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B R(2-F LA K = F BR B8 [bis-(2-hydroxyethyl) terephthalic acid, BHET]& PET 4 ##id 42 49—
A Al e, &5 PET m%@ﬁaé’a/&%%é\ &, Amdrdl PET #—4 . BHb, RFHE
BHET M8, *tit—H iR & PET o)At acF AR A . AAFL @A RIS|MAINT —F &
BT EAFHELE (Saccharothrzx luteola) %5 PET MfgidA2 69 KBk B sle (ID: CP064192.1,
5085270-5086049) , - % AL 49 & & Ji T vA 45 BHET /K& A % (2-% T )& K = ¥ 82 A5
[mono-(2-hydroxyethyl) terephthalate, MHET 4=} X — ¥ & (terephthalic acid, TPA). ¥ BHET Kf#
B (Sle)id i & 20 R #5 £ KM AT & (Escherichia coli) ¥ 5tk &L, 4 ﬁ'ﬁ/ﬁﬂﬂ JE 5 A A -B-D-FAKF AL
#& % (isopropyl-B-D-thiogalactoside, IPTG)# 4R E A 0.4 mmol/L, % %Hﬁ‘kﬁ 12h, FHFBEH
20°C HEZEAMARXRERS. BT FAEMN. BT BN Fs LR BN 3 T Bk, K
1FT HehE 0 Sle TLAK G ; R BFxf B3 MR 34T T R4E, Sle I}ik/m/jifﬂ pH %% %4 35 °C #=
8.0, ﬁ 25-35°C #= pH 7.0-9.0 X [8] 1 AL PR+ 80% A Loy 55 A BaE, B4R BT Coo iR 5BaE 7 ;
H—FBER RSN A Sle AoMEMySIIF4, ZBE T =M B A BE /K #% B (dienelactone
hydrolase DLH) K &, B &1Z K3k LA a9 AL Z BAR, TR LA 042 5 4 %1 5 S129. D175 #= H207,
FT o T HAEAIIE, RE, FIH Z0RAE E 3% (high performance liquid chromatography,
HPLC) %% T iZ B fe 95 4% &% BHET 4 s MHET #= TPA, /& T BHET &M, KR A A
Bl ik & 24 & PET AR T 31 6982 50R .

F A B R =W B G —BRER(PET); W (2-% CHA)M R = F B B (BHET) 48, o B 4ifk; B
R
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Abstract: The discovery of new enzymes for poly(ethylene terephthalate) (PET) degradation
has been a hot topic of research globally. Bis-(2-hydroxyethyl) terephthalate (BHET) is an
intermediate compound in the degradation of PET and competes with PET for the substrate
binding site of the PET-degrading enzyme, thereby inhibiting further degradation of PET.
Discovery of new BHET degradation enzymes may contribute to improving the degradation
efficiency of PET. In this paper, we discovered a hydrolase gene sle (ID: CP064192.1,
5085270-5086049) from Saccharothrix luteola, which can hydrolyze BHET into
mono-(2-hydroxyethyl) terephthalate (MHET) and terephthalic acid (TPA). BHET hydrolase
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(Sle) was heterologously expressed in Escherichia coli using a recombinant plasmid, and the
highest protein expression was achieved at a final concentration of 0.4 mmol/L of
isopropyl-pB-D-thiogalactoside (IPTG), an induction duration of 12 h and an induction
temperature of 20 °C. The recombinant Sle was purified by nickel affinity chromatography,
anion exchange chromatography, and gel filtration chromatography, and its enzymatic
properties were also characterized. The optimum temperature and pH of Sle were 35 °C and 8.0,
and more than 80% of the enzyme activity could be maintained in the range of 25-35 °C and pH
7.0-9.0 and Co*" could improve the enzyme activity. Sle belongs to the dienelactone hydrolase
(DLH) superfamily and possesses the typical catalytic triad of the family, and the predicted
catalytic sites are S129, D175, and H207. Finally, the enzyme was identified as a BHET
degrading enzyme by high performance liquid chromatography (HPLC). This study provides a
new enzyme resource for the efficient enzymatic degradation of PET plastics.

