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Abstract

Several hydrolases have been described to degrade polyethylene terephthalate
(PET) at moderate temperatures ranging from 25°C to 40°C. These mesophilic
PET hydrolases (PETases) are less efficient in degrading this plastic polymer
than their thermophilic homologs and have, therefore, been the subject of
many protein engineering campaigns. However, enhancing their enzymatic
activity through rational design or directed evolution poses a formidable chal-
lenge due to the need for exploring a large number of mutations. Additionally,
evaluating the improvements in both activity and stability requires screening
numerous variants, either individually or using high-throughput screening
methods. Here, we utilize instead the design of chimeras as a protein engineer-
ing strategy to increase the activity and stability of Morsl, an Antarctic PETase
active at 25°C. First, we obtained the crystal structure of Morsl at 1.6 A resolu-
tion, which we used as a scaffold for structure- and sequence-based chimeric
design. Then, we designed a Morsl chimera via loop exchange of a highly
divergent active site loop from the thermophilic leaf-branch compost cutinase
(LCC) into the equivalent region in Morsl. After restitution of an active site
disulfide bond into this chimera, the enzyme exhibited a shift in optimal tem-
perature for activity to 45°C and an increase in fivefold in PET hydrolysis when
compared with wild-type Morsl at 25°C. Our results serve as a proof of concept
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1 | INTRODUCTION

Plastic waste, primarily from packaging and textiles, con-
stitutes an environmental problem due to its severe accu-
mulation in landfills and oceans (Geyer et al., 2017).
Their primary sources are single-use or short-lifetime
consumer plastics such as polyethylene terephthalate
(PET), which accounts for 20% of the plastics used for
packaging and 70% of fiber production worldwide (Geyer
et al., 2017). Consistently, PET is one of the predominant
polymers in post-consumer domestic plastic waste, above
polyethylene and polypropylene (Schyns & Shaver, 2021).

In this context, the discovery of enzymes that degrade
PET into its constituent monomers, ethylene glycol
(EG) and terephthalic acid (TPA), known as PET hydro-
lases (PETases), has emerged as a promising biological
approach for plastic recycling (Wei & Zimmermann,
2017). Most known PETases are thermophilic, with opti-
mal activities near the glass transition temperature of
PET (~65°C) (Wei & Zimmermann, 2017) where the
polymer chains become more flexible and are prone to
enzymatic hydrolysis (Mueller, 2006). Nevertheless, in
recent years several enzymes have been described to
degrade PET at moderate temperatures: 25°C, in the case
of Morsl from the Antarctic-inhabiting bacteria Morax-
ella sp. TA144 (Morsl) (Blazquez-Sanchez et al., 2022);
30°C, in the case of Ple628 and Ple629 from a marine
microbial consortium (Li et al., 2022; Meyer Cifuentes
et al,, 2022) and PE-H from Pseudomonas aestusnigri
(Bollinger et al., 2020); and 40°C for the PETase from
Ideonella  sakaiensis 201-F6 (IsPETase) (Yoshida
et al., 2016).

Protein engineering has successfully improved the
activity of enzymes that work at moderate temperatures,
with IsPETase being used as a chassis for most strategies.
For example, the thermal stability of IsPETase was
improved through rational design, leading to a triple
mutant (IsPETase™) with 14-fold increased activity and
9°C higher melting temperature (T,,,) compared with the
wild-type (WT) enzyme (Son et al., 2019). A greedy pro-
tein engineering strategy (GRAPE), based on computa-
tional design to identify single-point substitutions that
would improve thermal stability, led to a variant termed
DuraPETase, containing 10 substitutions and showing an

of the utility of chimeric design to further improve the activity and stability of
PETases active at moderate temperatures.

mesophilic enzymes, PET hydrolases, plastics, polyethylene terephthalate, protein

increased degradation efficiency and 31°C higher Ty
compared with IsPETase (Cui et al., 2021).

Successes in IsPETase engineering have been also
propelled by directed evolution (Bell et al., 2022) and
machine learning (Lu et al., 2022). Directed evolution
involved screening over 13,000 enzyme variants from
IsPETase™ producing HotPETase, with 36°C higher Ty,
and about 43-fold higher activity than IsPETase™ at
65°C, whereas a machine learning-based algorithm
(Shroff et al., 2020) identified three substitutions on IsPE-
Tase™ that led to the design of FAST-PETase, a variant
with 38-fold higher activity at 50°C (Lu et al., 2022).

While successful, most of these methods require an
intensive screening effort to identify an enzyme variant
that outperforms the WT enzyme. For example, only one
of the seven mutants tested for PE-H showed increased
PET hydrolysis (Bollinger et al., 2020), and the imple-
mentation of the GRAPE strategy required the experi-
mental characterization of 85 single-point variants before
designing an enzyme with multiple substitutions,
whereas directed evolution requires the implementation
of a high-throughput screening strategy to analyze the
degradation products for thousands of variants (Bell
et al., 2022). In contrast, chimeric design (Romero &
Arnold, 2009), which recombines equivalent parts of
homologous proteins based on structural information
introducing multiple mutations at once, is less disruptive
and generates functional proteins with much higher fre-
quency than random mutations (Drummond et al., 2005;
Romero & Arnold, 2009).

