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Abstract: The widespread use of non-naturally degradable plastics is causing increasingly serious
harm to the environment. Reducing plastic pollutants has become the core of ecological and
environment management. Biological methods such as enzymes demonstrate advantages in
depolymerizing plastics with mild reaction conditions and recycling of depolymerization products.
However, there are few reports on the biological depolymerization of polyamide plastics. In this
study, by using 4-nitropropionanilide as the model substrate, we screened against our plastic
depolymerase library and obtained a Meiothermus ruber-derived enzyme (MrABH) that can
hydrolyze the polyamide bond. We expressed this enzyme in Escherichia coli and purified the
protein by affinity chromatography. Furthermore, we investigated the catalytic properties,
enzymatic properties, and catalytic products of this enzyme with polyamide as the substrate.
MrABH had good stability at pH 8.0—10.0, with the optimal performance at pH 9.0 and 30 °C.
The catalytic performance of this enzyme for ester bonds and amide bonds was similar. MrABH
can catalyze the depolymerization of PA6 and PA66 to produce monomers and oligomers,
demonstrating the potential to be used in the depolymerization and recycling of polyamide.
Keywords: polyamide; polyamide hydrolase; expression and purification; enzymatic properties

Bt (polyamide, PA), Bl«8 &>, J& T4
Rm T Ak, G R 7 55 A Bk
Bk I A2 45 M BT (-CO-NH-), # ILAY B8 k Jie
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PAGO), T H R A ABkE B AR
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gl BEFE e Tz R, O A S
T B I V5 Yt e e e E T

BRI, F I A o i 20 ) R B 5 32
P TERER AR, R OR R £ —FElS
(polyethylene terephthalate, PET)!' ¢ Hirhg{ 1
BE A K B HAHERE Y FA il (leaf and branch
compost cutinase, LCC)!'"”), HZFKBETE 10 h
A B A7 5B 90%E S ik PET JEH12%, : [mlli H:
i R 5 B FAA = ) % R — W iR (terephthalic acid,
TPA)HTAGIAEFI AT o H A e 3 i 2 Tk
R B TE /D, 2008 4F, ST I P TS
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(Beauveria brongniartii)f) i B Rk I8 T Rz
JE 1% 5 T (Nocardia farcinica) 4 19 i i 29k &
AT K ik PA6 Fll PAG6 S5 SR , 2 w1 JE L)
BRI, L4, Negoro 55 & BREKA1H FH 6-4
HEC RN — MK NylA® 6- 2B iR — 3
TR fi i NyIBPYAI 6-% 3 b B fIK SR 1A K figt 1l
NylC®, fE—E & Fal it PA6 (RRYIFE 1L
Sy HEAA 6-E B FRY, 2023 4F, Quartinello %5129
KA IR T 7 & 3 [ £ (Saccharomyces kluyveri)
1) — & Mg I i DHPaseSK i 1T LA & fff 45 il SR 1k
J¥ o BROK AR IEAN , T 53 48U A it A3k B O 2R
Jie LA SR AE T, ndd il AL MnPPT | K
& i A AL Y LiPPY5E

AR A ST T — R 5 PET 558K
S 1) 45 W D RE A s (R i Y, S TR
& PSR R . A T HE S R R R 2R A
Wi, DRSHORT B 3 P ok i SR IO e 1) i SR Bl LA
A-TiH§ e AT Tt R e A RS IR, R R e R i
AT e, TR EANE 1 RN . ASHIF ST
B —Fhde J5 T g 4 (Meiothermus ruber) ¥ o/p
KT MrABH , 1% B HAT TG B RO 5L, R LA
Wi SRk e o APt ek AT ik alidl, 1
AR S-S B R (liquid chromatograph-mass
spectrometer, LC-MS)% H: & i 58 It iz (1) 7y it
17 T3k, FFXHZ MR B AT 7RG,
WEH] MrABH A% 5% fif S e i b RO eI B, 7
55 i SR Tk f ) TG A Vs A ) o P (o

