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Selective Hydrolysis by Engineered Cutinases:
Characterization of Aliphatic-Aromatic Homo and Co-
Polyesters by LC and LC-MS Methods

Eman Abdelraheem®,”” Vasilis Tseliou*,” Jessica Desport,” Masashi Serizawa,™
Martin Schiirmann,”® Paul Buijsen,'” Ron Peters,”™ Andrea F. G. Gargano,*® and

Francesco G. Mutti*®

The performance, biodegradability, and recyclability of poly-
mers can be tuned during synthesis by adopting monomers
with different chemical characteristics. Recent research has
shown the aptness of some hydrolases to depolymerize
polyesters under mild conditions compared to chemical
approaches. Herein, we engineered a cutinase from Thermobifi-
da cellulosilytica (Tc_Cut2NVY““®) for improved thermostability
(up to 91°C) and compared it with previously reported leaf-
branch compost cutinase (LCCY“®) for the hydrolysis of low
molar mass substrates, as well as aliphatic and aromatic homo-
and co-polyesters. For both enzymes, higher hydrolysis rates
were observed for aliphatic compared to aromatic homo-

Introduction

The chemical composition of polymers (i.e., types of end
groups, co-polymer ratio, molecular weight) is an important
parameter for determining their mechanical properties, includ-
ing degradability and melting point."’ A detailed understanding
of polymer composition is pivotal to designing materials that
offer improved recyclability and controlled biodegradation.”
Therefore, the development of catalytic methods that enable
controlled polymer depolymerization is of high interest for
applications in polymer recycling and analytical chemistry that
aim to characterize polymer distribution. The physical and
chemical degradation of polymers includes thermal, photo-

[a] E. Abdelraheem," V. Tseliou," J. Desport, M. Serizawa, R. Peters,
A. F. G. Gargano, F. G. Mutti
van ‘t Hoff Institute for Molecular Science, University of Amsterdam, Science
Park 904, 1098 XH Amsterdam, the Netherlands
E-mail: a.gargano@uva.nl

f.mutti@uva.nl

[b] M. Schiirmann
InnoSyn B.V., Urmonderbaan 22, 6167 RD Geleen, the Netherlands

[c] P. Buijsen, R. Peters
Covestro Resins & Functional Materials, Sluisweg 12, 5145 PE Waalwijk, the
Netherlands

[*] These authors contributed equally to this work.

B3 Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202403879

© © 2025 The Author(s). Chemistry - A European Journal published by Wiley-

VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chem. Eur. J. 2025, 31, €202403879 (1 of 8)

polyesters. SEC-MS analysis revealed that the hydrolysis of
aliphatic/aromatic co-polyesters occurred at the aliphatic mono-
mers, significantly reducing the molecular weight and changing
the end-group composition. These results underline the
importance of co-polymer composition in the biodegradation
of co-polymer systems and demonstrate the applicability of
enzymes for the analytical characterization of synthetic poly-
mers by selectively reducing their molecular weight. Finally, the
discovery and engineering of highly active enzymes that can
efficiently hydrolyze a wide variety of synthetic polyesters
create new opportunities for their efficient recycling under mild
conditions.

chemical, mechanochemical, and oxidating processes.”’ These
processes can successfully degrade the polymer but lack
selectivity.

In contrast, enzymes offer the potential for chemoselective
degradation of polymers by targeting specific bonds. Moreover,
enzymes can display different hydrolytic kinetics for different
monomers depending on the neighboring monomer within the
polymer sequence. Therefore, available and novel hydrolases
could be applied to characterize the microstructure of synthetic
polymers similarly to what is done for the characterization of
proteins (i.e., chemoselective digestion).

The capability of some hydrolases to degrade synthetic
polyesters has been investigated over the past two decades,
leading to the discovery and engineering of variants that can
fully degrade polyethylene terephthalate (PET) and, therefore,
potentially be used for recycling and bioremediation purposes.
The enzymes used for this purposes were cutinases isolated
from microbial strains (e.g. Ideonella sakaiensis and Thermobifi-
da fusca) or fungi (Fusarium solani, Humicola insolens, and
Aspergillus oryzae), and further engineered ones.”” Among the
recently published candidates enzymes for PET hydrolysis are
Thermobifida fusca cutinase (TfCut2),” Thermobifida cellulosily-
tica cutinase 1 (ThcCut1)® and an engineered leaf-branch
compost cutinase (LCCY®).”" Further recent research has also
led to the discovery and engineering of other catalytically active
and thermostable enzymes for the depolymerization of PET."