Keywords: poly(ethylene terephthalate) (PET); bis-(2-hydroxyethyl) terephthalate (BHET)

degrading enzyme; isolation and purification; enzymatic properties

XK~ H R £ — ¥ Iis [poly(ethylene
terephthalate), PET]&A: )7 A 1 T e 8 FH 5
REWZ—, il my R g, =
iAo OB, 2R — H iR (terephthalic acid,
TPA)#1 £, I (ethylene glycol, EG)if id lgfb fz
N A R (2- 2 2 F ) XF 7K R g [bis-(2-
hydroxyethyl) terephthalic acid, BHET], BHET
HE— B4R R A U B PET R R0 B PET
B BT R, 77 a2 SE i O HLAE 7 A
ik, Bk PET 932 T ol Ak A= 7, 4K,
HI T K5 PET A & HAA b 4t A SR 1B 1k
MrE s, Ik, fRAMEA B0, A SERIREE
G JRa N ()0

HHl, PET AR FLALFE 7 i AR KB )
B, AR B AR 75 Y ) 2 %) A BR BB Al Ok
W HE HE B R REIRIFE. T4k, BE
HAEYHORRE R, (A5 Y
FEIR PRI V5 YLy H R TR A, Uk
Yk i PET B)— RAOCHL= AR F 2% 14
B, BRI RNy BB TG HLn] A
TP BB R, ARUEY o B i R
P /K f g n] LIS PET Bf# 9 BHET, FL(2-B2 2
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Fe) X 2K — B R s [mono-(2-hydroxyethyl)
terephthalate, MHET]. EG F1 TPA %544y, MMifs
FI| 1 3k 2 B pAR] i — 2Bl e A, AT S B
PET AJRFLEIEISCRI N B, EAK A R
PIRTARE M PET LK U0 2= WHoE R s
SR R MK G gE R A YA R
O R 2 X T A 2R S A ) A T A
KN, PET (%% BHET F1 MHET [A]
FERERS 55 4 PRI ] PET /K MR BGRE /% PET Y
RE, HBL, WA R G VR XL UE PET
R f AT ERMER . Qiu ' T HA
BHET FEfi#RE A Y), SoREIFRIk 1 AH
POTREE , JF X HEgA e BT AT 7S, Bk T
% BHET K fif i /2 8 i /K fi# BHET — >R # 4
MHET, {45 MHET /K fif > 5L TPA Sk [ fif i
¥) BHET 1t , iAo 2 i il /5 ], 42 =5 PET
IKAE BRI . B AT L, R BHET 7K fi#
i35 PET /KfifBpIE MO BHE AL R 48, AT LK PET
A REARAR AL T Bl min s iR Ak
TEASCH, FRATWESE T — R IR T b
22 18 (Saccharothrix luteola) i) #T 1) 7K fif Tl F
sleo TIEXS sle BENFEATHARM R . F57RIK
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Moy afify, RAE T HE#VERT ., 8L 55
LN 43 % 2 H R I T 2% B ) A A0 TS A
M, ONIE S TRRNGE R T A, BAh, &
i R S AR 3% 7% (high performance  liquid
chromatography, HPLC)/fr, UEBH T Sle J&—Ff
BHET JKf#l, BEASTE—E 5514 T RE PR K A
BHET 4: /8 MHET 1 TPA, [FlIG, fER%, XAl
BB K R RS T BRI T T R R A SR RN A E
BB AR A St 1 A DR AR 18 A 1),

P

1.1 o8
1.1.1  FRALFE

K W ¥F W (Escherichia coli) DH5a
BL21(DE3), I H FE ntik EE A YR A TR
5w pET-28a(H) &k A i A SL 00 % AR AT
1.1.2 FER5

JRL/ N B B HGR R & . DNA B 2l 17}t
H &, W H Omega 23 1 ; R ¥4 N VI .\ T4 DNA
RN, W A AR TR CRE) A R A ] IPTG.
RAER, WAL TAY TR R ARA
Al B St BERCETUERE, WA GE A+
10 kDa #7E4, W H Millipore 23 7] ; MHET,
BHET F1 TPA, g H Sigma Al ; HAh #5713y
ot , W E E 2R RA RA
1.1.3 FEZHRK

24 fif 5% v (lysis buffer) : 400 mmol/L
NaCl, 50 mmol/L Tris-HCI (pH 8.0), 10% ({&FH
SO H

15 Uk 2% #p W (wash buffer) : 400 mmol/L
NaCl, 50 mmol/L Tris-HCI (pH 8.0), 10% (1&FH
SAEOTH M, 20 mmol/L BRm:

U Wi 2% vp K (elution buffer): 400 mmol/L
NaCl, 50 mmol/L Tris-HCI (pH 8.0), 10% ({&FH
B0, 300 mmol/L BEmME
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IR 2% #P¥E . 20 mmol/L Tris-HCI (pH 8.0).

