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ABSTRACT: The ability of enzymes to hydrolyze the ubiquitous polyester,
poly(ethylene terephthalate) (PET), has enabled the potential for bioindustrial
recycling of this waste plastic. To date, many of these PET hydrolases have been
engineered for improved catalytic activity and stability, but current screening methods
have limitations in screening large libraries, including under high-temperature
conditions. Here, we developed a platform that can simultaneously interrogate PET
hydrolase libraries of 104−105 variants (per round) for protein solubility,
thermostability, and activity via paired, plate-based split green fluorescent protein
and model substrate screens. We then applied this platform to improve the
performance of a benchmark PET hydrolase, leaf-branch compost cutinase, by
directed evolution. Our engineered enzyme exhibited higher catalytic activity relative
to the benchmark, LCC-ICCG, on amorphous PET film coupon substrates (∼9.4%
crystallinity) in pH-controlled bioreactors at both 65 °C (8.5% higher conversion at
48 h and 38% higher maximum rate, at 2.9% substrate loading) and 68 °C (11.2% higher conversion at 48 h and 43% higher
maximum rate, at 16.5% substrate loading), up to 48 h, highlighting the potential of this screening platform to accelerate enzyme
development for PET recycling.
KEYWORDS: poly(ethylene terephthalate) (PET), PET hydrolase, protein engineering, high-throughput screening, directed evolution,
enzymatic plastic degradation, plastic recycling, split GFP

■ INTRODUCTION
Recent years have witnessed a massive increase in scientific
work on PET hydrolases,1−7 which are enzymes that can
depolymerize poly(ethylene terephthalate) (PET) to its
constituent monomers via hydrolysis of its ester bonds.
Currently, PET, prevalent in packaging and textiles, is one of
the most highly produced plastics globally.8−10 Researchers
have identified natural enzymes that can depolymerize
PET11−16 and have engineered and evolved them for improved
function, including properties such as thermostability,17−22

catalytic performance,17,19−21 and substrate/product toler-
ance.23,24 One of the most efficient PET hydrolases is LCC-
ICCG, a quadruple mutant of leaf-branch compost cutinase
(LCC), a thermotolerant PET hydrolase,13 which was
conferred with enhanced thermostability and activity through
rational design of a disulfide bond and saturation mutagenesis
near the active site.17 The resulting variant, LCC-ICCG, can
hydrolyze PET to terephthalic acid (TPA), ethylene glycol
(EG), and mono-(2-hydroxyethyl) terephthalate (MHET),17

which can be further broken down by MHETase to
monomers25 (Scheme 1), demonstrating the potential for
these enzymes to be used in industrial PET recycling.
PET depolymerization has been reported to be most optimal

at temperatures around 70 °C for thermostable PET

hydrolases.6,17,26,27 It is at this temperature, Topt, that the
polymer chain mobility is increased for enzymatic accessi-
bility.17,26,27 At higher temperatures, however, recrystallization
of polymer chains has been found to reduce the rate and extent
of depolymerization.17,26,27 Recent studies have shown that the
glass transition temperature (Tg) is an insufficient standard for
enzymatic PET depolymerization, as Tg is typically reported for
the polymer under dry conditions and decreases when being
soaked in water, whereas Topt considers the balance between
real PET Tg in reactions and recrystallization.

26−29

To date, PET hydrolase engineering has focused on rational
and semirational design approaches,5,6 in which single mutants
and/or site-saturation mutant libraries have been constructed
based on structural inspection, homology, domain swapping,
and modeling. The performance screening in these cases has
typically involved mass loss15,19,30 or release of fluorogenic
probes31 from polymers, which are low-throughput and only
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able to screen ∼10 enzyme variants simultaneously. For larger
libraries, microwell plate-based screens have been used to
measure reaction products via colorimetric,32 absorbance,33,34

and fluorescence35−37 readouts, or via direct product
quantification using high-pressure liquid chromatography
(HPLC),16,21 but these methods are limited to screening 102
to 103 enzyme variants simultaneously. Other studies have
used model substrates with multiple screening steps,
culminating in a final screen on PET.38 However, these
screening assays have often been performed at low temper-
atures for several days, limiting the ability to discover
mutations conferring increased thermostability.38 Other assays
based on halo formation have been used as an alternative
method to screen for thermostable PET hydrolases.39 In
addition, PET nanoparticle suspensions have been used in
several studies to detect PET depolymerization activity via
turbidity changes.19,29 While PET nanoparticles may be ideal
substrates for agar plate-based screening assays, low PET
hydrolysis activity, due to the small amount of enzymes
released, may render screening at the colony level difficult.19,29

Toward high-throughput (HT) evolutionary approaches, Bell
et al. demonstrated improvement in the activity and thermo-
stability of the Ideonella sakaiensis PETase (IsPETase) through
targeted, semirational directed evolution.21 This study
evaluated ∼2000 enzyme variants in ∼2 days.21 Recent
developments of new bacterial TPA biosensor systems offer
promising biosensor-based screening approaches for PET
hydrolysis products, which may enable large library screening
for PET hydrolases.40−42 Additionally, a recent ultrahigh-
throughput directed evolution method for PET hydrolases
using a yeast display platform allowed for the evaluation of
>107 enzyme variants.43 While this platform screened an
impressive library size, the screening was done at room
temperature, therefore limiting its ability to identify beneficial
mutations for improved activity near the Topt of 70 °C. Ideally,
an efficient PET hydrolase engineering platform would include
screening large libraries (≥104) via selection pressure for
higher PET depolymerization activity at temperatures near 70
°C.

To that end, we developed an integrated platform for
engineering PET hydrolases by directed evolution with
random mutagenesis. This platform couples a split green
fluorescent protein (split GFP) assay,44 which has been
previously employed in protein engineering,45,46 for quickly
evaluating enzyme expression, solubility, and thermostability
without the need for purification, and a model substrate assay
using BHET for activity screening, followed by HT character-
ization on actual PET substrates. BHET was selected as a
model substrate due to its similar bond type as to PET, and the
hydrolysis of BHET on agar plates created visible signals
(clearing zones or halos) that could easily be detected. This
platform allowed us to screen enzyme libraries for both activity
and expression/thermostability concurrently. In addition, this
platform can simultaneously screen ∼104 colonies or more for
enhanced enzyme expression, thermostability, and depolyme-
rization activity near the Topt of 70 °C in ∼2−3 days and is
readily scalable. We then demonstrated the utility of this
platform by improving the catalytic performance of the LCC
scaffold toward amorphous PET film substrates through
directed evolution. We expect that this platform will expand
the ability to rapidly screen, evolve, and characterize PET
hydrolase enzymes, thus contributing toward more efficient
enzymatic PET depolymerization reactions for improved
recycling processes.

■ RESULTS
An Integrated Platform for Engineering PET Hydro-

lases. Toward directed evolution via random mutagenesis, we
developed a screening platform that can efficiently assess PET
hydrolase libraries of ≥104 variants simultaneously, per
evolution round, for multiple properties that are deterministic
of enzyme function and process viability, including protein
expression and solubility, thermostability near 70 °C, and
catalytic performance. An overview of our PET hydrolase
engineering platform is shown in Figure 1. Briefly, our platform
consists of four components: i) creating a large, random
mutagenesis library via DNA shuffling (Figure 1a), ii) an HT
(≥104 variants) colony-level coscreening assay to interrogate

Scheme 1. PET Hydrolases Digest PET to Bis(2-hydroxyethyl) terephthalate (BHET), MHET, TPA, and EGa

aMHETases break down MHET to TPA and EG.
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our large libraries simultaneously for activity, expression, and
solubility of enzyme variants on BHET model substrate agar
plates (Figure 1b), followed by iii) a validation (∼102 variants)
screening assay with cell lysates using either amorphous PET
film or high-crystallinity PET powder substrates to identify
enzyme variants with higher activity on PET substrates
selected from (ii) (with improved BHET hydrolysis) (Figure
1c), and iv) characterization of final enzyme optima (1 to 10
variants) using purified enzymes with various PET substrates
including amorphous PET film, amorphous PET powder, and
high-crystallinity PET powder (Figure 1e). Integrated into our
directed evolution platform, this enabled us to generate
random mutagenesis libraries from starting enzyme scaffolds,
screen them under different selection pressures (e.g., increased
temperature and increased substrate concentration), select
improved enzyme variants, and verify their improved proper-
ties and sequences (Figure 1d,f), with each round of evolution
taking approximately 6−8 weeks. Improved enzyme variants
were pooled to proceed to further rounds of directed evolution
as parents, beginning the directed evolution cycle anew. After
several rounds of directed evolution, we selected final enzyme

optima for detailed performance analysis using aromatic
monomer product quantification by HPLC and measurement
of PET hydrolysis in pH-controlled bioreactors.