However, these recent works on polyester degradation by
enzymes has mainly focused on methods to degrade homopol-
ymers back to the starting monomers. Miiller et al. have studied
the process of co-polyesters hydrolysis, revealing that the

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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cleavage rates are dependent on the heterogeneity of the
polymer as well as the chemical structure and molecular
environment (crystallinity) in which the ester bonds are
embedded.” Yet, to date, analytical investigations studying the
changes of chemical structures in co-polymers as a result of
enzymatic degradation are lacking. Herein, we report the
development and use of cutinases to depolymerize model
homo- and co-polyesters. Two enzymes were investigated for
their selectivity in the hydrolysis of small molecules and
structurally diverse polyesters. One of these enzymes was
engineered from the cutinase family to improve its thermo-
stability and allow depolymerization reactions at higher temper-
atures in aqueous buffer media. The other studied cutinase was
a previously reported variant from the leaf-branch compost
cutinase (LCC)."”

Various LC and LC-MS methods were applied to character-
ize the products and the remaining polymer after the enzymatic
hydrolysis. An overview of the steps performed is presented in
SI, Figure S1. We selected polyesters with different physical and
chemical properties composed by different monomers (Fig-
ure 1): polyester 1 (PEST) (green box) as an aliphatic polymer

(a) Targeted polymers
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Figure 1. a) Structures of the monomers composing the polymers enzymati-
cally hydrolyzed and b) assay substrates used in this study. The MW of the
polymers was determined using SEC against polystyrene standards.
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based on dodecanedioic acid (DDA, 50%, 2) and ethylene glycol
(EG, 50%, 1); PES2 (orange box) as a co-polymer with four
different monomer units randomly distributed, namely, tereph-
thalic acid (TPA, 37%, 3), isophthalic acid (IPA, 12%, 4),
neopentyl glycol (NG, 48%, 6) and adipic acid (ADA, 3%, 5);
PES3 (blue box, commonly indicated as PET) as an aromatic
polymer based on terephthalic acid (TPA, 50%, 3) and ethylene
glycol (EG, 50%, 1); and PES 4 (violet box) as an aromatic
polymer based on terephthalic acid (TPA, 50%, 3) and
neopentyl glycol (NG, 50%, 6). These polyesters were also
selected for their industrial relevance as part of the next
generation of polymers. The synthesis of these polyesters was
undertaken as part of this study, with detailed procedures for
their synthesis and characterization provided in the Supporting
Information (SI).

Results and Discussion

Selection and Engineering of Thermostable and
Chemoselective Enzymes for the Hydrolysis of Polyesters

We selected a variant of a leaf-branch compost cutinase
(LCCY®®) for its ability to depolymerize PET polyesters (PES),”*"
and a variant of a cutinase from Thermobifida cellulosilytica (Tc_
Cut2 R29N A30V; herein referred as Tc_Cut2NV) for its
catalytic activity toward PET and polylactic acid (PLA).'” p-
Nitrophenyl butyrate (PNPB, 7) was used as assay substrate to
determine the specific activity of both enzymes at 40°C.
Although this work aimed at targeting the hydrolysis of
insoluble polymers, 7 is the commonly used substrate for initial
evaluation of the catalytic performance of this type of hydrolytic
enzymes. LCCY“® and Tc_Cut2NV showed 11828 Umg™" and
9904 Umg " specific activity, respectively.

