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T BB /A K = W BR T —B% 85 [poly(butylene adipate-co-terephthalate), PBAT]Z I B 7k = 55 &
TR R A T MR BE, B P LT AL, 43t PBAT & A A 51 T2 &
RPEABIER ARG TRZL, KHRTIRR T ARBEAE PBAT Mt & o) 5 R Foxf K= F B4 -
T —B% B (butylene terephthalate, BT)& & % PBAT £ 4 & fF 69870, vA LI PBAT B fF ik
FHg RS R IR 5 A R E) SRR 69 F B M4 R B3t PBAT #E47 MR & A JF b 4 3 P MR 2 3 k. 04 B,
FmE T AH KRE BT 424 PBAT REse9maik. 4R AW, AMRBE ICCG HHEMBRK
4 698, B BT 22 4% %) PBAT ¢4 [ 2 AAK . sk, #4527 A B ICCG 4 & BT 4= 49 PBAT(H)
G RERE. REZLFREA . &RiE pH. |&iE E/S (enzyme to substrate)fe & & K 4 KR E 1
A %4 75°C. Tris-HCL. 9.0. 0.4%7Fn 1.0%. AR LR H A B fe PBAT Mg o9 i Al 4%
B — R AR IRYE An e A
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Abstract: With the environmental pollution caused by waste plastics becoming increasingly
serious, biodegradable polyester has become the focus of public attention. Poly(butylene
adipate-co-terephthalate) (PBAT) is a biodegradable polyester formed by the copolymerization of
aliphatic and aromatic groups, which has excellent performance of both. The degradation of PBAT
under natural conditions requires strict environmental conditions and long degradation cycle. To
address these shortcomings, this study explored the application of cutinase in PBAT degradation
and the impact of butylene terephthalate (BT) content on the biodegradability of PBAT, so as to
improve the degradation rate of PBAT. Five Polyester degrading enzymes from different sources
were selected to degrade PBAT to pick out the most efficient enzyme. Subsequently, the
degradation rate of PBAT materials with different BT content were determined and compared. The
results showed that cutinase ICCG was the best enzyme for PBAT biodegradation, and the higher
the BT content, the lower the degradation rate of PBAT. Furthermore, the optimum temperature,
buffer type, pH, the ratio of enzyme to substrate (E/S) and substrate concentration in the
degradation system were determined to be 75 °C, Tris HCI, 9.0, 0.4% and 1.0% respectively. These
findings may facilitate the application of cutinase in PBAT degradation.

Keywords: poly(butylene adipate-co-terephthalate) (PBAT); biodegradation; cutinase; butylene
terephthalate content
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Wit o SRR b ) KRR A 7, HLER S,
TERSE P R AR R, o A BOAT DL R A
I, KR53 BE R AR AR 3, B Ry PR 45 5 G
(B BRI 2 — 1, Ay I <R AR 0 A (1
S, AT R SRR AT R R

RO /X R W R T R [poly
(butylene adipate-co-terephthalate), PBAT]J& Ig
W55 & AL R lg, 2 MR- T B
(butylene adipate, BA)FIXI K — H fR- T — [ g
(butylene terephthalate, BT)%s 5 ifij il (FL H {445
AL 1), AMUGREF 75 &R B R AF
AT E e B A= =) % M 1 L = S K e £
YR RED B TR A YRI5
HoAth 2= ) PT Re A SR R AH L, PBAT HA A9 4
Stk . WP | mE AR e e e, L
iR P 4 31 R LR /51 R ¥ A
BRI SRR 2 B, 2021 4F 4 ER A= 9 n] (A 18
BHE o 155.6 71 t, Hid PBAT (5 29.9% (410
46.46 J1 1), TEAMIAT AR SRR & R B
B 575 B A 1 AT R A SR A DB B M
T8 ROKANE K iR, KRB ITE H AR A
Hh S HE RN AR S R B Ok BT E i
WFFE R W] PBAT 1Y A= 1) o Ak 188 5 1 70%3 )3 Al
55 °C WHENERE AR SC B, X EE AR TE H AR IR
B R G AF e e = A8 { AR AE T B B WAt
HEU, PBAT 1M /K JLF AN AT A, 364 d N
IOk 3%, & X BRBE A g 14 A W Rk i R
AT B IR AR, A AR R R U

