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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Multi-enzyme complexes (PT-ECs) 
exhibit efficient PET degradation at 40 
℃. 

• The activity of PT-ECEHA in degrading 
PET is 16.5-fold more than that of 
PETaseEHA. 

• Surface-displayed PT-ECEHA has 20-fold 
higher activity than displayed 
PETaseEHA. 

• Surface-displayed PT-EC enhances 
enzyme tolerance against organic 
solvent. 

• TfCaI69W/L281Y enhances the surface- 
displayed PT-EC enzyme activity by 
2.5-fold.  
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A B S T R A C T   

Although many efforts have been devoted to the modification of polyethylene terephthalate (PET) hydrolases for 
improving the efficiency of PET degradation, the catalytic performance of these enzymes at near-ambient tem
peratures remains a challenge. Herein, a multi-enzyme cascade system (PT-EC) was developed and validated by 
assembling three well-developed PETases, PETaseEHA, Fast-PETase, and Z1-PETase, respectively, together with 
carboxylesterase TfCa, and hydrophobic binding module CBM3a using scaffold proteins. The resulting PT-ECEHA, 
PT-ECFPE, PT-ECZPE all demonstrated outstanding PET degradation efficacy. Notably, PT-ECEHA exhibited a 16.5- 
fold increase in product release compared to PETaseEHA, and PT-ECZPE yielded the highest amount of product. 
Subsequently, PT-ECs were displayed on the surface of Escherichia coli, respectively, and their degradation ef
ficiency toward three PET types was investigated. The displayed PT-ECEHA exhibited a 20-fold increase in 
degradation efficiency with PET film compared to the surface-displayed PETaseEHA. Remarkably, an almost 
linear increase in product release was observed for the displayed PT-ECZPE over a one-week degradation period, 
reaching 11.56 ± 0.64 mM after 7 days. TfCaI69W/L281Y evolved using a docking-based virtual screening strategy 
showed a further 2.5-fold increase in the product release of PET degradation. Collectively, these advantages of 
PT-EC demonstrated the potential of a multi-enzyme cascade system for PET bio-cycling.  
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1. Introduction 

Polyethylene terephthalate (PET) plastic, an extensively utilized 
polymer [1], poses an escalating environmental challenge attributed to 
the increasing accumulation of PET waste, thereby jeopardizing 
ecological systems and human health [2,3]. Traditional physical and 
chemical PET recycling methods suffer from drawbacks such as sec
ondary environmental pollutants, high energy consumption, and sub
stantial economic expenses [4,5]. In contrast, bio-recycling provides a 
"green channel" for PET recycling due to its simplicity of operation, 
environmental and energy-saving characteristics [6]. 

Over the past decade, various PET hydrolyzing enzymes, including 
lipases, esterases, carboxylesterases, and cutinases, have been identified 
[1,7,8]. These enzymes convert PET into a mixture of bis(hydroxyethyl) 
terephthalate (BHET), mono-2-hydroxyethyl terephthalate (MHET), 
terephthalic acid (TPA), and ethylene glycol (EG). However, their PET 
degradation efficacy is often limited to the near glass transition tem
perature (Tg = 75 ◦C) [6]. A significant breakthrough occurred in 2016 
when Yoshida et al. successfully isolated PET hydrolase, identified as 
IsPETase, from the bacterium Ideonella sakaiensis [9]. The paramount 
attribute of IsPETase resides in its PET degradation activity at ambient 
temperature. This distinctive characteristic renders IsPETase the most 
promising approach for achieving sustainable PET bio-recycling. How
ever, the wild-type IsPETase still suffered from the limitations of poor 
thermal stability and activity. To address these issues, several pioneering 
studies have been conducted [10–12]. For instance, through 
structure-based design using machine learning algorithms, Dura-PETase 
and Fast-PETase exhibited significant melting temperature (Tm) in
creases of 31 ◦C and 21.1 ◦C, respectively [13,14], Dura-PETase 
completely biodegraded 2 g/L microplastics into water-soluble prod
ucts at 37 ◦C and Fast-PETase effectively degraded the amorphous 
portion of commercial bottles and the entire heat-treated water bottles 
at moderate temperatures (50 ◦C). Through directed evolution, the ob
tained DepoPETase and HotPETase exhibited elevated Tm values of 
23.3 ◦C and 34.4 ◦C, respectively, demonstrating excellent degradation 
efficiency for untreated and semi-crystallized post-consumer PET at 
moderate and near glass transition temperatures [15,16]. Additionally, 
PETaseEHA and Z1-PETase, derived from structural analysis of IsPETase, 
displayed increased Tm of 8.81 ◦C and 25 ◦C, respectively, and demon
strated excellent degradation capability at near ambient temperature 
(40 ◦C). Particularly, Z1-PETase showed high accessibility of among 
mesophilic PET hydrolase and fast depolymerization rate at higher 
temperatures [17,18]. Despite these advances, the catalytic properties of 
these enzymes at near ambient temperatures needs to be further 
improved. 

In addition to mutagenesis analysis, to further improve the efficiency 
of PET degradation by IsPETase at near-ambient temperatures, the focus 
turns to addressing challenges arising from both product inhibition and 
substrate adsorption [19]. The utilization of multiple enzyme cascades 
stands as a promising strategy to mitigate these inhibitory effects, while 
gaining the advantage of promoting enzyme proximity effects, thereby 
enhancing PET degradation [20,21]. Recent studies have emphasized 
that facilitating MHET conversion can further improve PET degradation 
efficiency since MHET greatly inhibits the activity of IsPETase [22–24]. 
Although MHETase exhibits a high activity toward MHET, its poor sol
uble expression greatly impedes its application as a biocatalyst [25]. To 
overcome this challenge, TfCa, a carboxylesterase from Thermobifida 
fusca, was adopted to replace the function of MHETase [26]. The enzyme 
demonstrated high activity toward the intermediates produced during 
the hydrolysis of PET, such as BHET and MHET. When TfCa was com
bined with IsPETase, it resulted in a 4.2-fold increase in total product 
release and an 11-fold increase in TPA release from degraded PET film, 
indicating that TfCa could effectively mitigate the inhibitory effect of 
MHET on IsPETase [26]. 