As the depolymerization reaction rates for the polyesters
increased at higher temperatures, we hypothesized that the
reactions could be run at a temperature closer to the glass
transition temperature (Tg) of the polymers, therefore increas-
ing polymer chain accessibility (Tg, between 58 and 87°C, SI
Table S2, Figure S6).I"" We therefore attempted to increase the
thermostability of Tc_Cut2NV (>60°C). Tc_Cut2NV (PDB: 5LUK)
has a high structural similarity with the high thermostable
variant LCC"““® (PDB: 4EBO for wild-type LCC). Both Tc_Cut2NV
and wild-type LCC display a typical o/p-hydrolase fold in which
nine antiparallel B-strands are enveloped by ten a-helices, five
from each side.”'? The enzymes contain an active site serine
residue (S131 for Tc_Cut2NV and S138 for LCC) along with the
proximal aspartic acid and histidine residues that create a
catalytic triad, which is essential for hydrolysis. Figure 2a depicts
the X-ray crystal structure of Tc_Cut2NV where the catalytic
triad is highlighted (magenta), whereas Figure 2b displays a
structural alignment between Tc_Cut2NV (grey) and wild-type
LCC (magenta). Due to their high structural similarity, we
speculated that introducing similar mutations of the variant
LCCY to the scaffold of Tc_Cut2NV might also increase the
thermal stability of the latter. Therefore, via 3D-structural
alignment, the corresponding residues were identified in the
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Figure 2. a) X-ray crystal structure of the Tc_Cut2NV (PDB: 5LUK) in which nine antiparallel B-strands (green) are enveloped by ten a-helices displaying a
typical o/B-hydrolase fold. The catalytic triad is shown in magenta. B) X-ray crystal structure of wild-type LCC (PDB: 4EBO, magenta) superposed with Tc_
Cut2NV. The corresponding residues in Tc_Cut2NV scaffold that generated increased thermostability in the LCC"““® variant are shown in yellow. c-d) Docking
studies with enzyme Tc_Cut2NVW® as receptor and using (c) aliphatic model substrate 9 or (d) aromatic model substrate 8. The enzyme surface is depicted in
blue and yellow to refer to hydrophilic and hydrophobic amino acid residues, respectively. The structures highlight the distance (< 3 A) between the catalytic
S131 residue and the reactive carbon atom of the model substrates. H209 and the mutated residue W210 are involved in hydrogen bonds with the oxygen
atoms of the respective carbonyl moieties at distances of 3-4 A. Y61 and M132 are the amino acid residues that make up the oxyanion hole. The N—H
moieties of the backbone amide groups of Y61 and M132 interact with the oxygen atom of the reacting carbonyl group of the substrate. All these interactions
occur at distances of 3—4 A. The catalytic triad is shown in magenta, and mutations in light green. Docking was performed using YASARA structure, and

Chimera software was used for structural alignment and visualization.

Tc_Cut2NV scaffold and the mutations (Q93G, D205C, F210W
and E254C) were introduced to create the Tc_Cut2NV¥C gene,
which was recombinantly expressed in E. coli and the enzyme
was purified by Ni*"affinity chromatography (SI, Figure S2) as
previously done for Tc_Cut2NV and LCCY“C, In a first round of
purification, Tc_Cut2NV¥ was obtained with approximately
95% purity, with the only impurity being a high molecular
weight co-eluting protein from the E. coli BL21(DE3) host
organism. A second round of purification demonstrated that
enzyme purity could be increased to >99% by completely
eliminating the co-eluting protein (SI, Figure S2B). Tests of
depolymerization on PES1 and PES4 unequivocally showed no
difference when using Tc_Cut2NV"““ at ca. 95% purity
compared to >99% purity (SI, Figure S19). Therefore, the
preparation at ca. 95% enzyme purity was used throughout this
study.

Thermostability measurements revealed that the mutations
in the Tc_Cut2NVY“® scaffold enhanced the stability of the
enzyme, which displayed an impressive melting temperature
(Tm) of 91°C (~27°C higher than the parental Tc_Cut2NV) (S,
Figure S3). The new variant also showed a 16% increase in
catalytic activity for the hydrolysis of the assay substrate 7
compared with the Tc_Cut2NV (11460 Umg™' and 9904 Umg™'
for Tc_Cut2NV"“® and Tc_Cut2NV, respectively). These results
motivated us to conduct long-term thermostability measure-
ments at 40°C and, for up to 6 days, at 71°C using purified Tc_

Chem. Eur. J. 2025, 31, €202403879 (3 of 8)

Cut2NVY“C, The enzyme showed a similar specific activity for
substrate 7 at 71°C and at 40°C (ca. 5000 Umg™") at the
beginning, but its activity at 71°C decreased 1.6-fold and 6-fold
after 3 and 6 days, respectively (Table 1).