1 PBAT #LZF 4R

Figure 1 The structure of PBAT.
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PBAT A: 40 [ fiff 3 6 2 3 2o /K Sk T By I
W72 A L R - T R RO R R T
fig, Ak PKMRR 1,4-T — % (1,4-butanediol,
B) . © P& (adipic acid, A)Fl %% — iR
(terephthalic acid, TPA)¥AK . HAT, SCHKHIERE
ek ik SR8 TG 1) 0 6 24 AR SO L BB I TR R R
o A o R B A K B AT o A R (EC
3.1.1.74) e —Fh Z ThRERE" ), AT KA AR B2
AT TR AN 514 il =, X 45 P O T R g
) B B K f A AU . R G T AR R I 9 A
PBAT MYAH G EAR 2, H2 %8 g i R ik — 2k
X PBAT EA7 /K ff A F (At , {5 A 238 315 s 45
ik, 78 SZBR LY A A RCR IR EAR T R,
B PBAT [ fif $12 /5 I A 8 238 8 B0 Ry A - i
P ) 7] 8

AMFEXT T 5 FhASRIRIE B0 R B B A
BB A RO PBAT WIREMRSICR, 5T
T BT fraxtHpERmm, 0 7R
TKZ ., 45T W] PBAT 5K 0[] 25 25 4 A1 A
PR BEXT HL A Wy R A e A SR, T X R A I
P F7E PBAT A Jfad #2Hh BA Ml BT iy 5 #1'9,
BT A% fat bl s HL AR W R v IS, XA T 7
fif PBAT 21 43Xk F A= 1y ek A 1k 1 2

1 HE5x=

1.1 FREFD 5
KGFF B (Escherichia coli) JM109 |
BL21(DE3) ¥R T A 5T %= . IO /XK
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T H R T — [ BE [poly (butylene adipate-co-
terephthalate), PBAT]43 5|4 T & 1 M A LA
FR 2% w] [PBAT(M) 1AL i 22 5o pRAE AL B A R
/N F] [PBAT(H)]; BT R T — BE g [poly
(butylene succinate), PBS], RXI K —HER T —
s (polybutylene terephthalate, PBT)I)F [
SRR A PR ] 5 %R Z FH 2 (terephthalic
acid, TPA)JF Sigma-Aldrich ( F¥§)5 5 A R
NwEl, AEITEG A, BEEERIT Oxiod
ovw] s R B & T A5 Tiangen A: 4k
FHECA PR 7] 5 A 1 o bRk B e mi vk a5 &
(SDS-PAGE) i fll & W T i 38 = KAV R
AR FE s HoAth w0 T i [ 251k 2
A R

1.2 EFERENE

LB WAREFRAE(L): AR 10 g, BERHE
B#¥ 5 g, NaCl10 g,

LB [R5 IR (L) 16 LB i AR S5 25 i
A 1.5%2% (B (R B0 B BIR 43

TB KB SR (L) : SE R 10 g, BBk 24 g,
Hi s g,K,HPO,-3H,0 16.43 g, KH,PO, 2.31 g,

T R £h 2% W ¥ (phosphate buffer, PB) :
100 mmol/L K,HPO, A 100 mmol/L KH,PO, i
pH = 8.0,

Tris-HC1 2% i (Tris-HCl buffer) : 100 mmol/L
Tris F#E M4 pH 2 8.0,

& - = A Ak B8 % vh i (Gly-NaOH
buffer): 100 mmol/L H Z B A 100 mmol/L
NaOH i pH £ 8.0,

A6 R - R £k 2% 11 (mcilvaine buffer):
100 mmol/L B = — M 100 mmol/L FFEHR
7 pH £ 8.0,

BRAAELE 5 2% M (binding buffer): 25 mmol/L
Tris-HCI (pH 8.0), 500 mmol/L NaCl,

B YR I 2% 1 (elution buffer) : 25 mmol/L
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Tris-HCI (pH 8.0), 500 mmol/L NaCl, 300 mmol/L
WK
1.3 EHERNNWESEK

