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Customization of Ethylene Glycol (EG)-Induced
BmoR-Based Biosensor for the Directed Evolution of PET

Degrading Enzymes

Min Li, Zhenya Chen,* Wuyuan Zhang, Tong Wu, Qingsheng Qi, and Yi-Xin Huo*

The immense volume of plastic waste poses continuous threats to the
ecosystem and human health. Despite substantial efforts to enhance the
catalytic activity, robustness, expression, and tolerance of plastic-degrading
enzymes, the lack of high-throughput screening (HTS) tools hinders efficient
enzyme engineering for industrial applications. Herein, we develop a novel
fluorescence-based HTS tool for evolving polyethylene terephthalate (PET)
degrading enzymes by constructing an engineered BmoR-based biosensor
targeting the PET breakdown product, ethylene glycol (EG). The
EG-responsive biosensors, with notably enhanced dynamic range and
operation range, are customized by fluorescence-activated cell sorting
(FACS)-assisted transcription factor engineering. The ingeniously designed
SUMO-MHETase-FastPETase (SMF) chimera successfully addresses the
functional soluble expression of MHETase in Escherichia coli and mitigates
the inhibitory effect of mono-(2-hydroxyethyl) terephthalic acid (MHET)
intermediate commonly observed with PETase alone. The obtained SMM3F
mutant demonstrates 1.59-fold higher terephthalic acid (TPA) production,
with a 1.18-fold decrease in K., a 1.29-fold increase in V,.,, and a 1.52-fold
increase in k_,,/K,,, indicating stronger affinity and catalytic activity toward
MHET. Furthermore, the SMM3F crude extract depolymerizes 5 g L'
bis-(2-hydroxyethyl) terephthalic acid (BHET) into TPA completely at 37 °C
within 10 h, which is then directedly converted into value-added
protocatechuic acid (PCA) (997.16 mg L") and gallic acid (GA) (411.69

mg L~") at 30 °C, establishing an eco-friendly ‘PET-BHET-MHET-TPA-PCA-GA’

upcycling route. This study provides a valuable HTS tool for screening
large-scale PET and MHET hydrolases candidates or metagenomic libraries,
and propels the complete biodegradation and upcycling of PET waste.

1. Introduction

Polyethylene terephthalate (PET) is exten-
sively utilized in automotive, building and
construction, electrical and electronics, in-
dustrial, and machinery, with a market
value of $26.99 billion in 2024 and pro-
jected to reach $36.61 billion by 2029.1'
However, the enormous consumption and
low recovery rates have caused severe en-
vironmental damage.l**] More seriously, an
increasing number of studies have reported
the detection of microplastics in human
tissues, raising concerns about potential
health risks.*l Traditional recycling meth-
ods, both mechanical and chemical, face
multiple substantial limitations.[>¢] Recent
years have seen a notable increase in in-
terest in plastic biodegradation. Enzymatic
catalysis breaks down PET into environ-
mentally benign products, contributing to a
circular PET-based bioeconomy.”]

In recent decades, plenty of PET de-
grading enzymes have been discovered
and engineered, belonging to classes of
cutinases,!®13] lipases,'*] and esterases.!”]
Cutinases are predominant and show the
greatest promise due to their flat, large
active pockets.l”1l PET degrading enzymes
are characterized as thermophilic (e.g.,
LCC,*10 HiC,[®l Cut190,!] TfCut2(**)) and
mesophilic enzymes (e.g., IsPETase,'?!
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Figure 1. Concept of a biosensor-derived HTS tool based on EG detection. A) PETase-MHETase dual-enzyme system for PET biodegradation. B) Regu-
lation mechanism and C) composition of the BmoR-based biosensor. P, .z, RBS, BmoR, and terminator form the sensing module. P,,,,, RBS, reporter,
and terminator form the output module. D) Dose-response curve of the BmoR¥T-based biosensor (pEG1) to EG. E) Composition of the BmoR-based
biosensor with negative-selection function. F) Dose-response curve of the BmoRYT-based biosensor with negative-selection function (pEG2) to isobu-
tanol. G) Growth curves of the X-EG2 strain in sucrose containing-/free- medium with 10 mM isobutanol and cell growth status after 10 h. Values and

error bars reflect the mean + SD of three biological replicates (n = 3).

IsMHETase,['?! Fsc,[8] BsEstB!*]). In enzyme engineering, con-
siderable attention has been given to LCC and IsPETase as
key template enzymes. Thermophilic LCC has been engineered
into variants such as ICCG! and LCC-A2,'% which function
near the glass transition temperature of PET, making them
as promising and attractive candidates for industrial-scale PET
biorecycling and uprecycling, particularly for macro- and meso-
plastics. Mesophilic enzymatic depolymerization is emerging as
a promising strategy with advantages for the in situ treatment
of PET waste in environmental settings,['’! especially micro-
or nano-plastics in soil and water. IsPETase and IsMHETase,
identified from Ideonella sakaiensis 201-F6, are particularly no-
table for their specific PET depolymerization activity at moder-
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ate temperatures,!'?l and have been the focus of extensive en-
gineering efforts to improve their properties for greater indus-
trial applicability. IsPETase hydrolyzes PET into mainly mono-(2-
hydroxyethyl) terephthalic acid (MHET), with small amounts of
bis-(2-hydroxyethyl) terephthalic acid (BHET), terephthalic acid
(TPA) and ethylene glycol (EG).'2) MHETase converts MHET
back into the basic units of PET,'2l namely TPA and EG
(Figure 1A). Recent advancements in IsPETase engineering have
generated mutants with enhanced depolymerization efficiency
and thermostability, such as DuraPETase, '] ThermoPETase,!*°!
FAST-PETase, ) HotPETase,?!! DepoPETase.l??] However, these
PET hydrolases still show weak catalytic activity toward high-
crystallinity PET and intermediate MHET/?] resulting in
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inadequate degradation and reduced purity of degradation prod-
ucts. MHET competitively binds to the active sites of PET hydro-
lases, inhibiting their effects on polymers or oligo-polymers.[24-2¢]
Therefore, MHET conversion is a limiting factor of the over-
all depolymerization process.l?’I Multiple studies have demon-
strated that transforming MHET benefits PET depolymerization
efficiency and monomer proportion compared to employing PET
hydrolases alone.l'>23282] Engineering PET and MHET hydro-
lases or mining novel hydrolases is the definite way to promote ef-
ficient and effective PET biodegradation and enable downstream
applications.

Directed evolution represents a powerful approach to enhanc-
ing enzyme properties, especially for beneficial distal sites that
are challenging to identify employing in silico technologies.*"]
However, the low-throughput and high-cost of the existing
function-based screening tools targeting depolymerization prod-
ucts limit the efficiency of the ‘design-build-test-learn (DBTL)’
cycle in enzyme engineering and mining. Recently, fluorescent
assays in 96-well plates were established based on PET oligomer
model substrates(?>3! or synthetic fluorogenic probes.*? Very re-
cently, the production of 2-hydroxyterephthalate (TPA-OH) for-
matted from bis (2-hydroxyethyl) 2-hydroxyterephthalate (BHET-
OH) was used to evaluate the PETase activity. The screened De-
poPETase showed a higher T,, value by 23.3 °C and enhanced
depolymerization efficiency.[?”! However, these assays based on
PET structural analogs did not reflect the hydrolysis of actual PET
polymers,*2] and were unsuitable for MHETase evolution due to
either extensive or minimal hydrolysis on MHET.?231] To date,
there have been limited studies on high-throughput screening
(HTS) tools for the direct detection of complete depolymerization
products, TPA or EG, for screening PET and MHET hydrolases
candidates and metagenome libraries.