Next, we tested whether the introduced mutations im-
proved the tolerance of the enzyme against organic solvents.
We chose hexafluoro-2-propanol (HFIP) and tetrahydrofuran
(THF) because these solvents can solubilize polyesters, thereby
making it possible to increase the accessibility of their chains.
Unfortunately, the catalytic activity of Tc_Cut2NV¥“® decreased
30-fold or 40-fold at the tested concentration of added HFIP
(10-90% v v7') (SlI, TableS1) or THF (50%). This outcome
indicated that none of these solvents could be used in the
enzymatic depolymerization reactions. Therefore, we decided to
conduct all reactions in aqueous buffers without any organic
cosolvent.

Activity Test with Assay Substrates and Structural Insights on
Catalytic Activity and Selectivity

Next, we assessed whether the enzymes could accept both
aliphatic and aromatic low molar mass substrates by combining
wet-lab experiments and computational docking simulations.
We used bis-(2-hydroxyethyl) terephthalate (8) (EG-TPA-EG) and
bis-(2-hydroxyethyl) adipate (9) (EG-ADA-EG) (NMR data in SI,

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Long-term thermostability measurements with Tc_Cut2NV¥¢ or
LCCY“S with assay substrate 7 at 71°C.

o\n/\/ OH

e

/©/ fo) 50 mM KPi buffer pH 7.6 .

OaN DMSO (10%) O.N p-nitrophenol

7 7a 405nm

Entry Enzyme Time Activity®
(days) (Umg™)

1 Tc_Cut2NVvWeee 0 4913

2 Tc_Cut2NyWeee 3 3003

3 Tc_Cut2NyWeee 6 807

4 Lcgwecs 0 6735

> Lerese 3 5345

6 Lccweee 6 660

[a] Activity was measured by monitoring the increase of the absorbance of
7a at A of 405 nm for 1 min using the extinction coefficient (€4450m=
9.36 mL/(umol*cm)). Reactions were performed with 7 (4 mM) at 71°C in
50 mM KPi pH 7.6 with the purified enzymes. Measurements were carried
out using a spectrophotometer equipped with temperature control. In all
measurements, the enzymes were incubated at the desired temperature
prior to the assay.

Figure S5) as assay substrates because these are structurally
similar to the targeted polyesters and therefore offer a
simplified testbed for our studies.™ Although these experi-
ments do not account for the restricted molecular accessibility
typical of solid materials, they accurately reflect the enzyme’s
propensity for hydrolysis. Molecular docking simulations using
either 8 or 9 as substrates revealed that both Tc_Cut2NV"W<©
and LCCY™C are receptors. Moreover, in the computational
models showing the substrate in a productive binding pose, the
catalytically active serine (S131 for Tc_Cut2NV¥® or S165 for
LCC*S) was found to be in close proximity to the reactive
carbon of the substrate’s carbonyl group (<3 A (Figure 2c and
SI, Figure S4).

The molecular docking poses in the productive binding
modes show the influence of the catalytic histidine residue
(H209 for Tc_Cut2NVY® and H242 for LCCY“) on the
protonation of the oxygen atom of the carbonyl group involved
in the hydrolysis reaction, which is situated approximately 4 A
away. Additionally, stabilizing interactions occur between the
same oxygen atom and the N—H moieties of the backbone
amide groups of Y61 and M132 (Tc_Cut2NVV“C residue
numbering), which make up the oxyanion hole; these inter-
actions are observed at distances of 3-4 A. Notably, the
introduced tryptophan mutation (F210W for Tc_Cut2NV¥® or
F243W for LCCY““) must influence the positioning of the low
molar mass substrates in the active site through the possible
formation of a hydrogen bond between the NH moiety of the
tryptophan residue and the oxygen atom of the second
carbonyl (i.e.,, not involved in the hydrolysis) of the substrate
(See Figure 2).