A HT Coscreening Assay for Screening PET Hydrolase
Libraries. The first step in this platform was the HT
coscreening assay that assessed the large libraries of enzyme
variants at the colony level for activity and solubility on model
substrate agar plates. A detailed depiction of how the HT
coscreening assay worked is shown in Figure 2. Specifically, it
involves two simultaneous steps: 1) assessing enzyme solubility
and concentration by split GFP complementation and 2)
evaluating activity by reaction with BHET as a model
substrate. Each of the enzymes in the libraries generated was
genetically tagged with GFP11, a β-strand 11 of split GFP via a
linker44 (Figure 2a). Tagging enzymes with GFP11 allowed for
rapid quantification of expressed and soluble enzymes by
measuring the concentration in crude cell lysates, in solutions,
or on agar plates via green fluorescence readout (Figure 2b),
thus eliminating the need for protein purification during the
screening steps. When GFP11-tagged enzymes were com-
plemented with GFP1−10 (GFP β-strands 1−10), full-length

Figure 1. PET hydrolase engineering platform. a. DNA libraries were constructed from the open reading frame encoding for a starting enzyme, or
selected variants from previous rounds of evolution, by DNA shuffling, cloned into the screening vector, and transformed into the expression host,
E. coli. b. Enzymes were screened using the HT coscreening assay developed in this work. First, (1) the bulk library (>104 variants) was screened,
then (2) putative hits (∼102) were verified. Enzyme libraries were expressed by first growing the cell library on semipermeable membranes on
plates overnight and then transferring the membranes to plates including IPTG for induction. Membranes were then moved to BHET agar
screening plates, colonies were partially lysed, and membranes were returned to growth for later colony picking. This allowed the cell lysates to
diffuse through the membrane onto the BHET agar plates. The BHET screening plates were then incubated at the reaction temperature, 65−70 °C,
until clearing zones (halos, indicating BHET hydrolysis) appeared or if desired, the plates were preheated at 80 °C before progressing to the
hydrolytic reaction. Following the reaction and complementation with GFP1−10, improved enzyme variants, chosen based on higher BHET
activity (larger clearing zones) or better expression levels (higher fluorescence intensities), were traced to the original colonies grown on the
membranes, allowing for colonies to be picked. c. Putative improved variants were tested on either an amorphous PET film or high-crystallinity
PET powder in suspension in validation assays (∼101 −102 variants). Enzyme variants were expressed on a small scale (1−5 mL), cell pellets were
sonicated, and enzymes were quantified in crude cell lysates using split GFP complementation with known protein standards. Cell lysates were then
normalized based on quantified enzyme concentration and added to reactions with the PET substrate. Enzymatic activity was monitored over time
with PET breakdown products measured via UV absorbance. d. Identified improved enzyme variants were isolated and sequenced. After several
rounds of directed evolution, if an enzyme was significantly improved (e.g., with higher activity and higher thermostability), it was chosen for final
characterization including large-scale (liter scale) expression and purification, performance assessment with HPLC-based product quantitation, and
measurement of PET hydrolysis in pH-controlled bioreactors. f. Otherwise, improved enzyme variants were used as parents for the next round of
directed evolution, toward the goal of iteratively improving enzymes for higher performance vs selection pressures.
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GFP reassembled to generate green fluorescence, which was
directly correlated to the concentration of enzyme present
(brighter green fluorescence corresponded to higher enzyme
concentration). Enzyme libraries were additionally coscreened
for activity on BHET agar plates based on clearing zones
(halo) generated from BHET hydrolysis (Figure 2c). We
hypothesized that an enzyme with high activity on BHET
would have high activity on PET, so prior to testing on PET
substrates (which is more difficult to set up in HT assays), we
were able to select for high-performing variants using this
model substrate.
As shown in Figure 2c, enzyme libraries were first grown on

semipermeable membranes on LB agar plates overnight and

then expressed by transferring the membranes to plates
containing IPTG for induction. Membranes were then
moved to BHET agar screening plates, colonies were partially
lysed by spraying with BugBuster, allowing the cell lysates to
diffuse through the membranes onto the BHET agar plates,
and membranes were finally returned to LB agar plates and
stored at 4 °C for later colony picking. The BHET agar plates
were then incubated at reaction temperature (65−70 °C) for 5
to 20 h. Coupling the BHET hydrolysis reactions and split
GFP complementation assays allowed us to quickly and
precisely select colonies that exhibited higher enzyme activity
(larger clearing zones or larger halo) and/or better expression
levels (higher fluorescence intensities) by aligning BHET

Figure 2. HT coscreening assay for screening PET hydrolase libraries. a. Principle of split GFP complementation. Soluble, highly expressed
enzymes (tagged with GFP11), when complemented with GFP1−10, yielded a fluorescent signal, while aggregated, insoluble, or poorly expressed
enzymes showed little to no fluorescent signal upon complementation. b. Enzyme quantification using split GFP. On plates, a gel imager with
fluorescence detection (or other camera with fluorescence detection) visualized the amount of enzyme expressed via GFP complementation after
cell lysis. Relative GFP fluorescence gave a qualitative comparison of the soluble enzyme amount expressed. In solution, a plate reader measured
enzyme expression in cell lysates in microwell plate formats. Enzymes in lysates were then quantified by using a standard curve of a known protein
with known concentrations. c. Co-screening of enzyme activity, expression, and solubility levels via BHET screening plates and GFP
complementation. (i) The E. coli library was plated on a semipermeable membrane and grown overnight on LB agar plates, then induced by moving
the membrane to an LB agar plate with IPTG. (ii) The membrane was then moved to the BHET agar screening plate and partially lysed, allowing
enzymes (tagged with GFP11) to diffuse into the BHET agar plate. (iii) During incubation at the reaction temperature (following heat treatment at
a higher temperature), clearing zones began to appear, indicating hydrolysis of the BHET model substrate. (iv) Following the reaction, GFP1−10
was added to the plates and incubated to complement the GFP11 of the enzymes. (v) Fluorescence zones appeared as functional GFP associated.
(vi) Colonies with improved solubility and/or activity were chosen based on fluorescence and colorimetric (clearing zones) assays after the
membrane was reoriented on the plates. d. Snapshots of a plate showing how the coscreening assay was done for a small portion of the LCC library.
(i) A BHET agar plate was shown initially as opaque. After incubation with colony lysates, clearing zones (halos) began to appear (detected by
colorimetric blot). Following the reaction, GFP1−10 complementation yielded a green fluorescence signal proportional to the amount of enzyme
released from each partially lysed colony. Here, the yellow-circled colony showed high activity/low solubility; the blue-circled colony showed high
activity/high solubility; the red-circled colony showed low activity/high solubility; the pink-circled colony showed low activity/low solubility. (ii)
Cells expressing sfCherry in pET21b(+) were seeded into libraries, plated, and lysed along with the enzyme library. Approximate equal fluorescence
indicates colonies were homogeneously lysed across plates. Images were taken with a Bio-Rad ChemiDoc MP with colorimetric blot, Alexa 488
(green; GFP), and Alexa 546 (red; sfCherry) analysis. e. A schematic illustration of how split GFP complementation was used to measure enzyme
thermostability in cell lysates by quantifying the enzyme amount in samples before and after heat treatments at various temperatures.
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screening plates to the original colonies grown on the
membranes, allowing for colonies to be picked (Figure 2c,d).
Selected colonies were prelabeled on the BHET agar plates by
analyzing the images of BHET agar plates taken with a Bio-Rad
ChemiDoc MP under colorimetric blot and Alexa 488
detection settings for larger clearing zones and/or brighter
green fluorescence intensities (Figure 2d). BHET hydrolysis
was stopped by storing BHET screening plates at 4 °C until
ready for colony picking.
Coarse screening was first performed on individual colonies

from plated libraries (∼2 × 103 colonies/single plates, Figure
S1), and then colonies were selected based on qualitative
analysis of larger clearing zones and/or brighter green
fluorescence intensities. The colony size and number were
controlled via proper cell stock dilution and growth conditions
(see the Methods section). The enzyme variants selected from
coarse screening were then validated and further screened in a
fine screening assay as described above (for both split GFP
complementation and BHET hydrolysis), except that cell
cultures were now grown in 96-well plate formats (∼102)
alongside cells expressing a starting enzyme and/or LCC-
ICCG and stamped on a membrane using a replicator tool
(Figure 1). In the fine screening assay, colony sizes were
bigger, ∼2 mm in diameter, as a result of being replicated from
a 96-well plate cell culture by a replicator tool. For each 96-
well plate of colonies picked from the coarse screening, BHET
hydrolysis was evaluated on two BHET agar plates at the
reaction temperature, one at the same concentration that was
used for the coarse screening assay, and the other at an
increased BHET concentration (20−40 mM higher concen-
tration than on the coarse screening plates) and incubated for a
longer reaction time (up to 48 h) to ensure that thermo-
stability properties were interrogated during the selection
process. BHET hydrolysis was monitored by taking images of
the BHET agar plates with a Bio-Rad ChemiDoc MP under
colorimetric blot every hour after incubation for the first 6 h
and then for 15 h, 24 h, 36 h, and up to 48 h. Enzyme variants
that displayed increasingly higher BHET hydrolysis (larger
clearing zones) throughout the reaction time compared to
starting templates were selected as putative hits for activity
validation on actual PET substrates.
In addition, enzyme libraries on BHET agar plates were also

screened for thermostability properties by pretreatment of
BHET agar plates at elevated temperatures: 80 °C prior to
BHET hydrolysis reactions. Throughout the directed evolution
process, different selection pressures were implemented after
each round of evolution, including a) increasing BHET
concentrations (starting at 20 mM and gradually increasing
up to 120 mM); b) increasing reaction temperatures (starting
at 65 °C and then increasing to 70 °C) and reaction duration
(starting at 5 h and gradually increasing up to 48 h); c)
performing preheat treatment at 80 °C before the enzyme
reaction on BHET plates. Increasing intensities of selection
pressures after each round of evolution, such as using higher
BHET concentrations and higher reaction temperatures, were
implemented to select for enzymes with enhanced catalytic
conversion at higher substrate concentrations near 70 °C.

