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Abstract: [Objective] Since the accumulation of polyethylene terephthalate (PET) waste
causes a major threat to the health of the natural environment, the degradation of PET has
become a global hot issue. Enzymatic degradation of PET has garnered considerable attention
because of its eco-friendly properties. However, due to the low catalytic activity, natural
PET-degrading enzymes remain to be modified according to specific needs. Directed evolution
enables the rapidly enhancement of the catalytic activities of PET-degrading enzymes, in which
screening methods are the key for obtaining high-performance mutants. This study develops a
novel, efficient, and sensitive screening method and applies it to direct modification of
Thermobifida fusca cutinase Tfu-0883 to obtain the mutants with improved PET-degrading
activity. [Methods] A mutant library constructed by error-prone PCR was coated on
phospholipid plates. The mutant with improved PET-degrading activity was screened out based
on the size of the hydrolytic circle. The enzymatic properties of the mutant were determined,
and the rational modification sites were identified. Finally, a forward mutant was obtained.
[Results] The single colony with the largest hydrolysis circle, mutant H10 (N2D/D94H/A149E),
was selected from the phospholipid plate, with the PET-degrading activity 1.5 times that of the
wild type. The mutant H10 exhibited the best performance at 60 °C and pH 8.0. The residues at
positions 2 and 149 in the mutant H10 were distantly located from the substrate-binding
groove, and any mutation in the residues would result in decreased enzyme stability. The
residue at position 94 was situated near the substrate-binding groove, where it underwent a
change from negatively charged Asp to positively charged His. This alteration facilitated
adsorption onto the negatively charged PET surface and played a crucial role in enhancing the
degradation ability of mutant H10. With the wild type as a template, the 94th amino acid
residue was mutated to His, Lys, and Arg, which possess positive charges but exhibit reduced
steric hindrance. The mutants D94H, D94K, and D94R all exhibited enhanced PET-degrading
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ability. Notably, among these mutants, D94K demonstrated a 3.6-fold higher rate of PET
degradation than the wild type. [Conclusion] We developed a method for screening
PET-degrading enzymes based on the phospholipase cycle and obtained the mutants with
enhanced PET-degrading activity. The 94th residue of the cutinase Tfu-0883 is demonstrated as
the first to possess the potential for enhancing the PET-degrading activity.

Keywords: directed evolution; PET degradation; hydrolysis circle; thermostability; molecular

modification
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Scheme of screening method for directed evolution of PET-degrading enzymes. A: Relationship

between PET degradation activity of cutinase and its phospholipase activity. B: Scheme of directed evolution of
cutinase. Mutation libraries of cutinase were generated via epPCR and were screened by phospholipid plates.
The improved mutants were obtaied by determination of hydrolysis circle and estimated in PET degradation by
analysis of released monomers. Finally, the degradation mechanism has been elucidated which provides

guideline for rational design reversely.
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Figure 2 Effects of temperature and pH on the activity (A and C) and stability (B and D) of mutant H10. The
maximal activity was taken as 100%. Each test was repeated three times in parallel, and the data was expressed

as “meanzstandard deviation (SD)”.
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Figure 3 Catalytic mechanism analysis of mutant H10. A: Molecular docking between mutant H10 and SPET. B:
The distance between the oxygen atomo of the catalytic amino (Ser) of mutant H10 and wild type 2M and the carbon
atom of the ester bond of PET. C: RMSD of mutant H10. D: RMSF of mutant H10. E: Effects of temperature and pH
on the stability of mutant N2D/A149E. F: Effects of temperature and pH on the stability of mutant D94H. Each test
was repeated three times in parallel, and the data was expressed as “mean+standard deviation (SD)”.
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Figure 4 Effect of the 94th amino acid residue site on PET degradation. A: PET degradation analysis by
different mutants. B: HPLC analysis curves of hydrolysates by using different mutants. C: RMSD of mutant
D94K. D: RMSF of mutant D94K. Error bars represent the standard deviation of three independent experiments.
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PR EE A MRS BT A5 94 (7 2 SE IR TR JE R AR
J I HL A 2 R R B, A R T 5 A8 A B E AT 172
HLfaf ) PET R0, ¥45® PET FEfFRE)), X5
Sagong 45 & MBI AR 1#i(Rhizobacter gummiphilus)
KU PET FEAGBEIIZE & RS T IE s i &
WA E R R PET (WREARR 258 — 3,
Nakamura 25t % Bl PETase [%f% PET HJRE S 0]
00T H A G G HEAE T B R R Rk L
Ry IE HL AP AR ST AR AT A B 2R AR 1K D94K R
L4 0.036 mg/(h-mg) ¥ 2 [&f# PET, & T8 4E
A1 2M [0.010 mg/(h-mg)] & F5 % 4% Ek 14 (Candida
antarctica)J B Cal [4.76x10~* mg/(h-mg)]'**,
AL F H A SCHk A St PET F&f#EE 1CCG
[30 mg/(h-mg)]% . AHIFFT & BB e A3 o5, (4n
55 94 N IERRER LA )W SN BB L
RAMK I, 82T PET KR AR

A5 J T W B T /K A BT ) S ) T 7 0
FI R PET [fiff g ) it S it 1 — Ao i i 6
S, DAEFA: TR OM AR, BB R S I IE] N ]
A% PET FfR 15 P42 & i i 28 22 /& N2D/D94H/
A49E. BTIREBL 94 {iFRIEAT A5 A 2 7E RENS 5
M ZE AR R R PET REMRIGTE, fZ3k1G PET M
BRI 3.6 £ A9 248K D94K .
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