1A

1.1 M

KHFF# BL21(DE3)EZ A4 A b7t
2R BEDEAREGRA ] N HE-B-D-mA
L M H (isopropyl-B-D-thiogalactoside, IPTG)
Bt R SR A R R 1) 2R N4 T
B B 4 W5 AR RN IR A BR A F] ;. PA6
(FIXFZEEE 2.31) 1 PA66 (AHXSZEEE 2.60)0 H |
BT T A AR A A PR ] 5 O I TS
B I BAE B 27 () A Sy A PR FL s 4-RS SR DIk
M (CAS: 4850-93-5) ., 4-fiff 3 % ik 2% it (CAS:
18279-23-7) . 4-fifHEA KRR (CAS: 1956-07-6)
B | B B AR BR A A BRI AR
G T R AE AR dE ) A PR A F .
1.2 MrABH BFRIiE R 41k

I $ 7 (Meiothermus ruber)> 5 () MrABH
(GenBank 55 : WP _024050179.1)3t: K 2%
W G, RIS G RERBHE A R A
AlAMOF R pCold TF #dk ., HH4H Fiks
pCold TF-MrABH %1t % KI5+ BL21(DE3)
o PRBCRA TR R R T S mL 54 100 pg/mL &
NH % 2 (ampicillin, Amp)AY /MR L 7E 37 °C
FEPRH 220 r/min 5555 14-16 h; #HH DL 1%
Ptz 3] 1 L LB Rig¥Ep, 37 °CHEIKRH
220 r/min J555E ODgoo 20N 0.6, MIALHRE K
0.2 mmol/L i IPTG, F#lZ 16 °Cl5, W3Rk
16 h, 5000 r/min 50> 20 min YCHE 1A

1 BRER ARk R B Y i 1 R
Figure 1
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Principles of screening for polyamide hydrolase.
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FAE & T 50 mL £ 25 mmol/L Tris-HCI,
150 mmol/L NaCl 2z #pi (pH 9.0), ZefKik
FEATHRAUBERE G , B 4 °C 15 500 r/min I IG =
BELL 1Th, CHEHT RSk, [/ Ni-NTA
HRSMLSAEEMEN, HEA 25 mmolL
Tris-HCl. 150 mmol/L NaCl. 500 mmol/L Pf
M 1) 2 oPOB (pHL 9.0) BB FEVE R 28 11, H &R HI e
BRIk e B 15 3] 50 mmol/L I ] 58 4Pk R Sk
WAL BN, AME 8 10 kDa 1
IEEVRAE VNS W B B, R iR 4
50 mmol/L N,N- ¥ Z 3£ 1 % 2 (bicine), pH
9.0, fRAFT-80 °CFEHI.
1.3 BEEMR
1.3.1 BgSENEFE

4-TiSEE N BRI W R o, TEmERG R AR
FHF KA e R 0 1) A-A PR NN R o 43
RREAEZEAME R W, T 38 I e HEAE 405 nm
ARG RE B AR e 4- SRR 10 A L, A
MRS . LA 500 umol/L 4-fif§ JE 78 Bt 2K fie hy
&Y, A 0.5 umol/L 4, S 3h, 100 °C
Jn# s min, 2B B 200 pL 2 iR BT
96 FLAR Hr, It FH AR A SRS U OD s 19224k o
DL 1-500 wmol/L A B2 1 Bl N Y 4 6 4% fiie ol
VEARHE & .
132 RERESHARBEHESH

1£ 50 mmol/L bicine Z& MK (pH 9.0) 1, 4>
B E MrABH 7E 20, 30, 40. 50 °CTH 4k
A-RESE IR (G, % 8 H ol S N TR o
DU R G A 100%, 1A LA 2 (4 AH XS .

WiE MrABH MI#FR e MRy, o —E ol
fit 6 R ] 14 2% i P (50 mmol/L N,N- "3 23
HZ ., pH 9.0)7F 20, 30, 40, 50 °CF{Rild
72h, HF 2. 4. 6. 8, 24, 48, 72 h Bk,
PRIV A 28 50 05 I LR S o DU i ATl
FITEPE N 100%, FHEH GBS

http://journals.im.ac.cn/cjben

133 Hi&pH S pHIEREMSR

Be il ARl pH (5.0, 6.0, 7.0, 8.0, 9.0, 10.0)
G, A 30 °CHIN & MrABH Ji§s , I
fid W pHe DAl m G 100%, T8 HA
pH. A8 R X S