FIi %M . 20 mmol/L Tris-HCI (pH
8.0), 150 mmol/L NaCl, 1 mmol/L DTT,
1.2 753
1.2.1 Sle FTiXFHAFHIHDE

LK SR Sle W74 B 4 MER A YR
BHRRA TS B LLUZ S A5 149 .
519 5'-GAGGAGGAGTTCCGGCGC-3',
514 : 5-GACCGAGTGCGGACAGGTG-3',
Hep FWsl Y& H BamH 11 Y) AL A
(GGATCC), T i#fsl¥ & Hind WK Y)AL 5
(AAGCTT). it 5 & f 4 X5 1 (polymerase
chain reaction, PCR)¥ 34 H i1y i Bt , PCR ¥ 514
Z N 50 uL. RN 98 °C A 30s; 98 °C
AP 10s, 54°CiEk 15s, 72 °C 4Effi 5 s,
3L 30 MEFR; 72 °C FELEMH 10 min, 5 F
9 H i Be 2 2k pET-28a(+) H R i 14 4
VI BamH 1A Hind TILHEAT BUEGYD, XL EG )
7 28 e Tl IR A gl Ak El, RV I R
BEE WY G ak Kk, H T4 DNA & e % 1%
5, ¥4 & E. coli DH50 1, PEEAHT& 5 42 5
R, WU U 35k BE R SO RE AR S I 0 O A
HA LR,
122 EHEEANFSRIERSBHEK

Wy IE A P EE AL SRR AR B E. coli BL21
(DE3)JE Z 2 4l il vp . S B 42 b 3 2 ¥k 2 Ny
50 pg/mL R\ R FRPAERSHR, &
A 37 oC 1OV W R L 1% L 91 32 Fh 5]
1 000 mL A5 FR s, TEMFSM TR, 4
600 nm YEFFEILF] 0.7 £ 4 W, VKA 10 min,
JE M AZHE 0.4 mmol/L 1 IPTG #17i5S
%35, fE20°C ¥ H 12h )5, 4000 r/min, 4 °C
B0 15 min KA 40", pET-28a(+)-Sle H
20 40 P FH 2% o vh i AT B, A 80 pL
50 mg/mL WA F B, 40 pL 1 mol/L A7 FY L fif
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It % (phenyl methane sulfonyl fluoride, PMSF)
110 uL B-#iEE LIRS . W E 20 min, T
o A MR B A I, B AR 25 1 T i
Y, BERESIEIEl 750 Pa A2 45, 4 min (R
PEEOLIET), BHZREBIERE AT, 4°C,
13 000 r/min 0> 1 h ZBRANELEE F o Ni-NTA
SEREMREAL A His 25 BinEE, #
FVEWCS ARG IR R Y Ni-NTA agarose
BHRIFORHATIR A F SR G4 L 4°CilRE 1 h
AT,

BWiJG, K aA E AR EEIINA 12 mL (1)
—WHEF S, B 2 A H A (column
volume, CV)IHIEZ G e M, e HE
PR ZE MR H R T WEEEIR Sle
EAL I RIBZE MR, SRR E
IR, B s, B B s ekt A T A
FEVEE, B Wb & R DR A AT R AR )
L 530 2% R T BE RS LU 2 AT . &
¥ alifb 5 0 R AR AR 4 °C B EIE— 20 M.
BVE W EE R BCA A7 & (Solarbio) il
o A E S HE Y, SDS-PAGE Zr#r H
PR 1R B Fn gl e
1.2.3 BEgiEMNE

FIH Palm 25RO T8 i ) FH a3 A e 1k
N 5 ARV I 18 2% o SR PR 2 43531 0.1 mmol/L
BHET. 0.4 mg/mL ¥ F1 100 mmol/L Tris-
HC1 28 0P8 (pH 7.0) i S W AR R b4 T4k, R
35°C, W 3 he 3h JFHUEHCE 100 °C FFKH
Ak 10 min Z 0k RNV . BT AT SRR AT 3 AN E
i, 2 PABRAIEESN, HAR M SRR A R
124 Sle ZiERMEEMBRBEM

BIETREENAE . 76 25-60 °C HITEFAN, Ml
EFE IR , R g B S R E N 100%.

