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W E: afbRR R K F B8 L =B (polyethylene terephthalate, PET)4& ) iZ A T & & K.
R QA G RRFAR, BEEARRY R) oM, KA EH PET RAHERT & 6K
TR FRRT. A AEMBEEN PET RFMAATHER, TR 4477 BAF T A) R 2 3t
TR FTREENERZ TG —, LP X402 PET KMGEEMIENE, MR _FRR(ZTKR)
fig (bis (hydroxyethyl) terephthalate, BHET)Z PET A 4844 69 & 18] = 4p, 3 E A ZMR4%| PET /K% B
e E e —ANE Z W &, BHET Kifsfe PET /KEBE 69 BL A #64% A PET 9 B KM %, kIR
T ok A AAT B (Hydrogenobacter thermophilus)4 3 b 1 B B (HBHETase)* BHET A % 3 /K g 2%
R, ¥z KIAT & (Escherichia coli) P #ATE R X 4itv e, sTHLBEFHRHITT R, 4
R I, HBHETase &} 42 8 4k 69 B K 4o 2 A K KBy T ER BE 40 7E 148 %, HiBHETase vA BHET 4
JRAP B 0 RIER . pH /A iR E R LB E 5 A 5.0 F= 55 °C; ZBEA BATF e #HA8 T M4, 2 80 °C
QAT 1 h B REARFF 80% A LiEHE, Bt T RIFeIMAZE M, HBHETase A /£ PET 2 A+4
MR T AL T, RBER A A W Bk TEfF PET RAE T #0955,

SR AR R LR KRR AR AN 8RR

Expression, purification and characterization of a novel bis
(hydroxyethyl) terephthalate hydrolase from Hydrogenobacter
thermophilus
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Abstract: PET (polyethylene terephthalate) is one of the most important petrochemicals that is
widely used in mineral water bottles, food and beverage packaging and textile industry. Because
of its stability under environmental conditions, the massive amount of PET wastes caused
serious environmental pollution. The use of enzymes to depolymerize PET wastes and
upcycling is one of the important directions for plastics pollution control, among which the key
is the depolymerization efficiency of PET by PET hydrolase. BHET (bis(hydroxyethyl)
terephthalate) is the main intermediate of PET hydrolysis, its accumulation can hinder the
degradation efficiency of PET hydrolase significantly, and the synergistic use of PET hydrolase
and BHET hydrolase can improve the PET hydrolysis efficiency. In this study, a dienolactone
hydrolase from Hydrogenobacter thermophilus which can degrade BHET (H/BHETase) was
identified. After heterologous expression in Escherichia coli and purification, the enzymatic

http://journals.im.ac.cn/cjben
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properties of HtBHETase were studied. HtBHETase shows higher catalytic activity towards
esters with short carbon chains such as p-nitrophenol acetate. The optimal pH and temperature
of the reaction with BHET were 5.0 and 55 °C, respectively. HtBHETase exhibited excellent
thermostability, and retained over 80% residual activity after treatment at 80 °C for 1 hour.
These results indicate that HtBHETase has potential in biological PET depolymerization, which

may facilitate the enzymatic degradation of PET.

Keywords: bis(hydroxyethyl) terephthalate (BHET); hydrolase; expression and purification;

enzymatic properties

B IR 48 DL A A A0 R U5 Y FRLACA
BhiE ok R S s S5 & T REY, R
2 ¥ kL XK W iR & — I g (polyethylene
terephthalate, PET)P i FH A BB R 138 H )™
IR Z —. PET MEBRFEHEECDEL
6 000 J7 t, {XIKTF I Z K (polyethylene, PE)!,
PET Hi %] & — H % (terephthalic acid, TPA)FI &
" (ethylene glycol, EG)i# 12 i #4541 B, , 78
H AR IAEE T XE AR A W) S e i, R SRR
FEY AR B S B T B E RS2, PET 98
AL %) ] WSO PR 488 i FH 3 AN [6) Rl 43y
U511 k= 1 R ) g = W S5 7 4 |
Wk & H TR R ROy X (B RSO Pk
REFEAR, HMERIZBRTS ALY, SRR
Hs Ak 2g e ab 3 ) FR 75 AT ML 770 RN 4 v i
B, B AR Y, SBUNAE R £k
UNSY e S R T NS e e d =S S RN XN
PN AV 1y 2B