Screening and Validation of Putative Hits’ Catalytic
Performance on PET Substrates. Improved enzyme
variants (∼101−102) selected from the above HT coscreening
assay were next evaluated for catalytic performance on either
amorphous PET film coupons or high-crystallinity PET
powder (Figure 1c). Enzymes were expressed on a small

scale (1 to 5 mL cell culture) and were quantified via split GFP
fluorescence with cell lysates, using a standard curve of
fluorescence intensity of a standard protein (sulfite reductase)
expressed with GFP1144 at known concentrations. Enzyme
concentrations in cell lysates were normalized to 1 μM and
diluted 10-fold in reactions (0.1 μM enzyme; 500 μL
reactions) with amorphous PET film coupons or high-
crystallinity PET powder in microwell plates. Activity,
measured as total aromatic products, was monitored over
time by UV absorbance.33,34 Enzyme thermostability was
measured for cell lysates by quantifying the enzyme amount in
samples before and after heat treatments (after being
centrifuged to separate any debris) at various temperatures
using the split GFP complementation assay (Figure 2e).
Identified improved enzyme variants were then used as parents
for the next round of directed evolution or, if determined to
have met the desired engineering goals, were expressed,
purified, and more thoroughly characterized using HPLC and
pH-controlled bioreactors.

Engineering LCC Using Our HT Screening Platform.
We sought to demonstrate the efficiency of our newly
developed platform to improve the catalytic efficiency of a
benchmark PET hydrolase, LCC-ICCG.17,47 Directed evolu-
tion was first initiated using wild-type LCC (LCC-WT) as the
starting template. Libraries of DNA fragments containing
random mutations were created using DNA shuffling, cloned
into the pET21b(+)-GFP11 screening vector with a C-
terminal GFP11 tag, and transformed into E. coli. Enzyme
libraries were then screened using the HT coscreening assay,
first with coarse screening, followed by fine screening. In the
first round, the library was screened on 20 mM BHET agar
plates at 65 °C after 5 h of reaction. Putative hits were selected
after fine screening on BHET agar plates at 20 and 40 mM
concentrations at 65 °C, up to 24 h of reaction time. Selected
enzyme variants from the first round mostly contained single
mutations, including P38L, V118I, and L159Q, that displayed
higher activity (larger clearing zones) on BHET agar plates
compared to LCC-WT. These variants were then pooled
together as parents for the second round of directed evolution,
with the coarse screening assay done at an increased BHET
concentration (40 mM) and increased temperature (68 °C)
for a longer reaction time (7 h), and the fine screening assay
performed on 40 and 60 mM BHET agar plates at 68 °C and
monitored up to 24 h of reaction time. After two rounds of
directed evolution, we obtained a variant, LCC-F2, with
mutations V118I, A149V, L159E, and V202I, that exhibited
higher activity compared with LCC-WT and comparable
enzyme solubility/concentration on BHET agar plates.
Validation assays, performed using enzymes in cell lysates
normalized to a final concentration of 0.1 μM, showed that
LCC-F2 had ∼13% higher activity toward high-crystallinity
PET powder compared to LCC-WT after 6 h of reaction
(Figure S2a,e). However, this variant showed ∼23% lower
activity compared to LCC-ICCG on the same substrate
(Figure S2a,e); thus, we continued with additional rounds of
directed evolution.
The addition of a disulfide bond in LCC-WT (D238C−

S283C) was found to increase enzyme thermostability, as
previously reported.23 To improve LCC-F2’s performance, we
constructed the same disulfide bond by adding it to the LCC-
F2 and LCC-P38L variants and included LCC-ICCG as one of
the starting scaffolds shuffled in the next round of directed
evolution. After the third round of evolution (coarse screening
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was performed on 60 mM BHET agar plates and at a reaction
temperature of 70 °C for 20 h, with subsequent fine screening
performed on 60 mM and 80 mM BHET agar plates at 70 °C
for 48 h), a variant, LCC-F6, containing mutations P38L,
L117P, and A149V, in addition to the LCC-ICCG mutations
(Y127G, D238C, F243I, and S283C), was selected, as it
displayed comparable activity to LCC-ICCG on both
amorphous PET film coupons and high-crystallinity PET
powder substrates after 6 h of reaction at 70 °C (Figure
S2b,c,e). This variant also has a similar expression and
solubility level compared to LCC-ICCG.
At this point, our goal was to engineer new LCC variants

with enhanced hydrolysis performance on amorphous PET
coupons (ubiquitous in lab-scale PET hydrolase test-
ing16,17,19,21), relative to the benchmark LCC-ICCG. Using

LCC-F6 as a template, the next, fourth round of directed
evolution was performed on 80 mM BHET agar plates at 70
°C for 20 h, with fine screening validated on both 80 mM and
100 mM BHET agar plates at 70 °C for 48 h. This evolution
round yielded the top two variants: LCC-B8 and LCC-C9. In
addition to the mutations present in the LCC-ICCG parent
(Y127G, D238C, F243I, and S283C), LCC-B8 contained
mutations P38L, L117P, A149V, and S247L, and LCC-C9
contained mutations P38L, Y61C, M91I, L117P, A149V, and
S247L. After 6 h of reaction with amorphous PET film
coupons at 70 °C, LCC-B8 displayed a 5.2-fold higher
aromatic product release and a 5.6-fold higher maximal rate
compared to LCC-ICCG, while LCC-C9 had about an 11-fold
higher aromatic product release and a 10.6-fold higher maximal
rate (Figure S2c,e). The two variants, however, displayed lower

Figure 3. PET hydrolysis was performed by LCC-LANL and LCC-ICCG. a. Analysis workflow was performed for PET hydrolysis over time.
Enzymes were incubated with amorphous PET coupons (3 mm circles, 0.25 mm thick, and 2.5 mg each), with samples taken over time, to measure
aromatic product release. Products were quantified either by UV absorbance, to measure aggregate soluble aromatic products, or by HPLC, to
quantify monomers TPA, MHET, and BHET. b. PET deconstruction was performed by engineered LCC-LANL (red triangles) and LCC-ICCG
(white circles), with UV absorbance analysis. Aggregate product concentration as BHET equivalents is shown for time points taken over 12 h with
purified enzymes (0.7 mg of enzyme/g of PET) with 2.9% (w/v) PET film coupons at 68 °C in 100 mM sodium phosphate buffer, pH 8. HPLC
analysis of the reaction quantifying the c. TPA concentration, d. MHET concentration, and e. sum of aromatic products. Best-fit lines (equations
and R2 values shown) are shown as dotted lines 2 to 8 h. Data points show the average of n = 3 replicates, with error bars ±1 S.D; p-values for
different slopes are all <0.0001.
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activities on high-crystallinity PET powder, with ∼16 and 22%
less aromatic products compared to LCC-ICCG, respectively
(Figure S2b,e). These two variants, LCC-B8 and LCC-C9,
were pooled together, and one more round of directed
evolution was performed.
To select for enhanced thermostability properties of the new

enzyme variants, a preheat treatment step at 80 °C for 1 h was
implemented prior to the BHET hydrolysis reaction at 70 °C.
BHET concentrations were also increased to 90 and 120 mM
with longer reaction times of 20 h and up to 48 h for the coarse
screening and the fine screening assays, respectively. The fifth
round of directed evolution yielded the top variant, LCC-
LANL (after Los Alamos National Laboratory), displaying a
14.3-fold higher aromatic product release and a 13.9-fold
higher maximal rate compared to LCC-ICCG after 6 h of
reaction with amorphous PET film coupons at 70 °C (Figure
S2d,e). This variant, LCC-LANL, was therefore selected for
final characterization after being expressed and purified from 1
L of cell culture (Figure S3). LCC-LANL contained nine
mutations: P38L, Y61C, M91I, L117P, A149V, H218Y,
Q224H, S247L, and T256I, in addition to those present in
the the LCC-ICCG scaffold (Y127G, D238C, F243I, and
S283C). The DNA and amino acid sequences of LCC-WT,
LCC-F2, LCC-F6, LCC-B8, LCC-C9, LCC-LANL, and LCC-
ICCG are shown in Tables S1 and S2, respectively. A table
summarizing the best variants obtained from each round of
directed evolution, along with their performance compared to
LCC-WT or LCC-ICCG, is shown in Figure S2e, and a map of
the evolutionary trajectory of the final variant LCC-LANL is
shown in Figure S2f. A BHET agar plate obtained from the fine
screening showing a comparison of the BHET hydrolysis
clearing zones of LCC-B8 against those of LCC-ICCG is
shown in Figure S2g.

