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Abstract: The drastically increasing consumption of petroleum-
derived plastics has been arousing serious environmental impacts
and public concerns. Poly(ethylene terephthalate) (PET) is amongst
the most extensively produced synthetic polymers. Enzymatic
hydrolysis of PET recently emerges as an enticing path for plastic
degradation and recycling. In-lab directed evolution has revealed
great potential of PET hydrolases (PETases). However, the time-
consuming and laborious PETase assays hinder effective variants
hunting in large mutant libraries. Herein, we devise and validate a
dual fluorescence-based high-throughput screening (HTS) assay for
a representative IsPETase. The two-round HTS of a pilot library
consisting of 2 850 /sPETase variants yields six mutant /sPETases
with 1.3 ~ 4.9 folds of improved activities. Comparing to the present
structure- or computational redesign-based PETase engineering,
this HTS approach provides a new strategy for discovery of new
beneficial mutation patterns of PETases.

Introduction

Synthetic plastics have pervaded almost every aspect of modern
human life due to low cost, light weight and desirable properties
such as durability, plasticity and transparency.! However,
tremendous consumption and “poorly reversible” emission of
plastics have led to serious environmental pollution and growing
public concerns owing to the considerably low rate of natural
degradation and recycling.? Therefore, it is widely recognized
that global action is urgently required to reduce plastic
production and consumption, as well as promote sustainable
handling of plastics, such as reusage, recycling, and value chain
revolution. Despite chemical and thermochemical approaches,
biotechnological processes have also been considered a
promising solution for plastic waste degradation and
recycling.4

Poly(ethylene terephthalate) (PET) is the most abundantly
consumed polyester® and accounts for 12% by volume of the
global solid waste.®! Meanwhile, PET hydrolytic enzymes
(PHEs) have continuously been reported during the last two
decades.[® In 2016, a cutinase-like PHE termed /sPETase was
identified from a PET-assimilating bacterial strain Ideonella
sakaiensis 201-F6.°! Amongst the reported PHEs, IsPETase
exhibited superior activity at ambient temperature, generating

terephthalic acid (TPA), mono(2-hydroxyethyl) terephthalic acid
(MHET) and bis(2-hydroxyethyl) terephthalic acid (BHET) as
products. Subsequently, the catalytic mechanism of /sPETase
was analyzed biochemically and structurally.['%-"31

Bearing functional novelty and application potential, rational
design and directed evolution approaches for PET hydrolases
have been conducted for higher performance and robustness.
Numerous IsPETase variants with diverse single-point mutations
resulted in 1.2 ~ 3.1 folds higher PET hydrolytic
activities.['%11.14151  Furthermore, structure- or computational
redesign-based engineering gave rise to outperformed mutant
variants, including ISPETaseS!21E/D186H/R280A [16] QyrgPETasel'”]
and FAST-PETase.["®l Meanwhile, engineering of a thermophilic
PHE, termed LCC,'® resulted in variants with elevated
thermostability and PET depolymerization activity.?2" More
importantly, both /IsPETase and LCC variants have provided a
prospective concept of closed PET recycling loop,!'®2" paving a
sustainable and innovative path to the future of plastics. Hence,
extruding the enzymes’ fullest limit will not only tackle the
challenge of PET decomposition efficiency, but also benefit the
competition of PET upcycling with petroleum-derived virgin
materials. However, the paucity of effective strategies and
methodologies for high-throughput activity assessment hinders
high-efficient laboratorial evolution of PHEs. To address this
issue, various analytical methods have been developed for
determination of PET hydrolysis products, including
spectrographic or titrimetric measurements, and Fenton reaction
based fluorimetric assays./?? Nevertheless, accurate screening
requires concentration determination for both enzymes and
reaction products in order to evaluate specific enzyme activities.
During recent directed evolution of PHEs, tens to hundreds of
mutant variants had to be purified('"16-18.2023] or semi-purified,?"]
followed by product quantification using high-performance liquid
chromatography (HPLC). Withstanding discontinuous and time-
consuming assays, “compromised” rather than “rational” designs
were conceivably endured during the superb mutants hunting of
PHEs.

Identification of significantly improved but rare enzyme
variants from large-to-huge libraries is the major challenge for
directed evolution approaches. Thus, it is urgent to develop
high-throughput screening (HTS) methods to facilitate the PHE
engineering. Fluorescence-based read-outs are considered as
golden standard for HTS.?Yl A promising conceptual approach
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for PHE screening is the application of fluorogenic probes (FPs),
which are nonfluorescent and only become fluorescent upon
hydrolysis of the intramolecular ester bonds.”® Fluorescein
dibenzoate was used as PET modelling FP in a droplet sorting
method, through which PET-degrading microbial species were
successfully isolated from the wastewater of a PET textile mill.[?l
Another probe fluorescein dilaurate (FDL) was embedded into a
set of aliphatic polyesters, and the esterase catalyzed co-
hydrolysis of FDL to fluorescein accomplished a fluorescent
indication of aliphatic polyester depolymerization.?”l Regarding
the convenient enzyme quantification, fluorescent protein
labeling renders target protein fluorescently detectable, and
more importantly, with fixed stoichiometry.?8l When fused to a
cyan fluorescent protein, mutant variants of /IsPETase were
fluorescently normalized for preliminary activity screening.'®!
Despite the currently available PHE analysis approaches as
described above, there is still no appropriate HTS method for
rapid identification of activity improved variants from a large PHE
mutant library.