IEAESR PET S5 HURL Y A5 Wy 6 ik AR5 8k 6
ZI I, 152 PET BB}RE i Bk i ik A1 48
W2k, WEREE (esterase) . g i (lipase) 1 £f it
fifi (cutinase) 145 , 3k H 2RI L i (Thermobifida

Sfusca)WJ 15 TfH (Thermobifida fusca hydrolase)
R RARIE N RER SR PET ¥RHGESS; L PET
R FEE R FIME — R UR Y PET R 14
Ideonella sakaiensis 201-F6L b7 1 A 38 e} i B8

&: 010-64807509

FHCAINE, IsPETase AR PET MR AN B,
20 XK IR B (5% £ ) iR (monohydroxyethyl
terephthalate, MHET)/K f#fifi IsMHETase HJ{E
H, B840 TPA il EG BLAK, SRUE T AL
P 2 35 DR A ) Tl LCCH 2B IR P ZE 10 h 1Y
DAPR A e ik PET. PET ¥RV Wik R
A A FRLA 22 [l WS AT R T A S
A, DN BRI FEY) TR AR R ] o ARk,
PET UK fift ity ) AL AL . 4548 D RE G &R AE
] B S O AR S @ R A, B 2 H
A S 22 AR RO SR R (R L
JE)fiE (bis(hydroxyethyl) terephthalate, BHET)A!
MHET & PET i i fif R i) 2 rp A, A
PRSP PET 7K fff i 14 [k fige sl U114

SE 24 T 97 o0 1 e 2 A LA . BHET JK fiff i
AT LK BHET 43 f% 5 MHET Ml EG, Fif—2
Kk BAR TPA 1 EG, A Ji 2 B A [a] i LA %
B AR B o RIET PET BB AR 1
Ideonella sakaiensis 1] sIMHETase!® B J=E-NI4
i A B B (Comamonas  thiooxydans) Fl = W 7
(Hydrogenophaga sp.)f) MHETase 2511
FBORVE TP M N AL Mle0d6 S5
YIRE/K % MHET, AR 54K TPA Hl EG.

¥ RE W i K 58 PET 1Y PETase FIKE fift i 6
MHET {J MHETase #17414, FILAfE PET fiff
foE AR E ", XA T PET B3
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A R IEER RN

KN N TG i (dienolactone hydrolase) )& T
of/B KRS, TEE MBS 5 06 5 AR
WL, EARSFHY Cys/Ser-Asp-His =Bl 4k #)
BTEY R eV A BOR 22 5%, KA L
JIE 177 Tk B0 ] T /KA A B/ N IS, RO X
KA AT REAATEREXT 40 6% PET FEMFrh 0] ™4
A ERAOR NG . TERTIIXT PET [ B AR OC
TAER LA E, ASBIF 5T X0 S0 P9 B B R T T
VEIZ IR, kIR T WE AN R (Hydrogenobacter
thermophilus)i) HIBHETase fE/Kf# BHET, X}
HR B il 5 3647 1 W 27 P Bt S R Re i 1
9%, M IE AT PET Wi i 28 InIS 28 1 JEhilf

P

L1 #
K Wi ¥ Wi (Escherichia coli) BL21(DE3)

AT A dL s X S EMEARARA
wl ;5 N BE-B-D- i AR 2F L% T (isopropyl-B-
D-thiogalactoside, IPTG)W A b & 3K ERHH A
BRLZA vl 5 0ol 2R DN A TR B o6 Je ) 1 4 397 B 26 )
Bl By A B2 7] 3 BHET (C1Hi1406, Mw
254.24 g/mol, cas: 959-26-2), TPA (CsHsO4, Mw
166.13 g/mol, cas: 100-21-0)lJ H Sigma /3 A ;
Xof il B R T N At R 38 Sy [ 7 43 4k
1.2 FiRiaig

N i i A M B 2005 7 (tobacco  etch virus,
TEV)E§YI {7 5 HBHETase & [H ¥ 51 €K
SR PEAT AN, JF D] pET-32a 2K |, #5
1iC N pET-32a-TEV-HBHETase.,
1.3 HfBHETase F5I 517

FR4f £ %089 HrBHE Tase %L/ FF 51, fili
ExPasy 7EZk 1. H. ProtParam (http://web.expasy.
org/protparam/)Filill T fi# HBHETase HYEACH]
e R, FFF NCBI (www.ncbi.nlm.nih.gov/) I
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EHEAT P Xt SRR FEEM TS, K5
ffi . MEGA %K {4 LA % # 7 (neighbor-joining
method)#y & HBHETase & Gt .

