH. was used as a predictor
of the changes of protein function or stability at each site,
with more negative values related to sites for which SSM is
expected to produce a lower amount of stable and func-
tional variants, as proposed by [53]. AH,, for each ALCC
amino acid was calculated by using the EV-couplings pack-
age (https://github.com/debbiemarkslab/EVcouplings, [54])
after fitting a Potts model to an alignment representative of
the cutinase family with pLmc package (https://github.com/
debbiemarkslab/plme, [55]). Three analyses were performed
with different values for the 6 parameter (0, 0.2, 0.3), which
controls the relative pairwise sequence difference that is
used as a threshold to down weight similar sequences.
AH, values were than averaged over these replicates. The
multiple sequence alignment was obtained by using the
sequence of ALCC as query for a MMseq2 (release
13-45 111) search [56,57] on ColabFold clustered Uni-
Ref100 and BFD/MGnify databases (https://colabfold.
mmseqs.com/). The resulting 7503 aligned sequences were
checked for the presence of the catalytic triad, clustered at
max 95% identity and sequences showing < 75% alignment
coverage were discarded, with HuBLITS 3.3.0 [58], resulting
in a final alignment of 2840 sequences. Sites were
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considered good candidates for SSM when the AH,, (6-
averaged) was higher than the average AH, (0-averaged)
over the full sequence (i.e. > —0.571).

Preparation of PET nanoparticles

Poly(ethylene terephthalate) nanoparticles were prepared
from PET microplastic (diameter 300 pm; Goodfellow
GmbH, Bad Nauheim, Germany) using a precipitation and
solvent evaporation technique [18,27]. PET nanoparticles
showed a mean diameter of 80 nm (as determined by
dynamic light scattering) and a concentration of
630 =+ 80 pug-mL™' [18].

Cloning, expression and purification of ALCC

The synthetic gene encoding ALCC (optimized for Escheri-
chia coli heterologous expression) was synthesized by Gen-
eArt (Thermo Fisher Scientific, Waltham, MA, USA)
based on the UniProt GY9BYS57 protein sequence. The
nucleotide sequence coding for the 34-residue-long N-
terminal secretion sequence was removed from the synthetic
DNA by mutagenic polymerase chain reaction (PCR)
(Fig. S2).

The PCR product was subcloned into the pET24b
expression vector with Ndel and Xhol restriction enzymes;
the resulting plasmid was transformed into the Origami2
(DE3) E. coli strain. The recombinant protein was
expressed in 1 L of Luria—Bertani broth medium containing
5ugmL™" tetracycline and 30 pg-mL™' kanamycin at
37 °C. After induction of protein expression by adding
0.1 mm isopropyl p-p-1-thiogalactopyranoside, the culture
was incubated for 16 h at 17 °C. The cells were harvested
by centrifugation and lysed by sonication in lysis buffer
(50 mm Tris—HCI, pH 8.0, 500 mm NaCl, 20 mm imidazole,
1 mm pepstatin, 10 pg-mL~" DNAse). After centrifugation
at 39 000 g for 45 min at 4 °C, the crude extract was
loaded onto a 1-mL HiTrap chelating column (GE Health-
care, Chicago, IL, USA) equilibrated in binding buffer
(50 mm Tris—=HCI, 500 mm NaCl, 20 mm imidazole, pH
8.0). ALCC was eluted with 50 mm Tris—HCI, 200 mm
NaCl, 500 mm imidazole (pH 8.0) and equilibrated in
25 mm Tris—HCI, 200 mm NaCl (pH 8.0) by size-exclusion
chromatography using a PD-10 desalting column (GE
Healthcare). ALCC concentration was estimated based on
the theoretical extinction coefficient at 280 nm of
38 453 M~'.cm™!. The same protocol was used to express
and purify ALCC variants generated by SSM.

Site-saturation mutagenesis reactions and
production of mutant libraries

Site-directed mutagenesis was carried out at positions 95,
96, 127, 166, 212 and 243 using the QuickChange II XL

V. Pirillo et al.

Site-Direct Mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA), the gene encoding ALCC as template
and the primers carrying NNK-degenerated codons at the
desired positions (i.e. degenerated primers with N = A, C,
G, or T and K = G or T, Table S2). The amplification
mixture was used to transform E. coli NEB 10-p cells
obtaining libraries of approximately 3000 clones each. SSM
was also carried out at positions 97 and 101 using the gene
encoding F243T ALCC as template.

