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Abstract: [Background] Phenolic compounds are among the main water pollutants in the environment.
The Mn(III) -organic acid chelate mediated by versatile peroxidase (VP) is considered to have great potential
in the degradation of phenolic organic pollutants owing to the high redox potential. [Objective] To explore
the degradation of phenolic compounds by VP-mediated Mn(IlI)-organic acid chelate and thereby to provide
a new mindset and method for the biodegradation of phenolic compounds. [Methods] The active VP from
Pleurotus eryngii (PeVP) was obtained by renaturation of inclusion body in vitro. We characterized the
enzymatic properties of PeVP and optimized the reaction conditions of Mn(III) chelate to explore the ability
of the complex system to degrade the phenolic compounds. [Results] The optimum conditions for
renaturation of PeVP were as follows: The inclusion body was refolded in pH 9.5 solution containing
0.5 mol/L urea, 0.5 mmol/L oxidized glutathione (GSSG), 0.1 mmol/L dithiothreitol (DTT), 0.1 mmol/L
ethylenediamine tetraacetic acid (EDTA), 5 mmol/L CaCl,, 10% glycerol, and 5 pmmol/L hematin at 4 °C
for 24 h, and then incubated with 5 pmol/L hematin for 12 h. The optimal reaction conditions of
PeVP-mediated Mn(III)-organic acid chelate were 75 mmol/L malic acid buffer (pH 4.5), 6 mmol/L Mn*",
and 0.2 mmol/L H,0,. Under the above conditions, the catalytic activity of the chelate system on phenolic
compounds 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), 2,6-dimethoxyphenol (DMP),
guaiacol, and syringaldazine was detected, and it was found that the oxidation activity of Mn(IIl) chelate
system at pH 4.5 was 1.5-7.5 times that of PeVP alone. Moreover, the average degradation rates of phenol,
hydroquinone, resorcinol, and p-nitrophenol by Mn(III)-malic acid chelate system were 10.91, 10.69, 6.50,
5.71 mg/(L-h), respectively. Therefore, the Mn(Ill)-organic acid complex might capture the electrons of
phenolic substrate to form phenolic free radicals and lead to the fracture of benzene ring with the decrease of
bond energy, thus achieving the oxidative degradation of phenolic compounds. [Conclusion] At pH 4.5,
Mn(IIT)-malic acid chelate system mediated by PeVP shows strong ability to oxidize phenolic substrates,
which is a promising solution for the biodegradation of phenolic organic pollutants.

Keywords: versatile peroxidase; inclusion body renaturation; Mn(IlI)-malic acid chelate; phenolic
pollutants; oxidative degradation
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Yy %) W i T TR B — 2 s g

Mn(HD)FE S —Fh B HL 54 5% I 0 i 3 48 Ak
i, FEA PTG YL B9 I 7K b FRN AR ) Bk 1k
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KR 2Mn* +2H,0=MnO,(s)+Mn**+4H", A

A Mn(ID)H% 5 % A= B Ak 0 i 2k 25 48 4L BE
71, AP AR LLE 5 MDY 45 &
VA 95 11 B i 2S Mn(TID A AEN 2, 3R R
TR {L Mn(IIDA: LA EGA MnP Al VP, H
HOVP SR A AR I ) ST A i 21 2R L AR AR )
fiff, J& MnP fl LiP 255K, HA MnP £
1) M2 54005 & LiP H5A 10 & R Ak
M, A Ak I AT G TE R TR A
WIS LS L0, MFETE TR
VP 0] LK 25 4 TEAR B O A0 Mn™ R ALk
Mn'", PR Mot 5 F LR % A R K
Mn(IID)-AHLRZE GH, MIEHEALSUBICT >k,
Mn(IID)-A HLIR 4% & ¥y B A 8 i E AL IE 7
P AR E T, FTVE N B 2R b B R

i Bz 0 H- (Pleurotus eryngii)J& 4k Rrh
MEEMAR RN AR AR Z —, EARRGEY
1A 4 52 7 TR A B 1 T g, H A3
) VP BB =R A AL Mn® . RS AREY SfbG
Yy, HABSRIEY T N ik, A
5% )AL W AR AR AN = R T
Pleurotus eryngii & i ) £ 1) g i & 1L ¥y i
(PeVP) Y& P 1, LIb & PeVP 4t
Mn(IID)-A HLER 4 GAK R I B A SO 255, i —
HHRE T Mn(1D)-A HLER 45 A 1R 2 5 By 2875 e
Yy sa AL RE T, DU A A AL Mn(1ID)-A HLER 4%
HRZR 1z N T W 205 Y W R f Oy i RS