In this study, we developed a dual fluorescence-based HTS
approach for IsPETase on a 96-well plate basis, enabling rapid
determination of enzyme concentration and PET hydrolysis
products through rapid plate reading. This approach was then
applied for screening a random mutant library of /sPETase, and
resulted in a small scale of candidates for further enzyme activity
determination. Finally, mutant variants were efficiently obtained
with 1.3 ~ 4.9 folds of improved PET hydrolytic activity. This HTS
approach provides a new strategy for discovery of beneficial
mutations in /sPETase as well as other PHEs, and will
prospectively provide new mutation selections for the future PHE
engineering.
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Results and Discussion

Design of the Dual Fluorescence-based IsPETase Assay

To develop a screening strategy on a 96-well plate basis, the
main challenge lies in the rapid and continuous determination of
product/enzyme concentrations by direct plate reading. The
designed approach for HTS of IsPETase mutant variants is
schematically shown in Figure 1. Briefly, IsSPETase variants are
labeled by fusion of a deep red fluorescent protein to facilitate
the direct quantitative determination of enzyme concentrations in
a black 96-well plate (plate 1). Meanwhile, a specific 96-well
plate is prepared by coating mixed PET-FP on bottoms of each
well of plate 2, which followed the previously reported approach
for aliphatic polyesters,?’1 with appropriate adaptions and
modifications on the solvent and evaporation temperature. After
transferring appropriate amount of crude cell lysate from plate 1
to plate 2, depolymerization of PET occurs accompanied by
rapid co-hydrolysis of freed FP to fluorescein. The PET
hydrolysis is then quantified by green fluorescence intensity at
the end of reaction. Thus, the relative activity of variants in each
well can be determined by the ratio calculation of two fluorescent
intensity (FI) values. Herein, we used a previously engineered
variant IsPETaseS121E/D186HR280A (degignated PEHA)'S! for method
validation, and the wild type IsPETase as a template for random
mutant library construction and screening (Figure S1).
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Figure 1. Schematic design for high-throughput screening of /sPETase variants. IsPETase variants are expressed in 96-deepwell plates as fusion proteins in
frame with a deep red fluorescent protein mCarmine. The extracted clear cell lysates are transferred into plate 1 for deep red FI (excitation/emission wavelength:
603/675 nm) detection for enzyme normalization. In each well of prepared plate 2, PET-FDL films are coated on the bottoms as substrates. The PET hydrolysis
reactions are initiated by transferring appropriate amounts of cell lysates from plate 1 to plate 2. Simultaneous release and co-hydrolysis of FDL occur during the
hydrolytic disruption of PET matrix by /sPETase, generating green fluorogenic F, which was previously described in applying FDL embedded aliphatic
polyesters.?"! After a period of reaction, the green FI (excitation/emission wavelength: 494/525 nm) in each well is recorded as indication of the reaction products.
Finally, the relative enzyme activity of /sPETase variants is acquired as the calculated ratio of Flaga/s2s/Flsosse7s.