& MrABH (% pH o PERT , K — e &4l
fiti & F pH 5.0-9.0 ML v, 4 °CHLHE 72 h,
SPRITF 2. 4. 6. 8, 24, 48, 72 h HUkE, MNELL
MG . LARwl I ABEEIE 1R 100%, 15 HA
pH FHYFIXEEE . H pH 5.0-7.0 IS vl
50 mmol/L Bis-Tris Aitii#|. pH 8.0-9.0 Y4z mik
50 mmol/L N\N- 23 H &R H . pH 10.0 1Y
2w F 50 mmol/L Gly-NaOH Bt il .
1.4 MrABH P& EX N HZNE

MrABH W40 W 8 T2 50 8. 4351 DA
A-TEFE e AR e FN A-TE EOR IR R A IR, R
YN 0.5-500.0 pmol/L, 4351l % HAE 30 °Cifi
JE ST K SR I e 5 . BREEAY BB S o Michaelis-
Menten ZEX Ko, I Vi » BT 5 FER Y SpectraMAX
190 F1 SoftMax Pro 7.1 #Aff-Hf{) Michaelis-Menten
MR B IAS, R R 405 nm.
1.5 BRELBZAVESHE & AN E

PIERBE: PA6 1 PAG6 VENIEY, WIS
MrABH X SR W K /e . 78 0.5 mL %A
10 pmol/L #fiif Y 2% mif (50 mmol/L N,N-—-
BOEH R, pH 9.0) 31 A 5 mg 1 PA6.
PA66 ¥ (30 H), £ 30 °C. 1 000 r/min 514
RS ds

{iff F LC-MS X s iy i A 75 1 45 28 - HPLC
Bt £ S AH C18 #1:(5 um, 4.6 mmx250 mm, J Ji
Ultimate XB-C18), Rizf7AfE]% 30 min, Jish
AH A #4545 mmol/L NH,COOH, izl
B NG, JiE 0.8 mL/min, #EFER 20 pL,
R 210 nm, HEESH 40 °C, MS fiHfH
[y SR v
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2 EREGHN

2.1 MrABH 55|53 1h

MrABH 5 & F1 R 9 25 A AR 30%,
A AR L B 1 (28%) 1Y S 4% 45 | (Chloroflexus
sp. MS-G) ) PETase 202 (PDB ID: 7QIM),
i 3 Batch CD-Search #fi i€ MrABH fi %5 87-248
GAHETR P N AFTE o/ B 7K A SR TR ik DR ST 25 R B
A o/ KEFIERHATZ 75 L5 HT
ZERANE 2 FrR, MrABH B i AR ST 1AL
ZHEA Ser150-Asp195-His224, HA#{LFEIE Ser
B TFARST B FEEE A (GXSXG) . FIfH] MEGA
THE MrABH 5 O #08 SRR K Sl ) it 2 1 25
H E{HIX E M Bootstrap Method F+3 15 1 000 X,

2 MrABH fHftt o/ /K FREGHY R 5153 4h

PP p-distance A TR, TSR 1
Ji7R , MrABH 5 C 2 18 2 Ik e 7K it 1 1) ) 510 A
IR F 20.00%, XEEL5L K], MrABH &
— VA /B KA G IR AT %) 87 2 SR I e 7K
fitt T
2.2 MrABH ZEHFTA4L
TE R BL21(DE3)H %7 MrABH 474
AEAHITIHESRE, WIRBENEAZT
Ni-NTA GERUZPTEE BRI . BTk fE, &
SDS-PAGE ik, fiRBMHMER &S
RIS 4> (77 kDa) AR —E (F 3).
2.3 MrABH &i& pH & pH f2E 4
AR ZR 1 pH EL AR 52 1] Bt T 11— 1> G B[]
%, pH M8l s AL IR I i B RO, DA T

Figure 2 Sequence alignment of MrABH with other a/p hydrolases. 6EIC: Lipase Rv0183 from Mycobacterium
Tuberculosis. 3HJU: Lipase hMAGL from Homo sapiens. 7QJM: PETase 202 from Chloroflexus sp. MS-G.
4RNC: Esterase RhEst1 from Rhodococcus sp. ECU1013. 40PM: Lipase Lipl from Acinetobacter baumannii
AYE. Highly conserved AS regions are extracted from the known structures of the o/f hydrolase fold
enzymes family and the Ser-Asp-His catalytic triad are indicated by solid triangles (A).