As predicted by the docking studies, both Tc_Cut2NV*<¢ or
LCCYC could hydrolyze the test low molar mass substrates.
After 1 or 24 h, we detected the formation of monomer 3 or 5
by LC-MS as the products of the depolymerization of assay

Chem. Eur. J. 2025, 31, €202403879 (4 of 8)

substrates 8 or 9, respectively. Within the investigated time-
frame (up to 24 h) for the depolymerization of 8 or 9, LCC"*®
produced a greater amount of the monomer 3 or 5 (near 100%
hydrolysis) compared with Tc_Cut2NV¥¢ (SI, Figure S11;
around 80% of hydrolysis). Notably, using Tc_Cut2NV*<¢, we
detected the formation of partially hydrolyzed intermediates,
thus maintaining one of the two ester moieties (compound 8a
and 9a of Sl Figure S11). In contrast, both intermediates were
consumed by LCCY“C after 30 min of reaction. These observa-
tions indicate a different reactivity between Tc_Cut2NV*“® and
LCCYE, with the latter enzyme being more catalytically active.
Moreover, the hydrolysis of the aliphatic low-molar-mass
substrate 9 catalyzed by LCCY“® was significantly faster than
that of the aromatic low-molar-mass substrate 8 within the first
100 min of the reaction.

Analysis of the Depolymerization of Homopolymers PES1,
PES3 and PES4 by RPLC-UV-MS and SEC-UV

After elucidating the different reactivity of Tc_Cut2NV*® and
LCCYC for the hydrolysis of small molecules and assay
substrates, we applied the enzymes to the depolymerization of
polyesters. The enzymes developed were used to analyze an
aliphatic, PES1 (DDA-EG, 2-1, Mw= 17 kDa), as well as the
aromatic PES3 (TPA-EG, 3-1, Mw =132 kDa) and PES4 (IPA-NG,
4-6, Mw = 14 kDa), homo-polyester synthetic models (Figure 1).
PES3 and PES4, which exhibit significant differences in molec-
ular weight, were used to assess the influence of this parameter
on depolymerization. The polymer samples used in this study
were solid materials in different forms such as powder/ granules
(PES 1,2,4), or blocks (PES3). The polymers were hydrolyzed as
solid dispersions in water. However, for most of the polymers,
the reaction temperature of 71°C exceeded their glass
transition temperature (T,), except for PES3 (see Table S2).
Above the T, the amorphous regions of polymers exhibit
increased molecular mobility and are more susceptible to
enzymatic attacks due to the greater free volume available for
diffusion, thereby facilitating depolymerization." Moreover,
different strategies to increase the surface area were applied
and are described in the Sl Figures S7 and S13.

Two methods were used to characterize the hydrolysis
products: RPLC-UV-MS to monitor the release of dicarboxylic
acid monomers in the aqueous reaction mixture (3 for PES3 and
2 for PES1) and SEC-UV to analyze the remaining polymer
material after centrifugation, sample evaporation, and re-
dissolution in HFIP. Details of the RPLC and SEC analysis are
presented in Figures S14, S15 and S17.

Figure 3a illustrates the molecular weight distribution
(relative to polystyrene standards) as Log MW plots obtained
for the depolymerization reactions of PES1 by LCCY“® and Tc_
Cut2NVWC after different reaction times. Negative control
experiments (i.e, devoid of enzyme, grey trace) were also
performed. We observed complete depolymerization of PES1
with LCCY“C after 30 min (yellow trace) as the polymer
distribution area disappeared. In the case of Tc_Cut2NVWece
(blue trace), the PES1 polymer peak decreased in 30 min and
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Figure 3. Enzymatic hydrolysis of model polymers PES1 and PES4 catalyzed by Tc_Cut2NV"““® or LCCV““®, Reactions were performed with 1 mg PES1 and 1 mg
PES4, 1 uM of enzymes at 71°C in 50 mM KPi. (a) Size exclusion chromatography (SEC) profile of the PES1 samples (polystyrene equivalents) after 30 min
incubation using LCCY“C (yellow trace) and Tc_Cut2NV"““ (blue trace); PES1 displayed degradation compared with the negative control without enzymes
(grey trace) and complete depolymerization was detected within less than 24 h; 1 indicates the elution area of salts and low molecular weight components, 2
indicates the polymer elution area, and 3 indicates the peak of the enzyme used for the depolymerization; the increase of low molecular weight species 1