Evaluation of FPs Embedding Affinity and Homogeneity
in PET Matrix

In-lab preparation of plastic fiims could be conveniently
conducted by dissolving plastic granules in proper organic
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solvent and evaporating on glass dishes.l'”?®l Moreover,
embedding FP in the aliphatic polyester matrix was achieved by
addition of appropriate amount of FP to the polymer solutions.?]
However, to the best of our knowledge, there is no reported
preparation or application of PET-FP films for enzymatic assays.
Thus, we initiated this study by preparing PET-FP films with
amorphous GfPET (ES301445, Goodfellow, Huntingdon,
England), which was commonly used as substrate to determine
PET hydrolysis activity in previous reports.'>'82 Three
commercially available FPs were selected, including fluorescein
(F), fluorescein diacetate (FDA) and fluorescein dilaurate (FDL).
The binding affinity of FPs embedded in PET matrix was
determined by testing the spontaneous fluorescence leaking
when PET-FP films were incubated with /sPETase reaction
buffer. Among PET-F, PET-FDA and PET-FDL, PET-FDL
exhibited extremely low spontaneous fluorescence leaking,
giving the Flagas25 values under 5 at 30, 40 or 50 °C; and this
value slightly increased to 26 at 70 °C (Figure 2a).
Comparatively, F and FDA were more easily to be
spontaneously released from PET matrix, exhibiting the
temperature-related growing Flags/s2s values of 26 ~ 104 between
30 ~ 50 °C and very high values to 2,150 for PET-F and 4,000
for PET-FDA at 70 °C. Of note, FDA and FDL should be
nonfluorescent because of their diester form, but readily
hydrolyzed to fluorogenic F by esterases and lipases.?5271 Thus,
the unexpected Flsoss25 values of PET-FDL and PET-FDA in
absence of PE"A were likely resulted from the spontaneous
hydrolysis of FDL or FDA in glycine-NaOH buffer (pH 9.0) at 30
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~ 70 °C. Supporting this, addition of 50 nM of PE"A to the ending
point solutions and incubation for additional 24 h resulted in no
significant change of Flagss2s values (Figure 2a). Despite the
observation of the spontaneous ester hydrolysis, we confirmed
that the PEHA-catalyzed FDL hydrolysis was much faster than the
non-enzymatic hydrolysis. Specifically, when PET matrix-free
FDL was incubated with PE"A, the Flagss25 increasing rate was 8
~ 12 folds as high as that under the buffer only condition (Figure
S2). Taken together, these results suggested that the long
aliphatic chain of laurate might benefit the binding affinity of FDL
with PET matrix, thereby rapidly providing fluorescent signal with
negligible noise during the PET hydrolysis reaction. The
performance of FDL for embedding was also reported to be
superior comparing to FDA when applied in a series of aliphatic
polyesters.?]

To be used as an indicator of PET hydrolysis, FDL should also
be homogeneously distributed in PET matrix to produce
stoichiometric fluorescence during PET hydrolysis. Thus, we
evaluated FDL distribution by optical photothermal infrared (O-
PTIR) microspectroscopy, which is a newly emerging technique
and has been used for super resolution imaging of plastic
materialsi®® and protein aggregations.'! As a result, the O-PTIR
spectra (1,800-800 cm™) of FDL and PET displayed distinct
peaks at 1,411 cm™ and 1,615 cm™, respectively (Figure 2b).
The intensity value at 1227 cm™ was applied as reference to
generate the ratio maps (Figure 2c), which demonstrated fine
homogeneity of FDL in PET matrix.
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Figure 2. Binding affinity and distribution homogeneity of FPs in PET matrix. a, Fluorescence leaking of F, FDA and FDL from PET matrix. PET-F, PET-FDA and
PET-FDL films with a respective FP content of 1%. (w/w) were incubated with 200 pL of glycine-NaOH buffer (pH 9.0) at 30, 40, 50 and 70 °C. After 48 h of
incubation in 96-well plates, 150 L of buffer were transferred to a new plate for green FI determination (excitation/emission wavelength: 494/525 nm). Flagass2s of
the transferred sample was recorded again after further treatment with 50 nM of PE"A. All assays were performed in triplicate and the circles represent the
individual values. b, O-PTIR spectra of FDL and PET. The spectra were collected within a wavenumber range of 800 ~ 1,800 cm™. The wavelengths for
generating ratio maps are indicated inside as dotted lines. ¢, Ratio maps of PET and PET-FDL films. The data were collected in regions of 60 x 50 ym?, 5 um
under the surface of PET and PET-FDL films. The ratio maps were generated by dividing the images acquired at 1,615 cm™ and 1,411 cm™ by 1,227 cm™. The
O-PTIR data were collected on mIRage Infrared Microscope and ratio maps were produced using PTIR Studio software (v.4.3.7471, Photothermal Spectroscopy

Corp., Santa Barbara, USA).
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Correlation Between Fluorescence Release and PET
Hydrolysis

Based on the binding affinity and homogeneous distribution of
FDL embedded in PET, we reasoned that the proportional
amount of FDL would release with the /IsPETase-catalyzed PET
hydrolysis. Subsequently, fluorescein would accumulate
simultaneously through enzymatic and non-enzymatic co-
hydrolysis of FDL, thus providing the fluorescent signal
correlated with PET hydrolysis products. To validate this, Flga/szs
values were recorded continuously during PEHA catalyzed PET-
FDL hydrolysis. Under different temperatures and FDL loadings,
the Flagases values unanimously increased during the 48 h
reactions and fit typical enzymatic product concentrations
against time curves (Fig 3a-c). Of note, the normalized FI values
at each time point exhibited distinct ratios comparing to the
theoretical values, which were 1:0.5:0.33:0.25 according to the
FDL doping ratios in PET (left bottom of Figure 3a). This
phenomenon could be explained by the two reasons: 1) The
dynamics of F in solution might be in equilibrium between an
“open” fluorescent quinoid form and a “closed” nonfluorescent
lactone;?% and 2) Fluorescein monolaurate was generated as an
intermediate exhibiting weak fluorescence, which was previously
described?” (Figure S3). Consequently, the normalized FI
intensities were higher than theoretical values when lower FDL