Transcription factor (TF)-based biosensors (TFBs) offer a
high-throughput platform by coupling input signal intensity to
output signal intensity in a dose-dependent manner.*3! Input
signals are either biochemical molecules (e.g., metabolites, 3¢
contaminants,?”]  biomarkers!®®)) or physical factors (e.g.,
light,*! temperaturel’l). TFBs have proven to be versatile tools
for detecting numerous molecules in HTS of overproducers
or superior biological blocks,*>*%l as well as in environmental
detection®”) and disease diagnosis.[*! Developing biosensor-
based tools for characterizing PET hydrolases and detecting
PET breakdown products, like TPA and EG, holds promise
for advancing enzymatic plastic degradation. To date, the only
reported TPA-based sensors rely on the TF-based genetical
circuits (including TphR“=] and XylSI*¥l), or reductase-LuxAB-
coupled chemiluminescence reporting system,*] showing
high-throughput potential in the plastic hydrolases activity
screening. Researchers have constructed TphR-based biosen-
sors in Acinetobacter baylyi,**! Comamonas thiooxidans,|*}! and
Pseudomonas putidal*!l to recognizing TPA, while Li et al.[*]
engineered the XylS¥8¢1224Q_hased biosensor in Escherichia coli
(E. coli) for TPA detection. However, the cellular uptake of TPA
and its analogs, such as MHET and BHET, impedes accurate in
vivo detection through TPA-induced biosensors. The metabolic
background and physiological state of cells, along with the tran-
sient nature of bioluminescence signals, limit the application of
LuxAB biosensors. With TPA detection in living cells, these tools
have yet to be validated with real PET depolymerase libraries.

Adv. Sci. 2025, 12, 2413205 2413205 (3 of 18)

www.advancedscience.com

Additionally, there are currently no reports on the EG inducible
biosensor, showing its development value in EG-based plastic
degradation, particularly for PET.

BmoR, a promiscuous alcohol-dependent TF, was identified
from Thauera butanivorans.!*®) Upon sensing alcohol molecules,
it undergoes a conformational change to form the activated
BmoR-alcohol complex that exhibits enhanced affinity for the up-
stream activating sequence (UAS) of the BmoR-regulated pro-
moter, P,,..[*") The ¢°* factor specifically binds to the —24 (GG)
and —12 (TGC) regions of P,,,,, forming an RNA polymerase
holoenzyme (Ec>*) with the polymerase core.*¥) However, it is
unable to open the DNA double-strand without the assistance of
BmoR-alcohol hexamer.[*>% The BmoR-alcohol hexamer inter-
acts with the ¢>* factor with DNA looping,*’*8] which facilitates
DNA unwinding and restructuring the Ec>*-DNA complex from
a closed to an open conformation using the energy generated by
ATP hydrolysis associated with the hexamer.>152) This structural
rearrangement activates the P, transcription, thereby produc-
ing analyzable biosignals (Figure 1B), typically fluorescence sig-
nals. Our previous studies have established BmoR-based biosen-
sors for HTS higher alcohol overproducers in E. colil3>%3%4] and
dynamic regulating the microbial cell factory.*®! The promiscu-
ous specificity of BmoR is a challenge for accurate detection. Al-
ternatively, it offers the possibility of customizing other specific
alcohol-induced variants. EG, an alcohol molecule with two hy-
droxyl groups, is a potential ligand for BmoR. Tailor-making a
biosensor for evaluating EG production could serve as a valuable
tool for rapid screening of EG-based plastic hydrolases candidates
or metagenome libraries.

In this study, a novel biosensor-derived visual HTS strategy
was deployed for the directed evolution of MHETase by evalu-
ating EG production (Scheme 1). First, we engineered BmoR
to achieve high sensitivity to EG, obtaining satisfactory BmoR
mutants through a ‘fluorescence-activated cell sorting (FACS)
primary screening — SacB negative selection — 96 deep-well
plate (DWP) verification’ three-step screening procedure. Subse-
quently, we explored the solubilizing effect of various fusion pro-
teins on MHETase expression at different transcriptional rates,
promoting soluble expression in E. coli BL21(DE3) by tagging sol-
uble proteins to double-terminals. Following that, the superior
SMM3F chimera with enhanced MHET hydrolysis efficiency was
identified through the biosensor-based HTS tool. In silico multi-
analysis provided deeper insights into the structure-function re-
lationship of MHETase. Lastly, we demonstrated the potential of
SMM3F in converting PET waste into high-value-added chemi-
cals, highlighting its applicability for complete PET depolymer-
ization and upcycling.

2. Results and Discussion

2.1. Constructing and Characterizing a BmoR-Based Biosensor

Given that BmoR was sensitive to mono-alcohols, we supposed
that it might also respond to diols, such as ethylene glycol, the
end-product of PET degradation. To test this, we constructed
an alcohol-induced whole-cell biosensor by integrating the sens-
ing and output modules (Figure 1C). BmoR was expressed un-
der the control of the constitutive promoter, P, .. The tran-
scription intensity of the reporter was modulated by the paired
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Scheme 1. Fluorometric detection of EG using engineered BmoR-Based
whole-cell biosensors. The biodegradation of PET by PETase and MHETase
releases monomeric molecules including EG and TPA (not shown). EG can
be sensed by the engineered transcription factor BmoR, which activates
P, mo-regulated transcription. The resulting fluorescence signal is used to
evaluate the activity of enzyme candidates.

6>*-dependent promoter P,,,, and varied with alcohol concentra-
tions. Yeom et al.>>] and Zhao et al.[>®! suggested that replacing
the reporter with a super-folder green fluorescent protein (sfGFP)
was beneficial to improve the sensitivity and dynamic range
of TFBs. Following this suggestion, we constructed the P, -
BmoR-P,,, -sfGFP biosensing system (pEG1) in E. coli XL10-Gold
(X-EG1) (Figure 1C). Here, sStGFP served as a visual indicator for
evaluating EG production. We initially evaluated the response of
wild-type BmoR (BmoR¥?) to EG through dose-response test-
ing. The strain X-EG1 grew robustly across the range of 0-200
mM EG without growth inhibition, especially at high EG con-
centrations compared to isobutanol. The dose-response curve of
the BmoRY"-based biosensor demonstrated a gradual increase in
normalized fluorescence intensity (NFI) with increasing EG con-
centrations, with a maximum NFI (NFI, = 1584.67 + 16.95) at
75 mM EG (Figure 1D). However, the BmoRY!-based biosensor
encountered several challenges: 1) pronounced leakage expres-
sion in the absence of EG (NFI, = 1268.57 + 80.05); 2) a limited
dynamic range of only 1.25-fold; and 3) low sensitivity with minor
differences observed between EG concentrations. These subopti-
mal performance parameters restricted its application potential
for HTS of PET and MHET hydrolases. [t was therefore necessary
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to engineer the BmoR-based biosensor to achieve dual improve-
ments of low background and high responsiveness to EG.

2.2. Constructing a BmoR-Based Biosensor with
Negative-Selection Function

Given the modularity and evolvability of TFs, TF engineering
is a common strategy to fine-tune the biosensing behavior.l*”]
BmoR possesses a ligand-binding domain (LBD) and a DNA-
binding domain (DBD), which influence signal recognizing and
processing, respectively. Structural modification to BmoR could
impact BmoR-ligand affinity and BmoR-DNA affinity, as well as
its physicochemical properties, ultimately improving its sensing
performance. In this study, we employed random mutagenesis to
evolve BmoR, aiming to generate mutants with superior respon-
siveness to EG.

To eliminate BmoR mutants with severe leaky expression
from the library, we used the SacB protein as a negative se-
lection marker, fused with sfGFP by a glycine-serine linker
(GGSGGGSGG). The resulting P, z-BmoR-P,  -stGFP-SacB
biosensing system (pEG2) was developed (Figure 1E). The sacB
gene encodes levansucrase, catalyzing the synthesis of levan from
sucrose. Yet the accumulation of levan in E. coli causes cytotoxi-
city and cell death.l®] Due to BmoR¥T representing a high affin-
ity for isobutanol,[**] isobutanol was selected as the ligand to test
the negative-selection function of SacB. The dose-response of
the BmoRY"-based biosensor to isobutanol presented a marked
fluorescence response in the range of 0-50 mM isobutanol
(Figure 1F). The NFI; was 1241.06 + 57.76 without isobutanol,
and the NFI, was 3446.53 + 129.57 with 50 mM isobutanol,
resulting in a dynamic range of 2.78-fold. To further validate the
negative selection, the growth curves of strain X-EG2 were mea-
sured in LB medium supplemented with 100 pg mL~! ampicillin
(LB/Amp,,) and 10 mM isobutanol, with or without 100 g L' su-
crose. After 10 h cultivation, X-EG2 cells exhibited poor growth
in the sucrose-containing medium due to isobutanol-induced
sacB transcription, whereas they grew vigorously in the sucrose-
free medium (Figure 1G). This indicated that SacB was effec-
tive as a negative selection marker. Cells with server SacB leaky
expression in the absence of EG were inhibited in the sucrose-
containing medium, enabling the selection of superior mutants
with low basal interference and high signal-to-noise ratio.