&: 010-64807509
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x1 EBIREMNRBERRKEES MrABH WER
Table 1 Discrepancy of reported polyamide
hydrolases with MrABH

Reported polyamide hydrolases

Discrepancy with

sequences MrABH (%)
DHPase (PDB ID: 2FVM) 91.53
NfpolyA (WP_011209364.1) 86.97
NylA (PDB ID: 3A2P) 85.23
NylIB (PDB ID: 1WYB) 88.03
NylC (PDB ID: 3AXG) 88.50
FsC (PDB ID: 1CEX_A) 89.90
The_Cutl (PDB ID: SLUI) 88.89
HiC (PDB ID: 40YY) 86.91
Subtilisin (WP_015715621.1) 89.45

kDa M 1 2

80—
— —
60—
me—
et

3 MrABH i) SDS-PAGE &3

Figure 3 SDS-PAGE analysis of MrABH. M:
Protein marker; Lane 1: Crude enzyme; Lane 2:
Purified enzyme.

FEBALER . AEATEE KRR AR,
i E MrABH i pH G, LA 4-fl SE 9 RS
e Y, 7E 30 °CHYZ&/4F Tl MrABH 7£
pH 5.0-10.0 JEFEI N 115 PE, 45 R A& 4A s,
BEE pH BAKITE R, MrABH F i 16 2 i 7+
=, £ pH 9.0 B, BiGfm . Ik MrABH 1)

http://journals.im.ac.cn/cjben

i pH 4 9.0, 7E pH 8.0 Al pH 10.0 e fAH T
S 4350 95%F1 74%

E MrABH 7ER[E pH BfEt:, #
MrABH 7EAN[H] pH 28 iR R 22 H 4 °CTiCE 72 h,
3 S DU A [ s 1] (9 G o 1] 4B AT %1, MrABH
() pH Fa E L 8.0-10.0, ZEILIE A 4 °Cl4
f£ 72 h, MrABH MBS o] PR BF1E 80% LA |
24 MrABH @ BEREBEREM

T SRR G I EER R —, 4l
JERART, BEE IAK, SO R s HIR
SN R AR 4, S BB AR PR AR T
Xof i 2 o7 2 7 AR F S o I N AR R
MrABH X 4-fil§ J5 P9 kA e (1 /K ARG o 25 SR
E 4C Fi7R, MrABH s VRN 30 °C,
MR EEARSE TR, B SRR R, AT RR 2
T HIR S5 MrABH 751

%€ MrABH 7£ 20, 30, 40, 50, 60 °CF
IR E M, 25 5L 4n&l 4D BT, MrABH £ 20,
30 °C'F, HAARarivdese v, 2 Wit 72 he
{HAE 40, 50, 60 °CHAF T AT, 7E 40, 50 °C
JCE 8 h Ji, MrABH 584K 1 , MG MERk
TE 60 °CHiT'® 4 h, MrABH 542575 .

2.5 mMAZESH

539 LA A= 5 25 TG TR TR AR 4- i 5 13 T 24 Jig
SRR, IE T MrABH 193 129550, %
PEHOK fBR | e 22 57, 253k 2 P .
MINAF ) Keae . K BUERT LA H, H58 MrABH
W bFK R Ee e, {H MrABH XFFgSE | Mg
PR B9 2 7 27 ST W] — B g, IERTHK
i TOE B S S R S A RE 1 22 AN K
26 MREE

it 75 YRR TP G AR, DR BE R A
YK S AR SR Y, B 2 (Y B4R . MrABH 43
75 PA66 PAGTE 30 °C NI H 5 d,fdi I LC-MS
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& 4 pH FEEXT MrABH BY20

A: fgid&i pH. B: pH fEME. C: WIGREZ. D: RERENE

Figure 4 Effects of pH and temperature on the MrABH. A: pH optimum. B: pH stability. C: Temperature

optimum. D: Thermal stability.