10.1002/cssc.202202019
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doping ratios were applied in PET (bottom tables of Figure 3a, b
and c). Nonetheless, this was not an issue for the quantitative
indication of PET hydrolysis using Flsss/s25 values. In addition to
the spontaneous hydrolysis of FDL as described above (Figure
2a), PEHA catalyzed PET matrix-free FDL hydrolysis to generate
fluorescence in a rate of 97.6 Flagasszs'h™*NMgnzyme™ within 0.5 h,
(Figure S2), which was 16-fold higher than the rate when the
same amount of FDL was embedded in PET (5.9 Fligszs-h
"“NMgnzyme ") during the initial 8 h (Figure 3c). Thus, the steady-
state of fluorescence dynamics is supposed to form rapidly
along with PET hydrolysis. More importantly, the confidence
linear regression fitting (Figure 3d, R? > 0.96) exhibited strong
correlation between PET hydrolysis products and Flsgs/s2s5 values
(Figure 3c). Additionally, when PET-FDL (1%.) films were
hydrolyzed by different amounts (20 ~ 500 nM) of PEHA, the totall
products of PET hydrolysis also showed linear correlation with
Flsoasos values (Figure S4). Thus, we concluded that Flagsszs
values should be able to accurately and continuously indicate
the reaction process of PET hydrolysis in a dynamic range of
enzyme concentrations. Considering the time saving of
evaporation at higher temperature and more sensitive signal
release with higher FDL content, preparation of PET-FDL (1%o)
evaporating at 50 °C were chosen in the following experiments.

PET-FDL prepared at 30°C b PET-FDL prepared at 40°C C PET-FDL prepared at 50°C
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Figure 3. Fluorescence generation and correlation with PET hydrolysis. a-c, Time courses of fluorescence generated during the PEHA catalyzed hydrolysis of PET
films embedded with 1%o (square), 0.5%o (circle), 0.33%o (triangle) and 0.25%. (diamond) of FDL (w/w). PET-FDL films were prepared by solvent-cast into
polypropylene black 96-well plate and evaporating at 30 °C (a), 40 °C (b), and 50 °C (c). The normalized FI values for each time point are shown in the tables
below, with different FDL doping ratios indicated on the left bottom of (a). d, Linear correlations of total PET hydrolysis products with Flssss25 values in (c). The
symbols indicating different FDL content in PET matrix are the same as described above. The total products consist of three PET hydrolysis products including
TPA, MHET and BHET, which were quantified by HPLC analysis. The straight lines exhibit linear regression for each kind of PET-FDL films and the R square
values are indicated in each box. Triplicated determination of Fl values and the corresponding total products were performed and data is shown as means +

standard deviations.

Fluorescent Protein Labeling of IsPETase for Enzyme
Quantification

For enzymes naturally exhibiting visible colors, e.g., cytochrome
P450 enzymes, the amount of target proteins in different cell

4

lysates is conveniently readable.®? However, when expression
of a large mutant library was conducted in 96-deepwell plates,
colorless IsPETase is unable to be distinguished from other
constitutively expressed proteins of the host strain. Fluorescent
protein labeling has been widely used for protein subcellular
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localization®® and quantitative enzyme normalization.!'534 Thus,
for rapid quantification in 96-(deep)well plate, we sought to
express IsPETase variants as fusion proteins with a fluorescent
tag. We explored FPbase (https://www.fpbase.org/) for an
appropriate fluorescent protein with the following characteristics:
1) the excitation and emission wavelengths are distinguished
from fluorescein to avoid crosstalk during the green fluorescent
reading; 2) it should be a natural monomeric protein to avoid
protein aggression when fused with /sPETase; and 3) no
cofactor is required during the fluorescence emission. Thus, a
deep red fluorescent protein mCarmine (FPbase ID: LG377) with
the excitation/emission wavelengths at 603/675 nm was
selected, which is an eqFP578 mutant variant originated from
Entacmaea quadricolor.®

To examine whether mCarmine exhibits a crosstalk effect with
green fluorescence detection, the Fls of purified mCarmine in a
series concentrations were determined at 494/525 nm. When
mCarmine was within 2 uM, the Flags25 values were less than
20 (Figure S5a), being negligible comparing to Flagss25 values
generated during PET-FDL hydrolysis reactions (Figure 3a-c).
mCarmine was then fused to N- or C-terminus of PE"A, linked
with an empirical flexible or rigid linker,%® yielding four versions
of fusion proteins including PE"A-r-C, PEHA-f-C, C-r-PEHA and C-f-