AW 5T B FRAL T HE JIE (leaf-branch compost)
TR LCC 58k 1ICCG! ™ Fa
VAU i (Thermobifida alba) i Est1191°201 g
T BE TR (Thermobifida fusca) ¥ )5 TfCut?! | K
R 1 FC AT 7 (Ideonella sakaiensis) 201-F6 2R
Dura-PETase ™ F125 i =i S MY R (Thermomonospora
curvata) X J5 Tcur03902215x 5 Ffr B2 ik B4 i iy
HEATHEISE . MR NCBI H ICCG & FE R ¥ 4l
(USU85609) 4 % it 1 1 1k 3K 45 4 75 3k (A J¢
G, 5 T T M A MR AR RO BR A W) 4 AR
A, M4 Bk ry &g sl ¥ PCR K il
(megaprimer PCR of whole plasmids,
MEGAWHOP)J5 7% % # & pET-24a(+)#{K, 1
A H 4 okl pET-24a(+)-1ICCG. ¥ Fi& PCR 77
Y Dpn I4E 37 °C 23 2 h, LA BR BURIAEAR
B 5 2 PGEEAL R E. coli IM109, B V&
M., ¥ A E. coli BL21(DE3), 4355 & 4
Wi E. coli BL21(DE3)/pET24a(+)-ICCG, HAfth T
L TR ¥ Ry A S 5 i 2
1.4 FHFRRARIX

3K A R IR N LR R E. coli
BL(DE3), #bik gk 2k LB IR
8-10 h; HZHFPE 5% A TB WK & BEK: 77
3, 37°C. 200 r/min JRFHHE SR 2 h, FEEMAHE
J& ODgoo 4 0.5-1.0 I, JIA S5 P 2E-B-D-Bi AL
FLBEFT (isopropyl-p-D-thiogalactoside, IPTG) £ £¢
W 0.1 mmol/L, 25 °C. 200 r/min JEF 7RI
TR 24 h
1.5 ZAWSEAL

55 2 T 248 NI R IRV PR TR AR MR B O Do
PR BEW SO, E. coli BL21(DE3)/pET24a(+)-
ICCG WM ARE LIERI N M 5E ICCG HYRLAR
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W HpRmEAWREERR, F 100 mmol/L [
TR 22 M (pH 8.0)EEBRFRIAC, PR UF TR AV JiE
ODyoo TE 20-30, 155 R 2K W RENLIES TH% RE 28 B
B EAZER, B OUWEERBRE B3, B2k TfCut.
Dura-PETase. Tcur0390 £l Est119 AUHIERK . F
SEAWOT AP ERAE , AR FAE, AR R
15, 30, 60, 90 F 150 mmol/L V&R 25
FE, SRIE VR T B .
1.6 EEsaIpER7

¥ PBS (A& BT). PBAT(M) (BT &
H1). PBAT(H) (BT %t fm). PBT (FR#R4r 47
i BT)&F SRHBURL 73 5 AR BR AL, B A R
RAHIEHTHE, RJGid 60 B, WEEN N
WOk, AR P43 A 200 mg f) 2R i
5 2 mg Alifb A B, 7E 100 mmol/L BERR
ZE M (pH 8.0) IR & Z SN RFR A 10 mL,
F£F 60 °C . 200 r/min fH IR /KB HE IR SN 48 h,
HJA]f# ] 6 mol/L NaOH %I} 12 h 4 —wx
pH 8.0,
1.7 BERAEZRBMK

BIERE: 4% 1.6 PR bk, KHE
F AR B (55-80 °C)ZK IR HE IR Hh L1 48 h,
HURE 5 B B B G 047 HPLC K, #IFSE Hofi
EIRE

O Z PR fERGEIET, FEEIA
AP Z R ZR 53520 100 mmol/L, pH 8.0 A
[ MR 2. PB ZZobif . Tris-HCI 22 M0
Gly-NaOH Z& #hif Fl meilvaine 2%t , K&
FARBFRR RN 48 h, BUR: 5 AR B 5 ik
17 HPLC K, At 5% HL fedih 92 il 2 7

Bl pH: FE SR i i G 2 vp iR T T
NI R 2%, i HPLC %€ 100 mmol/L pH
5.0-9.0 FEARAR R A B TPA HRR &, DF5Y
HtgidE pH.