In this work, we test this chimeric design approach
on Morsl, a PETase active at 25°C for which we solved
its crystal structure at 1.6 A resolution. As a proof of con-
cept, we targeted the highly divergent extended loop in
the catalytic site of these PETases (Joo et al., 2018)
through loop exchange (Nestl & Hauer, 2014). We
substituted the loop connecting f8-a6 with a shorter one
from a highly efficient PET-degrading cutinase, LCC,
which has an optimum temperature of activity of ~70°C
(Chen et al., 2021), to generate a chimera. Our results
show that this loop exchange, followed by restitution of
an active site disulfide bond lost in the process, resulted
in an increase of the optimal activity temperature from
25°C to 45°C, accompanied by a remarkable fivefold
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enhancement in catalytic activity against amorphous
PET films at 45°C compared with the activity at 25°C.
Lastly, molecular dynamic (MD) simulations of the WT
enzyme and the loop exchanged variant suggest that the
increase in activity is due to changes in local flexibility in
the extended loop and in neighboring active site regions.

2 | RESULTS

2.1 | Unique structure and sequence
features of Mors1l compared with other
PETases

To enable the protein engineering of Morsl using loop
exchange, we first solved the three-dimensional structure
of the WT enzyme by X-ray crystallography. After optimi-
zation of the soluble expression of Morsl (see Materials
and Methods) and 8 months of sitting-drop vapor diffusion
crystallization at 20°C in a solution containing 0.8 mg/mL
of protein and 1.4 M sodium malonate dibasic monohy-
drate at pH 7.0, with a final volume of 0.6 pL, crystals
were successfully obtained for diffraction. The crystals
belong to space group P2,3 and the structure was solved
by molecular replacement to a resolution of 1.6 A, using
an AlphaFold2-predicted structure of Morsl as a search
model, and refined to final R+« and Rge. values of 0.16
and 0.18, respectively. All data collection and quality con-
trol parameters are within the expected values (Table 1).

There are two polypeptide chains in the asymmetric
unit of the crystal, which are found interacting through
active site residues. We employed PDBePISA (Krissinel &
Henrick, 2007) to determine if these interactions were
likely to be stable. This analysis shows that the free
energy for dissociation of the assembly is —1.2 kcal/mol,
suggesting that the biological assembly of Morsl is likely
a monomer in solution (Figure 1). This was also con-
firmed by size exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS) (Figure S1).

In general, the crystal structure of Morsl was almost
identical to its PET-degrading enzyme homologs, with a
canonical a/p-hydrolase fold comprising a central p-sheet
of 9 strands surrounded by 6 o-helices (Figure 1a,b). The
Ser-His-Asp catalytic triad is conserved, and binding sub-
site 2 is mostly compatible with type Ila PETases (Joo
et al., 2018). However, there is a substitution of a serine
(S268) instead of an asparagine which is generally con-
served in all type II PETase-like enzymes, to which Morsl
belongs. Furthermore, the mainchain of subsite 2 together
with the asparagine rotamer is also largely conserved, indi-
cating low conformational variation in the region as a
whole (Figure 1b,c). S268, therefore, stands out as an
apparently unique feature of Morsl. In subsite I, on the

TABLE 1
statistics.

X-ray source
Detector

Cell parameters: a, b, and ¢ (A)
Cell parameters: o, p, and y (°)

Space group
Resolution (A)

A (A)

Multiplicity

Rpim (all I4- & 1-) (%)
CcCc@1/2)
Completeness (%)
Reflections

Unique reflections
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X-ray data collection and structure refinement

WILEY_| 22

Morsl
Sirius MANACA
Pilatus 2 M

131.18,131.18, and 131.18
90.0, 90.0, and 90.0

P2:3

92.76-1.60 (1.68-1.60)
0.977

38.4(39.3)

44 (35.4)

0.999 (0.813)

100.0 (100.0)
3,811,265 (565765)
99,279 (14382)

<I/o(D)> 13.3(2.4)
Reflections used in refinement 99,233
R (%) 15.44
R (%) 17.97
Number of atoms: protein 4112
Number of atoms: water 712
Number of atoms: ligand 18

B (A% 14.48
Coordinate error (ML-based) (A) 0.15
Phase error (°) 17.08
Ramachandran favored (%) 96.39
Ramachandran allowed (%) 3.23
All-atom clash score 3.81
Bond lengths (RMSD) (A) 0.017
Bond angles (RMSD) (°) 1.501
PDB entry 8SPK

other hand, the differences were more notable, with a con-
served tryptophan in PETases being replaced by a tyrosine
(Y214) in Morsl and an aspartic acid (D153) in a position
where typically glutamine or tyrosine are observed
(Figure 1c). Consequently, not only is the binding subsite I
changed but also the loop that connects f-strands 6 and
7, which migrates toward helix a2, possibly due to the elec-
trostatic interaction between D153 and K217 (Figure 2).
The two molecules in the asymmetric unit are related
by a non-crystallographic twofold. The sidechain of Y121
of chain A (Y121_A) lies on this diad axis forcing perfect
symmetry to be broken resulting in a new sidechain and
main chain conformation around Y121 of chain B
(Y121_B). While Y121_A adopts the canonical conforma-
tion observed in other PETase-like enzymes, where it
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FIGURE 1