Moreover, in heterogeneous hydrolysis reaction systems, enzymatic 
degradation usually involves a two-step process: enzyme binding to the 

substrate and subsequent hydrolytic cleavage [27]. The substrate 
binding step has been proven to be particularly important in deter
mining the catalytic efficiency of the enzyme [28]. For instance, cellu
losomes exhibit highly efficient degradation of cellulose due to the 
presence of a substrate-binding module CBM. This module has been 
shown its significance in breaking down several other hydrophobic solid 
substrates [29,30]. However, through the examination of the crystal 
structure of IsPETase, it becomes evident that IsPETase does not possess 
a conspicuous substrate-binding motif. Some hydrophobic binding 
modules fused to enzymes have been reported to improve enzyme effi
ciency by increasing the adsorption capacity of the enzyme onto the 
polymer [29,31]. Chen et al. constructed a yeast co-display system with 
both hydrophobic adhesion module HFBI and IsPETase degradation 
module for efficient degradation of highly crystalline PET (crystallinity 
45 %) at 30 ◦C [32]. Additionally, when a relatively hydrophobic NusA 
tag fused with PETaseEHA, NusA-PETaseEHA showed a significant in
crease in the hydrophobic binding capacity to PET film, resulting in a 
1.4-fold higher product release compared to PETaseEHA alone [33]. 
Overall, the above examples demonstrated that the combination of 
IsPETase with adsorption modules will greatly enhance PET degradation 
efficiency. 

The efficient assembly of the above modules is another important 
issue. It is well known that some anaerobic bacteria achieve high cel
lulose degradation through a cellulosome multi-enzyme self-assembly 
system [30,34]. In the system, cellulases containing dockerin modules 
were assembled through the interaction with cohesin modules of scaf
folding proteins [35]. This system has been adopted in several cases for 
efficient multi-enzyme cascade biocatalysis [36]. Thus, the use of scaf
folding proteins to assemble PET hydrolases and hydrophobic binding 
modules into complexes might be a promising choice to address the 
above challenges. 

In this study, a multiple enzyme complex, designated as PT-EC, was 
constructed by integrating CBM3a, derived from the hydrophobic 
binding module of Clostridium thermocellum [34], TfCa from Thermobi
fida fusca, and three types of PETases, respectively, utilizing cellulosome 
scaffolding proteins. All three constructed PT-ECs exhibited superior 
PET degradation ability, which was subsequently displayed on the sur
face of Escherichia coli (E. coli) using a cellulosome multi-enzyme self-
assembly system. The resulting displayed PT-ECs showed not only the 
higher PET depolymerization efficacy at 40 ◦C, but also a higher toler
ance against organic solvent, compared to the surface-displayed PETa
seEHA alone. This investigation introduces a rational assembly of diverse 
functional units on microbial surface to improve biocatalytic efficiency, 
offering a valuable strategy for applications in biocatalysis, biosensing, 
and bioenergy. 

2. Materials and methods 

2.1. Materials 

The PET film (amorphous, 0.25 mm thickness) employed in this 
study was sourced from Goodfellow GmbH (London, UK), and the PET 
powder originated from DuPont Co., Ltd (Shanghai, China). PET bottles 
were derived from Nestle, Pepsi-cola, and Nongfu Spring. Chemicals, 
namely bis(hydroxyethyl) terephthalate (BHET), hydroxyethyl tere
phthalate (MHET), and terephthalic acid (TPA), were procured from 
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Isopropyl 
β-D-thiogalactopyranoside (IPTG), L-arabinose, methanol, trifluoro
acetic acid dimethyl sulfoxide (DMSO) and other biochemical reagents 
were acquired from Aladdin Biochemical Technology Co., Ltd. Plasmid 
vectors, including pGro7 and pET30a, and bacterial strains such as E. coli 
BL21 (DE3), E. coli DH5α, and Shuffle T7 strains, are stored in the 
laboratory. 
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2.2. Protein expression and purification 

Genes encoding PETases, TfCa, DocT-PETases, DocB-TfCa, DocB- 
MHETase and the scaffolding protein cohesion-TB (with or without 
CBM3a) were cloned into the pET30a expression vector to generate 
corresponding expression vectors. The resulting expression vectors were 
co-transfected with plasmid pGro7, carrying the GroEL/ES molecular 
chaperone gene, into E. coli shuffle T7 cells. Co-transformants were 
cultured on LB agar plates supplemented with chloramphenicol and 
kanamycin overnight. Monoclonals were picked into 20 mL of LB me
dium for 12 h, followed by transfer to 2 % (v/v) TB medium and incu
bation for 3 h at 37 ◦C with agitation at 220 rpm. When reaching the 
bacterial optical density OD600 of 1.5, the temperature was lowered to 
16 ◦C, and induction of recombinant proteins and molecular chaperone 
proteins was initiated by adding 0.5 mM IPTG and 1 g/L L-arabinose, 
respectively, for a 24-h induction period. 

After induction, cells were harvested by centrifugation at 4000g for 
15 min, and the resulting pellet was resuspended in buffer A (50 mM 
Tris-HCl, 150 mM NaCl, pH 7.5). Ultrasonication (200 W, break for 1 s, 
stop for 1 s) was employed for cell disruption. Subsequent centrifugation 
at 4 ◦C and 13500g for 45 min removed cell debris. The resulting su
pernatant, filtered through a 0.22 µm membrane, underwent purifica
tion via affinity chromatography using a HisTrap column. Protein 
loading was conducted with buffer A containing 10 mM imidazole, 
followed by washing with buffer A containing 30 mM imidazole to 
eliminate non-specifically bound proteins. Elution of the target proteins 
was achieved using buffer A containing 300 mM imidazole. For the as
sembly of the PT-EC complex, the proteins were concentrated and 
quantified using the Bradford assay. Next, they were combined in a 
binding buffer consisting of 50 mM glycine-NaOH (pH 9.0) and 15 mM 
CaCl2, followed by incubation for 3 h at 25 ◦C [34]. 