with almost no change in molecular weight distribution was observed as a result of polymer degradation. LCC"“® appear to degrade the polymer much faster
than Tc_Cut2NV"¥“C with no residual polymer present after 30 min of incubation. (b) SEC profile of PES4 solution in THF using LCC"““ (yellow trace) and Tc_
Cut2NV"© after 1 day of incubation; 1 indicates the elution area of salts and low molecular weight components, whereas 2 indicates the polymer elution
area. For both a) and b) the intensities are normalized to the highest peak to facilitate the comparison. Data obtained from the analysis of released monomers

from PES1-3 are reported in Figure S17.

the complete depolymerization was observed within less than
24 h. The process went hand in hand with the progressive
formation of 2 as observed by RPLC-MS and the visual
observation of the complete degradation of PES1 in the
reaction mixture.

In the case of the aromatic polymers PES3 and PES4, limited
amount of 3 or 4, respectively, was released in the first 24 h of
reaction time. Consequently, the reaction time was extended to
3 days, yet even after this period, the reaction remained
incomplete. (results are presented in Figure SI-17). This result
suggests that the enzymes exhibit greater catalytic activity for
aliphatic polyesters, as the aliphatic polyester was hydrolyzed in
a much shorter time frame (in less than 1 h for both enzymes).
SEC-UV analysis showed a different variation in the polymer
area for PES4 compared to PES3 after 3 days of enzymatic
degradation (PES3: 24% vs. 16% with LCCY® and Tc_
Cut2NVYE, respectively; PES4: 20% vs. 33% with LCC"““ and
Tc_Cut2NVYC, respectively). This may suggest differences in
hydrolysis rates related to the polymer's molecular weight;
however, other factors, such as the distribution of the polymer
within the solid matrix, may also play a role. Further inves-
tigation using time-course sampling and a quantitative analysis
of polymer distribution is needed to draw definitive conclu-
sions.

Despite the significant release of monomer recorded by
RPLC-UV-MS and the formation of small MW species observed
in SEC-UV over the reaction time, we noticed negligible changes
in the molecular weight distribution for both PES3 and PES4.
Therefore, we conclude that for all homopolymers, the
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hydrolysis occurred primarily at the end groups of the polymers
with no/ limited chain hydrolysis of the polymer chains.

Molecular Characterization of PES2 LCC Hydrolysis by SEC-MS

Finally, we applied the enzymatic depolymerization reactions
discussed above to the aromatic-aliphatic co-polyester PES2,
which is a randomly distributed co-polymer made of 49%
aromatic acid monomer (TPA+IPA, 3+4), 3% aliphatic acid
monomer (ADA, 5) and one alcohol (NG, 6) (further details in
Figure 1 and Table S2).

Our analysis focused on the depolymerization of co-polymer
PES2 for 6 days with 1 uM LCC"“® or Tc_Cut2NV¥“® compared
to the negative control."® RPLC-UV and SEC-UV results from the
hydrolysis of the polymer using LCC*“ and Tc_Cut2NV¥¢ can
be found in S| Figure S16 and S18. RPLC-UV results revealed a
slow hydrolytic behavior of PES2, similar to that of PES3.
However, unlike for the homopolymer PES3 and PES4, SEC-UV
analysis of the unsoluble polymer revealed that PES2_LCC
sample (i.e., depolymerization of PES2 by LCC"“®) presented a
significant reduction in molecular weight (Mn from 9748 to
6223 and Mw from 16809 to 11824). Limited MW reduction was
observed for the PES2 sample treated with Tc_Cut2NVV® (Mn
from 9748 to 9480 and Mw from 16809 to 16170).