2.3. Directed Evolution of Transcription Factor BmoR

Based on sequence and structure analysis, the ¢>*-dependent TF
BmoR possesses three characteristic domains of the bacterial
enhancer binding protein (bEBP) family:*>*’] LBD, central do-
main (CD), and DBD (Figure 2A). The N-terminal LBD (1-335
aa) is responsible for sensing and capturing alcohol molecules,
thereby determining specificity and overall activity.**] The LBD
exhibits high sequence variability, making it a common target
for engineering efforts.l>*>°l The CD (336-499 aa) facilitates TF
oligomerization and ATP hydrolysis and is highly sequentially
conserved.[!l Mutations in the CD are likely to impair the re-
sponse activity of BmoR.[**] The C-terminal DBD (500-669 aa)
features a helix-turn-helix structure, enabling BmoR binding
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Figure 2. Features of BmoR and its directed evolution. A) The sequence features of BmoR. B) Schematic outline of the directed evolution of BmoR. C) Flu-
orescence distribution and photographs of BmoR mutation libraries in each round of FACS. D,E) Dose-response curves of BmoRN207S. /BmoRF177L/Q285L.
based biosensors to EG within the range of 0-200 mM in XL10-Gold. Values and error bars reflect the mean + SD of three biological replicates
(n=23).
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to the UAS of P,,, through its specific sequence and spatial
configuration.!®”) To develop an EG-induced BmoR-based biosen-
sor with enhanced dynamic range and sensitivity, we constructed
a diverse random mutation library using ep-PCR, targeting both
the LBD and the entire open reading frame of BmoR to modulate
the BmoR-EG and BmoR-DNA affinities. Libraries with different
mutation frequencies were generated by altering the final Mn?*
concentration (0.125, 0.25, and 0.5 mM) in the ep-PCR reaction
systems, while maintaining a constant Mg?* concentration of 4
mM. The mutation frequencies at final Mn?*concentrations of
0.125, 0.25, and 0.5 mM were 3-5%o, 3—7%o, and 5—10%o, respec-
tively. We subsequently selected a lower mutation frequency of
0.125 mM final Mn?* concentration for further studies. The pu-
rified ep-PCR products were subcloned into the pEG2 backbone
and transformed into XL10-Gold cells.

A three-step screening strategy of ‘FACS primary screen-
ing - SacB negative selection - 96-DWP verification’ was imple-
mented to screen the BmoR mutation library (a library capacity of
~50 000) with high genetic diversity (Figure 2B). In the first step,
FACS was employed to sort cells based on fluorescence signals
at the single-cell level, considerably expediting the directed evo-
lution of BmoR. The sensitivity of BmoR mutants was assessed
by linking BmoR activation to stGFP expression at a final con-
centration of 10 mM EG, and hyperfluorescent cells were sorted
by flow cytometry. The first round of FACS collected the top 3%
of cells, totaling 20 000 cells. The second round collected the top
1% of cells, totaling 10 000 cells. The third round collected the top
0.5% of cells, totaling 5 000 cells. The fluorescence distribution
from the first to the third round of FACS, along with microscopy
images shown in Figure 2C, demonstrated a clear shift toward
higher fluorescence and a substantial proportion increase in hy-
perfluorescent cells. Following the third round of FACS, 1/10th
of the collected cells (200 uL) were spread onto an LB/Amp,, agar
plate containing 100 g L~! sucrose and incubated overnight at
37 °C. Sanger sequencing of ten randomly picked single colonies
revealed mutations in BmoR across all ten cells, with a total of five
genotypes, indicating that mutants highly responsive to EG were
selectively enriched after three rounds of FACS. These five BmoR
mutants (BmoRM") were subsequently assessed in 96-DWP to
generate dose-response curves for further analysis. Both the mu-
tants BmoRN?7S and BmoR™771/Q285L exhibited satisfactory dose-
response curves to EG. Besides, BmoRF77HQ25L carried synony-
mous mutations at residues A76 and R120. Obviously, the NFI
values of the two BmoRM"-based biosensors increased markedly
compared to the BmoR%'-based biosensor within the range
of 0-200 mM EG, with both showing markedly enhanced dy-
namic range and sensitivity (Figure 2D,E). The BmoRN"S-based
biosensor (pEG3) and BmoRFV774/Q28L.haged biosensor (pEG4)
reached their maximum fluorescence intensity at 200 mMwm EG,
with NFI_,  values of 3917.18 + 411.36 and 8536.09 + 201.78,
respectively, representing 2.47- and 5.39-fold increases over the
NFI, .. of the BmoR"-based biosensor. The dynamic ranges
were 5.64- and 3.32-fold, respectively, showing 4.51- and 2.66-
fold increases over that of the BmoR¥"-based biosensor. We at-
tempted to replace the high-copy origin ColE1 with the medium-
copy origin p15A to further decrease basal fluorescence, how-
ever, causing a loss of detectability (Figure S1A,B, Supporting
Information). This likely occurred because the reduced abun-
dance of BmoR at the replication level diminished the num-
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ber of activated BmoR-EG complexes and then lowered the tran-
scriptional initiation efficiency of P,,,,. The indirect impact of re-
porter abundance at the transcription level and its direct impact
at the replication level, ultimately impaired the sensing perfor-
mance. This highlights that the abundance of TFs and reporters
strongly influences the TFB performance, and suggests that alter-
ing the plasmid copy number is a feasible strategy for optimizing
TFBs. To further optimize the dose-response behavior of BmoR-
based biosensors, including minimizing the basal response, and
maximizing sensitivity and dynamic range, the design of experi-
ments (DoE) methodology offers a promising approach.!®! This
method enables systematically mapping combinations of genetic
elements (e.g., origin, promoter, RBS, TF binding sites), omit-
ting the need for multiple iterative rounds of permutating dif-
ferent combinations.[®!] Compared to the BmoR77/228L.haged
biosensor, the BmoRN?%7S-based biosensor exhibited a higher dy-
namic range (5.64-fold) and a lower leaky expression level (NFI,
= 694.66 + 15.17). Consequently, the BmoRN?"S-based biosen-
sor was de facto selected for HT'S of highly active PET and MHET
hydrolases. The comparison of the sensing performance of the
BmoR¥T and BmoRM" based-biosensors was summarized in
Table 1.

2.4. In silico Analysis of Performance Improved BmoR Mutants

EG was sensed by the activator BmoR, and the resulting BmoR-
EG complex showed increased affinity to the UAS of P,,,
thereby upregulating the transcription of the stGFP-SacB fusion
protein. As anticipated, an increased fluorescence signal was ob-
served using the two BmoRM"-based biosensors in the presence
of EG (Figure 2D,E). To illustrate the molecular mechanisms
of the improved sensing performance, we conducted molecular
docking simulations and structural analysis. The detailed inter-
actions of BmoRWT, BmoRN7S, and BmoRF77Y/Q2L with ethy-
lene glycol (EG) were examined. In the BmoRV'-EG complex,
EG interacted with residues Q203, E206, and R250, with binding
distances of 1.9, 2.1, 2.2, and 2.0 A, respectively, resulting in a
binding energy of —2.22 kcal mol~! (Figure 3B). The N207S mu-
tation, situated on an a-helix, reduced the local positive electro-
static potential (Figure 3A,E). This mutation brought EG closer
to residues Q203 (1.8 A) and E206 (1.9, 1.9 A), with a slightly
improved binding energy of —2.28 kcal mol~! (Figure 3C). Simi-
larly, the F177L mutation in the loop region and the Q285L mu-
tation in the a-helix of BmoR77/Q%%L caused minor reductions
in local positive and negative electrostatic potentials, respectively
(Figure 3A,F,G). Residues involved in the binding of EG to the
BmoRF77H8L muytant included Q203 (1.7 A), E206 (1.9, 1.9 A),
and R250 (2.1 A), with an improved binding energy of —2.43
kcal mol~! (Figure 3D). These mutations positioned EG closer
to key residues Q203 and E206, enhancing the binding affinity.
The closer proximity and reduced hydrogen bond distances likely
increased the affinity of BmoRNS and BmoRF77H/Q%5L for EG.
The reduction of local surface electrostatic potential might fa-
vor the stabilization of the overall conformation (Figure 3E-G).
TFs typically function as homodimers or multimers, with BmoR
forming a hexamer. The oligomerized TFs boost the affinity and
specificity toward their specific binding sites.l*”] AlphaFold 3
modeling results suggested that the BmoRFY77Y/Q25L hexamer
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Table 1. BmoR-based biosensor performance parameters and standard deviations.