1.4 HfBHETase RiRFRiALL

WMy 4719 pET-32a-TEV-H/BHETase J&i
HikE A E. coli BL21(DE3)&3Z 5400, i/ LB
(Luria-Bertani) 535 5T 37 °C J53£ & ODeoo
4 0.6-0.8, Bl J5 B3R 2 16 °C #5111 0.3 mmol/L
IPTG 5% 20 ho BE.OUWEERMKE, FHSH
25 mmol/L Tris-HCl. 150 mmol/L NaCl Fl
20 mmol/L BKM: (pH 8.0)F 2% nh i F £ 41 i
JG, TE4°C &MU T T R, 17 000xg
R ELG 1 h BRI A, AT BRI
fi I PR 3 2R 1 5T U AH J2 AT &R 4t (fast protein
liquid chromatography, FPLC, GE Healthcare),
LR F SR FE TR (NI-NTA) S aifl . )
afifb )5 B B R A S TEV B 45 2%
PR 1) 2 2 R (6xHis) Al it 48, 16 & M (thioredoxin,
Trx)br%s o BTG 4T Ni-NTA S5 FZ ik
— ik ek, EJARIE R B E D S WA
F 25 mmol /L Tris-HC1, 150 mmol/L NaCl,
pH 8.0 B9 2% vh il o 38 2 = e JE i PR M 3R
N I I B BE S HE VK (sodium  dodecyl sulfate
polyacrylamide gel electrophoresis, SDS-PAGE)
SHTEE B AR IS O, IF T BCA 50 &l e
BB EL . W4 5 1 A B R AF T-80 °C,
1.5 HrBHETase X} BHET HU/K B L E
1.5.1 KEEEMVIZEE

BRI AL ) Ik BHET BFES ik K, B
100 mL 100 mmol/L Tris-HC1 £t (pH 8.0),
AT g BilebE, BOBom#E e 2R, A
ifhr BHET Ak, RAEFEIREE 2, 20 mm
AR, R ELEERE S BD R B BHET SRR E -
Mo TE~FAR B2 R /NL T4 AGE S E, LA
ANFEEGWRMFAE RS AXTIR, T 30 °C 18
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TR, AR A KA B A
1.5.2 BHET HI7KBEF=457 th

DL 5 R0 W A €0 3% Wi 4 F HIBHETase
BHET /K fi# %) . i i1 100 mmol/L Tris-HCI (pH
8.0) W & vhi , Eiil 1 mmol/L Y BHET ¥
(% 20% — HI OB ), B 990 uL /EN R
JIEH), BN 10 pL @ EE 1, 400 r/min 2V 24 h
2 022 pm EMPELUES, M SA Welch
Ultimate XB-C18 #(4.6 mmx=250 mm, 5 pm)H9J
Agilent1260 ERGR AR (41 2 4t (high performance
liquid chromatography, HPLC)Z» #1. & :
30°C, WaltH: 19%MZIE, 81%H FRK (AR
FOE W, W 0.8 mL/min, #FFEHEE: 10 uL,
KA . 254 nm. B IFAT 3 AT
1.6 HrBHETase FIEEZ 4 RS
1.6.1 SEMAUNZE

Xof i B R B - R R I 7E , #% 27.62 mg
XA AR B % T 100 mmol/L Tris-HCI (pH
8.0)ZZ Wi, AL 2 mmol/L BRI R BRI
[ ¥k J%(0.05. 0.1, 0.2, 0.4, 0.8, 1.6 mmol/L),
WIZE ODso 16, MZMIRMERZ T, DIOEE
PNABR, X SR B R B R R AR AR, AR
HERHZR