F it iff/ IS W) (enzyme to substrate, E/S): 7E

&: 010-64807509

FROE | il 2 R B MR GE pH AR ET,

A 2o A T A RS A ok E SR E SR O BYS
8 SRR BILEHPLC)N E FERELL =4
8.1 SHHEHEEEMHPLOMNE X F ZHER

P

1
1
=

]

F N 45 B 0.5 mL 2 W, B0 E E
IR EERRG, o 0.22 um JEIE, JERSETT
HPLC 4341 o

38 4. Agilent 1200 HPLC 4,35%1%,
Agilent H Zh EFERS, Athena C18-WP, 100 A,
4.6 mmx250 mm, 5 um gk, Agilent £4b
Kl 2%, AWK 240 nm, AR oK
A 1% (5T it AR FR A0 550 19 £ R 7K I35 T 4%
35%: 65%iR4G, AN 30 °C, WHA
0.5 mL/min,

1.8.2 EXGEHEEIEHPLOMNET —HMAE

F R ZEFEB0.5 mL S, B0 B T
IMAKFER)G . 1 0.22 pm JEME, UEW AT
HPLC 434 .

i 46 . Agilent 1200 HPLC {f35%{%,
Agilent H B FERY, Aminex HPX-87H, 7.8 mmXx
300 mm ok, Agilent 2K AN, iS4
K H 5 mmol/L fifR, i E A 35 °C,
4 0.6 mL/min,

1.8.3 MBERMITE

A A g TR b o S A TR
o3 LR AT R o

PBAT [fi %45 LI F A8 . PBAT i 5
H(%)=A/(B*C)x100,

Ko, 4 SRR R PR TPA (i
B J& ] 20% NaOH 4:[4f# PBAT B, ifi i€ i) TPA
B 7 HE A A8 C R REfR 1A R PBAT .

PBS [Efi 4 LI N AT . PBS iR %E
(%)=Dx172/118/Ex100,

KB, D RESAET RO FR; 172 2

: cjb@im.ac.cn



1992 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

PBS HAKT R-T EERRRY o 118 BT
TR fiE; EJERMNAKZRF PBS (R,

2 BRS04

2.1 ARERIFEREEERERRIA

T Fh B Wi % f# 8§ pET24a(+)-ICCG .
pET24a(+)-TfCut, pET24a(+)-PETase . pET24a(+)-
Estl119. pET24a(+)-Tcur0390 KR ik)n, Wtk
PR, SRS RENLIERE , B0 B, R
SR o R AT 24k 1] %5 2l , SDS-PAGE 43
Mras SR ani&l 2 s o /1 it ICCG . Dura-PETase |
TfCut. Tcur0390. Est119 il (1K /N5
28.8. 30.3. 28.3. 31.2. 30.0 kDa, S&HEHK
A5 T AL B A —F
2.2 AEFRIFERAFEEREXT PBAT AIFERRE
=i

P 1.6 RRrR ek, X S FOR TR SR Y
SR [ i Wt 5T PBAT(H) A, LA R fi ik & v
R TPA ARG I 5, K fif 25 R an &l 3
fiion, #4E HPLC 45353, e —FEfg 2%
EF, fJEEE ICCG X PBAT(H) M) M i 550
I8 F Hofth 4 Rh, 78 48 h NFRMK R R
i) TPA BA{AJy 27.30 mg, fif L 26 /7 R i ICCG
Xf PBAT(H)EA TR A

kDa

[ Bl

35.0 — v
25,0 — e ===y T -

2 AMARERIREERFEAREEHY SDS-PAGE 5347
Figure 2 SDS-PAGE analysis of purified protein.
M: Standard molecular weight protein; 1: ICCG; 2:
Dura-PETase; 3: TfCut; 4: Tcur0390; 5: Est119.
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CCO Tf%gﬁa.va’\?a‘ﬁ"’ stV 0390

3 AMAFRRIFEAREFEEEEXT PBAT(H)E
i3

Figure 3 Degradation of PBAT(H) by polyester
degrading enzymes from five different origins. Each
test was repeated three times in parallel, and the
results were expressed as “xzts ”. Bars marked

with different letters are significantly different
(P<0.05).