Crystal structure and sequence of Mors1. (a) Cartoon representation of the three-dimensional structure of chain B of Mors1,

with the catalytic residues and three disulfide bonds (DB) in green sticks. The insets correspond to a close-up of the three DBs, with the
black mesh corresponding to the electronic density of each DB. (b) Sequence and secondary structure topology of Morsl. The red boxes
indicate the location of the catalytic residues S189, D234, and H264, and the green numbers indicate the cysteines that participate in the
three DBs. (c) Partial Multiple sequence alignment derived from the structural superposition of the active sites of Mors1, IsPETase (PDB

6ANE), and LCC (PDB 4EBO).

forms part of the wall of the substrate-binding pocket,
Y121_B is shifted by ~6 A in order to avoid the steric
clash (Figure 2b). This leads to partial occlusion of the
substrate binding site and requires changes to the main
chain prior to the tyrosine itself, including an unusual
Pro-Gly cis peptide bond. The absolute requirement of
peptide bond isomerization for crystallization to occur
potentially explains the exceptionally long time for the
first crystals to appear (8 months). In this part of the
map, the difference in density clearly shows signs of dis-
order and the overall picture that emerges is that this
region of the structure may be more readily deformable
than has heretofore been appreciated.

The crystal structure of Morsl also enabled us to con-
firm the presence of a third disulfide bond that is unique
to this enzyme and not present in IsPETase, Ple628,
Ple629, or PE-H (Figure 1). As seen from the electron

density, Morsl contains the canonical C-terminal disul-
fide bond between C299 and C318 present in all PETases
(DB3), an active site disulfide bond between C231 and
C266 that is exclusive of PETases active at moderate tem-
peratures (DB2) and an N-terminal disulfide bond
between residues C60 and C109 (DB1) that is only found
in Morsl. This disulfide bond was suggested to be present
in our previous work via fluorescence labeling of free cys-
teine thiol groups (Blazquez-Sanchez et al., 2022).

2.2 | Loop exchange increases optimal
temperature for activity and PET
degradation efficiency

Type II PET hydrolases, such as IsPETase, are character-
ized by having an extended loop in the active site, which is
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FIGURE 2 (a) Ribbon
representation of a three-

(a) I Mors1

IsPETase
dimensional alighment of Mors1
(navy blue) with homologs LCC
(gray) and IsPETase (cyan). The
catalytic triad (S189-H264-D234)
and the non-conserved residues
within binding subsites 1 and 2 are
shown. The inset shows a displaced
loop (between p-strands p6 and p7),
potentially caused by an
electrostatic interaction between
D153 and K217. (b) Stick
representation of the different
conformations observed for Y121 in
chains A and B (Y121_Al in green
and Y121_B in cyan, respectively).
In yellow, the position that Y121
would adopt in the B subunit if
perfect twofold symmetry were
retained (Y121_A*) is shown. This
position was generated by applying
a 180° rotation to Y121_A, giving
rise to a severe steric clash.

longer by three residues than the one in type I enzymes,
such as LCC and other thermophilic homologs (Joo
et al., 2018). This loop extension is also present in Morsl
(Figure 3) being one of the regions that, in MD simula-
tions, exhibits a higher mobility within the active site in
comparison to IsPETase (Blazquez-Sanchez et al., 2022).

For both Morsl (Figure 3a) and IsPETase (Figure 3b),
this loop also harbors the active site disulfide bridge that is
unique to PET-degrading enzymes active near room tem-
perature, which is required to maintain the integrity of the
active site and compensate for the increased flexibility
caused by the extended loop (Fecker et al., 2018). Specifi-
cally, the 15-residue region that comprises the highly flexi-
ble active site loop within Morsl (residues 260-274,
Figure 3a), which includes the $8-a6 loop and the extended
loop (residues 266-274), was replaced by the homologous
13-residue region in LCC (residues 238-250, Figure 3c).
This chimeric variant, termed CM (chimeric Morsl,
Figure 3d), lost the active site disulfide bridge (C231-C266)
present in type II enzymes such as IsPETase, because the
homologous loop in LCC lacks cysteine residues.

The polyesterase activity of Mors1 and CM was ascer-
tained using polycaprolactone (PCL) nanoparticle

THE
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D234

degradation assays (Figure 4a), which employ the ali-
phatic polyester PCL as a model substrate for a rapid pre-
liminary screening in which the decrease in turbidity of a
nanoparticle solution over time (Blazquez-Sdnchez
et al., 2022; Wei, Oeser, Then, et al., 2014). PCL degrada-
tion occurs within seconds, allowing real-time measure-
ment using a microplate reader.

The lack of the disulfide bridge in CM leads to a total
loss of enzymatic activity, as demonstrated in PCL nano-
particle degradation assays, in which no change in tur-
bidity was observed (Figure 4a). Moreover, its elution
volume in SEC experiments is significantly shifted
(Figure S3). However, when the active site disulfide
bridge is restored by adding the A266C substitution to
CM, the respective variant (CM*2%°) recovered its hydro-
lytic activity against PCL (Figure 4a). It is worth noting
that CM*2°°“ does not exhibit a change in oligomeric
state, as ascertained by SEC (Figure S3).