2.3. Surface display of the multi-enzyme complex on E. coli 

The construction of the surface display expression vector involved 
fusing the Spy-catcher (SC) gene to the C-terminus of the Lpp-ompA 
gene, which was then cloned into pET30a. Its expression conditions 
were outlined in Section 2.2, with the exception that the expression of 
molecular chaperone was not involved, and induction was carried out at 
25 ◦C for 20 h. For functional assessment, bacteria expressing Lpp- 
ompA-SC underwent triple washing with buffer A. An excess of Spy- 
tag (ST) fused green fluorescent protein (ST-GFP) was then added. The 
mixture was incubated with oscillation at 25 ◦C and 350 rpm for 3 h (the 
volume of the mixture was 0.8 mL, and the OD600 = 1). Following in
cubation, centrifugation and triple washing were performed, and the 
quantity of ST-GFP loaded onto the surface display system was deter
mined. The functionality of the surface display system was evaluated 
using a fluorescence spectrophotometer and fluorescence microscope. 
The fluorescence spectrophotometer employed an excitation wave
length of 485 nm, with excitation light scanning from 500 - 800 nm, a 
slit of 5 nm, and a voltage of 700 V. 

To construct a PT-EC self-assembled whole-cell biocatalytic system, 
E. coli expressing Lpp-ompA-SC were supplemented with different con
centrations of scaffolding proteins (cohesion-TB) fused with Spy-tag and 
shaken at 25 ◦C for 3 h. Unassembled scaffold proteins were subse
quently washed away. DocT-PETase and DocB-TfCa were then added in 
equimolar proportions to a whole-cell assembly system containing 15 
mM CaCl2 and self-assembly was allowed for 3 h at 25 ◦C. The whole-cell 
assembly system was washed three times with Buffer A to remove un
assembled proteins. 

2.4. Crystalinity measurement of PET samples 

The crystallinity of the PET sample was analyzed using a differential 
scanning calorimetry instrument (DSC250, TA Instrument). Initially, 5 
mg of PET samples were prepared and equilibrated at 30 ◦C for 2 min. 

Subsequently, the PET samples were heated from 30 ◦C to 300 ◦C at a 
rate of 10 ◦C/min [18]. The enthalpies of melting and cold crystalliza
tion were employed to determine the degree of crystallinity of the PET 
using the following equation:  

Xc (%) = [(ΔHm - ΔHc) / ΔHm×100%] × 100%                                    

where ΔHm is the enthalpy of melting (J/g), ΔHc is the enthalpy of cold 
crystallization (J/g), and ΔHm× 100 % is the enthalpy of melting of a 
100 % crystalline PET, which is 140.1 J/g. 

2.5. Preparation of bottle-derived PET powder 

Bottle-derived PET powder (crystallinity 12.5 %) was prepared from 
commercial post-consumer water bottles (Pepsi-cola, Nongfu Spring, 
Chengdu, China). The detailed steps were as follows: the bottles were 
melted in a muffle furnace at 280 ◦C for 10 min and rapidly cooled in ice 
water. The resulting PET samples were then immersed in liquid nitrogen 
for 5 min and then ground into pellets, which were subsequently sieved 
through a 50-mesh sieve to obtain powders with a diameter of 280 µm or 
less. 

2.6. Enzyme assays for PET 

To assess the functionality of PT-EC, enzyme activity was conducted 
using various PET substrates, including amorphous PET film (crystal
linity 5.67 %), commercial PET powder (crystallinity 48.1 %), bottle- 
derived PET powder (crystallinity 12.5 %) and diverse commercial 
PET bottles (crystallinity 30 – 40 %). PET films were precision-punched 
into 0.8 mm diameter discs using a perforator and then washed with 70 
% ethanol for 30 min. Each PET film possessed a thickness of 0.25 mm 
and an average weight of 15 mg. A piece of PET film or 15 mg PET 
powder was then placed into 0.8 mL of Gly-NaOH buffer (pH 9) con
taining 100 nM enzyme and reacted for varying periods at 40 ◦C. For the 
validation of PET degradation by whole-cell biocatalytic system, PET 
was directly added to 0.8 mL of an E. coli whole-cell biocatalytic system 
(OD600 = 1) displaying enzymes on the surface. To explore the impact of 
pH on enzyme activity, different buffer systems were employed: 100 
mM C6H8O7-C6H9Na3O9 buffer (pH 3.0 – 6.0), 100 mM Na2HPO4- 
NaH2PO4 buffer (pH 6.0 – 8.0), 100 mM Tris-HCl buffer (pH 8.0 – 9.0), 
100 mM Gly-NaOH (pH 9 – 11) and 100 mM Na2HPO4-NaOH (pH 11 – 
12). 

Upon completion of the depolymerization reaction, PET films un
derwent sequential washing with 1 % SDS for 30 min, 70 % ethanol for 
30 min, and deionized water for 30 min. The washed PET films were 
subsequently desiccated at 40 ◦C overnight. Morphological changes in 
the PET films were observed using a scanning electron microscope (Zeiss 
Gemini SEM 300, Germany) with an electron beam intensity of 3.0 kV. 

For the gram-scale PET degradation test, the bottle-derived PET 
powder (crystallinity 12.5 %) was placed in a customized laboratory- 
scale bioreactor. Temperature regulation was achieved using a heating 
circulator (BC-206E, Labtop, China), while pH monitoring utilized a 
digital display pH electrode (PHG-21 C, Lei-ci, China) with 0.01 in
crements and calibrated at pH 6.86 and pH 9.21. For the reaction, 0.5 
μM PT-EC or Z1-PETase was added to 100 mL of 100 mM Gly-NaOH (pH 
9) with a concentration of 2.5 % (w/v) of the bottle-derived PET powder, 
and the reaction was triggered at 40 ◦C. The pH of the reaction was 
maintained between 8.5 and 9.0 by adding 2 M NaOH. Samples were 
periodically taken for HPLC analysis. After completion, the reaction 
solution was filtered using a 0.45 µm filter membrane. The residual 
bottle-derived PET powder was then dried at 50 ◦C, and the weight loss 
was subsequently calculated. 

2.7. Enzyme assays for MHET 

To characterize the TfCa and its mutants, enzyme activity was 
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assessed in a 0.6 mL phosphate buffer (pH 7.5) reaction system con
taining 5 mM MHET as model substrates. The degradation reaction 
commenced with the addition of 500 nM purified enzyme to the reac
tion, followed by incubation at 40 ◦C for 12 h. Following the completion 
of each reaction, termination was achieved by adding 300 μL of meth
anol to the reaction mixture. The termination reactions were subse
quently validated using high-performance liquid chromatography 
(HPLC). 