EEENE . MR BEER Sle BB E T
25-60 °C 4614 T A% 0.5 1.2 h, FEK¥ 10 min,

&: 010-64807509

BLDBEUUE, M 1.2.3 ik geAT RS
E, LL4°C BEHEBE N 100%.
1.2.5 Sle &i&&k M pH 1 pH f2E %

fzid O, pH 2 : A 100 mmol/L [ MES
(pH 5.5-6.5). BifR+h(pH 6.0-8.0). Tris (pH
7.0-9.0) . HEPES (pH 7.0-9.5). H % % (pH
8.0-9.5) 2% mhiA T 100 mmol/L Tris-HCI £&
PP (pH 7.0), LABGE fe =i 48 100%.

pH FE MM : FH R ASH pH ZE vl
RHRR 2 AW, f£4 °CTFHEF 1 h, Wl
TEFRAREETE , LABGS i 8 100%.
1.2.6 £EETXI Sle BgELEMERN

£ 5 mmol/L MgCl,. CuCl,, BaCl,. FeCl;,
CoCl,. NiSO4. ZnCl,, AICl;, MnSO,. CaCl,
IR WAFHEEMAT, AR 4 )8 &7 X &
4 Sle HEALTE MR . BV M E7E pH 8.0
135 °C KM N AT, — DA 48 B
118 S50 AR ST 6 P B o
1.2.7 [RIEFEMES R

W B Sle 5 KY 40 PET. BHET
F MHET #4174k S g, DAZE7™ ) TPA % 0k
TR, WX Sle XHERPIMMILERENE.
T TSRS, SONAE S A 10%0) — H 3
MEARAY S AR R AT, HAB SRS R RO
Jrik—3k, BSOS E N 100%.
1.2.8 Sle BUEXL =4

KB H HPLC #EATH W50t , 4 K&
B K L 12 000 r/min #5533 8.0 10 min Ji5 ,
0.22 pum UEMELIUE, #ATEIEHT. ARG
St A ShibREes, C18 H:, HHSRIMEIES, i
49 0.5 mL/min, RFH 60% (HFLH0/ 50 mmol/L
W — SRR 40%AY B VA TR AR R i 3h
AL AR BEE N 35 °C L 7E 240 nm I KAMSI TPA |
MHET #1 BHET, JfiEidpnifEthSCiie i, &
L4 MHET H1 TPA () Sl RS
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129 [EIREER 7 F 3z

M NCBI Bdfa FE 8 &R Sle By @SR 741,
A% = R PR M 3 SWISS-MODEL Hr, 453
25 78 2 LR 7 4 1Y 25 1 BT — 4 4 R T 25
. 1jfr. 7W66 Fl Tnei, ®FHE AT BRIP4,
I KA = AR B AR AP ] e
M PubChem (45 )% H T~ 2R ¥ /N4> F BHET 1)
—YEZER, /A7 A SDF #53(, H OpenBabel &
454y PDB A% 32X, 1] Auto-Dock-Vina T. H:
X Z AR AR VEAT pdbqt A% . & it
BT AL B, NS SO A o X AT,
e E] BHET XHEA M, B8 A PO
BEE A O A AR, 0 A% Dok AT B I 1 DX
B, WRM R P S st G5k, ¥
TARNEER HiZ B 150, WHEBER M 100,
e PE A S RIRB B R 25 000 000, HpZ
BOEBEEOME . f 5] Pymol B X LA
F 7 SR OB IR 5 R A T 407 -