We then performed PET film degradation assays, in
which a PET film is incubated with an enzyme solution
for hours or days, and the activity is quantified by weigh-
ing the films or by quantifying the degradation products
using HPLC  (Blazquez-Sanchez et al, 2022;
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FIGURE 3 Structure, sequence identity, and length of the extended loop in Morsl and in other PETases. Cartoon representations depict
the experimental structures of Morsl (a, this work), IsPETase (b, PDB 6ANE), and LCC (c, PDB 4 EBO), and the predicted structure of the
chimeric variants of Mors1 (CM and CM*%°°“, d) in which the p8-a6 loop and extended loop were substituted by the equivalent regions from
LCC. The disulfide bridge potentially formed in CM“2°°C is shown in semi-transparent sticks. In all cases, the protein is shown in cartoon
representation with the p8-a6 loop and extended loop in yellow, and the catalytic residues and the active site disulfide bond in green sticks.
A multiple sequence alignment is shown in (e), showcasing the variations in sequence between these regions for Morsl, IsPETase, and LCC,
and the chimeric Mors1 variants CM and CM*?*°“., Amino acids are colored by their chemistry: CNQST, green; AGILPMV, orange; RHK,
blue; DE, red; FWY, yellow. Numbering corresponds to Mors1.
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FIGURE 4 Characterization of the polyesterase activity of loop exchanged variants of Mors1. (a) Enzymatic activity of CM and CM"2°¢¢
against a PCL nanoparticle suspension, measured as a decrease in turbidity (AUs/min) at 25°C. (b) Optimal temperature for PET
degradation of CM”?°° measured as weight loss of PET films after a reaction time of 24 h. (c) Weight loss of PET films (pink) and HPLC
quantification of TPA (dark green) and MHET (light green) released by Mors1 and CM*?°°“ after a reaction time of 24 h at 25°C and 45°C.
WT Mors1 was inactive against PET at 45°C. Mean values + standard deviation for n = 3 experiments are shown.

Sonnendecker et al., 2022). While the activity against shift in the optimal temperature for the activity of the
PCL at 25°C of CM”?°C was equal to that of Morsl  enzyme, we determined the activity of CM"?%°C against
(Figure 4a), it decreased against PET at the same temper-  PET films after incubation for 24 h at different tempera-
ature (Figure 4c). Reasoning that this could be due to a  tures ranging from 25°C to 65°C. These experiments
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demonstrated that the optimal temperature for PET
hydrolase activity of this Morsl variant was 45°C
(Figure 4b), which is 20°C higher than for Morsl
(Blazquez-Sanchez et al., 2022). It is worth noting that at
this temperature, Morsl is inactive (Figure 4c).

We then compared the activity of Morsl and C at
the optimal temperatures for both enzymes by measuring
the degradation of PET films, after 24 h of incubation with
700 nM of each enzyme, both gravimetrically and by quanti-
fying the degradation products terephthalic acid (TPA) and
mono-2-hydroxyethylene terephthalate (MHET) by HPLC.
Both analyses consistently inform that the activity of
CMA2%6€ s twofold lower than the activity of Mors1 at 25°C,
whereas at 45°C CM"2°°C is 5-fold and 10-fold more active
than Mors1 and CM*?%°C at 25°C, respectively (Figure 4c).

MA266C

2.3 | Loop exchange only leads to local
changes in structural flexibility in Morsl

Interestingly, despite this significant increase in optimal
temperature for activity and PET degradation, the T,, of
the CM variant or Morsl does not change relative to the
WT enzyme (Table 2), in contrast to previous studies on
IsPETase showing that the removal of the active site disul-
fide bridge causes a drop of 13°C in its Ty, (Joo et al., 2018).
Likewise, the T,, of CM*%%°C is similar to that of Morsl
and the CM variant (Table 2). However, both variants do
exhibit a lowering of the temperature that marks the onset
of their denaturation by 6°C and 10°C for CM and
CMA2%¢C | respectively. In this regard, it is worth noting
that the first derivative of the ratio of the fluorescence for
CM?2%C appears to present two distinct peaks, whereas
the curve for CM presents a sharper peak (Figure S2). This
could indicate two different populations for CM*?¢, one
of which is not properly folded and less thermostable, pre-
senting this onset temperature at 36.8°C.

These results suggest that this loop exchange predomi-
nantly has a local, and not a global effect, on the protein
stability, such as an increase in flexibility that has been
recently reported to constitute a general feature by which
the activity of several PET hydrolases can be enhanced
(Chen et al., 2021; Crnjar et al., 2023). Thus, we performed
3 x 500 ns molecular dynamics (MD) simulations of
Mors1 at 25 and 45°C and of CM*%%°C at 45°C to compare
their local flexibility by ascertaining their per-residue root

TABLE 2 Melting temperatures of
Morsl and its loop exchange variants
determined by nano-DSF.

T (°C)

Onset T for denaturation (°C)

mean square fluctuations (RMSF). The structure of
CM"2%°C  was predicted using ColabFold (Mirdita
et al., 2022), a cloud-based version of AlphaFold2 (Jumper
et al., 2021), using the experimental structure of Mors1 as
a template.