2.3 BT 2EXf PBAT fEEERIFZ I

M PBAT Z5#6 AT 41, PBAT A4k EL BT Fl4k
HEE BA AU, MiHAYMEmIES BT AP,
JHEE BT & i X H R Af f 52 m , JEHCT 4 Fh
ANFEM R RN BT 1 PBS. BT &atid
PBAT(M). BT &4 &1 PBAT(H) ., &#5% BT
) PBT. 435/ 20% NaOH 4= [%f# PBAT(M)F
PBAT(H), #iE M PBAT i BT (&, F&At
K 4A Fron, M HPLC 45%4504T,
PBAT(M)H* TPA Hy-F-¥ st (5 Ho ol 37.95%, Bl
BT (mol):BA (mol)=1:1; PBAT(H) TPA [¢)°F
¥ E R & N 51.04%, B BT (mol):BA (mol)=
2:1.4% 1.6 TR I T, M il ICCG 73 1%F PBS
PBAT(M). PBAT(H). PBT #t17F4 %, RKEfgsh
FANE 4B fi/R, HPLC 458 o~ , 48 h (N
fiff 34 2 v B HE S 43 1) JE PBS>PBAT(M)>
PBAT(H)>PBT, #] L7t PBAT ™ BT & & X}
PBAT WAEYREMMEA W, BT SEBE,
PBAT MR A%, BIILAHE 7 2 BT & &5
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i B A SR PBAT(H)E K 5 A AL e ik
ZHYEY) . 7ER] 4B h 48 h IFFEARFR AT IRTT,
m FEEEAEE PBAT(H) M FE rh = A2 T X%
T HR-T S [mono (4-hydroxybutyl)ester,
MHBT] R [ F1 AR G4, Hirf MHBT H ]
PR A] SE Gt 25 6 B S IR S G 05, K
A0 R 0 E— 25 B 2027, 2016 4 Barth
LML B £ TR ICCG ¥ M Al B w2 —
M2 Z, 5 TiE (polyethylene terephthalate, PET)f%
fife 1) v (8] 7= ) 6 2K R - £ — T8 HA iR [mono
(2-hydroxyethyl)ester, MHET 4 , I H. MHBT
5 MHET Z5#280, FrlAtsacsgh Y Barth
SRR Eh R — 3

24 FRES ICCG % PBAT(H)MERIA R
ik
241 mERMEE

Fe 17 Fr R 7 s, W€ AR o g ICCG T
55-80 °CXFPBAT(H) ) FEMEAUR . fA R EFICCG#
fif PBAT(H) R (1) TPA HLARTESS-T75 °CHAF T Fifi
T B A Nz A0 1 R, R R A 75 A R BRI
(I TPARURTEBH AR, 75 CCEAF T Bl

>

60

50t
40¢
300
20
10}
0

PBAT(M) PBAT(H

Proportion of TPA content (%)

A TPARIA R % Xa‘PBAT(H)E@F%’%&ﬁ%ﬁ%%,
JIFLATS ©Cohy ) Jo ik 5 i 1) e 32 L2 (I15) o
242 ZFMimEBMRAL

Fie 1.7 RETR 5, 75 °C AT, 4
S5 AN [F] 28 i 2 % (100 mmol/L . pH 8.0 ()
PB. Tris-HCI, Gly-NaOH #1 mcilvaine)X} [#fi#
HIRI . A4 HPLC 45 570 #1 (1Kl 6A), FE Tris-
HCI 22 A R T BRI FLAR TPA & it i
=, UEHATE M SE R T B R S8 &, Tris-HCI
5% Pl Ry o3 52 R
2.4.3 pH {1t

i 1.7 TR 7 E M B ICCG TR
75 °C, Tris-HC1 ZZ #{& & pH £ 5.0-9.0 /950
il %t PBAT(H) ) FEfRRCR . FiE pH 3G &,
ﬁjﬁ%@@ ICCG F%fi#% PBAT(H)REH TPA HLiA i) &5

e, B SCRSE S (K 6B), 24 pH 4 9.0 A,

ﬁﬁﬁzé’a TPA Hfkitik %, Nk pH
2.44 E/S 1k

i 1.6 BRI E M 1CCG 1R
75 °C, pH 9.0, Tris-HCI Z& th{A Z rh X} PBAT(H)
Wi A 1) B3 E/S G [ I 0V B2 R 2%, 1