PEMA (Figure S1). The Fleozers values and PET hydrolysis
2 3
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activities of the fusion proteins were subsequently evaluated.
Based on comparison of the slopes of linear regression fittings
indicating the fluorescence strength of each fused protein and
mCarmine (Figure S5b), C-r-PE* and C-f-PEHA exhibited higher
fluorescence strength than PE"*A-r-C and PEHA-f-C. Moreover, C-
r-PEHA and C-f-PEHA showed higher hydrolytic activities, which
were 2-3 folds as high as PEHA-r-C and PEHAf-C, and even 1.9-
fold as high as PEHA without the fluorescence tag (Figure S5c). It
was reported that comparing to IsPETase, a 3 ~ 5 folds higher
activity was achieved when MHETase was fused to the N-
terminus of /sPETase, whereas no expression was achieved
with C-terminus fusion.®”] Meanwhile, a number of hydrophobic
peptide tags were found to behave as anchors and enhanced
the binding affinities and activities toward PET.®8 Coincidentally,
fluorescent proteins, including Neptunel®¥ from which mCarmine
was derived, are typically constituted with highly hydrophobic 11
B-sheets barrel structures. Thus, we deduced that the additional
binding affinity conferred by mCarmine might be responsible for
the activity enhancement of C-r-PE"A or C-f-PEHA_ Considering
the rigid linker would keep a fixed distance between the fused
domains and maintain their independent functions,?® C-r-PEHA
was applied to evaluate and validate the following HTS assays,
whereas the wild type IsPETase fused construct C-r-PVT was

used for construction of the random mutant library (Figure S1).
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Figure 4. HTS results of an /IsPETase random mutant library. a, A total number of 2850 /sPETase mutant variants were screened on 30 pieces of 96-well plates
with a wild type (WT) sample on each plate. The 96-deepwell plate cultured cells were disrupted and the Fleozs7s values of clear cell lysates were recorded (in

plate 1) before transferring to plate 2. After 24 h incubation at 40 °C, Fligass2s values were determined and subsequently the Flagass2s/Fleosiers values were calculated.

The basic threshold for the heat map was set as 1 normalized by the mean value of WT samples. The color indicated values by the heat map exhibit the relative
activity of each variant. b, Rescreening of the top 50 variants from the screening results of random mutant library. Triplicated experiments were conducted for
each individual variant and 18 replicates for C-r-P". The bars and circles represent the average and individual normalized Flsgass25/Flsoszsers values divided by the
mean value of C-r-P"T. The colors of the bars exhibit the original values depicted in Figure 4a. Statistical analyses using a one-way ANOVA multiple comparation
were performed to compare the variants and WT. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Screening of an IsPETase Random Mutant Library

Based on the results of PET-FDL co-hydrolysis and fluorescent
protein labeling, Flioa/s25/Fleoss7s was used to indicate the relative
activity during the HTS process (Figure 1). The designed HTS
approach was first evaluated by Z' factor, which is a screening
window coefficient widely used for assay quality assessment,
especially for HTS assays.*® A measurement of separation
between positive (C-r-PEH4) and negative (mCarmine) controls
was conducted, with the detailed experimental and calculation
procedures described in Supplementary Text. The Z' factor
value was calculated to be 0.77 based on the data collected
(Figure S6), indicative of an excellent assay.*"!
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Figure 5. Activity determination of the selected purified mutant variants. a,
GfPET film hydrolytic products released by wild type IsPETase (WT) and its
mutant variants. The reactions were monitored at 40 °C in pH 9.0 glycine-
NaOH buffer, incubated for 24 h. The total products including TPA, MHET and
BHET of each sample were analyzed by HPLC. Triplicated measurements
were conducted for each enzyme. The bars and circles represent the average
and individual values of total products concentrations. Statistical analyses
using a one-sided t-test were performed to compare the product amounts
yielded by the variants and WT. Variants with improved activity and statistically
significance are indicated as purple (with 3 AA mutations) or pink (with 1 AA
mutation) bars. *P < 0.05, **P < 0.01, ***P < 0.001. b, Mutation sites
distribution in the three-dimensional structure of IsSPETase (PDB ID: 5XG0). "4
The amino acid substitutions responsible for activity improvement are
indicated with purple or pink sticks. The catalytic triad is shown as green sticks
within a dashed green circle. Graphic for the three-dimensional structure and
site-mutagenesis is generated using the PyMOL program (version 2.5,
Schrédinger, http://pymol.sourceforge.net/)