2 BER54

2.1 pET-28a(+)-Sle = 4A R i AYLEIiF

P PREL ATV SR T Y% PCR AT IR
IE, 83877 —2%0.8 kb A4, 5 HMHE
PR R /IN—2 (B TA) 5 SR 5 T BR il 4 P 1) il
BamH IFl Hind NN EE AT #4730 Y), &
1B AT, 325K/ N5 0.8 kb il 5.3 kb
PITEME A%, SRS IR —80G B b ik
I 28w B6IE 8 IE ), Sle B4 ORI BRI
2.2 SleiFSRIEEH MK

Xf Sle HEAHE M MWEREESRBESMFHTT
W, AR R (6, 20, 37 °C). Al
%S5 IPTG (#EE0.2, 0.4, 0.6 mmol/L), A
[ SAFE (10, 12, 14 h)A &M T RxEN,
e B P R R, AR LS
WA R —E AW E @ Image lab JKEE 43 HT
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SDS-PAGE K, 15 HFrEHMWE . HEl 2
AN, FEJRE 20 °C Al 0.4 mmol/L i IPTG
ETHES R2hEFET, RERPEHOEAK
JE el 0.46 mg/mL. HIEAT WL, &, &
R B S, AR R TR
FRIE R, BEoRE R =45 A,

A kb L. 2 3 B kb 1 4 5

6.0

6.0
1.0 1.0
0.7 0.7

B 1 &% PCR (A)FEEHIRIE(B)

Figure 1 Colony PCR and enzyme digestion of
pET-28a(+)-Sle. A: Colony PCR. 1: DNA marker;
2-3: Colony PCR. B: Enzyme digestion of
pET-28a(+)-Sle. 1: DNA marker; 4-5: Double
enzyme digestion.

s o o o
N o e |

e
=

Protein concentration (mg/mL)

o
o

Induction condition

B2 TRESZFHTAIEEENRE
Figure 2 The concentration of soluble Sle under
different induction conditions. 1-3: 16 °C (0.2 mmol/L,
0.4 mmol/L, 0.6 mmol/L); 4-6: 20 °C (0.2 mmol/L,
0.4 mmol/L, 0.6 mmol/L); 7-9: 37 °C (0.2 mmol/L,
0.4 mmol/L, 0.6 mmol/L).
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TE il S E RN R AT 2R ) 2k
BRI, SEOA 7 R R T A TS,
A T A TR AR . it AIE S
R | AT B RIS S B ) S5 S A X B 1
R IER T & A i R R BT
2.3 Sle RIXEHKN DB
pET-28a(+)-Sle H 21 £ [14¢ Ni-NTA JEFI {1
Tt 4lifb 5 SDS-PAGE 25 R4nE 3A fiw,
FIn] I, HERE T A T e as, (H)2
A R4 AR 1A 15 T B DL R T XA
e, BREAE & RK/NME 25 kDa il 35 kDa
Z AR ERE, S5H{EQ27.8 kDa)kEA —
o ZEXFE AT TS, SRR

A kDa

75
55

45
35
25

15
10

@}

1 000

800
I Sle 27.83 kDa

600 ¢

400 f

200

Absorbance at 280 nm (mAU)

0
10 12 14 16 18 20 22 24
Elution volume (mL)

3 #hi{kHy Sle B9 SDS-PAGE EREREE Kk 9 47
Figure 3

Sle 27.83 kDa

A A 0 1 N S L UR e A T A Ak, g5 R an
3B-3C Fin. il e et 2 alifh, 155
TAEREN Sle M, JFERAME RS,
A AEH . Fi, fEE 7 EZraifn
S ke DA E R SR Yy Vi WL X A
WK 3C fiR, 453 SDS-PAGE 43#7, K15 T
FAEEE R BARER T, SR AR (R T R
JoT FRAEI 2 DA R A b S5
2.4 Sle FHIHURN R = H i E M F
1L BRI

ARG R M R sle JE DR 45 2K 1 5
JP 915 O 4B 1k A AFF I Enterobacter sp.
%) BHET J/Kf#fiE(MK681857. 1) A R A

w

1200
1 000
800
600

400t

Absorbance at 280 nm (mAU)

200 ¢

20 22 24 26 28 30
Elution volume (mL)

SDS-PAGE gel electrophoresis analysis of purified Sle. A: Ni column chromatography. 1:

Sonication; 2: Supernatant; 3: Sediment; 4: Flow-through; 5: Lysis buffer; 6: Wash buffer; 7: Standard marker
8-10: Elution buffer. B: Purification of Sle by ion exchange using SOURCE Q column. C: Purification of Sle
by gel filtration using a Superdex 200 Increase 10/300 column.