On the one hand, the comparison of the simulations
of Morsl and CM*%%°C at their optimal temperatures for
activity would enable us to detect which regions of the
protein change their local flexibility due to loop swap-
ping. On the other hand, the comparison of the simula-
tions of Morsl at 25°C and 45°C would enable us to
disregard that these changes are influenced by the
increase in temperature.

Our results from these MD simulations (Figure 5)
confirm that loop exchange impacts the flexibility not
only of the extended loop and covalently adjacent regions
(residues 264-278), increasing their average RMSF from
0.44 + 0.01 A to 0.73 + 0.08 A (Figure 5a) but also of the
neighboring al-f1 loop (residues 64-83) and helices n3
and o2 (residues 123-138), increasing their average
RMSF from 0.53 + 0.01 A to 0.89 + 0.09 A for the former,
and from 0.41 +0.01 to 0.61 A +0.08 A for the latter
(Figure 4b). These changes are not observed when com-
paring Mors1 at 25°C and 45°C.

3 | DISCUSSION

The engineering of PET-degrading enzymes to harness
their potential as biocatalysts for plastic recycling has
been the subject of numerous efforts worldwide (Austin
et al.,, 2018; Bell et al.,, 2022; Cui et al., 2021; Lu
et al.,, 2022; Son et al.,, 2019; Tournier et al., 2020).
Regardless of the use of rational design or directed evolu-
tion, most of these efforts require the screening of a vast
number of variants, sometimes ranging from hundreds
(Cui et al., 2021) to thousands (Bell et al., 2022).

This study serves as a proof of concept for the effec-
tiveness of catalytic site loop exchange in enhancing the
PET-degrading activity of a cold-adapted PET-degrading
enzyme. In contrast, most substitutions introduced
through directed evolution and machine learning in
recent protein engineering studies on IsPETase have
focused on regions outside the active site (Bell
et al., 2022; Lu et al., 2022). By demonstrating the feasi-
bility of this protein engineering strategy, we highlight its

Morsl CM CMA266C¢
46.8 + 1.4 40.5+ 1.6 36.8 + 2.3
573+ 0.3 54.7 + 0.2 55.7+0.3

Note: Standard deviation obtained from experiments in triplicates.
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3. Mors1 (25°C) —— Mors1 (45°C)
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CIMAZ66C (45°C)

264-278

Local structural flexibility of Mors1 and CM*°°C ascertained by MD simulations. (a) RMSF from 3 x 500 ns MD

simulations of Mors1 at 25°C (cyan) and 45°C (blue) and CM“2°°C at 45°C (pink), totaling 1.5 ps of simulation per enzyme. The lines
represent the average values and the shaded contour around them corresponds to the standard deviation across the triplicates. (b) Cartoon

representation of Mors1, with the regions that exhibit increases in RMSF in C

potential for improving both natural and engineered
enzymes.

The fivefold improvement in activity observed for
CMA2€ over WT Morsl aligns well with the enhance-
ments observed in similar research endeavors using
loop exchange for the generation of chimeras with
enhanced enzymatic activity, thermostability, and
altered specificity. For example, Geiser et al. con-
structed a series of chimeras by substituting the third
cytoplasmic loop of the scaffold protein bacteriorhodop-
sin (bR) with different lengths of the cytoplasmic loop
3 from bovine rhodopsin (Rh), with one particular chi-
mera exhibiting a 3.5-fold increase in activity compared
with the original enzyme (Geiser et al., 2006). In
another work, Piper et al. developed a remarkable col-
lection of over a dozen loop chimeras of sortases, along
with several single- or double-mutant variants, focusing
on the P7-p8 loop. By profiling substrate preferences
and activities, they created chimeric sortases that sur-
passed their WT counterparts, exhibiting up to a four-
fold increase in performance and differences in
substrate specificity (Piper et al., 2021).

Contrary to our expectations, the chimeric variant of
Morsl1, designed using a loop region from a thermophilic
enzyme and exhibiting increased PET-degrading activity,
also shows increased flexibility in the mutated region and
in neighboring loops. This behavior can be explained, on
the one hand, by the shortening of the extended loop
region in CM"?*°C, which potentially creates a wider
active site. In this regard, it has been demonstrated that
the efficiency of polyester hydrolysis increases with
increasing accessibility of the enzyme active site
(Zumstein et al., 2017). On the other hand, the increased

MA2%6€ shown in yellow.

flexibility can be explained by the loss of interactions
between the extended loop and the neighboring regions
in the chimeric variant. Recent works on thermophilic
cellulases have shown that amino acid substitutions on
active site loop regions based on mesophilic and psychro-
philic counterparts led to enhanced flexibility and
enzyme activity at moderate temperatures at the expense
of hydrogen bond networks with neighboring regions
(Saavedra et al., 2018). Likewise, Li et al. reported a dou-
ble substitution on the active site loop of a thermophilic
alcohol dehydrogenase that led to high activity at low
temperature, with only slight changes in thermostability,
due to increased loop flexibility and a change in back-
bone conformation that increased the volume of the
active site (Li et al., 2017).