High-throughput screening for evolved ALCC
variants

The plasmid DNA pools containing the whole genetic vari-
ability generated by SSM were transferred to the Origami2
(DE3) E. coli expression strain for the enzymatic activity
screening, based on a colorimetric assay with phenolsulfon-
phthalein dye (PSP, Phenol Red dye) and using of the
epMotion 5075 automated liquid-handler system (Eppen-
dorf, Hamburg, Germany) [27]. A 0.1 mM final concentra-
tion of IPTG was added to 1 mL E. coli cultures grown at
saturation in deepwell plates at 37 °C and the cells were
incubated at 17 °C for 16 h. 0.9 mL of each culture was
centrifuged, and the pellet was resuspended with 0.4 mL of
lysis solution (1 mm sodium phosphate buffer, pH 8.1,
100 mm NaCl, 40 pg-mL~" lysozyme) for 30 min at 37 °C.
The crude extract (0.1 mL) was transferred into a well of a
96-well plate. The hydrolytic activity was assayed by add-
ing 3 mm BHET or 0.21 mg of PET nanoparticles and
0.2 mm PSP. After incubation at 50 °C for 3 h, the absor-
bance at 540 nm was recorded by a microtitre plate reader
(Infinite 200; Tecan, Minnedorf, Switzerland) and com-
pared with the figure for cells expressing the ALCC (posi-
tive control) and cells transformed with pET24b empty
vector (negative control). Clones showing an increased
activity were confirmed by a second screening and the gene
coding for the variant was sequenced.

Activity assay

The reference hydrolytic enzymatic activity on 1 mm p-
nitrophenyl acetate ()NPA) was measured by recording the
absorbance increase due to the product p-nitrophenolate at
405 nm (g495s = 11.6 mm~"-cm™") [59]. The reaction was per-
formed at 30 °C in 25 mm Tris—HCI, 200 mm NaCl (pH
8.0).

Activity on PET nanoparticles was measured by a tur-
bidimetric assay. PET nanoparticles (~ 94 pg-mL™") were
incubated in 25 mm Tris=HCI, 200 mm NaCl (pH 8.0), at
50 °C with 20 pg-mL™" enzyme; the reaction mixture was
mixed by inversion and incubated for 10 min in a cuvette.
The turbidity (ODggg) was measured every 10 s using a
Jasco V-560 spectrophotometer (Jasco Inc., Easton, MD,
USA). The relative turbidity t/to was calculated as reported
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in Refs [18,27]. The kinetic parameters for the heteroge-
neous enzymatic hydrolysis of PET were determined using
the turbidimetric assay at increasing concentrations of
enzyme (up to 60 pg-mL™") and applying a kinetic model
of heterogeneous biocatalysis [60,61]. The following
Eqn (1) was used to fit the kinetic data [62]:

o=

_d(rlo) _ ke Ka - [E]
di 1+ Ka [

(1

where —d(t/to)"/?/dt is the initial rate of the square root of
the relative turbidity decrease in the linear region, K4 is the
adsorption equilibrium constant, and k. is the relative max-
imum rate for cleavage of the ester bond of PET. Values of
—d(t/t0)'?/dt are expected to be linearly dependent on the
concentration of PET nanoparticles at a constant enzyme
concentration only whether the amount of substrate has
saturated the enzyme [27].

Thermal stability of ALCC variants

The melting temperature (7},) for secondary structure of
ALCC variants was determined by measuring the variation
in ellipticity signal by circular dichroism at 222 nm during
temperature ramps [63]. Proteins (0.1 mg-mL™") were dis-
solved in 25 mwm Tris—HCI, 200 mm NaCl (pH 8.0).

Enzymatic bioconversion of PET

Poly(ethylene terephthalate) film was cut into dishes of 6 mm
of diameter (corresponding to ~ 7 mg) and washed with
0.1% SDS, ethanol and deionized water, followed by drying
at 50 °C for 1 h. ALCC variants (40 pg-mL™") were added to
1.0 mL of 7 mg-mL~" of PET film (Goodfellow Cambridge
Ltd., Huntingdon, UK, 250 pm thick, amorphous, product
number ES301445) or 40 mg-mL™' of PET microplastic
(Goodfellow Cambridge Ltd., diameter 300 pm, crystallinity
> 40%, product number ES306030) in 100 mM potassium
phosphate, pH 8.0 at 45 °C, 55 °C, 60 °C, or 72 °C.

A transparent and untreated postconsumer PET waste
(bean cake plastic container, 1.2% crystallinity) [17] was cut
into dishes of 6 mm of diameter (corresponding to ~ 7 mg)
and washed as above. ALCC variants (0.005 mg-mL™") were
added to 1.0 mL of 7 mg-mL~" of PET substrate in 100 mm
potassium phosphate, pH 8.0 at 55 °C.

The concentration of the soluble aromatic products pos-
sessing C=0 bonds (e.g. MHET, TPA and BHET) was deter-
mined from the absorbance at 240 nm (ey9 =
13.8 mm~'-cm™") [18]. The residual activity of ALCC variants
was determined by the pNPA assay as described above.

An untreated and transparent postconsumer PET waste
(1.3 g, disposable PET jar lid, diameter 6.5 cm) was added
to 0.005 mg-mL~! of SIOIN/F243T ALCC in 0.25L of
100 mm potassium phosphate, pH 8.0 at 55 °C for 72 h.

Cutinase laboratory evolution for PET degradation
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Fig. S1. MD simulation of ALCC.
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mized for expression in E. coli of the synthetic DNA
fragment encoding the ALCC.
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for 400 h.
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