Characterization of LCC-LANL. Following testing to
characterize the evolved, purified enzyme, LCC-LANL, we
compared its performance to that of the benchmark and
parent, LCC-ICCG. We found that LCC-LANL had an
increased maximal catalytic rate compared to the parent
enzyme, LCC-ICCG, in the hydrolysis of amorphous PET film
coupons at 68 °C (p < 0.0001, for both TPA and the sum of
aromatic products) (Figure 3). Analysis was performed with
UV absorbance and HPLC aromatic monomer quantification
(Figure 3a), with the two methods giving similar results
(Figure 3b−e). LCC-LANL showed an initial rate of 1.21 g
L−1 h−1 TPA and 1.77 g L−1 h−1 aromatic products, compared
to 0.88 g L−1 h−1 TPA and 1.30 g L−1 h−1 aromatic products
for LCC-ICCG (Figure 3c,e). Product ratios for both enzymes
were approximately equal to and constant over time (about
70% TPA) (Figure 3c,d).
While initial reactions were performed under the conditions

at which LCC-ICCG was reported to have the highest activity
(68 °C, 100 mM phosphate buffer, pH 8, with amorphous PET
film),17,47 we chose to further evaluate LCC-LANL (and LCC-
ICCG) at different temperatures and for longer reaction times,
beyond the initial periods used to measure the maximum rates.
Therefore, LCC-LANL and LCC-ICCG were additionally
tested at 65 °C (Figure S4a−d) and 70 °C (Figure S4e−
h).17,47 Similar to the results at 68 °C, we observed that LCC-
LANL exhibited a higher maximal rate than LCC-ICCG at 65
°C (p < 0.0001, for both TPA and the sum of aromatic
products) (Figure S4a−d), with similar results between UV
absorbance measurements and HPLC monomer quantifica-
tion. However, at 70 °C, LCC-LANL showed a statistically

insignificant increase in the maximal hydrolysis rate compared
to LCC-ICCG (p = 0.0904 for TPA; p = 0.4077 for the sum of
aromatic products) and with diminishing activity beginning
after 8 h of incubation (Figure S4e−h). The increase in
product release and maximal rates for LCC-LANL vs LCC-
ICCG, however, was not as large when using purified proteins
as when using crude cell lysates with the same enzyme
concentrations (normalized based on split GFP complementa-
tion as discussed in the Methods section) (Figure S2d).
Upon looking at hydrolysis activities up to 24 h (Figure S5),

we saw similar diminished activity at 12 h or earlier for LCC-
LANL, while LCC-ICCG continued to show depolymerization
continuing to 24 h. At 65 and 68 °C, however, further activity
increases by LCC-ICCG (post-24 h) did not result in
substantially more total product release than LCC-LANL,
only 11 and 8% higher at 65 and 68 °C, respectively (Figure
S5d,h). We also observed that the ratio of TPA over MHET
released for LCC-LANL was higher than that of LCC-ICCG at
both the 12 and 24 h time points (Table S3). Despite its
significantly increased maximal rate compared to LCC-ICCG,
our variant, LCC-LANL, seemed to plateau in activity by 12 h.
Decreased thermostability or product inhibition were possible
explanations. In screening for LCC-LANL variants, heat
treatment at 80 °C for 1 h was implemented as a selection
pressure to maintain the high thermostability of LCC-ICCG
(Tm = 94.5 °C),17 and LCC-ICCG was demonstrated to not
experience product inhibition.17 Still, to fully determine the
extent and potential effects of decreased thermostability in
LCC-LANL, we conducted further experiments.
Differential scanning calorimetry analysis (Figure S6)

revealed that the thermal unfolding of each enzyme is
essentially an irreversible process, with LCC-LANL and
LCC-ICCG exhibiting comparable energy barriers (Eact) to
unfolding from the native to denatured state. However, LCC-
LANL can overcome this energy barrier with a given frequency
(1 s−1) at a temperature (Tact) of approximately 10 °C lower
than LCC-ICCG, and hence, has kinetic stability lower than
that of the latter variant. Notwithstanding this property,
evaluating the thermostability of LCC-LANL using the split
GFP complementation assay (Figure 2e), we observed that,
while the LCC-LANL enzyme experienced decreased surviv-
ability above 72 °C, at lower temperatures, LCC-LANL
showed similar thermostability as LCC-ICCG, with essentially
100% protein being retained after heat treatment at 72 °C for
both proteins (Figure S7).
In order to evaluate LCC-LANL’s performance on the

various PET substrates that these enzymes would likely
encounter in industrial applications,47−49 we next sought to
evaluate the hydrolytic activity of LCC-LANL on alternative
forms of PET, namely, milled amorphous PET film and high-
crystallinity PET powders (purchased from Goodfellow, 41.8%
crystallinity;50 see the Methods section).
On the amorphous PET powder substrate (Figure S8), it

was observed that the maximal rates of LCC-LANL and LCC-
ICCG exceeded those observed for amorphous PET films (as
coupons, i.e., unmilled). This trend persisted across all three
reaction temperatures (Figures 3b−e, S4, and S8). In addition,
a noteworthy observation was a shortened lag period for the
powder substrates, with maximal rates occurring within 2 h.
However, activity appeared to plateau for powder substrates by
both LCC-LANL and LCC-ICCG, with lower total hydrolysis
over shorter (Figures 3b−e, S4, and S8) and longer (Figures
S5 and S9) reaction times. Additionally, we did not observe the
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same significant increases in the maximal hydrolysis rate for
amorphous PET powders as we did with films for LCC-LANL
compared to LCC-ICCG (for the sum of aromatic products:
65 °C, p = 0.0127; 68 °C, p = 0.190; 70 °C, p = 0.1345). While
at 65 °C, we observed approximately 2-fold increases in the
rate for LCC-LANL over LCC-ICCG, the rates at 68 and 70
°C (the regime at which LCC-ICCG was reported to have the
highest activities) were not significantly increased for LCC-
LANL (Figure S8). The ratio of TPA over MHET released for
LCC-LANL, however, was higher than that of LCC-ICCG at
both the 12 and 24 h time points (Table S3).
In reactions with high-crystallinity PET powder, maximal

rates (Figure S10) and total hydrolysis over time (Figure S11)
were largely reduced compared to the other amorphous PET
substrates, and no significant improvement in maximal rates
was observed for LCC-LANL over LCC-ICCG (for the sum of
aromatic products: 65 °C, p = 0.0961; 68 °C, p = 0.5053; 70
°C, p = 0.5866), as well as no lag period, with maximal rates
occurring within 2 h. The hydrolysis rates of LCC-LANL and
LCC-ICCG were comparable up to 12 h at all temperatures,
although LCC-ICCG appeared to outcompete LCC-LANL by
24 h, with approximately 50% higher activities. This result was
expected because amorphous PET film coupons (not high-
crystallinity PET powder) were used as the main substrates

screened in our validation assays to select for enzyme variants
with enhanced hydrolysis performance on amorphous PET
film coupons, as indicated in our engineering goals. Notably,
similar to what was observed in reactions with amorphous PET
substrate, the ratio of TPA over MHET released in reactions
with high-crystallinity PET powder for LCC-LANL was higher
than that of LCC-ICCG measured at both time points (Table
S3).
To further evaluate the performance of our variant, we

tested LCC-LANL and LCC-ICCG in pH-controlled bio-
reactors, under the same conditions as the small-scale
experiments indicated above: 100 mM sodium phosphate
buffer, pH 8, 2.9% (w/v) PET, and 0.7 mg of enzyme/g of
PET at 65 °C (Figure 4a). We observed that LCC-LANL
outperformed LCC-ICCG in depolymerization of amorphous
PET film coupons. Both enzyme variants exhibited a lag before
their maximum substrate hydrolysis rate was attained, a
phenomenon previously reported for hydrolysis of amorphous
PET film by LCC variants.51 Notably, LCC-LANL showed a
38% higher maximal rate than LCC-ICCG and near-complete
conversion of PET to hydrolytic products, with approximately
24% hydrolysis in 12 h, compared to 12% by LCC-ICCG, and
over 80% hydrolysis by 36 h, compared to approximately 65%
by LCC-ICCG. By the end of the 2-day reaction, LCC-LANL