2.8. HPLC analysis of the degradation products 

Following the completion of the reaction, HPLC analysis was per
formed with minor adaptations to previously established protocols [21]. 
The reaction mixture was centrifuged at 13,000g for 10 min, and the 
resultant supernatant underwent detection using an HPLC system 
featuring integrated separation and detection (SHIMADZU LC-2050). 
Separation occurred on a ShimNex CS C18 column (5 µm, 4.6 × 250 
mm) at 25 ◦C. Mobile phases consisted of buffer A (0.1 % aqueous tri
fluoroacetic acid) and buffer B (methanol) at a flow rate of 0.8 mL/min. 
The elution conditions encompassed a linear gradient of methanol, 
transitioning from 5 % to 40 % over 0 to 5 min, followed by an elevation 
from 40 % to 45 % between 5 to 18 min, and ultimately a reduction from 
45 % to the initial 5 % within 18 – 22 min. Analytes, including BHET, 
MHET, and TPA, were detected at 260 nm. 

2.9. Molecular docking-based virtual screening 

Sixty-six amino acids situated within a 10 Å radius of the active 
center of TfCa (PDB-ID: 7W1K) were selected as mutation sites. Virtual 
saturated amino acid mutagenesis was conducted using the Build Model 
command in the FoldX software [37]. Molecular docking of MHET to 
receptor proteins (TfCa and its mutants) was performed using AutoDock 
Vina 1.2.0 software [38]. Before molecular docking, MHET was hydro
genated and its torsion bonds were thoroughly examined. The receptor 
proteins underwent a sequential process involving the removal of water 
molecules, the addition of hydrogen atoms, Gasteiger charge calcula
tions, and assignment of AD4 atom types. All molecular docking simu
lations were executed within a box with a side length of 50 Å centered 
around the active site. Following the completion of molecular docking, 
mutants exhibiting low docking free energy were selected for validation 
of MHET degradation. 

2.10. Molecular dynamics simulations 

The complexes TfCaWT-MHET and TfCaI69W/L281Y-MHET were sub
jected to simulations in Gromacs2022.3 utilizing the amber99sb-ildn 
force field [39,40]. AmberTools22 was used to add a generation 
amber force field (GAFF) to the MHET. Gaussian 16 W was utilized for 
MHET hydrogenation and restrained electrostatic potential (RESP) 
calculation. The simulation conditions were maintained at a static 
temperature of 300 K and atmospheric pressure (1 Bar). Solvation was 
achieved using water molecules (Tip3p water model), and the overall 
charge of the simulation system was neutralized by adding an appro
priate number of Na+ ions. Following equilibration under the isothermal 
isovolumetric ensemble (NVT) and isothermal isobaric ensemble (NPT), 
free molecular dynamics simulations were conducted. The simulation 
involved 5000,000 steps, with a step length of 2 fs, spanning a total 
duration of 100 ns. Subsequently, the software’s built-in tools were used 
to analyze data such as root-mean-square deviation (RMSD), 
root-mean-square fluctuation (RMSF) and combined with free energy 
(MMGBSA). 

3. Results and discussion 

3.1. Self-assembly of a multi-enzyme cascade system 

IsPETase possesses a more expansive hydrophobic activity pocket, 
facilitating the degradation of PET at ambient temperatures [41,42]. 
However, the efficacy of IsPETase and its mutants in degrading PET at 
ambient temperatures needs to be further improved. To address its 
limitations, a multi-enzyme complex system, denoted as PT-EC, was 
ingeniously structured (Fig. 1A and B). This system was composed of 
PETase, TfCa, and CBM3a assembled via cellulosome scaffolding pro
teins for the hydrolysis of PET and the degradation of intermediate 
MHET. To evaluate the feasibility of the system, three well evolved 
IsPETase mutants PETaseEHA, Fast-PETase, and Z1-PETase were adop
ted. The corresponding PT-ECs were termed as PT-ECEHA, PT-ECFPE, and 
PT-ECZPE, respectively. For the construction, a hybrid basic scaffold 
protein (cohesin-TB) was engineered by fusing cohesion-T from Clos
tridium thermocellum with cohesion-B from Bacteroides cellulosolvens, and 
CBM3a was fused to the N-terminus of the cohesion-T. Meanwhile, the 
dockerin modules of different origins were fused to PETases and TfCa, 
respectively, with a flexible linker (GGGGS) used to prevent mutual 
interference between dockerin and target proteins (Fig. S1 and Table. 
S1). The functional assessment of PT-ECs showed their remarkable PET 
degradation efficiency. After 48 h of degradation with 100 nM of 
enzyme at 40 ◦C. PT-ECEHA released 2.79 ± 0.36 mM of product, 
exhibiting a 16.5-fold increase compared to PETaseEHA alone. Similarly, 
the product released from PT-ECFPE was 3.16 ± 0.15 mM, which was 
6.6-fold of that of Fast-PETase alone. Moreover, PT-ECZPE released 4.3 
± 0.1 mM of product, the highest amount of released product among the 
three tested PT-ECs, indicating a 3.4-fold increase compared to 
Z1-PETase alone (Fig. 1C). 

To gain a comprehensive insight into the multi-enzyme complex, the 
function of each module was verified. Employing an equimolar mixture 
of PETaseEHA and TfCa for PET degradation resulted in a 4-fold increase 
in product release compared to PETaseEHA alone. Also, the incorporation 
of TfCa increased the product release of Fast-PETase and Z1-PETase by 
2.8-fold and 1.3-fold, respectively, relative to the enzymes alone 
(Fig. 1C). Notably, it was noticed that the product release in the above 
three reactions contained a larger fraction of TPA compared to that 
catalyzed by PETase alone, which correlated well with the function of 
TfCa that converts MHET to TPA [26]. Furthermore, the activity of TfCa 
for MHET conversion was compared with MHETase. The results showed 
that both enzymes produced similar amounts of TPA after reaction at 
40 ◦C for 12 h (Fig. S2), suggesting that the activity of the two enzymes 
toward MHET is comparable under the above tested conditions. There
fore, TfCa could be used as an alternative to MHETase in PET degra
dation to facilitate the conversion of MHET to TPA, which in turn might 
mitigate the inhibitory effect of MHET [26]. 