TF NFI, . Leaky expression Operation range Dynamic range
[NFlo]

BmoRYT 1584.67 + 16.95 1268.57 + 80.05 0-75 mM 1.25-fold

BmoRN207S 3917.18 £ 411.36 694.66 + 15.17 0-200 mM 5.64-fold

BmoRF177L/Q285L 8536.09 + 201.78 2574.43 +77.27 0-200 mM 3.32-fold

adopted a more compact conformation compared to the BmoRY"
hexamer, particularly within the CDs and their near quaternary
structures (Figure 3H,1). The Q285 residues in the BmoRWV! hex-
amer were more spatially separated than the L285 residues in
the BmoRF77L/285L hexamer (Figure 3H,1), indicating that the
mutation resulted in a tighter oligomerization assembly. Fur-
ther analysis of interchain interactions between the CDs of ad-
jacent chains revealed an increase in noncovalent interactions,

P
& ‘;ﬁ»:‘n&“ %
P 0 <§ ;h_
b&‘ \}‘ :},":’v
“ J’: ‘R, .
\zJ?,@#}" Chain D
B o

3

Top view

Top-down cross-sectional view

with 13 hydrogen bonds in the BmoR 7742l compared to 11
in the BmoRY" (Figure S2A,B, Supporting Information). These
favorable structural improvements involving CDs facilitated o*-
dependent BmoR oligomerization and contributed to a more sta-
ble hexameric assembly and enhanced structural integrity, ulti-
mately favoring ATP hydrolysis and transcription activation.*’]
These changes collectively improve the activation efficiency of the
BmoR-EG complexes on P,,,.. The directed evolution approach,

D

Top view

Top-down cross-sectional view

Figure 3. In silico analysis of BmoR and its mutants. A) The predicted structure of BmoR¥T by AlphaFold 2,[%2] is shown in both surface and cartoon
representations, with the positions of residues N207, F177, and Q285 indicated. Molecular docking results of B) BmoRWT, C) BmoRN?%75: and D)
BmoRF177L/Q285L ywith EG. EG was shown as a blue stick. Yellow dotted line: hydrogen bond. Local surface electrostatic potential comparisons near the
residues E) N207S, and F) F177L, and G) Q285L. Positive electrostatic potential regions were shown in blue, neutral electrostatic regions in white, and
negative electrostatic potential regions in red. Top view and top-down cross-sectional view of H) BmoRWT hexamer and 1) BmoRF77L/Q28L hexamer,
shown in surface representation. H) Q285 residues and 1) L285 residues were highlighted within black dotted circles, and depicted as spheres with a

darker color. The hexamer structures were modeled by AlphaFold 3.[63]
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Figure 4. Soluble expression of MHETsae and functional verification. A) Fusion expression forms of MHETase. B) Diagram of SUMO-MHETsae-
FastPETase fusion protein and the SDS-PAGE result for pLM11. The gel image was a part of Figure S3D (Supporting Information) (the fifth black
dotted box), with the lanes and marker (M) positions preserved. Lane M: marker, lane a: total protein, lane b: supernatant, lane c: sediment, lane d:
flow-through, lane e: purification. Docking analysis of SMF fusion protein structure predicted by AlhahFold 2 with C) BHET and D) MHET. SUMO tag:
salmon. (G,S)3 linker and 6 X His tag: gray. MHETase: blue, FastPETase: yellow-orange. Note that the low confidence level of the loop structure between
SUMO and MHETase was predicted by AlphaFold 2,[62] while the rest of the major structure was reliable. E) Comparison of MHET suspension before
and after degradation, and UHPLC elution curves of TPA standard and MHET-degraded solutions.

which does not require an in-depth understanding of structure-
function relationships, has proven effective in engineering TFs
like BmoR to improve biosensing performance.

2.5. Promoting Functional Soluble Expression of MHETsae

MHET remains largely residual when using PET hydrolases
alone,?!l not only exerting an inhibitory effect but also dimin-
ishing the bioeconomic benefits of downstream applications.
MHETase was regarded as the key enzyme to promote com-
plete PET depolymerization.! However, direct expression of
a codon-optimized MHETase gene in pET28a(+) vectors un-
der P, (pLM1) or P, (pLM2) promoters resulted in nearly
all MHETase being expressed in inclusion bodies in the cyto-
plasm (Figure S3A, Supporting Information). MHETase con-
tained five disulfide bonds (residues 35-76, 208-513, 287-304,
324-332, and 561-583 in this study; Figure S4A, Supporting In-
formation), crucial for proper folding and function.[®) Disulfide

Adv. Sci. 2025, 12, 2413205 2413205 (8 of 18)

bond formation required multiple biomolecules and an oxida-
tive environment,[®>] possibly explaining the folding difficul-
ties in E. coli BL21(DE3). Additionally, the solubility prediction
of MHETase using the Protein-Sol website showed a low-scaled
solubility value of 0.211, below the population average of 0.45,
indicating its inherent solubility challenge in E. coli. Its poor sol-
ubility substantially hindered its potential as a biocatalyst.

We explored various fusion protein forms at different tran-
scription rates to achieve soluble intracellular expression of
MHETase for further directed evolution (Figure 4A). We at-
tempted to enable highly soluble proteins to drive the soluble
expression of poorly soluble proteins. The machine learning-
predicted FAST-PETase (FastPETase), known for its enhanced
thermal stability and activity, was currently the most efficient
mesophilic PETase mutant at 50 °C.[2°) FastPETase showed
high solubility and was predominantly expressed in soluble
form in E. coli BL21(DE3) cells (Figure S3B, Supporting In-
formation). The structure of FastPETase contained only two
disulfide bonds (Figure S4B, Supporting Information), with a
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predicted scaled solubility value of 0.409 using the Protein-
Sol website, 1.94-fold higher than that of MHETase. Fusion ex-
pression with FastPETase enabled the degradation of PET to
TPA and EG abundantly promising and attractive. Both the
MHETase-FastPETase and FastPETase-MHETase chimeras were
constructed using a flexible (G,S); glycine-serine linker and
controlled by P, or P, promoters (pLM4—pLM?7). Addition-
ally, solubilization tags were commonly fused to proteins to in-
crease their solubility and stability, such as MBP, TrxA, GST,
SUMO, and NusA.l®] We also employed a SUMO tag at the
N-terminal of MHETase to generate the SUMO-MHETase fu-
sion protein (pLM8—pLM9). However, initial attempts at the six
MHETase fusion proteins with a single-terminal solubilization
tag (pLM4—pLM9) did not achieve the desired soluble expression,
resulting in inclusion bodies or not expressed (Figure S3C,D,
Supporting Information). We then explored dual solubilization
tags by adding an N-terminal SUMO tag to both MHETase-
FastPETase and FastPETase-MHETase (pLM10—pLM13). Inter-
estingly, SDS-PAGE results revealed that adding highly soluble
proteins to the double terminals of MHETase, namely SUMO-
MHETase-FastPETase (SMF) fusion protein, under a lower tran-
scription rate (P,,.) achieved optimal soluble expression (pLM11)
(Figure 4B; S3D, Supporting Information), whereas other three
designs resulted in marginal solubility (Figure S3D, Supporting
Information).