&2 MrABH s hEEH

Table 2 Kinetic parameters of MrABH

Substrates Kmn Keat Keat/ Kin
(mol/L) (s  (mol/(L-s)

4-nitropheny] valerate 9.09x102 70.80 7.78x10°

N-(4-nitrophenyl)pentanamide 9.78x107 43.80 4.45x10>

XoF SR HP B A T M, MS SR B A
X, &R 5 s, 78 MrABH 1k PA66 1Y

S, A T R C R (mz=146.06) . —
R (MVz=244.18) . =R IkK(m/z=372.23), UEE
TRKEER PA66 1] B MrABH [ A , Ry Ba 1A
O MR MR Y. MAE PA6 W,
K T AR 6-2 3 2 IR (mVz=131.09) . Rk

&: 010-64807509

(M'z=244.18) . —FRIK(M/z=357.26), XLLZER
BIFE, MrABH n] LIAEALRE R SR e, A o
RITERY)

3 WREER

Biti 5 SERL G S T2 N, X AR IR R
PR LSRR B Ry L DAL Ik A R A A T S T PR
KA AR A HEME X . EJLAF
REg RIS PET 45 09 £ WAL I i 15 21 17 -
WOk JE, TR KA LA PET 9B B
(esterase). A5 Wil (lipase) I ff it i (cutinase)
%, Can] LU G o BOUR 35 5% 5 S ik i B i

B<: cjb@im.ac.cn
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E 1 000 ’> ‘ m/z=146.00
0 | | | | | | I}
OL L 1 | 1 1 L 1
3711 3712 3713 3714 3715 3716
m/z

5 MrABH k% PA66. PA6
JZ N W H LC-MSS 4%

2 oooF oo
1 000
0= e R -
OL i 1 1 | 1 1 1
356.0 356.1 3562 3563 3564 356.5
m/z

A: MrABH ik PA66 2 )W i i) LC-MS %5 %:. B: MrABH fi{k PA6

Figure 5 Hydrolysis of PA66 and PA6 by MrABH. A: LC-MS analyses of reaction solutions containing
MrABH and PA66. B: LC-MS analyses of reaction solutions containing MrABH and PAG6.

(14 BRI e B B/ IN IS P 5 o R 0P i SR PO, I
A, KR E R YK (polyurethane, PU)RFHILA A
DHRIE, AR ZH0W PU KRB IRAERE, anff
JFEF(CpCutl . HiC. LCC. TfCut2. Tcurl278.
Tcur0390)P*°° | g JIij i (PueA . PueB . CR
lipase)** 1L K Fig i (PudA . PulA | E3576)14,
XL R 3 1 K A OB R TR SR B % PU
PU 1) 2 Sk FF IR T 2 141 5 DA Ay 2 T /R T e 1Y)
WA, ARSI 2 v KRG v ke s i
it , ANLREN T PA SRR K, 180T LI5S g
I 1R VE K i PU B} A 2 356 Y R s 2
ALY B PR SR N, KRR

http://journals.im.ac.cn/cjben

R e 2B Wy 5 A VR E AT R . TR il — 2 g
% A4 b 7K A O i S 2 oS A 7 2 56 R AR L 1 K fi
fit, 241k, CHGE JURN AT 3R ke K
WEPE, RS (NfpolyA . NylA, NylB,
NylC)222) | = & w5 I i (DHPase) ' . & [1 /i
(subtilisin)“*VF1 £ Jf il (FsC . The_Cutl , HiC)™*1,
PN SN S 12 B ENY NGy e W 7/ B v i =
A AL R T P s SR AR S T —Fh
K 5 TR L (Meiothermus ruber) f6 58 1k i 7k
b, ZER T o/f KMEERIE, XL EEE
T T80 RGERESE . A8 TORL LA KA AT
B AR, 24 Ni-NTA SERZ S 204
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iR . B TEBMESY BoR MrABH S fi
i& pH iy 9.0, dRcidi B 30 °C. MrABH 7E pH
8.0-10.0 & FEINAF A B rRErE, 72 h 51h
RELRERF 80% LA IS - MrABH HA R AT
JERAE R, XA 30 CCRUPRBEAAME T, 3
Mid 72 ho GRTEEE, %R LML R K
HEY) PA6 Fl PAG6 A IR FISE R Y, UEHH
T 88 AV SR T P 15 G J T LA VA 1 o A1
Shy I 28 SR T e 7K S T %) 30— A B 9 R o A
THASARE
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