To validate the role of scaffolding proteins and CBM3a in the multi- 
enzyme cascade system, the corresponding CBM3a-free multi-enzyme 
complexes (PT-ECsΔCBM) of three PETases were constructed. The PET 
degradation capacity of the resulting complexes retained only 56 % to 
67 % activity of that of PT-ECs (Fig. 1C). The results suggested that the 
presence of the CBM3a module might modulate the function of PETases 
in PET degradation. The effects of CBM domain on the function of 
cellulase, PETase, and Leaf-branch compost cutinase (LCC) were also 
observed, which might be attributed by promoting substrate binding 
[43–46]. Moreover, PT-ECsΔCBM showed a 1.5- to 2.7-fold increase in 
product release compared to the equimolar mixture of PETase and TfCa 
(Fig. 1C), suggesting that a proximity effect of the dual enzymes that 
generate a substrate-catalyzed channel might be another reason to 
facilitate the reaction efficiency of multi-enzyme cascade reaction of 
PT-EC. Taken together, PT-EC system holds a promising potential in PET 
biodegradation over the free enzyme. 
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3.2. Characterization of the multi-enzyme complex 

The enzymatic properties of the constructed PT-ECs were investi
gated by using PT-ECEHA as an example. For this, PET film (crystallinity 
5.67 %) and bottle-derived PET powder (crystallinity 12.5 %) were used 
as model substrates (Fig. 2 and Fig. S3). Due to the fact that PETase 
catalyzed PET degradation in a concentration-dependent pattern, the 
optimal enzyme concentration for degradation of the above two sub
strates by PT-ECEHA was determined (Fig. S4). For the degradation of a 
PET film with a diameter of 0.8 mm, the enzyme activity of PT-ECEHA 

increased with rising enzyme concentration, reached a peak at 100 nM 
concentration, and then decreased with the further increase of enzyme 
concentration. In the case of 15 mg of PET powder, the enzyme activity 
gradually increased with the increase of enzyme concentration, and 
reached the maximum value when the enzyme concentration was 
0.8 μM. Therefore, the following enzyme characterization experiments 
were carried out using the optimal enzyme concentration obtained 
above. 

The results of temperature-dependent enzyme activity revealed an 
enhanced enzymatic activity for PT-ECEHA over PETaseEHA across all 
temperatures tested, with 40 ◦C identified as its optimum reaction 
temperature, showing a similar pattern as PETaseEHA (Fig. 2A). The 
result indicated that PT-ECEHA has a great potential to degrade PET at 
ambient temperature. Further analysis revealed that over the tested pH 
range of 5.0 to 12.0, PT-ECEHA exhibited a dramatic increase in enzyme 
activity at pH 6, reaching its peak in the pH range of 8.5 – 10.0, followed 
by a sharp decline at pH > 10.5 (Fig. 2B). Although the optimal pH 
pattern of PT-ECEHA was similar as that of PETaseEHA, PT-ECEHA 

degraded PET with more efficiency at every pH tested compared to 
PETaseEHA. 

The thermal stability of PT-ECEHA was also evaluated. The results 
showed that the thermal stability of PT-ECEHA was higher than that of 
PETaseEHA. PT-ECEHA retained 64.9 % of residual activity after incuba
tion at 40 ◦C for 24 h, and still retained 46.6 % of residual activity after 
72 h, at which time the released product was 22.7-fold of that of 
PETaseEHA. However, PETaseEHA retained only 27.7 % residual activity 
after 24 h and only 8.9 % after 72 h (Fig. 2C). Moreover, a comparative 
analysis of the thermal stability of PT-ECEHA, PT-ECEHAΔCBM, and 
PETaseEHA revealed that both the scaffold protein assembly and the 
presence of CBM3a might be contribute to the enhancement of thermal 
stability of the multi-enzyme complex (Fig. S5A). Previous studies have 
also reported that the fusion of CBM family modules can enhance 
enzyme stability [47,48]. For instance, Zeng et al. fused CBM68 to the 
acid pullulanase PulB and showed a 3.5-fold increase in residual activity 
after incubation at 60 ◦C for 12 h compared to the unfused enzyme [49]. 

The tolerance results of the enzyme against organic solvents showed 
that PT-ECEHA exhibited relatively low tolerance to all tested organic 
solvents compared to the control group, except for DMSO, which 
showed almost no negative effect on enzyme activity. Moreover, PT- 
ECEHA exhibited higher activity than PETaseEHA in the presence of 
organic solvents except for Triton X-100 (Fig. 2D and Fig. S5B). In the 
presence of 5 % methanol and ethanol, the product release from PT- 
ECEHA was 17- and 12.4-fold higher than that from PETaseEHA, respec
tively. In the case of 5 % DMSO, PT-ECEHA demonstrated a 5.3-fold 
higher in product release than that of PETaseEHA. In the presence of 
0.1 % Triton X-100, the enzyme activity of PT-ECEHA was low, possibly 
due to the interaction of the hydrophobic unit of Triton X-100 with the 
multi-enzyme complex, which might interfere with the binding of the 
substrate to the active site. Taken together, PT-ECEHA exhibited higher 
thermal stability and tolerance to organic solvents compared to 

Fig. 1. The construction and functional verification of the multi-enzyme complex. (A) X-ray crystal structures of IsPETase (PDB-ID: 5XG0), TfCa (PDB-ID: 7W1J) 
(active pockets indicated by boxes), and CBM3a (PDB-ID: 4JO5) (hydrophobic binding region indicated by box). (B) Schematic diagram of the multi-enzyme complex 
system. (C) Assessment of product release by diverse enzymes during the degradation of bottle-derived PET powder (crystallinity 12.5 %) at 40 ◦C for 48 h. EHA 
represents PETaseEHA, FPE represents Fast-PETase, and ZPE represents Z1-PETase. n = 3 independent experiments. Data were presented as mean values ± SD. 
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PETaseEHA alone. Similar results were also observed in co-display of 
IsPETase with the hydrophobin HFBI, which showed an improvement of 
both the tolerance against organic solvents and thermal stability [32]. 
The above advantages of the multi-enzyme complex might be due to the 
introduction of scaffolding protein and hydrophobic protein, especially 
hydrophobic proteins, which have been proven to be able to maintain 
their functional activity in extreme environments [50]. 