B
80+
70+
2 60F —x— PBS
= —e— PBAT(M)
5 901 —v— PBAT(H)
5 40 —a— PBT
< 30t
20t
10+
0 A A A A
0 12 24 36 48
Time (h)

4 WHA[E PBAT F TPA BIFE GEE(A) K A RER ICCG M2 BAE TPA & EHIRMAIFEHE(B)
Figure 4 Mass proportion of TPA in two different PBAT(A) and the degradation of substrates containing
different TPA contents by cutinase ICCG (B). Each test was repeated three times in parallel, and the results

were expressed as “x ts .

&: 010-64807509

Bars marked with different letters are significantly different (P<0.05).
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TPA (mg)
[S*]
wn

55 60 65 70 75 80
Temperature (°C)

B 5 RERESHRE JICCG 4R PBAT(H)XY
=S NEA
Figure 5 Effect of reaction temperature on the

degradation rate of ICCG on PBAT(H). Each test
was repeated three times in parallel, and the results
were expressed as “ xts ”. Bars marked with
different letters are significantly different (P<0.05).

A T £ 1 T SOk i E Bl E/S). WRAH

e 7A Fis, 24 E/SH 0.4%. 0.8%F1 1.0%
B 48 h FEAFEIAR R PR TPA SR i JL-F-AH
[, PBAT(H)M AR ERE LA, BT DL RE
E/S N 0.4%. TEMSEIET, #ATIRYMR AL

fll

N'&Oa (;\1\‘J a\ﬂ

'35

Tﬂs’“ Ghy-

& 6

L 7B), HRR TR /DT 1.0%0,
PBAT 1) B fiff 8 A — 20 1A R h IRk R
T 1.0%I0f, PBAT(H) 1 R fiff 54 B 45 G P vk 11
THEBEREAR I LAAS B A 1A 2% 1) B i i ) ik
JER 1.0%, FEERN 77.5%:
3 Wil
H SR PBAT J& T4 W] A Ak, (BA BiF

FE R WAL R E 510 T A 68 38 B B 19 15 fit
RO, SEBR N FH A AR o L R A A U AN ERAR
PEAE , H AT X PBAT A7 R fff R30S (4 Tt [ 0 K U5
T N B8R ZE AT 5 (Clostridium botulinum)iy
fi& /i Cbotu_ EstA Fil Cbotu EstB™; VT mik
El%f%ﬁiﬁ?ﬁ%% (Humicola insolens) i ff It Jif

icBYy S YR T2 77 B AR BRI TR (Pseudomonas
pseudoalcaligenes) W TiEME PpEst™!; I F itk
& 22 W% +F (Candida antarctica) 9 g i B B
(CALB)PI%), X PBAT Y[ il i B IF A B %,
S B[] N ACXT PBAT 3 b /)N 1) B 1 460 2K o A
I, SR WX PBAT MR AR I B iy 2075 A ok
F8) ] At

A RE8 ICCG % PBAT(H)PE R MY & IiE & 4R L B (A) & &E pH (B)

Figure 6 The optimal buffer type (A) and pH (B) of cutinase ICCG for PBAT(H) degradation. Each test was

repeated three times in parallel, and the results were expressed as

are significantly different (P<0.05).
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“X s ”. Bars marked with different letters



TH SR YRR O A — R T AR A

A —8—0.025% —®—0.050% —4&—0.075% —v— 0.100%

[ —#—0.200% —<— 0.400%

1 | 1 | L ] 1
0 12 24 36 48
Time (h)

ow]
L =\ T B}
o f=] (=] o
T T T T
(=2

(5]
<
T

(o]

20F d
10

PBAT degradation rate (%)
N
o

Substrate concentration (%)

7 FEER ICCG X PBAT(H)FE MR IE E/S (A)FN & 1B IKRAK E (B)
Figure 7 Optimum E/S (A) and substrate concentration (B) of cutinase ICCG for PBAT(H) degradation.
Each test was repeated three times in parallel, and the results were expressed as “X s . Bars marked with

different letters are significantly different (P<0.05).
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