TR R - LA B A AN TR 4 R ) %o i
R SR VA TR IR (100 mmol/L), L35 %F
B LK B LR TR (C2) . XA IE K T BRTR (C4) .
Xof il 5 By o IR 6 (C8) . XoF filf ik i My 2% 1R Mg
(C10). HARERRES(C12), I 28 i 5o v 1k %
R R S 1 mmol/L ., 2 W AK & BT F 2% nh
W} 100 mmol/L Tris-HCI (pH 8.0), J2 i iifAk
FUA 200 pL, BRZS FXTREIN 10 pL ZZ vhiish,
FES AT U I 45 HrBHE Tase , 2 18 SCRHR[18]
4 75 I )il 6 2R W B it TR T B (U)
FESCRHIE W AR R A 1 min 7242 1 umol X fiF &
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IR T 1 1 i (mg)
1.6.2 &RiER M EFHRAREENAR

TPA il Ze 8 57 - Fid il 0.01 mol/L TPA
ST R RN 500, 100, 50, 10, 5. 1 umol/L,
Z M 1.5.2 W AR Ry ik I e 2 )
TPA W& HE, S SO ARSI i i 7 e i AL
WL Z R R bR E RN 2 o A4 TPA brifiE £k
THE ROV AR R B2 Ik B, BT [ i 3
AT 3 WOPAT L, SEI A RO H{E .

Tl W pH A E : DAIARTE] pH 9 2% il
BC W, & 7E pH 4.0, 5.0, 6.0, 7.0
(R A —N-Fr IR 22 /i), pH 7.0, 8.0, 9.0
(Tris-HC1 2% MR A KW AR & i RN 48 h fif
Hofas Je v pH AR, [ EE A 50 °C.

R 3 SN I B A 0 < 4 AIAE 30 35, 40,
45,50, 55, 60. 65. 70 °C &MF, WA
TAN-FTRRZE b (pH 5.0) AR R, BN
48 h, iffi 0 il R IR

PFEE AT B T EAS R (S5 60,
65. 70, 75. 80, 85°O)&MTFE 1h, R
12 000 r/min 5.0 10 min, S {#fH pH 8.0 By
Tris-HCl 22 M, M b3 ik ax 0y S 1k
3BT i 1) IR 1

2 ZERE54

2.1 HrBHETase ZZHEMEBUXMRE RS H#
&)

HtBHETase % 1 NCBI & 554 BAI70261.1,
ZE MRS T HN 26.4 kDa, SFHLEN
5.21, 7€ NCBI B M FiF47 BLAST Hxi45 5]
[i] 5 = FE R 7 51 38 1 MEGA #04 0E 17 R Ak A
53T

LR BT (B DB, IR T 1g B AR R
(Hydrogenobacter thermophilus)iHtBHE Tase 5
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PR & (Thermocrinis) i) WP_079653268.1 [F]
U6 VE B ik, 5 R M W 8 (Acidobacteria) 1Y)
MBN8724478.1 . K Bk 1§ J& (Myxococcota) )
MCL4686336.1 3535 4 5k R AL . A& F I
J& T XM N TE B % % (dienelactone hydrolase
family, DLH superfamily), E.45 #LAI () o/p 7K fiF
il 17 28 S AR SURT DR ST (0 i Ak — R 254
2.2 HfBHETase I EHRILL L

HiBHETase 25K ik)5, BIER AT
Wew, B0 a BV BB, Z e e 1R
MBS T AL, WS 1 D alifb e Bl n
5%, M TEV BT I AR%s, FaE 728 2 2020
aifeffibrss SEA . 4ifk/50 HBHETase
A SDS-PAGE #EAT50#r (Kl 2), #ei Jm I T )R
LA

M8 Bradford 3L IE S H WAL, FF LAY
Bl BE R TR T Sy JiS W 4 ol 0 AL 1 9 5 4 Tl

W& 71, S54SR A alifh o R 0 [ iy
63.3%, AR 64 (% 1),
2.3 BHET KEREEMHVTEELER

B I IN T HBHETase ) BHET 37 l§ F- 4
TE 30 °C iltE 10 h J5, {4 A sh B 8 i
AR BT RE TIOR3 B, W
HtBHETase (1 5) 8 7 B Aok, HE2
294 1.4 cm, A€ HBHETase (1) BHET
IK G E o

BHET Ry/Kffd R 4 pros, b fdd =
4 MHET. EG, ®Z)"4 TPA.