Subsequently, the HTS method was applied to screen a
random mutant library constructed by error-prone PCR. A total
of 2 850 mutant variants with an average of 1 ~ 7 amino acid
substitutions were screened, with a C-r-P"T sample as control
on each plate. The summarized heat map (Figure 4a) was
generated from normalized  Flagasos/Fleoss7s divided by the
average value of C-r-P"T. It was noticed that during the Z' factor
evaluation, the Flag4/525/Flsose7s values fluctuated between 95 ~
161 (Figure S6), exhibiting approximate 2 folds variation for a
fixed mutant variant. Therefore, 50 mutant variants with the
highest normalized Flga/s25/Fleoaezs values, distributed from 2.2
to 4.6 in Figure 4a, were selected for a second round of
screening in a triplicate setup. Considering the value fluctuation,
18 replicated samples in randomly selected wells were assessed
for C-r-PYT. As shown in Figure 4b, 13 mutant variants
significantly -exhibited higher relative Flagas2s/Fleossrs values
comparing to C-r-P"T based on a statistical analysis (P < 0.05).
These variants were subsequently sequenced to confirm the
amino acid mutations. Thereinto, 8 samples including C4-B6
(plate number-well position), D5-H2, D5-E2, A2-F1, C5-H8, C1-
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D4, C5-H4 and C5-H12 (Figure 4b), exhibited amino acid
substitution(s) (Table 1) whereas the rest 5 samples were
confirmed to be C-r-P"T due to nonsense mutation(s). The eight
mutant variants were then subcloned to defuse mCarmine,
generating C-terminal Hise-tagged [sPETase mutants for
enzyme activity determination.

The purified enzyme activity of wild type /sPETase and the
eight mutant variants were measured using amorphous GfPET
film. As results (Fig. 5a), 7 out of 8 mutant variants showed 1.3 ~
4.9 folds of improved activity comparing to the wild type enzyme
(Table 1), and 6 of which exhibited significant differences
according to the one-way f-test analysis. The amino acid (AA)
substitution occurred in the 6 activity promoted variants seemed
distributed randomly in the three-dimensional structure of
IsPETasel'? (PDB ID: 5XG0, Fig. 5b). With an exception of C4-
B6 having 3 AA mutations, the other 5 mutant variants
respectively had a unique AA mutation. The randomly generated
mutation sites (Fig. 5b) screened from this pilot library will
provide new candidates for the iterative mutagenesis and/or
mechanism _investigations, hopefully generating superior
variants based on IsPETase or its currently available mutant
scaffolds.['6-18]

Table 1. Verification of selected mutant variants screened from the IsPETase
random mutant library.

Relative Relative

. ) Relati
Mutant Amino acid  Flagasszs/Fleossers Flagass2s/Fleossers eaive
variants  substitution in the 1st in the 2nd activity
screening screening

WT - 1 1 1

V52|
C4-B6 A209T 3.6 4.7 1.6

S223T
D5-H2 D220N 3.0 4.7 25
D5-E2 F106S 25 4.2 0.99
A2-F1 S242T 2.3 2.9 4.9
C5-H8 V1071 4.6 2.8 1.6
C1-D4 R260H 25 25 1.3
C5-H4 A226V 2.3 2.1 29
C5-H12  T151I 2.3 1.7 1.3

Feasibility of Highly Crystallized PET Materials for the HTS
Approach

Highly crystallized PET was reported to be almost inert for
IsPETasel*'! or PET assimilating microorganisms.“? In addition
to amorphous GfPET used for preparation of PET-FDL films, we
evaluated the HTS approach by using commercial PET powder
LIGHTER™ C98 (Dow, Midland, USA) with a crystallinity of
45.4% determined by differential scanning calorimetry (DSC).
The Z' factor was determined to be 0.72, also exhibiting an
excellent assay. Surprisingly, the average Flagasos/Fleossrs value
was almost the same level as that of GfPET (124 versus 132)
(Figure S7), demonstrating the similar activity of PE"A towards
the PET-FDL films derived from amorphous GfPET or high
crystallinity PET powder. The crystallinity of PET films was then
determined by DSC. As a result, all the solvent cast derived PET
films, including those originated from amorphous GfPET and
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LIGHTER™ C98, exhibited crystallinity around 30% (Figure S8),
which is the same as the previously reported PET film prepared
from commercial PET granules.I' Thus, we suggest that a wide
range of PET materials should be suitable for the HTS method.
Moreover, according to the fine correlation between Flagas25 and
total products of PET hydrolysis, the FDL-embedded PET films
could also be used as substrates in other contexts for rapid
evaluation of PET hydrolysis.

Conclusion

An effective enzyme assay for synthetic polymers is the main
challenge for directed evolution of depolymerase due to the
insoluble substrate and time-consuming analysis. However, the
FDL embedding approach enables quick and sensitive assay for
aliphatic polyesters,?”! providing convincing possibilities for
application in other kind of polyesters. In this study, by adapting
the FDL embedding in PET and in combination with fluorescent
protein labelling, we devised and validated a dual fluorescence-
based HTS approach for IsPETase in 96-well plates. The
method is simple and convenient, and the reagents,
consumables, and instruments are readily available. Thus, this
proof-of-concept work can inspire more HTS assays for those
enzymes using insoluble and degradation-resistant polymers as
substrates. As the global threat and public concerns growing
with plastic wastes accumulation, we envision that further
improvement and broader application of this methodology will
contribute to the sustainable plastic recycling and value chain
innovation.