Subsequently, we conducted structural modeling via Al-
phaFold 262 to investigate the influence of fusion expression
forms on catalytic mechanisms. Comparative analysis revealed
that the major structures of each component within the SMF fu-
sion protein closely resembled their original structures (Figure
S5A-F, Supporting Information). Docking analysis (Figure 4,D)
with MHET and BHET substrates demonstrated that the ac-
tive sites of MHETase and FastPETase within the SMF chimera
closely resembled those of their standalone components, main-
taining the same Ser-His-Asp catalytic triad.2%?8%8] The grid
boxes were specially adjusted to encompass the entire fusion
protein, enabling free substrate conformation and positional
changes. The overall structural similarity and consistency of the
catalytic mechanism suggested that the double-terminal solubi-
lization tags did not adversely affect the native structural and cat-
alytic properties. Additionally, an in vitro degradation assay con-
firmed the functional activity of the SMF fusion protein. When
purified SMF protein was incubated with MHET powder at 37 °C
(Tris-HCl, pH 8.0), the solution was clarified, indicating near-
complete degradation. UHPLC analysis confirmed the presence
of TPA in the solution (Figure 4E).

These results demonstrated that the use of double-terminal
solubilization tags facilitated the proper folding of MHETase in
an active form. The fused MHETase:FastPETase dual-enzyme
system improved PET depolymerization efficiency by alleviating
competitive MHET inhibition and promoting enzyme proximity
effects, without requiring immobilization technology, thus pro-
moting enzyme synergy compared to free enzymes. The incor-
poration of double-terminal tags effectively illustrates that highly
soluble proteins can function as classic solubility tags, promoting
appropriate protein folding. Overall, our study provides valuable
insights into the soluble expression of challenging proteins. The
strategy of ‘leveraging highly soluble proteins to drive the soluble
expression of poorly soluble proteins’ offers a practical solution
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for overcoming the low or non-expression of heterologous pro-
teins in a commonly used strain E. coli BL21(DE3).

2.6. Directed Evolution of MHETase via the BmoR-Based
Biosensor

EG, the hydrolysate of MHET, was the specific ligand for
BmoRN?"7S initiating the transcription of sSfGFP upon being rec-
ognized. The BmoR"*75-based biosensor connected EG sensing
with fluorescence readouts, enabling the use of the microplate
reader or microfluidics techniques instead of low-throughput,
costly liquid chromatography techniques. The performance of
biosensors is strongly influenced by the abundance of TFs
and reporters, as well as by the host genome.[®] The context-
dependent activity of biological parts can eventually cause un-
wanted changes in the input-output response of a circuit, thereby
disrupting the designed function.”"! To ensure plasmid compat-
ibility and avoid the context effects from direct and indirect in-
teractions with cellular resources and components, we consid-
ered maintaining the existing contextual settings of the sensing
strains in the HTS protocol design (host, key plasmid parts). As
a result, we adopted a two-step strategy that temporally and spa-
tially separated the degradation and biosensing processes across
two hosts to produce stable fluorescence outputs, rather than us-
ing a two-plasmid co-transformation approach. The epPCR prod-
uct of MHETase was cloned into the pLM11 plasmid backbone to
generate the random mutation library in the E. coli BL21(DE3)
host. First, MHET was degraded to produce EG by incubating
with different degradation strain variants in LB/Kang, medium.
After IPTG induction at 16 °C and MHET degradation at 37 °C,
the mutation library cells were removed by centrifugation. Sub-
sequently, the supernatant was incubated with the sensing strain
E. coli X-EG7 to evaluate EG production. To enable both strains
to grow under the same antibiotic resistance conditions, the re-
sistance gene of the BmoRN?"5-based biosensor plasmid was
changed from Amp" (pEG3) to Kan" (pEG7). The diagram illus-
trating the biosensor-based primary HTS in the 96-well DWP
format and UHPLC secondary screening is shown in Figure
5A. Compared with HTS methods based on fluorogenic PET
oligomer model substrates (BHET-OH, 22l mUPETs, 3! and fluo-
rescein dibenzoatel®?]), our HTS assay offered simplicity and real-
ity on actual PET substrate. Before screening, the optimal initial
MHET concentration that would generate the highest amount
of EG under consistent protein conditions was determined. As
shown in Figure 5B, MHET was continuously degraded into TPA
and EG overtime at all concentrations, with the highest TPA pro-
duction at 10 mM MHET. After 48 h of bioconversion at 37 °C,
the B-LM11 strain produced 2.25, 3.50, and 2.55 mM TPA from
initial MHET concentrations of 5, 10 and 15 mM, respectively.
Therefore, 10 mM MHET was selected as the substrate concen-
tration for the HTS system.

The MHETase mutation libraries were constructed at final
Mn?* concentrations of 0.125, 0.25, and 0.5 mM, resulting in
mutation frequencies of 2-7%o, 3-8%o, 9-15%o, respectively.
The libraries with low and medium mutation frequencies gen-
erated at 0.125 and 0.25 mM Mn?** were subjected to being
screened. MHETase libraries were conjugated with FastPETase,
and improved conjugative systems were identified following the
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Figure 5. HTS of the MHETase mutant library. A) Workflow for EG inducible biosensor-assisted HTS of MHETase library. B) TPA production at different
MHET initial concentrations. C) Fold change of TPA production of mutants SMM'F, SMM2F, and SMM3F compared with SM¥TF. D) Sequence and E)
spatial distribution of mutation residues. Residues were shown in spheres, and proteins were shown in cartoons. Orange: SMM'F mutation residues.
Salmon: SMM2F mutation residues. Limon: SMM3F mutation residues. Aquamarine: catalytic triad. Values and error bars reflect the mean + SD of three

biological replicates (n = 3).

two-step screening strategy. The NFI value of the stain expressing
the wild-type SMF (SMYTF) protein was used as a positive con-
trol in each plate. Almost all individual colonies (~2000) were
screened in the primary screening step based on fluorescence
readouts. Subsequently, the resulting 95 selections were sub-
jected to secondary screening using UHPLC to confirm their ac-
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tivity. Ultimately, the top three chimera mutants, SMM!F (D40A,
S122T, G188S, A246V, K342Q, S370T, H451L, F505Y, Q540L,
and N580T), SMM2E (K84R, G188S, C208S, G371S, N511D,
and L528R) and SMM3F (E104V, D169G, D295V, K328I, T372S,
N387D, T454S, and S545P) were identified after one round of
determinate evolution, with 1.34-, 1.55- and 1.59-fold enhanced
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TPA production, respectively (Figure 5C). The sequences of wild-
type MHETase (MHETase"") and three MHETase mutants were
aligned, and mutation sites were marked (Figure 5D). The muta-
tion sites were randomly distributed across the sequence with-
out obvious hotspot regions. The spatial distribution of these
residues showed that the majority were distributed around the
enzyme structure, distal from the catalytic pocket (Figure 5E).
The distal mutations harnessed the allosteric network of non-
covalent interactions, leading to a redistribution of the relative
stabilities of the conformational states to stabilize high-energy
states or favor states more competent for higher hydrolytic activ-
ity, thereby producing a population shift in the conformational
landscape of MHETase and translating into increased activity.”!]
These results demonstrated the feasibility of the biosensor-based
HTS system for MHETase. We anticipated that the activity of
MHETase could be further enhanced by several rounds of iter-
ative evolution facilitated by our fluorescent HT'S tool.

Subsequently, single-point mutations were constructed for the
23 mutated residues in MHETase mutants to analyze the con-
tribution of each mutation to the degradation activity. The TPA
production fold change of all single-point mutants compared
to SMYTF was shown in Figure S6 (Supporting Information).
Mutants SMEIVE, SMCBSE SMT3725F, and SMY2RE showed
1.17-, 1.31-, 1.32-, and 1.35-fold increases over SMWV'F, respec-
tively. These four catalytic efficiency-enhancing single-point mu-
tations were then combined to create eleven combinatorial mu-
tants, including double, triple, and quadruple mutants. Only the
SMCIESS/T372SE mutant showed a 1.06-fold increase in TPA pro-
duction compared to SM¥TF, while all the other combinatorial
mutants had a decreased TPA production. This indicated that a
simple rational design was highly challenging to obtain more de-
sirable mutants due to ignoring synergistic interactions between
distal mutations. The underlying mechanisms of beneficial distal
mutations in MHETase variants are subject to further rationaliza-
tion through reconstructing the conformational landscapes and
analyzing the enzyme conformational dynamics of MHETase¥"
and its variants.l”!]