It is worth noting that this study primarily aims to
use loop swapping to generate novel PET-degrading
enzymes rather than aiming to surpass the performance
of established enzymes in PET hydrolysis. Although the
activity of CM*?%°C shows promising improvements com-
pared with Morsl, it still falls significantly below that of
thermophilic enzymes LCC and PHL7, which operate
near the glass transition temperature (Tg) of PET. For
instance, under similar experimental conditions (500 nM
enzyme, 0.55 mgenzyme'gPETil), PHL7 and LCC achieve
100% and 73% of PET film degradation at 70°C, respec-
tively (Sonnendecker et al., 2022). However, recent
research has challenged the traditional understanding
that the extent of the mobility of the polyester chains
below the Tg is the primary factor influencing the hydro-
lysis rate. Remarkably, a modification of only five resi-
dues in IsPETase using rational engineering and deep
learning strategies has resulted in a variant that is 1.4
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times more active at 50°C than LCC at 72°C (Lu
et al., 2022).

Considering these findings, the focus now shifts to
determining the lowest temperature at which optimal
enzymatic PET hydrolysis can be achieved. We propose
that, through a combination of loop swapping and deep
learning strategies, both mesophilic and psychrophilic
enzymes could serve as scaffolds for mutations to
enhance activity, even surpassing those observed in ther-
mophilic enzymes, at temperatures below Tg. Further
work needs to be done to demonstrate which active site
loops produce the largest increases in activity and
whether a core set of loops can be identified as “building
blocks” to enhance PET hydrolysis across diverse
enzymes in a general fashion, potentially establishing a
modular approach to enzyme engineering for enhanced
PET degradation.

4 | MATERIALS AND METHODS

41 | Cloning and mutagenesis
Codon-optimized synthetic genes (Table S1) encoding
His-tagged WT Morsl (UniProt accession code P19833,
residues 59-319) and a chimeric variant (CM), in which a
flexible loop of the active site of Morsl (residues 260-
274) was replaced by the shorter loop of LCC (residues
238-250), were obtained from Genscript (Piscataway, NJ,
USA) on a modified pET28a-TEV vector for protein
expression in E. coli as in previous works (Blazquez-
Sanchez et al., 2022).

The CM variant A266C (CM*2°°€) was generated by
site-directed mutagenesis, using the primers listed in
Table S2. The PCR reaction mixture (20 pL) contained
0.02 U/pl Phusion DNA polymerase (Thermo Scientific,
Waltham, MA, USA), 0.2 mM dNTP mix, 1 pL of tem-
plate plasmid (50-100 ng/pl), 10 pM primers, 1x Phusion
buffer, and ultrapure water. The PCR cycles were as fol-
lows: initial denaturation at 98°C for 30 s; 22 cycles of
98°C for 55, 63°C for 155, and 72°C for 5 min; and a
final elongation at 72°C for 2 min. The reaction products
were then treated with Dpnl restriction enzyme (New
England Biolabs GmbH, Germany) at 37°C for 90 min to
degrade the template plasmid and transformed into
XL10-Gold ultracompetent E. coli cells (Agilent Technol-
ogies, Santa Clara, CA, USA). Cells were plated out into
LB agar plates containing 37 pg/mL kanamycin and incu-
bated overnight at 37°C. Then, positive colonies were cul-
tured overnight at 37°C in LB media supplemented with
kanamycin for plasmid extraction using the Monarch
Plasmid Miniprep Kit (New England Biolabs GmbH,
Germany) and DNA sequencing.
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4.2 | Protein expression and purification
Recombinant expression and purification of WT Morsl,
CM, and CM*?°°C for characterization of its PCL- and
PET-degrading activity was performed as in previous
works (Blazquez-Sanchez et al., 2022). Briefly, E. coli
BL21 (DE3) cells transformed with each plasmid were
cultured in Terrific Broth media (Thermo Fisher Scien-
tific, Waltham, MA, USA) containing 37 pg/mL kanamy-
cin at 37°C with vigorous shaking. Upon reaching an
optical density at 600 nm (ODggg) of 0.8, 1 mM isopropyl
f-D-1-thiogalactopyranoside (IPTG) was added, and the
bacterial culture was further grown for 16 h at 14°C.
Then, cells were harvested by centrifugation (3200 x g,
4°C, 30 min), resuspended, and sonicated in lysis buffer
(50 mM sodium phosphate pH 8.0, 20 mM imidazole,
200 mM NaCl, 8 M urea) and centrifuged (24,000 x g,
4°C, 60 min). The resulting cleared lysate was loaded
onto a Ni-Sepharose resin (HisTrap FF crude, Cytiva Life
Sciences, Marlborough, MA, USA) for immobilized metal
affinity chromatography, and the denatured His-tagged
protein was eluted using the lysis buffer supplemented
with 350 mM imidazole. Finally, the purified enzyme
was refolded by dialysis against 50 mM sodium phos-
phate pH 8.0, 200 mM NaCl, and 200 mM arginine.
Purity analysis of the enzyme solution was ascertained by
SDS-PAGE in 15% polyacrylamide gels (Tris-glycine
buffer) using a prestained molecular marker (PS10 PLUS;
11-180 kDa, Gene On, Ludwigshafen, Germany).