Figure 4. PET hydrolysis by LCC-LANL and LCC-ICCG in pH-controlled bioreactors. Enzymes LCC-ICCG (black) and LCC-LANL (red) were
added to reactions of PET coupons (2.9 or 16.5% (w/v)) in 100 mL bioreactors. Enzyme loading was 0.7 mg/g for 2.9% (w/v) PET and 1 mg/g
for 16.5% (w/v) PET. Bioreactors were monitored for the hydrolysis of PET, with total mass loss observed after the end of the reaction. Reactions
were stirred at 400 rpm, with a. 100 mM sodium phosphate pH 8 reaction buffer at 65 °C with 2.9% amorphous PET film coupons, b. 50 mM
sodium phosphate buffer pH 7.5 with 100 mM NaCl at 65 °C with 2.9% amorphous PET film coupons, c. 100 mM sodium phosphate pH 8
reaction buffer at 68 °C with 16.5% amorphous PET film coupons, or d. 100 mM sodium phosphate pH 8 reaction buffer at 68 °C with 16.5%
amorphous PET powder. Data points show the average of n = 2 bioreactors, while dotted lines represent ±1 SD. For each profile, a circle marks the
center of the 3 h window exhibiting the highest hydrolysis rate.
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achieved 94.5% polymer mass loss (see the Methods section),
compared to 83.5% by LCC-ICCG. It is likely that the new
mutations in the LCC-LANL construct change the pH
optimum of the enzyme, making it less capable of tolerating
the acidification due to TPA accumulation in small-scale, batch
reactions; however, such conditions were eliminated in the
bioreactor experiments.
To test our enzyme variant performance under alternate,

more industrially relevant conditions, requiring fewer buffer
constraints and reaction at lower pH, both of which would
contribute to improved process economics,49,52 LCC-LANL
was compared to LCC-ICCG in pH-controlled bioreactors at
50 mM sodium phosphate buffer, pH 7.5 with 100 mM NaCl,
2.9% (w/v) PET, and 0.7 mg of enzyme/g of PET at 65 °C
(Figure 4b). Similar to the previous experiment, LCC-LANL
showed higher performance compared to LCC-ICCG, with a
9% higher maximal hydrolysis rate vs the parent, and a
significantly improved hydrolysis profile. LCC-LANL showed
approximately 24% hydrolysis in 12 h, compared to 6% by
LCC-ICCG, and over 80% hydrolysis by 36 h, compared to
only about 50% by LCC-ICCG in 36 h. The mass losses were
comparable to the original conditions, with 94% mass loss by
48 h by LCC-LANL and 84% by LCC-ICCG.
High PET solid loadings are necessary to ensure optimal

productivity (i.e., high product yield) of PET degradation
reactions.47,52 We, therefore, performed additional bioreactor
runs at 68 °C with increased PET loadings, 16.5% (w/v)
(based on a recently reported guideline,47 either as amorphous
PET film coupons or milled amorphous PET powder (with
enzyme loading at 1 mg/g of PET). With amorphous PET film
coupons at this substrate loading, LCC-LANL maintained
improved performance compared to LCC-ICCG, with a 43%
higher maximal rate (that occurred 13 h sooner, demonstrating
a shortened lag period), nearly twice the conversion after 24 h,
and a higher extent of hydrolysis up to 48 h. However, both
LCC-LANL and LCC-ICCG yielded similar mass losses and
hydrolysis extents by 72 h and up to 96 h at 68 °C (Figure 4c).
Milling the amorphous PET coupons to a powder appeared

to eliminate the lag period for both enzymes and increased
extents of hydrolysis and total mass loss by roughly 10% by 72
h. Additionally, in this reaction, with 16.5% amorphous PET
powder, LCC-ICCG outcompeted LCC-LANL by up to 12%
(occurring at ∼33 h) (Figure 4d). However, maximal rates and
total mass loss were comparable for both enzymes. Specifically,
LCC-ICCG had an 8% higher maximal rate, with both
enzymes reaching this at ∼1.5 h. Both LCC-ICCG and LCC-
LANL yielded similar mass losses and hydrolysis extents by 72
h at 68 °C. Notably, cryo-milling amorphous PET film
coupons to powder appeared to increase PET crystallinity from
9.4 to 13%, as determined by differential scanning calorimetry
(DSC) (Figure S12). While the engineering goal was to
develop enzymes with enhanced hydrolysis of amorphous PET
film coupons here, we posit that eliminating the need for
substrate pretreatment (i.e., milling) could be a promising
route to improving process economics,52 while only taking a
meager reduction in overall enzyme performance.

Structural Analysis of LCC-LANL. The structure of LCC-
LANL was modeled using the Rosetta macromolecular
modeling suite.53 Most of the mutations obtained from
directed evolution led to increased solvent-exposed hydro-
phobicity. The S247L mutation particularly was shown to
increase the hydrophobic surface area near the active site of the
enzyme (Figure 5a,b). While this could destabilize the protein

structure, it may be favorable in the presence of a substrate,
which is primarily hydrophobic. The H218Y mutation (Figure
5c,d), also observed by Cribari et al.,43 was found to add
hydrophilic surface area to the enzyme and may help with
protein stability. This mutation also improved surface packing
by reducing exposed hydrophobic surface area, establishing a
near-ideal cation−pi interaction geometry and thereby
removed a potential site for nonproductive PET binding. In
addition, this mutation removed a titratable and strong

Figure 5. Structural analysis and comparison of mutation sites in
LCC-LANL, with respect to LCC-ICCG. a. Surface hydrophobicity
rendering for the LCC-ICCG active site (yellow shading) with S247
labeled. b. Surface hydrophobicity rendering for the LCC-LANL
active site with L247 labeled. The lighter gray color indicates higher
hydrophobicity near the active site in LCC-LANL. c. Packing of K194
and H218 in LCC-ICCG. d. Packing of K194 and Y218 in LCC-
LANL. The H218Y mutation in LCC-LANL improved packing by
establishing close to ideal geometry for a canonical cation−pi
interaction. e. Packing around M91 and T256 in LCC-ICCG. f.
Packing around I91 and I256 in LCC-LANL. In panels c−f, carbon
atoms are colored green for LCC-ICCG and cyan for LCC-LANL.
Other atoms maintain Corey−Pauling−Koltun (CPK) coloring.
Mutated residues are labeled in pink. Side chain residues are shown
as sticks, with a translucent overlay of the Connolly molecular surface.
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charge−charge repulsion interaction between H218 and K194,
given their tight packing. Indeed, the distance between K194
and H218 was found to increase by 0.4 Å (Figure S13a,b),
compared to the original solved structure (PDB: 8JMP) upon
running the Rosetta Relax energy minimization program. The
predicted configuration of K194 in LCC-LANL may also allow
for better solvation, which is likely for lysine, one of the most
hydrophilic residues and not participating in an ion pair
interaction. Additional results of structure refinement using
Rosetta Relax are shown in Figure S13c−f.
The remainder of the mutations were farther from the active

site. Among these, the M91I and T256I mutations (Figure
5e,f) may be synergistic in establishing a more uniformly
hydrophobic core, although with the creation of several voids.
These may lead to increased mobility and therefore increased
catalytic efficiency of the LCC-LANL enzyme at lower
temperatures, 65 °C, compared to 68 and 70 °C. However,
the voids may also decrease thermostability. The L117P
mutation was predicted to be destabilizing, as it removed
backbone hydrogen bonding and created cavities in the protein
core directly and through lever-arm effects on the backbone
(details in Table S4). These may be worthwhile target sites to
evolve in continued evolution cycles on the LCC-LANL
template.
Conformational ensembles of the individual mutations, the

LCC-LANL mutant, and the LCC-ICCG mutant produced
contrasting predictions for stability. The Rosetta score
distributions for these models are shown in Figure S14. An
analysis of LCC-LANL individual mutations and how these
mutations may affect the enzyme from a structural perspective
is provided in Table S4.

Molecular Docking of PET to LCC-ICCG and LCC-
LANL. Flexible ligand docking simulations revealed several
stable nonproductive binding modes for the PET substrate
near the active site of LCC-ICCG. Out of the 100 predicted
best binding modes, 60 were productive, having substrate
atoms within 4 Å of the catalytic residues, S165, D210, and
H242. Notably, all 100 predicted best binding modes were
productive for LCC-LANL. The Rosetta scores, as well as its
component terms, were statistically analyzed for these modes
and the entire ensemble. The analyses revealed that the
difference in the total Rosetta score (total_score) between the
docked and free states was higher for LCC-LANL than for
LCC-ICCG (Table S5). This suggests that LCC-LANL is
stabilized from binding to PET more than LCC-ICCG. The
greater stabilization upon binding to PET may manifest in
higher binding affinity, which may explain the higher catalytic
efficiency observed in bioreactor experiments with amorphous
PET film coupons. This may also explain the differences in the
maximal rates of LCC-LANL vs LCC-ICCG in cell lysates
compared to purified protein samples due to more unspecific
binding in cell lysates, which may have resulted in more
frequent binding of LCC-LANL to PET film coupons than
LCC-ICCG. The same trend, however, was not observed for
amorphous PET powder, potentially because of surface
structures and charges changing and increased crystallinity
upon being milled. More detailed studies on LCC-LANL’s
interaction with this substrate type may provide valuable
insights into how LCC-LANL was conferred with higher
hydrolytic activity on amorphous films but not powders.