2.7. Enzymatic Assay, In silico Analysis and Visual Degradation
of MHETase

The SMM3F mutant exhibited the highest hydrolysis activity to-
ward MHET among these mutants generated from random and
rational modifications, so we focused on SMM?F for further stud-
ies. The mutation residues of SMM3F did not noticeably affect
the soluble expression of MHETase (Figure 6A). The enzymatic
kinetics curves were fitted by the Michaelis—Menten equation.
The kinetic parameters of SM¥TF and SMM*F regarding MHET
hydrolysis at 37 °C and pH 8.0 were presented in Table 2. The
SMM3F mutant exhibited a 1.29-fold increase in V,,, a 1.52-fold
improvement in k_, /K, and a 1.18-fold reduction in K, com-
pared to SMYTF (Figure 6B, Table 2), highlighting the effective-
ness of the EG-induced biosensor HTS platform. This compar-
ison of parameters indicated that MHETaseM?® in SMM3F had a
stronger affinity toward MHET and showed enhanced catalytic
efficiency and turnover rate.

MHETase is an esterase adopting the a/f hydrolase fold,
with a substrate-specific lid domain over the active pocket.[23%8]

Adv. Sci. 2025, 12, 2413205 2413205 (11 of 18)

www.advancedscience.com

The typical catalytic triad, nucleophilic residue (Ser)-base (His)-
deprotonated acid (Asp), was located at positions Ser209, His512,
and Asp476 in this study.®® To gain insights into the activ-
ity enhancement in SMM3F, the structure of MHETM® was
modeled using SWISS-MODEL with MHETase¥" (PDB ID:
6QZ3) as the model. First, the molecular docking simulations
of MHETase¥!" and MHETase™? with MHET were performed.
The binding energies were —2.94 and —3.09 kcal mol™, re-
spectively, revealing a more favorable binding affinity between
MHET and MHETaseM?. Docking results revealed substantial
changes in the molecular orientation of MHET within the two
complexes. The binding pose of MHET in MHETaseM? formed
more hydrogen bonds and showed closer distances to Ser209
and His512 residues. The oxyanion hole, formed by the NH
groups of Gly116 and Glu210 residues, stabilized the negatively
charged oxygen atom in the tetrahedral transition state.?3%8] In
the MHET-MHETaseM?complex, the hydrogen bond distances
between MHET and the NH groups decreased, with the angle
between the two hydrogen bonds increasing from 49.9° to 63.1°.
In addition to the hydrophobic interactions, MHET formed a
cation-r interaction and a salt bridge with the His512 residue in
MHETaseM? (Figure 6,D). These strengthened and newly formed
enzyme-substrate interactions facilitated the catalytic conforma-
tional positioning of MHET in the active pocket, stabilizing the
enzyme-substrate tetrahedral intermediate and ultimately im-
proving catalytic efficiency.

The eight mutations of MHETaseM? were distributed around
the surface-exposed loop regions. These distal residues af-
fected the substrate binding and product release in the active
pocket through altering the conformational states, and influ-
enced enzyme function indirectly through effects on protein
structural stability, conformational changes, and long-range elec-
trostatic effects. Structural analysis was conducted at both over-
all and local levels. The overall surface electrostatic potential
of MHETase¥! ranged from —50.963 (red) to 50.963 (blue),
while that of MHETaseM? ranged from —48.635 (red) to 48.635
(blue) (Figure 6E). The reduced overall electrostatic potential con-
tributed to maintaining protein conformational stability and low-
ering the energy barrier for conformational changes. The ab-
solute values of negative surface electrostatic potential for the
catalytic triad of MHETase™! and MHETase™?® were 83.400 and
83.964, respectively, with an increase of 0.564 (Figure 6F). The
catalytic mechanism of MHETase involved acylation and deacy-
lation, both being triggered by the protonation of the nitrogen
atom of His512 residue, with the electronegative oxygen atom
acting as a nucleophile to attack the carbonyl C (electropositive
center) (Figure S7, Supporting Information). The enhanced elec-
tron cloud density around the catalytic triad in MHETase™? fa-
cilitated deprotonation, enhancing the nucleophilic reactivity of
the attacking oxygen atom, and stabilizing the tetrahedral transi-
tion state to lower the reaction activation energy. Docking analy-
sis also demonstrated a reduced binding energy of MHETaseM?,
supporting this inference. Additionally, the solvent-accessible
surface areas within 5 A of residues around the catalytic triad
of MHETase"! and MHETase™?® were increased from 2217.481
to 2487.920 A?, facilitating substrate binding and product re-
lease (Figure 6G). Overall, these mutations of MHETase M3 af-
fected MHET conversion beneficially and synergistically across
multiple aspects. In future studies, we will proceed with the
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Figure 6. Multiple analysis of SMYTF and SMM3F. A) SDS-PAGE and B) enzyme kinetics curves of purified SMYTF and SMM3F. Molecular docking
results of C) MHETase¥T and D) MHETaseM? with MHET. Yellow solid line: hydrogen bond, blue dashed line: hydrophobic interaction, green dashed
line: cation-r interaction, red dashed line: salt bridge. Surface electrostatic potential distribution of E) the overall protein and F) the catalytic triad. Positive
potential regions were shown in blue, neutral regions in white, and negative potential regions in red. Stick models show the Ser-His-Asp catalytic triad.
G) The solvent accessible surface area of residues within the 5A around the catalytic triad; H) Variation trend of ODgoq during MHET turbid solution
degradation with SMM3F, and 1) its before-and-after visualization. Values and error bars reflect the mean + SD of three biological replicates (n = 3).

computational enzyme design of MHETase based on its con-
formational dynamics, and generate smart libraries by predict-
ing distal mutation hotspots through reconstructing the enzyme
conformational landscape coupled with correlation-based tools
(e.g. the shortest path map!’!l), and leverage our EG-induced
biosensor-based HTS tool to identify superior variants.

Adv. Sci. 2025, 12, 2413205 2413205 (12 of 18)

To visually show the degradation efficiency of SMM3F, purified
SMM3F was added to a turbid solution containing 25 mg mL~! of
MHET in 50 mM Tris-HCI (pH 8.0) to a final concentration of 250
uM, and shaken at 37 °C. The degradation of the poorly soluble
MHET in water increased the clarity of the initially turbid solu-
tion, reflected by a steady decrease in ODy,, values (Figure 6H).
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Vinax : K [mM] Vi Ky [min~"] kear [min™"] Keat/Ken [MM~1 min=']
[UM min~']
SMYTF 40.83 51.85 0.0007874 4.083 0.07874
SMM3F 52.48 43.92 0.001195 5.248 0.1195

Figure 61 clearly shows the before-and-after comparison, provid-
ing a straightforward visual demonstration.

2.8. A Chemical-Enzymatic ‘PET-BHET-MHET-TPA-PCA-GA’
Upcycling Route

The circular plastic bioeconomy has emerged as a vivid field
aiming at reducing and upcycling plastic waste to promote sus-
tainable production and consumption. In this study, we in-
tegrated a degradation pathway with a biosynthesis pathway
to upcycle PET waste into valuable products, specifically pro-
tocatechuic acid (PCA) and gallic acid (GA), as illustrated in
Figure 7A. PET was first degraded into BHET, which was then
efficiently broken down into TPA and MHET. Subsequently,
TPA was converted into 1,2-dihydroxy-3,5-cyclohexadiene-1,4-
dicarboxylate (DCD) by TPA 1,2-dioxygenase (TPADO), com-
posed of an oxygenase component (TphA2,A3,) and a re-
ductase component (TphAl;). DCD was then catalyzed into
PCA by DCD dehydrogenase (IphB;). PCA, a phenolic acid
widely used in pharmaceuticals, functional foods, cosmetics, and
materials industry,’?! was further transformed into GA by p-
hydroxybenzoate hydroxylase (PobA™™).[73] GA is noted for its an-
tioxidant, antibacterial, antitumor, and antiviral properties, and
serves as an important raw material in pharmaceuticals and food
additives.!”?]