For protein crystallization, the purification protocol
was further optimized to obtain soluble expression of
Morsl. E. coli Origami2 (DE3) cells harboring
pET28a-TEV-Morsl were grown at 37°C in TB medium
supplemented with 50 pg/mL kanamycin, 13 pg/mL tet-
racycline and 50 pg/mL streptomycin. Once an
ODggp = 0.6-0.8 was reached, the culture was cooled to
15°C, and the protein expression was induced by adding
0.3 mM IPTG. After 16 h, cells were harvested by centri-
fugation at 10,000 x g for 45 min at 4°C and suspended
in lysis buffer (50 mM Tris-HCI pH 7.5, 300 mM NacCl,
0.05% p-mercaptoethanol, 5% v/w glycerol, 0.1 mM
PMSF). The soluble fraction, after cell lysis by sonication,
was isolated by centrifugation at 16,000 x g for 45 min at
4°C. Then, the soluble fraction was loaded onto a column
with 5 mL His60 Ni-Superflow Resin (Clontech Laborato-
ries, Palo Alto, CA, USA) previously equilibrated with
lysis buffer. Subsequently, the resin was washed
with 5 column volumes (CV) of lysis buffer and 5 CV of
lysis buffer supplemented with 50 mM imidazole. The
proteins were eluted using 2 CV of lysis buffer (without
glycerol) containing 250 mM imidazole. The protein-
containing fractions were subjected to SEC using a Super-
dex 200 XK-16 column (GE Healthcare) pre-equilibrated
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in SEC buffer (150 mM NacCl, 20 mM Tris-HCI pH 7.5).
The protein was monitored at 280 nm and all fractions
were collected for purity analysis by SDS-PAGE. The
desired concentration for each experiment was then
achieved by performing cycles of concentration at
800 x g and 18°C, using an Amicon Ultra centrifugal fil-
ter (Merck KGaA, Darmstadt, Germany) with a 30-kDa
cutoff.

42.1 | SEC-MALS

The oligomeric state of Morsl was evaluated using a
miniDAWN TREOS three-angle light scattering detector
and Optilab T-rEX refractometer (Wyatt Technology,
Santa Barbara, CA, USA). This system was coupled to a
Waters 600 HPLC system (Waters) for the SEC step.
A total of 50 pL of sample at 1 mg-ml — 1 was loaded
onto a Superdex 75 10/300 GL column (GE Healthcare)
equilibrated in 20 mM Tris (pH 7.8), 300 mM NaCl. The
data collection and analysis were performed using the
ASTRA7 software (Wyatt Technology).

4.3 | X-ray crystallography, structure
determination, and refinement

Morsl crystallization assays were carried out by using the
automated sitting-drop vapor diffusion technique,
employing the Crystal Gryphon robot (Art Robbins
Instruments, Sunnyvale, CA, USA). The plates used were
Intelli-plate 96-low profile (Art Robbins Instruments)
and Swissci 96-Well (Molecular Dimensions Inc., Hol-
land, OH, USA). To promote the formation of crystals,
commercial kits MORPHEUS (Molecular Dimensions),
JCSG+Suite (Qiagen Sciences, Germantown, MD, USA),
BCS (Molecular Dimensions), SG1 TM Screen (Molecular
Dimensions) and Index (Hampton Research, Aliso Viejo,
CA, USA) were used. Each of the 96 kit conditions was
tested at three different protein concentrations (1.2 mg/
mL, 1.0 mg/mL, and 0.8 mg/mL) using a 1:1 ratio of pro-
tein and precipitant solution. The final volume of each
drop was 0.6 pL, with 50 pL of solution in the reservoir.
The plates were sealed with an adhesive film, stored in
the Rock Imager 1000 plate hotel (Formulatrix, Bedford,
MA, USA), and incubated at 20°C. Crystals appeared
after 8 months of incubation in SG1™-C2 condition
(1.4 M sodium malonate dibasic monohydrate at pH 7.0)
with 0.8 mg/mL of protein and were harvested and cryo-
cooled in liquid nitrogen for data collection. The x-ray
diffraction data were collected at 100 K on the Sirius syn-
chrotron (LNLS-CNPEM, Campinas) using beamline
Manaca housing a PILATUS 2 M detector.

Indexation, integration, and data reduction/scaling
were done by autoPROC (Vonrhein et al., 2018). Molecu-
lar replacement was carried out by Phaser (McCoy
et al., 2007), using an AlphaFold2-predicted model of
Morsl as a search model (Jumper et al., 2021; Mirdita
et al., 2022). Alternate rounds of refinement and model
building were conducted using phenix.refine (Adams
et al., 2010) and Coot (Emsley & Cowtan, 2004). Data col-
lection, refinement statistics, and PDB code are summa-
rized in Table 1.

4.4 | Thermal stability

The T,, of WT Morsl, CM, and CM*?%°C were deter-
mined by nano-differential scanning fluorimetry
(nanoDSF). In these experiments, a thin glass capillary
was filled with purified enzyme at a concentration of
~150 pg/mL in 20 mM HEPES pH 7.5, 70 mM NaCl, and
heated from 20°C to 95°C at a rate of 1°C/min (nanoDSF,
Prometheus NT.48, Nanotemper Technologies, Munich,
Germany). The intrinsic fluorescence emission of trypto-
phan residues was monitored at 330 and 350 nm, and the
first derivative of the ratio of fluorescence at 330 and
350 nm was calculated to obtain the apparent Ty,.