Owing to decades of research efforts on biodegradation of
synthetic plastics, numerous microorganisms and enzymes
capable of degrading different kinds of plastics have been
identified.843 Thereinto, enzymatic recycling of PET exhibits
exciting prospect, not only for PET currently is one of the most
recycled plastics in the world, but also because enzymatic
approach is harnessed by less value destructive and eco-
friendly superiorities.! A growing number of directed evolution
efforts have unfolded the great potential of catalytic efficiency
and thermostability of PHEs.['6:1720.2123.44 The inspiring closed-
loop recycling of PET by LCC or IsPETase variants!'®?" has
started to pave an innovative and sustainable path for biological
plastic degradation. However, the previous time-consuming and
laborious assays restricted the designed mutant library in small
scales, thus hindering the exploration of potential interesting
variants. The dual fluorescence-based HTS approach for
IsPETase we established in this study enables rapid screening
of thousands of mutant variants within 4 days, greatly reducing
the number of candidates for pure enzyme assays.

In the pilot screening, it is noteworthy that A2-F1 with S242T
mutation showed the highest activity rather than C4-B6 — one of
the four variants that exhibited relative Fliga/s25/Fleosers values >
3 during the first-round screening (Figure 4a) and the highest in
the second-round screening (Figure 4b). This result indicated
that to some extent the fusion of mCarmine to /sPETase variants
could lead to variation of activity ratios between fused and non-
fused enzymes. The ratio changes were also displayed by other
mutant variants during the screening and enzymatic assays as
listed in Table 1. However, this phenomenon did not cause
constraint for the HTS approach, for the success of the
screening lay in confining the scope to an acceptable amount of
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candidates for the enzymatic assays. After two rounds of
screening and sequence analysis, the final enzymatic assays
successfully generated six significantly improved mutant variants
out of eight candidates, exhibiting a highly efficient screening
procedure for a large mutant library of PHEs. Finally, given the
overall results as briefed in Table 1, a recommended rule for the
HTS was deduced: Set a threshold of fold change of 2 for the
first-round screening, and conduct triplicated test for the second-
round screening and statistical analysis for the significantly
elevated variants. Following the principles, we confidently
propose that beneficial mutant variants will arise from the
enzymatic assays of focused candidates (six improved variants
out of eight candidates in this study). Comparing to the recently
reported rational designed mutagenesis of different PHEs based
on structures,!'"-16:20441 computational redesign and testing,['”! or
machine learning aided engineering,['® this HTS strategy is a
promising approach for novel mutant pattern discovery from
more audacious mutagenesis of IsPETase or other PHEs.

Experimental Section

Preparation of fluorescent probe (FP) embedded PET films
in 96-well microplate

PET-FP films were prepared by following the previously
established approach for aliphatic polyesters,?”! with appropriate
adaptions and modifications on the solvent and evaporation
temperature. Amorphous GfPET films were cut into small pieces
and dissolved in HFIP to a final concentration of 20 mg/mL.
Fluorescent probes (FPs), including F, FDA or FDL, were
subsequently added to make a series of PET-FP solutions as
follows: 5 mg/mL of PET solutions with 5 yg/mL of FPs; and 10,
15,.0or 20 mg/mL of PET solutions with 5 pyg/mL of FDL. The
fluorescent probe embedded PET films were prepared by
addition 40 pL per well of PET-FP solutions to black
polypropylene  96-well microplate (655209, Greiner,
Kremsmuiinster, Austria), followed by evaporation for 2 h on a
HP10 constant temperature heating table (LEBO Science,
Jiangyin, China). Consequently, PET-FP films were coated on
the bottoms of microplate wells, ready for use as substrates. The
resulting PET films with FP proportions (w/w) were as follows:
1%o F; 1%0 FDA; 0.25%0, 0.33%o, 0.5%0 and 1%. FDL.

Binding affinity evaluation of FPs in PET matrix

The spontaneous release of F, FDA and FDL from PET matrix
was tested by soaking in 200 L of glycine-NaOH (pH 9.0) at
series of temperatures. The PET-FP films contained 1 pg/mg of
FP in PET. After 48 h of soaking treatment, the buffers were
transferred to a new black 96-well plate for fluorescence
measurement. The transferred buffers were treated with 50 nM
of PEHA for additional 24 h and then fluorescence was recorded
again. The fluorescence intensity was detected by a ENSPIE
plate reader (Perkin Elmer, Waltham, USA) at the emission
wavelength of 525 nm (excitation wavelength: 494 nm). All
experiments were performed in triplicate, and the values are
shown as means + standard deviations (SDs).