We hold the view that the key challenge in PET degradation
lies not just in breaking down the PET structure, but in ob-
taining a single depolymerization product of high purity. High-
crystallinity PET can be efficiently degraded by chemical glycoly-
sis within 3 h, primarily yielding BHET, with smaller amounts of
MHET and PET oligomers.l”*] Mesophilic FastPETase efficiently
depolymerizes low-crystallinity PET within 24 h at mild tem-
perature, yielding BHET and MHET.[?] For post-consumer PET
with complex crystalline structures, a chemical-enzymatic strat-
egy is broadly applicable for industrial PET treatment. Therefore,
BHET, a “secondary-level” substrate on the “PET-BHET-MHET-
TPA” degradation chain, was selected as the starting substrate
for further high value-added bioconversion study. The SMM3F
crude enzyme extract exhibited remarkable power toward BHET,
functioning as an excellent BHETase. 5 g L™ (19.67 mM) BHET
was almost completely degraded within 30 min at 37 °C, produc-
ing 3.54 mM TPA and 16.12 mM MHET (Figure 7B). Relieved
MHET inhibition by SMM3F chimera promoted BHET degra-
dation, whose degradation efficiency using the SMM?F biocata-
lyst was 1108-fold faster than Pseudomonas aeruginosa PR3 strain
(5 g L7! BHET),[”>] 144-fold faster than Rhodococcus biphenylivo-
rans GA1 and Burkholderia sp. EG1 microbial consortia (10 mM
BHET),l”®l 18-fold faster than AChryBHETase (5 mM BHET),l””]
6-fold faster than ABsEst (5 mM BHET).[””] The TPA production
rate (Prp,) increased over time and was modeled by nonlinear

Adv. Sci. 2025, 12, 2413205 2413205 (13 of 18)

fitting, Prp, = 28.303In(t) + 34.76 (R? = 0.9957), where t rep-
resented time (h). The BHET complete degradation half-life was
~1.7 h. After 10 h of incubation, the released MHET was 100%
converted into TPA and EG (Figure 7B), with an initial enzyme
activity of 0.0478 U mL~! toward MHET. This result demon-
strated the notable practicality of SMM3F in recovering homoge-
neous TPA, overcoming challenges of downstream applications
involving PET repolymerization and high-value chemical synthe-
sis that were contaminated by BHET and MHET.

To optimize GA production, we fine-tuned the pathways from
TPA to PCA and from PCA to GA, respectively (Figure 7C).
The overexpression of pathways was regulated by P,lacO,,
P, or P, promoters and induced with 0.5 or 1.0 mM iso-
propyl p-D-1thiogalactopyranoside (IPTG). UHPLC analysis re-
vealed that the highest yields were achieved with a medium
transcription rate using P,,. and induced with 1.0 mM IPTG
(Figure 7,E). Therefore, we designed plasmid pLM45 to co-
express TphA2;;A3,,A1,, TphB,;, and PobA™" under a single P,
promoter (Figure 7F). A sequential one-pot strategy was adopted
using the SMM3F crude enzyme (in 50 mM Tris-HCl, pH8.0) and
B-LM45 whole-cell catalysts to produce GA from BHET. This ap-
proach eliminates the need for complex and costly purification
steps, highlighting the potential advantages of scaling up pro-
duction to an industrial level. The BHET post-degradation so-
lution without downstream purification was supplemented with
10 x M9Y medium and incubated with the GA biosynthetic
strain, B-LM45. After 24 h of cultivation, 997.16 mg L™ (6.47
mM) PCA and 411.69 mg L' (2.42 mM) GA were detected,
with a TPA utilization rate of 45.2% (Figure 7F). Bacteria ca-
pable of growing on TPA as a sole carbon source are highly
expected to construct transformation pathways for PET upcy-
cling. We proposed a chemo-biological process with the effec-
tive SMM3F biocatalyst for recycling PET waste of arbitrary crys-
tallinity, and provided more insights into low-energy consump-
tion industrial practices through an open-loop upcycling route:
‘PET-BHET-MHET-TPA-PCA-GA’.

3. Conclusion

The advancement of recycling and upcycling platforms lever-
aging PET degrading microbes and enzymes has become a
top priority. We developed an advanced fluorescent HTS tech-
nique utilizing the first EG-induced BmoR-based biosensor to
directly detect EG production, a PET degradation end-product.
This “degrading-biosensing” two-step HTS protocol is applica-
ble for evolving both mesophilic and thermophilic PET degrad-
ing enzymes, with the only difference being the substrate in-
cubation temperatures. Bio-based polyesters of EG with TPA
structure analogs (e.g., thiophen-, furan- or pyridine-dicarboxylic
acid) are promising PET substitutes, such as polyethylene-2,5-
furandicarboxylate (PEF).”87° This work extends existing HTS

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. Proof of concept of the PET waste upcycling route. A) Metabolic pathways for intracellular TPA internalization. Proteins not described in the
main text with UniProt IDs were as follows. LpdC: FOUS27, gallate decarboxylase. AroY: B2DCZ6, 3,4-dihydroxybenzoate decarboxylase. COMT: Q6T1FS5,
caffeic acid 3-O-methyltransferase. PhKLMNOPQ: Q93JV2, Q93JV2, Q84AQ3, Q84AQ2, Q84AQ1, Q84AQ0, AOA0S2UPA7, phenol hydroxylase. CatA:
Q6XUNY7, catechol 1,2-dioxygenase. B) UHPLC detection during BHET degradation with the SMM3F crude enzyme extract. C) TPA transformation
pathways and PCA transformation pathways. D) Optimization of TPA conversion to PCA. E) Optimization of PCA conversion to GA. F) Plasmid design
of TPA to GA, and UHPLC detection of degradation products. Values and error bars reflect the mean + SD of three biological replicates (n = 3).
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tools to target hydrolases for EG-based plastic polymers. Addi-
tionally, we anticipate the EG-responsive HTS tool will be in-
strumental in evolving PETase into ‘PEXase’ and MHETase into
‘MHEXase’ for completely degrading emerging bio-polyesters
(PEX or MHEX). Moreover, this biosensor can serve as a ver-
satile tool in various EG-related biological and industrial appli-
cations, such as detecting EG pollution in wastewater; regulat-
ing EG-associated metabolic networks, and identifying EG or
EG-derived overproducers. The highly EG-responsive BmoR mu-
tants, BmoRY2%75 and BmoRF77H/Q285L were generated by FACS-
assisted TF randomly modification, improving the sensitivity, dy-
namic range, and operation range of biosensors. Combining ex-
perimental and computational results, we analyzed how specific
mutations influenced the sensing performance of BmoR. It is
also worth mentioning that the promiscuous ligand spectrum
of BmoR holds promise for engineering it into other dihydric
alcohol-responsive TFs, offering potential HTS tools for multiple
polyester hydrolases.

To address the issue of low or non-expression of heterolo-
gous proteins in E. coli, we proposed a novel strategy of adding
double-terminal solubilization proteins, considerably promoting
the functional soluble expression of MHETase in the form of
SMF fusion proteins. The strategy of ‘leveraging highly soluble
proteins to drive the soluble expression of poorly soluble pro-
teins’ presents an approach for the functional expression of pro-
teins with poor solubility. Future efforts also should focus on
increasing enzyme soluble expression, a necessary step toward
facilitating large-scale applications and broader adoption. Utiliz-
ing the biosensor-based HTS tool, three SMF chimera mutants
with increased activity were generated after one round of pro-
tein engineering. The comprehensive analysis of SMM3F chimera
through sequence and structural analysis, mutation site analysis,
enzymatic assays, computational analysis, and mechanistic ex-
planations, provided deeper insights into the structure-function
relationships of MHETase for further engineering efforts. De-
spite the achievements with our fluorescence-based HT'S system,
there is still potential for further optimization. Free-diffusing
EG molecules can cause cross-talk among individual degrada-
tion variant cells, hindering the coupling of the BmoR-based
biosensor with FACS for identifying truly highly fluorescent vari-
ants. The fluorescence-activated droplet sorting (FADS) tech-
nique, combined with microfluidic devices that encapsulate cells
in droplets, offers a promising solution to prevent EG molecules
from diffusing evenly across cells by generating physical barri-
ers. In our “degrading-biosensing” two-step protocol, degrada-
tion variant cells are in encapsulated in microdroplets, and sens-
ing cells harboring biosensor plasmids (E. coli X-EG3/EG7) are
pico-injected into each droplet after a period of enzyme induction
and EG production. High-fluorescence droplets exhibiting high
hydrolytic activity are then sorted using the FADS-assisted ultra-
HTS system, facilitating large-scale library screening for EG-
based plastic hydrolases (Figure S8, Supporting Information).