3.3. Biodegradation of PET by the multi-enzyme complex 

To further investigate the performance of PT-ECs in PET degradation, 
the degradation capacity of the constructed PT-ECs was monitored at 
40 ◦C for 48 h with three types of PET. The results showed that the 
product release of all PT-ECs was 1.3- to 16.5-fold higher than that of the 
PETase alone toward all three types of PET (Fig. 3 and Fig. S6). With 
substrates bottle-derived PET powder (crystallinity 12.5 %) and com
mercial PET powder (crystallinity 48.1 %), PT-ECs displayed a similar 
degradation time-curve with PT-ECZPE showing the highest activity 
followed by PT-ECFPE and PT-ECEHA (Fig. 3A and B). In contrast, with 
PET film (crystallinity 5.67 %) as a substrate, PT-ECZPE showed the 
lowest activity among the three PT-ECs (Fig. 3C). Taken together, PT- 
ECZPE exhibited the highest degradation efficiency toward PET powder 
with low crystallinity, and about 1/3 lower efficiency for PET films with 
even lower crystallinity, while PT-ECFPE and PT-ECEHA both facilitated 
PET degradation with low crystallinity regardless of PET forms. The high 
degradation efficiency of PT-ECZPE might be due to the fact that the 
localized surface negative charge of the Z1-PETase, located far from the 
active site, repels the carboxylic acids in the PET powder, consequently 
increasing correct access orientation [18]. Furthermore, the high 
degradation efficiency of was PT-ECs also proved by scanning electron 
microscopy (SEM) analysis. The results showed that the PET films 
treated with PT-ECs exhibited a notably rough surface with 

morphological changes characterized by prominent erosion spots 
adorned with circular pits approximately 2.5 µm in size. In contrast, PET 
films treated solely with PETases displayed smaller erosion spots 
(Fig. S7). In conclusion, the advantages of PT-EC endowed its ability to 
degrade multiple forms of PET with high efficiency. 

To further investigate the performance of PT-ECs in the long-term 
degradation of PET, the degradation of PET was monitored daily at 
40 ◦C (Fig. S8). The results showed that the product release slowed 
sharply for all PT-ECs especially for PT-ECZPE after 2 days when 
degrading with substrates of bottle-derived PET powder and PET film. It 
is clear that the inactivation of Fast-PETase (Tm = 67.1 ◦C) and Z1- 
PETase (Tm = 74 ◦C) occurred after incubation at 40 ◦C for two days 
is unlikely. As is well known, for a long-term PET degradation system, in 
addition to enzyme product inhibition, acidification of the reaction will 
significantly decrease the activity of IsPETase [15,16]. Therefore, a 
bioreactor was customized to monitor the pH of the enzymatic reaction 
in real time (Fig. S9). For this, 100 mL reaction system containing 2.5 % 
(w/v) bottle-derived PET powder was used and the reaction was carried 
out at 40 ◦C with a pH range of 8.5 – 9.0. The product release of 
PT-ECZPE increased continuously throughout the measurement period 
for the first 8 days, whereas the product release of Z1-PETase increased 
continuously for the first 5 days and then reached equilibrium, which 
might be attributed to the higher thermal stability of PT-ECZPE. Their 
product releases after 10 days of degradation were 61.63 ± 0.19 mM 
and 41.84 ± 1.6 mM, respectively, corresponding to weight losses of 
1.47 ± 0.02 g and 1.05 ± 0.04 g of PET powder, respectively (Fig. 3D). 
Thus, the results clearly indicated that the acidification of the reaction 
system greatly inhibited the enzyme activity for PET degradation. On 
the other hand, the results also implied that PT-EC system functioned 
well for PET degradation in a large scale. 

Fig. 2. Assessment of optimal temperature (A), optimal pH (B), thermal stability (C), and the tolerance against organic solvent (D) of PT-ECEHA using bottle-derived 
PET powder (crystallinity 12.5 %) as the substrate. The reaction was carried out by adding 100 nM enzyme to 50 mM Gly-NaOH buffer (pH 9) at 40 ◦C for 48 h, 
except for the optimal pH analysis (buffer concentration of 100 mM) and the thermal stability analysis (40 ◦C, 10 h). n = 3 independent experiments. Data were 
presented as mean values ± SD. 
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3.4. Surface display of the multi-enzyme complex on E. coli 

The whole-cell biocatalytic system is widely favored for biocatalytic 
applications due to its reusability and resilience to certain extreme 
conditions [51,52]. For this purpose, a whole-cell biocatalytic system of 
PT-EC was developed by employing a surface display system involving 
both Lpp-ompA hybridization and bio-covalent ligation (Fig. 4A). 
Lpp-ompA is composed of a truncated E. coli lipoprotein Lpp (residues 1 
– 9) fused to the first five β-strands of the outer membrane protein ompA 
(residues 46 – 159) [53]. Bio-covalent ligation Spy-catcher/Spy-tag 
system is covalently linked to the Spy-tag (ST) peptide through 
Asp-Lys [54]. For self-assembly of PT-EC on the surface of E. coli, 
Spy-catcher (SC) protein was fused to the C-terminus of Lpp-ompA, 
while ST was fused to the C-terminus of the scaffolding protein car
rying PT-EC, with a flexible linker (GGGGS) maintaining the indepen
dence of each unit (Table S1). 