Discussion and Conclusions. In this study, we developed
an integrated platform that enables efficient engineering of
PET hydrolases by directed evolution with random muta-

genesis by coupling split GFP complementation and BHET
model substrate activity assays. We found that enzyme variants
with higher hydrolytic activity in the BHET model substrate
assay generally had higher maximal rates on amorphous PET
film coupons. However, their activity could potentially plateau
quickly on PET, and thus a validation assay on actual PET
substrates is needed to be performed to select for enzyme
variants that not only had higher maximal rates but also
retained high catalytic activity over time. This screening
platform could be a useful tool for PET hydrolase engineering,
allowing the measurement of specific protein activity and
thermostability prior to protein purification, thereby enabling
the rapid selection of improved enzyme variants. We then
demonstrated the utility of this platform to discover new
mutations enhancing the maximal rate of a benchmark PET
hydrolase, LCC-ICCG, on amorphous PET film coupons. The
engineered enzyme, LCC-LANL, met the desired engineering
goal by displaying a higher maximal rate than the parent, LCC-
ICCG, on amorphous PET film coupons. LCC-LANL also
outperformed this benchmark in large-scale, pH-controlled
bioreactors, in deconstructing amorphous PET film coupons at
both 65 and 68 °C, up to 48 h. However, both LCC-LANL
and LCC-ICCG appeared to have similar catalytic activity over
an entire 96 h reaction on amorphous PET film. This is likely
due to the screening conditions that were employed when
testing our platform (selecting for improved enzyme variants in
up to 48 h of reactions with BHET in fine screening assays and
using amorphous PET film as the main substrate to validate
the activity of enzyme variants in validation assays), which
were set up based on the goal to engineer new LCC variants
with enhanced hydrolysis performance on amorphous PET
coupons.
The platform developed here can screen ∼104 or more

colonies in ∼2−3 days and is readily scalable. In addition, this
platform uses only widely accessible reagents and equipment
with ease-of-use and low chemical hazards, allowing it to be
easily and readily adopted by researchers worldwide. We
anticipate that this new platform will relieve a major bottleneck
in PET hydrolase engineering by not only simultaneously
screening for enzyme expression, solubility, and catalytic
activity near Topt but also allowing the efficient screening of
large, diverse libraries. We anticipate more accelerated directed
evolution of these high-performance enzymes, providing
pathways toward meeting goals informed by process
modeling49,52 to improve enzymatic PET recycling. Beyond
this work, the platform is adaptable to a variety of PET
hydrolase engineering applications, including reaction temper-
atures, pH, buffer conditions, use of alternative substrates,
higher substrate crystallinities, and the presence of any dyes or
other additives that may pose an inhibitory effect to enzymatic
activity by changing selection pressures. Improved enzyme
performance under these conditions may alleviate major cost
and environmental impact drivers currently hindering indus-
trial enzymatic PET recycling.49,52

While the platform described here may be useful for
discovering novel BHET hydrolases54 from metagenomic
libraries, it is, however, not yet optimized to discover novel
PET hydrolases without additional screening steps, as high
BHET hydrolysis may lead to the discovery of enzyme groups
that break down short esters but not polyesters. In addition,
the use of BHET in our HT screening assay may not yet be
optimized to distinguish enzymes with only slightly higher
degradation activity on PET. Therefore, a validation assay on
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actual PET substrates is always needed to select for enzyme
variants that depolymerize PET or confirm whether they have
higher PET hydrolase activity. Alternatively, BHET could be
used as a model substrate in the coarse screening to enable
colony-level screening and selection in a high-throughput
format, followed by PET nanoparticles19,29 as substrates in the
fine screening, where a higher concentration of cells could
release a higher amount of enzymes, thus permitting the
detection of PET depolymerization activity via change in
turbidity. The HT screening assay reported here was
performed qualitatively to quickly select for enzyme variants
with improved enzyme expression, solubility, and catalytic
activity based on green fluorescent signals and halo sizes. In the
future, further refinement could be made to directly calculate a
semiquantitative specific activity of improved enzyme variants
based on halo sizes and green fluorescent signals, with respect
to the starting enzyme templates.
Further engineering of LCC could be pursued, including

combining activity-improving variants with mutations that
confer higher thermostability55 to create an enzyme with
superior maximal rates and enhanced activity over long
reaction times, exploring optimal residues at mutation sites
of LCC-LANL, or engineering new LCC variants with
improved activity toward high-crystallinity PET substrates.
Further characterization of LCC-LANL, both biophysically,
and through testing with a broader suite of varied reaction
conditions (i.e., pH, temperature, and PET substrate types)
will better allow us to determine and further evaluate how this
variant has been conferred with improved depolymerization
properties, as well as to optimize reaction conditions for
maximal PET deconstruction. LCC-LANL was demonstrated
to be efficient in breaking down amorphous PET film coupons
(which are ubiquitous in lab-scale PET hydrolase engineering),
underscoring the potential of this newly developed platform for
PET hydrolase engineering.

■ METHODS
Materials and Data Analysis. Unless otherwise noted,

materials were purchased from the following vendors.
Oligonucleotides were purchased from Integrated DNA
Technologies. Genes were synthesized by Twist Biosciences.
Sanger sequencing was performed by Genewiz. Enzymes were
purchased from New England Biolabs. Amorphous PET films
(product #ES301445; 9.4% crystallinity) and high-crystallinity
PET powder (product #ES306031; 41.8% crystallinity)50 were
purchased from Goodfellow Cambridge Ltd. Chemicals were
purchased from Fisher Scientific or Millipore Sigma. Kits were
purchased from Qiagen. Data analysis and curation were
performed in Microsoft Excel, GraphPad Prism, and Agilent
OpenLab CDS. Sequencing and gene design were performed
using ApE (M. Wayne Davis) and SnapGene (Dotmatics).
Figures were prepared with Adobe Illustrator and BioRender.

Amorphous PET Powder Preparation and Analysis.
Micronized amorphous powder was produced from the above
PET film by cryo-milling, first in an SM300 cutting mill
(Retsch), then in a ZM200 centrifugal mill (Retsch), as
described previously,16 but using a ring sieve with a larger pore
size (0.5 mm) in the second step. The powder was thoroughly
dried at 45 °C for over 24 h before use as a substrate. PET
crystallinity was determined before and after milling by DSC
on a Netzsch DSC 214 Polyma. Measurements were
performed in triplicate, with approximately 10 mg of samples
in aluminum crucibles with lids. Samples were heated from 25

to 300 °C at 10 °C/min under a nitrogen atmosphere.
Crystal l inity was calculated using the equation:

=%Crystallinity H H
H

m c

m
o , where ΔHm is the enthalpy of

melting of the sample, ΔHc is the enthalpy of crystallization,
and Hm

o is the enthalpy of melting for a theoretical 100%
crystallinity sample (140.1 J/g).

Cloning, Mutagenesis, and Library Creation. A codon-
optimized gene from previous reports16 encoding LCC-ICCG
was obtained and subcloned into our pET21b(+)-GFP11
screening vector via NdeI and BamHI sites. Briefly, pET21b-
(+)-GFP11 was created by moving a stuffer containing the
NdeI/BamHI-linker-GFP11 fragment from ref 44 into
pET21b(+) (Novagen, Millipore Sigma) via NdeI and XhoI
sites. The DNA sequence showing LCC-ICCG inserted in
pET21b(+)-GFP11 is indicated in Table S6. Plasmids were
transformed into E. coli BL21 Gold (DE3) cells (B F− ompT
hsdS(rB− mB−) dcm+ Tetr gal λ(DE3) endA Hte; New England
Biolabs). Chemical transformation was used for routine
cloning, whereas in-house electrocompetent cells were used
for library transformations. Cells were routinely cultured using
either LB Miller agar or LB Miller liquid media, with relevant
selection (carbenicillin, 100 μg mL−1). Subcloning into the
pET21b(+) expression vector was done by amplification of
selected genes with the NdeI and XhoI sites, followed by
digestion and ligation into pET21b(+) between the respective
restriction sites to create a protein with a noncleavable C-
terminal His6 tag.
Libraries were created using a DNA shuffling protocol

adapted from Waldo.56 Briefly, template genes were amplified
by Q5 DNA polymerase and then fragmented by DNaseI
(Invitrogen). DNA fragments were then reassembled and
amplified using Exo(−) Pfu DNA polymerase (Agilent). Full-
length library gene fragments were cloned into pET21b(+)-
GFP11 via NdeI and BamHI sites following digestion with the
appropriate restriction enzymes and ligation with T4 DNA
Ligase at 16 °C overnight. The ligated library was transformed
into electrocompetent E. coli BL21(DE3) Gold cells, which
were selected on LB Miller plates with carbenicillin. Plates
were streaked with all colonies into liquid media, and 1.0
OD600 stocks were made prior to screening.

HT Coscreening Assay. E. coli libraries were first plated on
Durapore PVDF 0.45 μm 47 mm membrane filters (product
HVLP14250; Merck Millipore) on LB agar plates with
carbenicillin. Cells were plated at approximately a 2.5 × 105
dilution from a 1.0 OD600 freezer cell stock to provide a well-
spread density of cells on the plate. Plates were then grown
overnight at 30 °C. Following this, membranes were
transferred onto LB agar plates with carbenicillin and IPTG
(1 mM) and incubated for 2 h at 37 °C. Membranes were then
placed onto BHET screening plates. Small holes were poked
through each membrane and plate to allow easy realignment of
membranes to plates later. The first step to casting a BHET
screening plate was to make a final 2.5% (w/v) agarose in 100
mM sodium phosphate pH 8 buffer solution. The BHET
solution (at a working concentration of 500 mM BHET in
100% DMSO) was then added to the agarose solution (in 50
mL of total aliquots) to the appropriate concentration (ranging
from 20 to 120 mM BHET), then mixed well, poured into a 50
mm Petri dish (Fisher Scientific), and then cooled.
For coarse screening, libraries of colonies were partially lysed