To identify the monomer composition of the species
detected by SEC-UV and elucidate possible chemical composi-
tion changes, the degradation products - insoluble in the
reaction media - were solubilized in THF and analyzed by SEC-
UV/ESI-MS.""® While UV detection provided information on the
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entire polymer molecular weight distribution, as shown in  discussed as we observed a lower level of hydrolysis with this
Figure 4a, MS hyphenation enabled the identification of the  enzyme.
chemical composition of a wide range of oligomers (up to Our data analysis revealed two important changes in PES2
5300 Da). Due to health hazards and ESI compatibility, we upon hydrolysis by LCCY“: (i) changes in polymer end groups
adopted THF as the solvent for the SEC-MS analysis. Similar  and (ii) changes in monomer composition.
profiles were observed between SEC in THF and HFIP for this Polyesters exhibit different end-group compositions de-
polymer. It has to be noted that MS analysis cannot be pending on how they have been synthesized."®'® The mass
considered quantitative as the analysis reflects chemical spectra obtained from the original polymer sample PES2_NC
composition only of the low MW components of the polymers,  (control experiment for PES2 with no enzyme in the media
and as different chemical composition may have different MS  (Figure 4b,c) features three different end-group types - i.e., di-
ionization efficiency (e.g. cyclic species are known to be acid, mono-acid, di-alcohol - as well as cyclic chains (lacking
overestimated with respect to other end group). However, this  end-group contribution in their mass). The cyclic, di- and mono-
technique is applied to qualitative capture changes in chemical acid terminated chains are the most abundant signals in the
composition."” spectra of the starting material making 85% of the sum of the
A systematic data analysis approach was applied to the MS ~ monoisotopic peaks (51% being cyclics, 34% mono-acid, 14%
spectra recorded during SEC separation. For clarity, only a  di-acid and 1% di-alcohol terminated). These results only
fraction of the mass spectra is depicted in Figure 4a (signals  partially agree with NMR data where acid end-groups ac-
sum from 8 to 9 min of SEC elution) and only the results for the  counted for ca. 14 mol % over the MW range (Table S2). Because
samples treated with LCC"“® and the negative control are  of known ionization yields differences of end groups in ESI-MS,
reported. Details of the assignments as well as data for PES2 it is not possible to comment on the relative abundance of
treated with Tc_Cut2NV"“© are provided in the Sl (Figure S20  oligomers as a function of their chain-end in the same sample.
and S21; Table S4 to S5). Results with Tc_Cut2NV are not  However, it is possible to assess differences in their relative
contributions between samples. In particular, the MS signature
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Figure 4. a): Molecular weight distributions of PES2_control (NC, black trace) and after hydrolysis using LCC*““® (LCC, green). The log MW is acquired via SEC-
UV and relative to polystyrene standards (SI, Figure S9). b) From top to bottom, respectively, mass spectra averaged over 1 min of SEC elution (8 to 9 min) for
PES2 depolymerized with LCCY“® (LCC) and its control experiment (NC). MS peaks are assigned to a given end-group pair by color: mono-acid (blue), di-acid
(black), di-alcohol (red) and cyclic (green). The grey signals are assigned to background noise and sodium iodide (Nal) clusters. All peaks above 0.2 % intensity
were processed in a semi-automated fashion using MSPolyCalc""® and based on the known polymer compositions. The data processing resulted in molecular
formula assignments within a mass tolerance of 5 ppm and with good isotopic pattern match (within 95 % similarity for isotopic zones up to A+ 3). All species
were detected in positive ion mode as [M +zNa]J** sodium adducts with charge states (z) ranging from 1 to 3. ¢,d) Bubble chart reporting the assigned
molecular formula from the SEC-MS analysis as a function of the number of polymer units (degree of polymerization, DP) of aromatic-based monomers (TPA/
IPA-NPG; 3,4-5) versus aliphatic monomers (ADA-NPG; 2-5) for (c) PES2_LCC and (d) PES2_control. The dimension of the bubbles is scaled with the maximum
intensity in the MS plot (alternative representation in SI, Figure S20 and 21, data available in Sl Table S4-5). e) Schematic representation of polymer chain
degradation as a function of types of end groups. We define ‘end group degradation’ as cleavage events occurring at the terminus of a polymer chain,
resulting in the formation of a shorter chain with a di-alcohol end group. 'In-chain degradation’ refers to cleavage events that occur within the internal
regions of the polymer chain, potentially leading to the formation of two shorter chains, one with an acid end group and the other with di-alcohol end
groups.
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of the degraded PES2_LCC sample (Fig. 4 d) differs significantly
from the MS profile of the original polymer. Here signals
assigned to di-alcohol-terminated chains are predominant, with
88% of the sum of the monoisotopic peak intensities. The
secondary most abundant signals were assigned to cyclic
oligomers, while peaks assigned to mono- and di-acid termi-
nated chains were in the minority, with intensities of 10% and
2% maximum, respectively. Experiments by changing the
ionization additive from sodium to ammonium revealed similar
end-group changes.