Before surface display of PT-EC, the function of the self-assembled 
system was confirmed by displaying green fluorescent protein (GFP) 
for easy evaluation, with ST fused to the N-terminus of GFP. Following 
the incubation of the E. coli strain expressing Lpp-ompA-SC with purified 
ST-GFP, the cells show a distinct fluorescence emission peak at 510 nm 
with an excitation wavelength of 485 nm. Fluorescence microscopy 
analysis further confirmed that ST-GFP had been successfully ligated to 
the surface of E. coli (Fig. 4B). The amount of ST-GFP captured by SC was 
subsequently determined, the results demonstrated that surface- 
displayed SC exhibits outstanding protein capture capability, with 0.2 
± 0.05 mg of ST-GFP captured by the system (0.8 mL, OD600 = 1). 
Moreover, the above displaying efficiency could be easily manipulated 
by adjusting the amount of GFP added to the displayed reaction system. 
Thus, the surface-displayed Lpp-ompA-SC system offers a protein cap
ture tool for displaying PT-EC with optimal enzyme concentration for 
effective PET hydrolysis since PET degradation efficiency by PETase 

displayed an enzyme-dependent pattern. The enzyme activity increases 
over a certain range of enzyme concentrations and decreases abruptly as 
the enzyme concentration increases, which may be due to spatial site 
barriers created by binding too much enzyme on the limited surface of 
PET [55]. 

PT-ECEHA whole-cell biocatalytic system was subsequently con
structed and optimized. For the surface-displayed PT-ECEHA (0.8 mL, 
OD600 = 1), enzyme activity peaked at 1.28 μM PT-ECEHA with PET film 
and at 1.5 μM PT-ECEHA with PET powder as substrate (Fig. S10). 
Further analysis showed that the optimal temperature and pH of the 
surface-displayed PT-ECEHA were the same as that of PT-ECEHA 

(Fig. S11). The organic solvent tolerance of the surface-displayed PT- 
ECEHA and none-displayed PT-EC were also evaluated using PET film as 
substrate (Fig. 4C). It was found that the surface-displayed PT-ECEHA 

exhibited 95.2 % and 86.6 % of original activity in the reaction system 
containing 5 % ethanol and methanol, respectively, while none- 
displayed PT-ECEHA retained approximately only 40 % of original ac
tivity in the two cases, indicating that the surface-displayed PT-ECEHA 

exhibited better organic solvent tolerance ability than PT-ECEHA, 
showing a promising potential for PET biodegradation. 

The performance of displayed PT-ECs in the long-term degradation 
of PET was carried out at 40 ◦C. Using PET film (crystallinity 5.67 %) as 
a substrate, the product release of displayed PT-ECEHA was linearly 
increased in the first 5 days, reaching 4.3 ± 0.02 mM after one week, 
which was 20-fold more than that of the surface display of PETaseEHA 

alone (Fig. 4D). The product release trend of the displayed PT-ECFPE was 
similar to that of the displayed PT-ECEHA. However, the activity of the 
displayed PT-ECZPE against PET film was very low (Fig. 4D). Considering 
the fact reported by Lee et al. that free Z1-PETase effectively degraded 
film at both 40 ◦C and 50 ◦C [18], our results might suggest that the 
morphology of the PET or the accessibility of the substrate is critical for 
the effective degradation of PET film by displayed PT-ECZPE. When using 

Fig. 3. Evaluation the degradation capabilities of PT-ECs to different PET types at 40 ◦C. (A), (B) and (C) represent the amounts of product release during the 
degradation of bottle-derived PET powder (crystallinity 12.5 %), commercial PET powder (crystallinity 48.1 %) and PET film (crystallinity 5.67 %), respectively. The 
reaction was conducted by adding either a piece of PET film or 15 mg of PET powder into 0.8 mL of 50 mM Gly-NaOH buffer (pH 9), supplemented with 100 nM 
enzyme, and maintained at 40 ◦C for different periods. (D) Evaluation of bottle-derived PET powder degradation in the bioreactor. The reaction was initiated by 
adding 0.5 μM of PT-ECZPE or Z1-PETase to 100 mL of 100 mM Gly-NaOH buffer (pH 9) containing 2.5 g of bottle-derived PET powder, followed by incubation at 
40 ◦C. n = 3 independent experiments. Data were presented as mean values ± SD. 
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bottle-derived PET powder as substrate, the surface-displayed PT-ECZPE 

demonstrated notably higher enzyme activity compared to the other 
enzymes. Remarkably, a linear trend in product release was observed 
over a one-week degradation period, reaching 11.56 ± 0.64 mM after 7 
days. The other three displayed PT-ECs demonstrated considerable 
degradation efficiency, with product release ranges between 4.1 mM 
and 6.0 mM (Fig. 4E). Thus, the results indicated that the morphology of 
PET substrate greatly determines the activity of both displayed and 
non-displayed PT-ECZPE, while the crystallinity is the main determinant 
for the activity of PT-ECFPE and PT-ECEHA in both displayed and 
non-displayed formats. 

Moreover, for commercial PET bottles, the surface-displayed PT- 

ECEHA facilitated the degradation of Nestle (crystallinity 30.1 %) and 
Pepsi-cola (crystallinity 39.5 %) commercial PET bottles with a 5.1- and 
4.9-fold increase in degradation product release, respectively, compared 
to surface-displayed PETaseEHA alone (Fig. S12). Such an activity gap 
between displayed PT-ECEHA and displayed PETaseEHA (around 5-fold) is 
smaller than that with amorphous PET films (20-fold), which might 
probably due to the crystallinity difference. Surprisingly, the surface- 
displayed PT-ECEHA did not exhibit a similar promotional effect on the 
degradation of Nongfu Spring (crystallinity 35.9 %) plastic bottles. 
Considering the fact that all three types of bottles possess similar crys
tallinity, but probably different types of additives on their biodegrada
tion ability might be the reasonable explanation [56]. In conclusion, the 

Fig. 4. Construction and functional verification of the surface-displayed PT-EC system. (A) Schematic diagram of the surface-displayed PT-EC system. (B) The 
functionality of surface-displayed SC was verified by fluorescence spectrophotometry and microscopy, Excess ST-GFP incubated with E. coli expressing Lpp-ompA-SC 
for 3 h at 25 ◦C. (C) Comparison of organic solvent tolerance of surface-displayed and none-displayed PT-ECEHA in a reaction system containing 5 % organic solvent. 
In the absence of organic solvent, the relative activity of both was defined as 100 % and the product release was 1.3 ± 0.2 mM and 0.5 ± 0.01 mM, respectively. The 
reaction was incubated at 40 ◦C for 48 h using PET film as substrate. (D) and (E) represent the product release from the degradation of PET film and bottle-derived 
PET powder at 40 ◦C for one week, respectively. n = 3 independent experiments. Data were presented as mean values ± SD. 
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surface-displayed PT-EC not only exhibited exceptional degradation 
prowess across diverse PET substrates, but also laid the foundation for 
upscaling conversion of degradation products using a "one-pot" strategy. 