XF e A50RE i 45 R (D 5) AT o A,
TPA s b 76 AR [R) 4G 2% 44 0 £ B3 B 1) A
9.5 min, K FIWrsZERZH 9.5 min FfiIT i H 89
YRl TPA. Xf BRZH A INEEHEA TS g, R AE
18.6 min Hfi i BHET, MisEi4]c# BHET
THFESEEE, T MHET R488)4l 5, Kt A

00 [ Hytrogenobacter (QWK19313.1)

98

1_L
99

Thermocrinis (WP_ 079653268.1)

(BAI70261.1)

Hyadrogenobacter (WP_ 096599907.1)

100| “—— Hydrogenobacter sp. (WP _173833150.1)

—— Thermocrinis sp. (WP 029552153.1)
100 Thermocrinis sp. (MCC6063525.1)

Aquifex sp. (RUM32304.1)

0L quifex (HHI64342.1)

Actinomycetia bacterium (MBX3284672.1)

100

100

Myxococcota bacterium (MCL4686336.1)

Blastocatellia bacterium (MBL8151650.1)

0.10

1 ET4PEAMER HBHETase RS Lt
Figure 1
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Acidobacteria (MBN8724478.1)

Phylogenetic tree of HtBHETase constructed based on the neighbor-joining method.
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S M Pure kDa

2 HtBHETase #i{L/5#) SDS-PAGE 731
Figure 2 SDS-PAGE analysis of purified
HtBHETase. S: Unpurified protein; M: Protein
molecular weight standards; Pure: The purified
protein.

% 1 HBHETase BI4i{L &R

TR €215 - [ FH 2 B A2 e R/ 755 3 B i K
L (LC-SPE-NMR/MS) X} £ B B [B] £ 13.9 min
A IR T SR, AR T 45 S (L 6)F Ik Ay
MHET (m/z, 209, [M-H] ).
2.4 HBHETase RIEEZ M R
24.1 EEBSEMRIE

DLXTAE BE R 8y PR TR (C,) « R AH LR T
R (Ca) o TAH BE AR - BRTER (Cs) . XTI 2R
T3 28 R iR (C o) Al H LR R (C o) MY, W 22
HiBHETase 7 30 °C. Tris-HCI (pH 8.0)% {4 F
XIARREY KR is o, 2538 7 Bos. w]
M HIBHETase X £ BRI 1T J1 85y, LAXT A 3
W 2 BRI ARG 718 5.83 Ulmg, i LA H
FERR IR A I35 140N 0.077 U/mg., 452R3%

Table 1 Purification of HtBHETase

Protein (mg) Specific activity (U/mg)  Total activity (U) Rate of recovery (%)  Purification fold
Crude extract 2 915.129 0.041 120.686 100.0 1
Pure enzyme 28.860 2.650 76.479 63.3 64

3 /N HBHETase /589 BHET ¥®f5F1R
1: ¥in HBHETase. 2: 45 [ 5%t ##

Figure 3 BHET-agar plates after adding HfBHETase.
1: Adding HfBHETase; 2: Blank control.

&: 010-64807509

I
HO-CH;- CHZ—O—&OC—O—CHZ— CH~OH

BHET
EG /1
0 i
HO—CH,~CH,; O—éOC—OH MHET
EG /1
0 0
HO—C@C—OH TPA

E 4 BHET W/KERNREE

Figure 4 Schematic illustration of the hydrolysis
products of BHET. BHET: Bis(hydroxyethyl)
terephthalate; MHET: Monohydroxyethyl terephthalate;
TPA: Terephthalic acid.
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200 — Experimental
) 13.910 MHET - Control
T 150t
= 18.621 BHET
2 100f
Q
E
5 5ol 9.560 TPA
O
2 il

ot

5 10 15 20
Retention time (min)

5 f{¥M HPLC % BHET MR =¥ {TEE
Figure 5 Analysis of BHET hydrolysates by HPLC.
BHET: Bis(hydroxyethyl) terephthalate; MHET:
Monohydroxyethyl terephthalate; TPA: Terephthalic
acid.