Additionally, after hydrolysis, almost all the cyclic polymers
disappeared, suggesting that they were hydrolyzed into linear
polymers. Figure 4e illustrates the proposed mechanism of
degradation that results in the release of di-acids from variable
polyester chains as a function of their end-group type. As
illustrated, the hydrolysis process gradually leads to the release
of acid terminated monomers and the fully alcohol-terminated
polymer chains, regardless of the localization of the cleavages
(i.e., at the end of, or within the chain).

The composition of the oligomers in terms of aromatic and
aliphatic content was retrieved by mass analysis. Figure 4c-d
summarizes the degree of polymerization (DP, here measured
up to 14) of aromatic monomers as a function of the DP of
aliphatic monomers observed in the SEC-MS experiments.

In PES2_NC sample, several congeners exist with variable
DP of aliphatic acid (5) ranging from 0 to 4, with the aromatic
DP being between 1 and 14 (3 and 4 cannot be distinguished
from each other because they are isobaric). This situation
changes significantly when analyzing PES2_LCC sample. In this
case, the species detected in the same molecular weight range
are deprived of aliphatic acid (5). In particular, the assigned
mono-acid terminated chains of PES2_LCC sample carry 0 to 1
aliphatic monomer and the intensities of the signals are below
10%. In contrast, the di-acid terminated chains were detected
with a maximum of two aliphatic units and an intensity of 2%
maximum.

Based on these observations, we conclude that the
reduction in molecular weight observed by enzymatic hydrol-
ysis is likely to occur via in-chain hydrolysis and at the sites of
the aliphatic monomers rather than at the polymer end group.
These results agree with the different hydrolysis rates that the
enzymes exhibited toward aliphatic or aromatic homopolymers.
It should be noted that the list of assignments is representative
of the lower mass portion of the sample; however, we expect
the same trend to apply to higher molecular weight species.

Conclusions

In this study, we described an in-depth analytical character-
ization of the process of hydrolysis of polyesters catalyzed by a
recently described cutinase (LCC"““®) and a homologue cutinase
variant that was created and reported for the first time in this
work (Tc_Cut2NV"“©). Assay small molecules, aliphatic and
aromatic polyesters as well as an aromatic-aliphatic co-polyester
were investigated for their depolymerization with the chosen
cutinases. RPLC-UV-MS analyses allowed us to monitor the
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water-soluble products released by hydrolysis. SEC-MS analysis
allowed us to gain insight into the monomer composition of
the species resulting from the enzymatic hydrolysis.

We conclude that LCC"“® and Tc_Cut2NVW“¢ depolymerize
the constituting monomers depending on their chemicophys-
ical characteristics such as in the case illustrated here of
aliphatic and aromatic monomers. The results and method
proposed herein give insights into the mode of hydrolysis of
these cutinases in co-polyester systems, thereby providing
information for the rational engineering of more selective and
catalytically active enzymes. These results could be exploited as
a starting point for developing analytical workflows in which
the selectivity of enzymes is harnessed to characterize the co-
polymer distribution in a polymer sequence. Additionally, the
engineering of highly active enzymes for the hydrolysis of
diverse synthetic polyesters holds transformative potential for
many other domains. For instance, the application of these
hydrolases in polymer recycling can create tangible benefits for
society, ecosystems, and the economy by addressing environ-
mental concerns, enhancing resource efficiency, and promoting
sustainability and circularity. This work also demonstrates that
an integrated approach involving several disciplines, such as
biocatalysis, analytical chemistry, and polymer science, is crucial
for fostering a more sustainable future in which better
degradable polymers can be designed and synthesized, and
effectively degraded by engineered enzymes at the end of their
lifecycle.

Supporting Information Summary

Additional references are cited in the supporting information.?”
The online version contains supplementary material available at
https://doi.org/10.1002/chem.202403879.
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