3.5. Structure-based enzyme engineering of TfCa 

Although the cascade reaction of TfCa and PETaseEHA greatly 
improved the PET degradation efficiency, MHET was still present in the 
release product with a relatively high fraction. Thus, to enhance MHET 
degradation of TfCa, 66 amino acids within a 10 Å radius of the active 
center were subjected to single-point saturation mutagenesis. Molecular 
docking with MHET was performed for all mutants, and from 1320 
(66 × 20) docking results, 9 mutants that ranked in the top 9 with low 
binding free energy were selected for further validation of MHET 
degradation. Among these mutants, the TfCaL281Y mutant exhibited a 
2.7-fold increase in activity, and the TfCaI69W mutant showed a 1.8-fold 
increase. The iterative mutant TfCaI69W/L281Y demonstrated a 3.5-fold 
increase in activity against MHET (Fig. S13). To assess whether 
TfCaI69W/L281Y would promote the degradation of PET by the multi- 
enzyme complex, it replaced wild-type TfCa to form a new whole-cell 
biocatalytic system. After a 24 h period of PET film degradation, 
TfCaI69W/L281Y demonstrated enhanced enzymatic cascade efficiency in 
PET film breakdown. The product release from the whole-cell bio
catalytic system engineered with TfCaI69W/L281Y reached 0.66 
± 0.12 mM, representing a 2.5-fold increase compared to the wild-type 
TfCa assembly (Fig. 5A). 

To comprehend the catalytic behavior of TfCaI69W/L281Y, the struc
ture of TfCaI69W/L281Y was predicted by FoldX and subsequently opti
mized by molecular dynamics simulation. In the wild-type TfCa, the 
hydrophobicity of the L281 keeps the hydrophilic Q263 further away, 
forming a 2.1-Å hydrogen bond between Q263 and Y320, resulting in a 
relatively small active pocket with a cross-section of approximately 

6.5 Å in both length and width (Fig. 5B and C). Conversely, in the L281Y 
mutant, the hydrophilic Y induces a shift in the orientation of the side 
chain of Q263 to form a new hydrogen bond with L281Y at a distance of 
2.0 Å, thereby resulting in a larger active pocket with cross-section 
measuring 11.6 Å in length and 6.7 Å in width (Fig. 5B and D). Such a 
result was further confirmed by the volume results of the substrate 
binding pocket of TfCa and TfCaI69W/L281Y using the POCASA 1.1 server. 
The volume of the substrate binding pocket of TfCaI69W/L281Y was 
2347 Å3, while that of TfCa was only 600 Å3 (Fig. 5C and D). Moreover, 
root-mean-square fluctuations (RMSF) results revealed an enhanced 
oscillatory nature of the tryptophan residue at position 69, facilitating 
hydrophobic interactions with the substrate MHET (Fig. S14 and 
Table S2), suggesting that the W69 wobbliness of TfCaI69W/L281Y might 
enhance substrate binding, similar to the fact that W185 in IsPETase 
promoted PET binding [57]. In conclusion, the L281Y mutation altered 
the orientation of Q263, facilitating easier entry of MHET into the active 
center, while I69W increased flexibility for enhanced hydrophobic 
binding to MHET. 

4. Conclusions 

In this study, a multi-enzyme cascade system was successfully con
structed. The corresponding PT-ECs of the three PETases exhibited 
excellent PET degradation efficiency, and even PT-ECEHA showed a 16.5- 
fold increase in product release compared with PETaseEHA alone. 
Moreover, PT-ECZPE yielded 61.63 ± 0.19 mM of product for degrada
tion of a gram-scale PET powder at 40 ◦C for 10 days, with a corre
sponding weight loss of 1.47 ± 0.02 g. Therefore, the results of this 
study further confirmed the feasibility of the multi-enzyme cascade 
system to efficiently degrade PET. Furthermore, PT-ECs were displayed 
on the surface of E. coli, and the displayed PT-ECs exhibited not only the 
high efficiency in the degradation of all tested PET types, but also the 

Fig. 5. Functional and structural analysis of TfCaI69W/L281Y. (A) Evaluation of degradation of PET film by surface-displayed PT-EC assembled with TfCaI69W/L281Y. (B) 
Structural comparison of activity pockets between TfCaI69W/L281Y and TfCa. Residues from different domains are indicated by red bars (TfCa) and green bars 
(TfCaI69W/L281Y). The active cavity volumes of TfCa (C) and TfCaI69W/L281Y (D) were analyzed using the online server POCASA 1.1. The active cavity volume of TfCa is 
600 Å3 and the active cavity volume of TfCaI69W/L281Y is 2347 Å3. The cross-section of the TfCaI69W/L281Y active pocket measures 11.6 Å in length and 6.7 Å in width, 
while that of TfCa is approximately 6.5 Å in both dimensions. 
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enhanced tolerance against organic solvent. The TfCaI69W/L281Y mutant, 
evolved through molecular docking-based virtual screening, further 
facilitated MHET conversion, thereby enhancing PET degradation by 
surface-displayed PT-ECs. Thus, in addition to evolved efficient enzymes 
and substrate binding motif, the multi-enzyme cascade system repre
sents another promising strategy to facilitate PET biodegradation at 
near-ambient temperatures. 

Environmental implication 

The accumulation of polyethylene terephthalate (PET) in the envi
ronment poses a major ecological threat due to its resistance to degra
dation. Employing biodegradation as a sustainable and eco-friendly 
solution for PET has become imperative. In this study, a multi-enzyme 
complex (PT-EC) with a remarkable PET biodegradation capability 
under near-ambient conditions was constructed. Notably, the PT-EC self- 
assembled whole-cell biocatalytic system exhibited a substantial 20-fold 
enhancement in PET degradation efficiency compared to the exclusive 
surface display of PETaseEHA. These findings substantiate a multi- 
enzyme self-assembly system as a promising strategy for PET 
biodegradation. 
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