Glycolysis pretreatment overcomes current limitations in
degrading high-crystallinity PET by PETase, and the SMM3F bio-
catalyst efficiently suppresses MHET inhibition. We successfully
proved the concept of the ‘PET-BHET-MHET-TPA-PCA-GA’
upcycling route with a chemical-enzymatic hydrolysis process,
showcasing practicality and feasibility in addressing plastic
pollution. In summary, our work offers a visual HTS tool em-
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ploying an EG-induced BmoR-based biosensor for advancing
the directed evolution of enzymes involved in PET degradation
and proposes a complete chemical-enzymatic degradation route,
facilitating the DBTL cycle of EG-based plastic degrading en-
zymes and advancing the industrialization process of enzymatic
plastic waste recycling and plastic-based circular bioeconomy.
This study points toward biosensor-coupled recycling and re-
mediation strategies to answer the current and future plastic
pollution imposed on ecosystems and human health.

4. Experimental Section

Chemicals, reagents, and kits:
shown in Supporting Information.

Strains and Culture Conditions: E. coli XL10-Gold was used for con-
structing plasmids and BmoR mutation library, and biosensing. E. coli
BL21(DE3) was employed for protein expression, MHETase mutation li-
brary construction, biodegradation, and bioconversion. Luria—Bertani (LB)
medium contained 10 g L™ tryptone, 5 g L™! yeast extract, 10 g L™!
NaCl. Solid medium was prepared with 20 g L~" agar. Modified M9 (M9Y)
medium contained 6.78 g L™! Na,HPO,, 3 g L~ KH,PO,, 0.5 g L~ NaCl,
1gL™' NH,Cl, T mM MgSOy, 0.1mM CaCl,, 10 mg L~ vitamin B1, 40
g L7 glucose and 4 g L™ yeast extract. Antibiotic concentrations were 100
pg/mL ampicillin, and 50 uyg mL™" kanamycin (Kans,). Strains were listed
in Table S2 (Supporting Information).

Gene synthesis and Plasmid Construction: ~ All plasmids, primers, codon-
optimized coding sequences, and PCR details were listed in Tables S3,
S4, S5, and S6 (Supporting Information), respectively. All plasmids were
constructed through Gibson Assemblyl®] and sequenced at GENEWIZ
(Tianjin, China). Plasmid pYH 1133l was the original plasmid to construct
biosensing plasmids. Vector pET28a(+) was the backbone to construct
biodegradation plasmids.

Random Library Construction and Site-Directed Mutagenesis: Error-
prone PCR (ep-PCR) was employed to generate the random BmoR and
MHETase libraries with varying mutation rates, as detailed in Support-
ing Information, Table S6 (Supporting Information). For conducting site-
directed mutagenesis, a pair of primers with partially reversed homolo-
gous overlapping regions (10-15 bp) were designed. The resulting lin-
earized PCR fragments were digested by Dpnl restriction endonuclease
(Beijing, China) and then directly transformed.

Dose-Response Testing of the BmoR-Based Biosensor. To evaluate the
sensing performance of BmoR-based biosensors, dose-responses were
conducted in 96-DWPs and plotted using GraphPad Prism 8.0.2 software,
as described in Supporting Information. All fluorescence measurements
were normalized to ODg values, i.e., normalized fluorescence intensity
(NFI) = sample fluorescence value/ODgy, (a.u., arbitrary units).

FACS-Based BmoR Mutation Library Primary Screening: The BmoR ran-
dom mutation library was induced at a final concentration of 10 mM EG
at 37 °C overnight, then was diluted into phosphate saline buffer for three
sequential FACS analysis, using a BD FACS Ariall flow cytometer (BD Bio-
sciences) as described in Supporting Information.

Protein Structure Prediction, Molecular Docking, and in Silico Analysis:
Structures of BmoRYT monomer, BmoRN2%7S monomer, BmoRF177L/Q235L
monomer, and SMF chimera were predicted via AlphaFold 2.1%2] The
BmoRYT hexamer and BmoRF1771/Q235L hexamer were modeled via Al-
phaFold 3.3 The structure of MHETaseM? was modeled in SWISS-
MODELI® with the model of 6QZ3 (PDB ID). Structures of ligands (EG,
MHET) were downloaded from PubChem. Semi-flexible molecular dock-
ing simulations were performed using AutoDock 4.2 as described in Sup-
porting Information. The interchain interaction, surface electrostatic po-
tential distribution, and solvent-accessible surface area were analyzed by
PyMOL (version 2.4).

Protein Expression, Purification, and Detection:  E. coli BL21(DE3)-based
protein expression, Ni-resin affinity chromatographic purification, SDS-
PAGE, and Bradford protein assay were described in Supporting Informa-
tion.

Chemicals, reagents, and kits were
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UHPLC Analysis: The qualitative and quantitative analysis of BHET,
MHET, TPA, PCA, and GA was performed using UHPLC, as described in
Supporting Information.

MHET Initial Concentration Optimization: The 2 mL of B-LM11 seed
culture was inoculated into LB/Kangy, medium with 10 pL (5 mM), 20 pL
(10 mM), and 30 pL (15 mM) of T M MHET (in DMSO) and grown at
37 °C, 220 rpm until ODgyq reached 0.6. SMF protein was induced with
0.2 mM IPTG. After 12 h of induction at 16 °C, cultures were incubated at
37 °C for MHET degradation. Samples were taken at 12, 24, 36, and 48 h
and analyzed by UHPLC.

HTS of MHETase Mutation Library and Evaluation of Site-Directed Mu-
tation Mutants: The MHETase random mutation library was screened
by evaluating the EG production via the biosensing strain, X-EG7, as
described in Supporting Information. The catalytic performance of site-
directed mutants was evaluated in tubes. Overnight seed cultures were
inoculated into 2 mL of LB/Kans, medium with 10 mM MHET and grown
at 37 °C, 220 rpm until ODggq reached 0.6. Induction was performed with
0.2 mM IPTG for 12 h at 16 °C. Cultures were then incubated for 48 h at
37 °C for MHET degradation. TPA production was measured using UH-
PLC.

In Vitro Enzyme Activity Assays:  SMYTF and SMM3F purified enzymes
(1 uM) were incubated with MHET (1-20 mM) in 50 mM Tris-HCI (pH 8.0)
at 37 °Cfor 1 h, and reactions were quenched by adding an equal volume
of 100% methanol and heating at 85 °C for 10 min. The “no enzyme” con-
trols (using buffer instead) were included to evaluate the non-enzymatic
MHET hydrolysis background. The TPA release was measured by UHPLC.
The non-linear curves were fitted by Michaelis—Menten Equation (1) using
GraphPad Prism 8.0.2 software to calculate V,,,, K, and k., values. The
enzyme activity of the crude enzyme extract (1 U mL™') was defined as 1
mL of crude enzyme extract converting 1 umol substrate to 1 pmol prod-
uct per minute at 37 °C, pH 8.0. All reactions were performed with three
replicates.

V = (Vinax + [MHET]) / (K,,, + [MHET]) M

where V is the reaction rate, V,,,, is the maximum reaction rate, K,,, is the
Michaelis constant, [MHET] is the concentration of MHET.

Bioconversion of PET Degradation End-Products: PCA/GA production
optimization, crude enzyme preparation and BHET degradation monitor-
ing, and GA production with post-degradation solution were described in
Supporting Information.

Statistical Analysis:  GraphPad Prism 8.0.2 software was used for data
processing. Bar and line graphs are drawn as the means and SD. All ex-
perimental results were repeated at least twice to confirm reproducibility.
Enzymatic curves were simulated by the “Michaelis-Menten equation” in
GraphPad Prism 8.0.2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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