by spraying with BugBuster (Millipore) 2−3 times from a
spray bottle, rotating the plate to ensure even coverage, and
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lysis of colonies. After each spray, the plates were allowed to
dry. Once they were dry, membranes were removed and stored
at 4 °C on LB agar plates. BHET screening plates were then
wrapped to prevent evaporation and then incubated at relevant
heat treatment and screening temperatures. For all high-
temperature incubations, VWR hybridization ovens (VWR;
model 5420) were used. The reaction time varied from 5 to 24
h. Following the reaction, concentrated solutions of refolded
GFP1−10 in [100 mM Tris-HCl pH 7.4, 150 mM NaCl, and
10% (v/v) glycerol] (TNG buffer) were put on BHET
screening plates. GFP1−10 was refolded from inclusion bodies
as previously prescribed44,57 then incubated on a nutator for 4
h to overnight. Longer incubation times with GFP1−10 can
increase the fluorescent signal but also result in high
background. Plates were then imaged using a ChemiDoc MP
Imager (Bio-Rad) for detecting both colorimetric blot and
Alexa 488 signals. Membranes containing partially lysed
colonies were then realigned on BHET screening plates, and
colonies were picked into 96-well plates containing LB
medium based on the clearing zone appearance (indicator of
enzyme activity) and fluorescent signals (indicator of the
amount of enzyme presented) for subsequent fine screening.
For validation of colony lysis homogeneity on BHET

screening plates, sfCherry58 was used as a reference. A DNA
fragment encoding for sfCherry was cloned into pET21b(+)
via NdeI and XhoI. The plasmid was transformed into E. coli
BL21 Gold (DE3) cells, diluted 1:5000 into enzyme libraries,
and plated on Durapore membranes as described above.
Following lysis on the membranes, the membranes were
removed and BHET screening plates were imaged using a
ChemiDoc MP Imager (Bio-Rad) with Alexa 546 blot analysis
to check the homogeneity of red fluorescent intensity − an
indicator of homogeneous colony lysis.
For fine screening, colonies with improved performance

selected from libraries were grown in 96-well plates overnight
at 37 °C and 250 rpm and then replica stamped (Boekel
Scientific; model 140500) onto Durapore membranes. The
screening process was repeated as above, except here, 8 μL of
BugBuster was pipetted onto each colony blot for cell lysis. For
each 96-well plate cell culture, BHET hydrolysis was evaluated
on two BHET agar plates, one at the same concentration that
was used for the HTP coscreening assay, and the other was at
an increased BHET concentration (20−40 mM higher
concentration than on the screening plates) and incubated
for a longer reaction time (up to 48 h). BHET hydrolysis was
monitored over time by taking images of the BHET agar plates
with a Bio-Rad ChemiDoc MP under colorimetric blot every
hour after incubation for the first 6 h and then for 15, 24, 36,
and up to 48 h. Colonies chosen from this fine screening were
labeled as putative improved variants.

Screening and Validation of Putative hits’ Catalytic
Performance on PET Substrate. Putative improved variants
(and benchmarks) were expressed in small-scale, 1−5 mL of
LB. Overnight cultures of colonies were seeded 1:100 volume
into LB media with antibiotics in either 96 deep-well or 24-well
plates (Fisher Scientific) and grown to 0.6−0.8 OD600 at 37 °C
and 250 rpm. Cultures were then induced with IPTG (1 mM)
and grown for an additional 5 h at 37 °C, 250 rpm. Cultures
were pelleted at 3500 rpm for 20 min, media was removed, and
pellets were resuspended in 500 μL of lysis buffer [20 mM
Tris-HCl pH 8 and 300 mM NaCl] and lysed by sonication
with a Fisherbrand Model 50 Sonic Dismembrator (Fisher
Scientific). Sonication was 5 × 20 s, on ice, centrifuging at 14

000 rpm for 3 min at 4 °C between cycles, with a final
centrifuge for 30 min to clarify cell lysate.
Enzyme concentration was quantified by complementation

of the cell lysates with GFP1−10 and measuring fluorescence
intensity using a plate reader. Briefly, 20 μL of purified sulfide
reductase-GFP11 construct (see ref 44 with a known
concentration or 20 μL of cell lysates were added to Corning
MaxiSorp 96-well plates, and 180 μL of refolded GFP1−10 in
TNG buffer were added and incubated overnight at room
temperature with gentle shaking. Proteins were quantified via a
standard curve from 2-fold serial dilutions of a purified sulfide
reductase-GFP11 construct (from 0.11 to 14.26 μM). The
background fluorescence was subtracted from all samples using
an equal volume of the cell lysate of an expression construct
lacking the GFP11 tag [i.e., LCC in pET21b(+)] as a
reference. Fluorescence was measured using a Tecan M Plex
Plate Reader (excitation: 488 nm; emission: 520 nm). GFP1−
10 complementation was performed in triplicate to verify the
protein concentration.
All proteins were normalized to 1 μM using lysis buffer and

diluted 1:10 (to 0.1 μM) in reactions containing 100 mM
sodium phosphate buffer, pH 8, and 0.92% (w/v) amorphous
PET coupons (Goodfellow Cambridge Ltd. product
#ES301445; 9.4% crystallinity as 3 mm hole-punched circles
(approximately 2.5 mg each; Fiskars) or 1% high-crystallinity
PET powder (Goodfellow Cambridge Ltd. product
#ES306031; 41.8% crystallinity50). Reactions were then
incubated in deep-well 96-well plates at 68 °C, with aliquots
drawn at each time point: 2, 4, 6, 8, 10, 12, and 24 h. To
prevent evaporation over long reaction times, plates were
sealed with aluminum plate foil (Thermo Scientific, product
232698) and wrapped in plastic. Edge wells of 96-well plates
were not used to prevent the inconsistent evaporation of
samples. At time points, new foils were used to reseal plates.
No detectable evaporation occurred within 24 h reaction times.
As necessary, results in 96-well plates could be verified with
samples/reactions in single, airtight cryo-vials (Simport
Scientific; product T309−2A). Absorbance at 240 nm was
measured using a Tecan M Plex Plate Reader to detect
aggregate aromatic products released,33 with baseline (t = 0)
absorbance for each enzyme subtracted from time points.
BHET equivalent concentrations were determined from a
standard curve of the absorbance of diluted BHET solutions.
Promising enzyme variants were grown, and plasmids were
isolated and sequenced. Plasmids from any promising variants
were used as parents for additional rounds of evolution (via
DNA shuffling).

Engineering LCC. A DNA fragment encoding LCC-WT
was used as a starting template to create random mutation
libraries, cloned into the pET21b(+)-GFP11 vector, and
transformed into E. coli as described above. Enzyme libraries
were then screened using the HT coscreening assay, with
coarse screening first performed, followed by fine screening. In
the first round, the library was coarse screened on 20 mM
BHET agar plates at 65 °C after 5 h of reaction. Colonies that
displayed higher BHET hydrolytic activity (larger clearing
zones) and/or higher enzyme solubility (brighter green
fluorescence) were picked and grown in a 96-well plate format
as previously described. Putative hits were then selected after
fine screening on BHET agar plates at 20 and 40 mM
concentrations at 65 °C, up to 24 h of reaction time. Selected
enzyme variants were then pooled together as parents for the
second round of directed evolution, with the coarse screening
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assay done at 40 mM BHET concentration, at 68 °C for 7 h,
and the fine screening assay performed on 40 and 60 mM
BHET agar plates at 68 °C and monitored for up to 24 h of
reaction time. Validation assays were performed for enzyme
variants selected from the second round along with starting
template LCC-WT and benchmark LCC-ICCG.
A disulfide bond (D238C−S283C) was added to the best

variant from the second round (LCC-F2) and LCC-P38L by
single-point mutagenesis. The third round of evolution was
done with coarse screening performed on 60 mM BHET agar
plates at 70 °C for 20 h, with subsequent fine screening
performed on 60 and 80 mM BHET agar plates at 70 °C for up
to 48 h. To engineer new LCC variants with enhanced
hydrolysis performance on amorphous PET coupons, the
LCC-F6 variant selected from the third round was used as a
template, and the fourth round of directed evolution was
performed on 80 mM BHET agar plates at 70 °C for 20 h, with
fine screening validated on both 80 and 100 mM BHET agar
plates at 70 °C for up to 48 h.
The thermostability properties were screened in the final

round of directed evolution by preheat treatment at 80 °C for
1 h of BHET agar plates in coarse screening, prior to the
BHET hydrolysis reaction at 70 °C. BHET concentrations
were also increased to 90 mM in coarse screening with a longer
reaction time of 20 h. Fine screening was performed with both
90 and 120 mM BHET agar plates with up to 48 h of
incubation at 70 °C. After the fifth round of directed evolution,
the variant LCC-LANL was selected for final characterization.