&: 010-64807509

: cjb@im.ac.cn



2034 ISSN 1000-3061 CN 11-1998/Q 4=4# T #2244k  Chin J Biotech

15.61%, 545 Streptomyces sp. HB132 17K
A (WP_239580210.1)FIb 2218 Saccharothrix
sp. B 7K f# B (WP_230570991. 1) BIAR ST 143 51 A
77.13%K1 91.92% ( 4A).

Wi SWISS-MODEL fifi i 55 Sle 1541
R R 76.08%, 4 Jm i AY it it Ak A (global
model quality estimate, GMQE) & 0.87 #l
QMEANDisCo 4 Jmy 73 £ —0.3 12k 5T it -5
%5 & (Streptomyces exfoliatus) /) g i i SeL
(PDB: 1jfr) i bR S5, DA AR AR 2R T 7 [R] 5
B PR T2, X245 R WA (& BHET
/NGy FRERS S A F Sle AL =R 0 E Y

— AR B K 48, XHZR 25 A e N
—28.40 kJ/mol, %54 H HHEEN-12.38 kl/mol, X}
FERE H-34.95 kI/mol, Sle 19 & & W45 NI 4B
Jiis . Sle FHAZEHIH 9 4 o 18 . 9 4~ B HEM
ZNHHM . =Lt B, 5HALE
P U B T AT R m oA MR L, I R
AR o/ B-7K Af BT B IS 45 ) Sl R A fb — 15k
1A, Sle P HFAEAE G-H-S-M-G FEJ7 ., TG PENL
A EREE S129. D175 Fl H207 2H A (& 4C).
Sk — R Sle i 4} BHET BAELALHI,
FATR HAR BEAE #4717 4087, BHET 3 O
JiF5 Sle B S129 FHILTE ol — &5, K

93 L Saccharothrix luteola (WP-230570991.1)

Saccharothrix sp. (NUT97030.1)

9

LF Streptomyces sp. HB132 (WP-239580210.1)
63 Streptomyces fulvorobeus (WP-173312578.1)
r Enterobacter ludwigii (AEW74705. 1)

100 [Enterobacter sp. (MK681857.1)
6 Enterobacter sp. BWH64 (WP-048229798.1)

4 Sle UK FHAMESDEHR®B)FEMLHLREE(CC)

Figure 4 Structural analysis of the Sle-substrate complex model. A: Phylogenetic analysis of Sle. B: Sle
complex structure model. C: Schematic diagram of the active center, the catalytic triad center (S129, D175,
H207) and BHET are colored as green sticks and yellow sticks, respectively.
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2.3 A, YOI, M130 Fl W154 #4 i 48 FA &5 1
M14%, S129 YEREZEIH H207, D175 B
A FEL ff H 4k o 5 2210 Ak, Sle K A AT (R
SEHY A>T R (C240-C256), T Sle
HFEH C KAl —1 loop ¥, HEE AL IG
P A, R, R B i il 2
545 R 0 8 SR AR O, RE I 25 R I AR e
LSS, HE T Sle AR B Y AL L
TE AL, 33 A Ay 3F — 20 il (%) e 1) 48 o A 0
B T R A SE A
2.5 EEFEMRFRIE
2.5.1 REXT Sle FEM TR E M AR D

Pl BHET NIEY), #& LR EXT Sle 7E
25-60 °C %A T AL B E T T RAFHTY -
H & SA A[ L, Sle £E 35 °C /o i G HBE
TE 25-35 °C {145 80% LA b AR BTG , Bl I
FE TR BTSN B R R, 2R R 2 60 °C,
B AR TS HAT 23.42%,

AN, ZEETE 35°C LRI E 2h, BA
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Figure 5 Effect of temperature on Sle enzyme activity and thermal stability. A: The effect of temperature on

activity of Sle. B: Thermostability of Sle.
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