], HrBHETase X s 1 B 5 1 I P AL T
PR, Il NS N X Al SR B 2 R TR -
242 RERNEFHRHBBEMESTT

50 °C I}, A[A] pH X+ HBHETase {14 5%
AP 8 BT o ZE4IK pH 4 4.0 B, HYBHETase
JUFEA M, 24 pH AN 5.0 B, 16 1
KERE. Y pH EHFAE R 9.0 A4 EAE
— PR ARTEE o AN TR GZ v i R 8 ) 3t AT 5
Wi, QN [EFEFE pH 7.0 B, 7€ Tris-HC1 25 Wik - i
Tt 110 5 1 B TE B TR S - TR % v i P Y s
15, X AT RBARZE MP IR A S A3 2 S )

HiBHETase 7EAS[7] il B 1) S AR 2 A S )
48 h 132N & 9 BySEIRZE R . Bl SO IR EE Y

ntensity 170428 WT_50-1000 NEG_LG-MS_11_01_4055.d: -MS, 4.5-5.3 min #
1 500
1 000 2@?.9:451
500
213.0773 217.002 6
. Lo | ,
205.0 2075 2100 2125 2150 2175 2200 2225 2250
m/z

6 MHET FIRIZEE

Figure 6 Mass spectrometric identification of MHET.

o))

e

=~
T

]
T

Enzyme activity (U/mg)

oL, A v O
G, G, Cs Co Ch

p-nitrophenyl esters of different carbon chain lengths

7 HtBHETase 3 A~ [5] b % 4< BE B X A EL KB
B & M RAE

Figure 7 Characterization of HtBHETase activity
toward p-nitrophenyl esters with different carbon
chain lengths.
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Fhim, BERTE RS WG R, iR 55 °C B,
Mo PR e o DA R AR ST &, A T MR
WAL, YW N 70 °C B}, HBHETase fi%
PEOUCH e mid R = 2 — A4 . B AT e
Pl BHET WJEY), HBHETase HYii& ey pH
9 5.0, dpeid SO 55 °C,

HfBHETase Z AN 5 (55-85 °C)#Ab P 1 h
Joi, HIE ARk sE RAanE 10 frs . PR 55 °C
SRy Wi P Bl S R, RLEL 55 °C A FRJS 1Y
MG J10 100%. HEI AT, HBHETase £
55-70 °C AbBE 1 h5F 90% LA FEEIE J1. F
80 °C 4b¥E 1 h )&, BEAYIE JISBEIRFEZY 80%.
HMAE PR B T 80 °C ZJm, MG Jy s
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Ta- PBS-citricacid it 85 °C 4bFH 1 h SR HEIE 110N 30%, Bt
3007 % £ 3255 KRR 4N 4 . iy I T %61 HABHE Tase
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% 2 BHET /KEEESEA & N &5

Table 2 Source and reaction conditions of BHET hydrolase!"”!

Enzyme Accession No. Temperature (°C) pH Strains References
IsPETase GAP3837 3.1 30 7.0 Ideonella sakaiensis 201-F6 [6]

TfH WP_011291330.1 30 7.0 Thermobifida fusca [6,22]

FsC K02640 30 7.0 Fusarium solani pisi [6]

LCC AEV21261.1 30 7.0 Leaf-branch compost metagenome [6,20]

HiC ABC06408.1 70 7.0 Humicola insolens [6,23]
EstB MK681857 40 8.0 Enterobacter sp. HY 1 [6,24]
BsEstB ADH43200.1 40 7.0 Bacillus subtilis 4P3-11 [6]
HtBHETase BAI70261.1 55 5.0 Hydrogenobacter thermophilus This study

HtBHETase, i) 4 RIRL0 5153 T2l
W, TR A E R R B, TR
114 T8 28 4 %) il R R W 2, TR i 1 A 0 T M 3
o R LK BHET /K457 4 TPA,
iGN pH R 5.0, fedl NRER 55 °C, I
HA RFrm i, 4 80 °C A& 1 h
hRefREE 80% LA LIS 7, Tt #Ak K it B vk A
HF)F HBHETase 1£ PET [ [1 W R FH 5 1t 11 1o
FH .o JE 8kt %F HrBHE Tase 185 14 5 45 14 1Y
fif AT Rt — 20 R G4 /Rm HoK i BHET AUfE1LAL
T AR 22, I LAIE A AR S T Tl Jr 1] (1)
T P R
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