Construction of IsPETase random mutagenesis library

The [IsPETase mutation library was constructed based on
plasmid pET28a-C-r-P"T. Random mutagenesis of the /ISPETase
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encoding region was conducted by error-prone PCR with rTaq
DNA polymerase, and the rest of the plasmid backbone was
linearized and amplified using the high fidelity PrimeSTAR Max
DNA Polymerase. PCR reactions were carried out on a
GeneTouch Plus thermocycler (Bioer Technology, Hangzhou,
China). The error-prone PCR reactions contained 5 pL of 10 x
Takara rTag PCR Buffer (Mg?* free), 5 mM MgCl,, 300 uM
MnSO4, 200 uM each of dATP and dGTP, 1 mM each of dCTP
and dTTP, 0.2 yM of each primer, 5 ng of template plasmid, and
0.25 pL of Takara rTag DNA polymerase in a total volume of 50
pL. The thermocycles were as follows: 98 °C for 10 min; 35
cycles of 98 °C for 10 s, 55 °C for 30 s, 72 °C for 1 min; and
followed by 5 min at 72 °C. The randomly mutant fragments
were inserted into the linearized backbone through seamless
cloning using ClonExpress Il One Step Cloning Kit. The ligation
products were transformed into E. coli Rosetta-gami 2(DE3) and
spread on LB-Km/Tc plates. The average mutation rate was
determined by sequencing 20 samples of randomly selected
variants. A library with an average of 1-5 amino acid
substitutions per gene (2-9 nucleotide substitutions per gene)
were constructed. Single colonies were picked into 96-well
deepwell plates and grown overnight at 37 °C in 500 pL LB-
Km/Tc media (with 50 pg/mL of kanamycin and 5 pg/mL of
tetracycline). C-r-PVT expression strains were included in each
plate. Afterwards, 500 pL of 40% glycerol was added to each
well and the plates were stored at -80 °C as library storage.

Mutant library screening

From the library storage plates, 5 pyL of each variants were
inoculated to a 96-well deepwell plate containing 200 pL of LB
broth containing 50 pg/mL of kanamycin (Km) and 5 pg/mL of
tetracycline (Tc) (LB-Km/Tc) for overnight preculture.
Subsequently, 25 pL each of precultures were inoculated to a
new plate containing 400 pL of fresh LB-Km/Tc in each well.
After 6 h culture, protein expression was induced by adding
isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM. Cells were then harvested by
centrifugation at 4,000 x g and frozen at -80 °C for at least 2 h
before lysing. Cell pellets were lysed by resuspending in 400 pL
of lysis buffer (50 mM Na,HPO, buffer, pH 7.4, 10% glycerol,
300 mM NaCl) supplemented with 0.1% Triton-X100, 1 mg/mL
lysozyme, and 2.5 U/mL DNase | and incubating for 40 min at
room temperature. The supernatants containing the crude
enzymes were separated from cell debris by centrifugation at
13,000 x g for 60 min. A volume of 200 pL clear cell lysates
were transferred into black 96-well microplates for fluorescence
detection at the emission wavelength of 675 nm (excitation
wavelength: 603 nm). The FDL embedded PET
depolymerization was initiated by addition of 10 pL of
supernatants from each well to the PET-FDL coated 96-well
plates, to a final volume of 200 pL in 50 mM glycine buffer, pH
9.0. The plates were incubated for 24 h at 40 °C. The green
fluorescence intensities of each well were in situ monitored at
the emission wavelength of 525 nm (excitation wavelength: 494
nm). The Flagass25/Fleosers fluorescence intensity ratios of each
well were calculated as the relative activity of the variants.
Selected top 50 mutant variants from the above initial screening
were inoculated to a new plate for rescreening, which was
performed similarly as described above except in a ftriplicate
setup.
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In vitro validation of mutant variants

Protein expression and purification procedures were conducted
as described in Supporting Information. The amorphous GfPET
films were cut into circular form with 6 mm in diameter as
substrates. In vitro catalytic activity assays with the purified
variants were subsequently performed. The GfPET fiim was
soaked in 500 pl of glycine/NaOH buffer (pH 9.0) with 50 nM of
IsPETase or its mutant variants. The reaction mixture was
incubated at 40 °C for 24 h, after which GfPET films were
removed from reaction mixture. The enzymes were denatured
by heating at 100 °C for 10 min and removed by centrifugation at
14,000 x g for 10 min, and the supernatants were analyzed by
HPLC.
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Directly read plastic depolymerase activities in plate. Red fluorescent protein labeling of enzyme and fluorescein dilaurate (FDL)
probed PET film facilitate rapid identification of outperformed PET hydrolase mutant variants in a high-throughput manner,
overcoming laborious assays and benefit the exploration of mutant patterns of PET hydrolases from lager mutant libraries.
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