4.5 |
assays

PCL nanoparticle degradation

PCL nanoparticles were prepared by dissolving 250 mg of
poly-e-caprolactone (PCL) (Sigma-Aldrich, San Luis, MO,
USA) in 10 mL acetone at 50°C, followed by dropwise
pouring the solution into 100 mL of distilled water under
strong stirring and then filtering with a paper filter.
Residual acetone was evaporated by overnight incubation
at 50°C. The PCL nanoparticles were used to measure the
polyesterase activity of WT Mors1 and its chimeric vari-
ants at 25°C on a Synergy Mx microplate reader (Biotek
Instruments, Vermont, USA) by turbidimetric analysis,
as described in previous works (Wei, Oeser, Barth,
et al., 2014, Wei, Oeser, Then, et al.,, 2014). In these
experiments, each well in the microplate contains 66 pL
of a solution of 20 pg/mL of each enzyme in 125 mM
sodium phosphate pH 8.0, 200 mM NacCl. Reactions are
started by adding 134 pL of a 0.07 mg/mL PCL nanoparti-
cle suspension, completing a total volume of 200 pL such
that the initial ODgqo is 0.8. The enzymatic hydrolysis of
the PCL nanoparticles was monitored by following the
decrease in turbidity of the solution by ODgqg. The initial
rates of hydrolysis are determined as the slope of the lin-
ear region of the graphs of decreasing ODg as a function
of time.
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4.6 | Hydrolysis of amorphous PET films
Amorphous PET films (0.5 cm x 3 cm, 250 pm thickness;
~ 45 mg, product number ES301445, Goodfellow, Ham-
burg, Germany) were washed, weighted, and placed in
2 mL reaction tubes in a solution containing 1 M potas-
sium phosphate pH 8.0, 200 mM NaCl and 700 nM of
WT Morsl or CM***° (0.8 pgenzyme-gper ). Hydrolysis
reactions were performed for 24 h at different tempera-
tures. PET films were washed with water, aqueous 0.5%
SDS and ethanol and dried at 50°C overnight. Weight loss
was measured gravimetrically. The products of degrada-
tion, terephthalic acid (TPA) and mono(2-hydroxyethyl)
terephthalate (MHET), were quantified by HPLC
(Agilent 1100 Series HPLC instrument; Agilent Technolo-
gies, La Jolla, CA, USA), using a C18 column (Eurosper
IT 100-5; 150 x 2 mm with pre-column, Knauer Wis-
senschaftliche Gerdte GmbH, Berlin, Germany), follow-
ing a previously described protocol (Bldzquez-Sanchez
et al., 2022). Briefly, samples were run at a flow rate of
0.3 mL/min using a gradient of acetonitrile with 0.1% for-
mic acid (A) and aqueous solution with 0.1% formic acid
(B) as follows: 95% B (0.0 min), 80% B (0.1 min), 76% B
(3.0 min), 60% B (3.1 min), 0% B (8.0 min), hold for 2 min
and back to 95% B (analysis time 12.0 min). The injection
volume of the sample was 2 pL. and the products were
detected by their absorbance at 241 nm, using the reten-
tion times of TPA (Sigma Aldrich, St. Louis, MO, USA)
and MHET as standards. MHET was synthesized via
hydrolysis of bis(thydroxyethyl) terephthalate (BHET)
(Sigma Aldrich, St. Louis, MO, USA) with KOH (Palm
et al., 2019).

4.7 | MD simulations

Molecular dynamics simulations of Morsl and CM#26¢¢
were performed using the AMBER20 simulation package
(Case et al., 2020) along with the ff19SB force field (Tian
et al., 2020). For the WT enzyme, the crystal structure
solved in this work was used as initial coordinates. For
CM#2%€ an initial structure was obtained using Colab-
Fold (Mirdita et al., 2022), a cloud-based version of
AlphaFold2 (Jumper et al., 2021), using default parame-
ters and using the experimental structure of Morsl as a
template.

For the system preparation, the protonation state of
each residue in each protein at pH 8.0 was first estimated
using the H++ server and PlayMolecule (Gordon
et al., 2005; Martinez-Rosell et al., 2017). Then, each sys-
tem was placed in a truncated octahedral box with
1.5 nm of padding, solvated using OPC water molecules,
and neutralized using counter ions. The final system was
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treated with periodic boundary conditions and mini-
mized first using a steepest descent method with position
restraints on water and ions, followed by a second step
without any restraints. For the equilibration step, each
system was heated from 0 to 298 K or 318 K, depending
on the target temperature, for 150 ps at constant volume
using a Langevin thermostat, followed by equilibration
for 1 ns at constant temperature and pressure of 1 bar
using a Berendsen barostat while restraining the protein
atoms, and lastly 1 ns without any restraints. MD produc-
tion runs were carried out in three replicas of 500 ns for
each system, totaling 1.5 ps of simulation for each
enzyme, using a time step of 2.0 fs alongside the SHAKE
algorithm (Ryckaert et al., 1977) and a 10 A nonbonded
cutoff. Independent runs were ensured using random
seeds for initial velocities during the equilibration steps.

The MD simulation replicates for each system were
checked for convergence using the backbone root-
mean-square deviation (RMSD) using the first frame as a
reference, followed by calculating the per-residue root
mean square fluctuations (RMSF). Both analyses were
executed using CPPTRAJ of AmberTools20 (Case
et al., 2020).
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