Protein Expression and Purification. All proteins were
expressed in the pET21b(+) vector using His6 tag purification
with Co TALON Resin (Takara Bio). Fresh colonies of each
cell stock were picked, streaked out on LB selection plates, and
grown overnight in LB media at 37 °C and 250 rpm. Cultures
were then inoculated 1:1000 into 500 mL 2XYT media with
carbenicillin, grown to 0.6−0.8 OD600 at 37 °C, 250 rpm, and
induced with 1 mM IPTG after being cooled for 10 min on ice
or at 4 °C. Cultures were then grown for an additional 16−20
h at 20 °C and 150 rpm. Cells were then harvested for 20 min
at 3500 rpm and stored at −80 °C until purification.
For purification, pellets were thawed and resuspended in 30

mL of cold column buffer [20 mM Tris-HCl pH 8, 300 mM
NaCl, 10% (v/v) glycerol]. Pellets were then sonicated using a
Branson Digital Sonifier 450 at 80% amplitude for 10 min on
ice, maintaining the temperature below 20 °C. The lysate was
clarified by centrifugation for 1 h at 4 °C and 40 000 × g.
Lysate was filtered with a 0.45 μm syringe filter and loaded
onto 2.5 mL of resin equilibrated with column buffer. The
lysate was incubated with the resin and rocked at 4 °C
overnight. Purification was performed manually. The lysate was
discarded, and the resin was washed with 15 column volumes
(CVs) of column buffer [20 mM Tris-HCl pH 8, 300 mM
NaCl, 10% (v/v) glycerol], 10 CVs of column buffer with 5
mM imidazole, 5 CVs of column buffer with 10 mM imidazole,
and finally eluted with 5 CVs of column buffer with 250 mM
imidazole. The eluted protein was verified for correct size and
purity by SDS-PAGE gel by running alongside Protein
Kaleidoscope Protein Standards (Bio-Rad). As necessary,
purified protein samples were diluted in Laemmli Buffer (1×
concentration) and were either not boiled or boiled at 100 °C
for 20 min before loading on the gel. The purity of purified
proteins was >90% (evaluated with Image Lab, Bio-Rad).
Enzymes were then buffer exchanged using an Amicon 10 kDa
cutoff filter (Millipore Sigma) with [20 mM Tris-HCl pH 8

and 300 mM NaCl], using the manufacturer’s protocol.
Aliquots of the enzymes were stored at −80 °C until they
were used. The protein concentration was quantified by the
Pierce BCA Protein Assay (Fisher Scientific) using the
manufacturer’s protocol.

Protein Thermostability Assay. Enzymes in cell lysates
were normalized to the same concentration of 1 μM and
incubated for 1 h in a thermal cycler (MJ Research model
PTC-200) at a range of temperatures, from 50 to 90 °C, in
reaction buffer [100 mM sodium phosphate pH 8] in PCR
tubes. Following heat treatment, samples were transferred to
1.5 mL microtubes and centrifuged at 14 000 × g for 3 min.
The supernatant was used to quantify the amount of soluble
enzyme remaining by diluting 1:10 in a solution of GFP1−10
in TNG buffer (see ref44 and incubated for 4 h overnight,
shaking, at room temperature, in the wells of Corning
MaxiSorp 96-well plates (Corning, NY, USA). The background
fluorescence was subtracted from all samples. Fluorescence was
measured using a Tecan M Plex Plate Reader (ex: 488 nm; em:
520 nm). All of the samples were performed in triplicate. The
remaining protein was compared to the initial concentrations.

Enzyme Differential Scanning Calorimetry. Enzyme
denaturation thermograms were acquired by DSC on a
MicroCal PEAQ-DSC Automated instrument (Malvern
Panalytical). Immediately prior to analysis, the samples were
purified by size exclusion chromatography on a HiLoad
Superdex 75 pg column (Cytiva) pre-equilibrated with [50
mM NaH2PO4/Na2HPO4, 100 mM NaCl, pH 7.5]. For each
enzyme, thermograms were recorded in low feedback mode
with the temperature raised from 50 to 110 °C at six different
ramp rates: 0.1, 0.2, 0.4, 0.8, 1.6, or 3.2 °C/min. Buffer
subtraction and baseline correction were performed using the
instrument’s control and analysis software. Each enzyme’s
thermogram data sets were fit to a single-step, irreversible
unfolding model (i.e., native-to-denatured) using the CalFitter
v2.0 Web server59 which provides Eact, the activation energy for
unfolding, and Tact, the temperature at which one enzyme
molecule per second denatures.

Small-Scale PET Hydrolysis Reactions. Reactions were
performed with 0.7 mg of enzyme/g of PET and 2.9% (w/v)
loading PET in 500 μL of evaporation-proof cryo-vials
(Simport Scientific; product T309−2A). Reactions were
composed of PET, enzymes (diluted with lysis buffer), and
100 mM sodium phosphate buffer, pH 8. Time points were
taken at 2, 4, 6, 8, 10, 12, and 24 h, incubating at the reaction
temperature. Samples were taken for the absorbance measure-
ment and HPLC analysis. For HPLC analysis, samples were
immediately diluted 50% (v/v) with cold methanol and then
filtered using a 0.2 μm plate filter with MultiScreen HTS Filter
Plates (Millipore Sigma; product MSGVN2250). Absorbance
measurement was performed as above.33 Samples were stored
at −20 °C until analysis. As appropriate, samples for
absorbance and HPLC analyses were diluted with ultrapure
water. All reactions were performed in triplicate.

Monomer Quantification. Monomers of TPA, MHET,
and BHET were quantified by HPLC using an Agilent
Technologies Infinity II 1260, equipped with a G7115A
diode array detector (DAD), detecting a signal at 240 nm.
Samples were analyzed using a protocol adapted from ref60. 10
μL of sample maintained at 10 °C were injected onto a
Phenomenex Luna C18(2) (100 Å, 150 mm × 4.6 mm, 5 μm)
at 40 °C. The mobile phase consisted of (A) 20 mM
phosphoric acid in ultrapure water and (B) 100% methanol.
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The flow rate was a constant of 1.2 mL/min for a total time of
10 min per sample. An A/B gradient program was used as
follows: 80:20% at t = 0 min; a gradient to 35:65% by t = 7.5
min; and held constant at 80:20% from t = 7.51 to 10 min. A
calibration curve from 0.1 to 500 mg/L was used for each
analyte to determine concentrations. All reactions were
performed in triplicate.

Analysis of Enzyme Maximal Rates. Enzyme maximal
rates were determined from TPA and the sum of aromatic
product plots from HPLC quantification. Best-fit lines and
parameters were determined using GraphPad Prism with
nonlinear regression, fitting with least-squares regression. Each
replicate was considered an individual point for fitting, and
slopes were additionally compared for significant differences
using an extra sum-of-squares F test (p < 0.05). All slopes (for
each enzyme in a given experiment) with different slopes
differed significantly, with p < 0.0001. Goodness of fit was
determined from the R2 values.

PET Hydrolysis in pH-Controlled Bioreactors. Enzy-
matic PET hydrolysis reactions on a 100 mL scale were carried
out in duplicate using Applikon MiniBio bioreactor systems
with 250 mL glass vessels (Getinge AB) equipped with one
marine impeller. Amorphous PET film of 0.25 mm thickness
(Goodfellow) was cut into approximately 10 × 10 mm squares,
washed with 70% EtOH, and incubated at 40 °C until
completely dry. These PET film squares were added to the
reactor at 2.9% (w/v) solids loading (i.e., 2.9 g substrate in
total) suspended in either 100 mM sodium phosphate buffer,
pH 8, or 50 mM sodium phosphate buffer, pH 7.5, with 100
mM NaCl. The suspension was pre-equilibrated to 65 °C with
stirring at 400 rpm. The reaction was initiated by the addition
of enzyme to 0.7 mg/g of PET (i.e., 2.03 mg of enzyme in
total). Depolymerization reactions proceeded for 48 h with
continuous pH control through the intermittent addition of 6
M NaOH using a peristaltic pump control module (Applikon
my-Control). For the 16.5% (w/v) solid loading experiments
at 68 °C, the same process was used but with an increased
enzyme loading of 1 mg/g of PET (i.e., 16.5 mg of enzyme in
total) to match the conditions promoted by ref47 and a
lengthened run time of either 72 h on amorphous PET powder
or 96 h on amorphous PET film. At the end of each reaction,
any remaining substrate was recovered by filtration through a
Whatman glass microfiber filter (Cytiva) using a Büchner
funnel. The retained solid residue was washed with ultrapure
water to remove any precipitated salts and dried at 40 °C
overnight prior to obtaining the residual dry weight, from
which the percentage mass loss was calculated.

Sequence Analysis. The sequence of LCC-ICCG was
used to initiate an automatically converging jackhmmer61

search against the Uniref10062 database to identify homolo-
gous sequence clusters, with an E-value cutoff of 1E-50. The
full sequences of the hits were aligned using ClustalOmega,63

and compared to check if the mutations discovered in our
directed evolution campaign were novel or found in existing
natural homologues.

Structural Analysis. The X-ray crystallographic structure
of LCC-ICCG in complex with 1,4-butanediol terephthalate
(PDB: 8JMP) was used as a starting point for molecular
modeling. Homology models of the active form (A165S),
individual point mutations, and the final mutant incorporating
the individual mutations were generated and analyzed using
the FastDesign protocol in the Rosetta macromolecular
modeling suite. A tetramer of ethylene terephthalate was

computationally generated and used in flexible docking against
the original LCC-ICCG structure and the homology model
structure of the final mutant. Additional analyses were
performed, pertaining to the occurrence of voids and
unsatisfied hydrogen bonds in the enzyme structure and at
the protein−substrate interface. For the interface, shape and
charge complementarity, as well as molecular strains and
clashes, were evaluated. All molecular renderings and visual
analyses were performed in PyMOL 2.5.7 (Schrodinger).
MOLE2.0 was used to evaluate voids, tunnels, and channels in
protein structures. All scripts used in the modeling and analysis
of the LCC enzyme structures will be provided upon request.
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