1 MRE7T %

1.1 ##
1.1.1  BEHRFARRAL

Wt 5% i FH e 2 TR Ak S K AT 1 (Escherichia
coli) IM109, FikFFEA E. coli BL21(DE3),
SR S AR E bR . P eryngii VR K £ DR
ALY (PeVP, NCBI RS0 094753.1), %
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T R DRURZ 82 e 47 KR A0 DR A T 3 32K 28 4 i
AT )R, m R EVLIR R AR A T
A RA ML &M, Ll pET-24a(HfF h ik
BARPAT R RIK

1.1.2 EFE

LB i 5 (g/L): B 10.0, BERREY
5.0, NaCl 10.0,

TB #5555 (g/L): FR Ik 12.0, FERE#) 24.0,
Hilh 5.0, KH,PO, 2.3, K,HPO,-3H,0 16.4,
113 EEKFFLF

SRR . SEARIREN . IR HA . MnSO,.
CaCly, 30% HyO, /KA . ATRIARE) . ZEPis
THEEER . L& %M PR (ethylenediamine
EDTA) . — i 7 b %
(dithiothreitol, DTT). 2,2- T HFEE &R -W-3-2
B R OJf ME M oMk -6- i R [2,2'-azinobis-(3-
ethylbenzthiazoline-6-sulphonate), ABTS]. 2,6-
T H A I (2,6-dimethoxyphenol, DMP), 7K
3 (phenol) . X} 7K — W3 (hydroquinone) . 0] 2K [}
(resorcinol) FI X} fil§ 3& 7 /3 (p-nitrophenol), H [H
BRI IR A H] ;s AL ELA D H IR (GSSG),
VYL HE R AR IR A s Bk 4L R
(hematin), A T AEY TR RO ABRA A

LAHNAT WL A6, Shimadzu A Al =
JE A5 SRR WAL AN S R AL, T OB 2 A Wk
B A IRA A EEHIKIL, Bio-Rad 24w,

tetraacetic acid ,

R1 PeVP RIS EFHMAL

12 7%
1.2.1 E4 E. coli BL21(DE3)-pET-24a(+)-
PeVP i R iF S FRiL

¥ pET-24a(+)-PeVP H 41 Jfi ki % L %] E.
coli BL21(DE3), BEHFHIE b T4 £ LB i
REEFRILP, 37 °C, 200 r/min B335, #4720
5%HIER R R 50 mL TB K3t 1
ODgoo 3531 0.6 5, 435 /ITA 0. 0.2, 0.4 mmol/L
) IPTG, fE25°C. 200 r/min 5555 24 h, W5E
WA ODgoo 3718 SDS-PAGE %5, WLELA ]
IPTG W JE T W M RINEN o 76K B FR 1 72
H, PEHIRIRER R TAEME R 100 pg/mL.
1.2.2 E4HfEE PeVP ERIKI M

F 7 104xg B5.0> 10 min PCEFIA, FIFHEES)
FERRAAILNT TR TRERE LR PRI 29.05(8 000 r/min,
10 min)EERIATIVE . FF PeVP AR IATITE
% F 10 mL pH 8.5 A 50 mmol/L Tris-HC1 £% #j
Wb, A 8 mol/L JRZE . 1 mmol/L EDTA .
5 mmol/L DTT 1 10% (Fia A0 H i,
4 °C#'E 4-5 h. F| ] Bradford 25 [ He B M i,
FI AT PeVP AR AR WA IR BE , 15 47
PR AL IR R e 2 R TR EAE 0.3-0.4 mg/mL.
1.2.3 E4HfE§ PeVP BRIAE M

Wi 1 B, 78 50 mmol/L Tris-HCI ZZihifg
JIIA 0.5 mol/L JRZ . 0.5 mmol/L GSSG. 0.1 mmol/L
DTT. 0.1 mmol/L EDTA. 5 mmol/L CaCl,.

No. pH Glycerol (%) Hematin (umol/L) Urea (mol/L) GSSG (mmol/L) DTT (mmol/L) CaCl, (mmol/L) EDTA (mmol/L)

Table 1 Optimization of refolding conditions of PeVP in vitro
1 8.5 0.0 10.0 0.5 0.5
2 8.5 0.0 5.0 0.5 0.5
3 8.5 10.0 10.0 0.5 0.5
4 8.5 10.0 5.0 0.5 0.5
5 9.5 0.0 10.0 0.5 0.5
6 9.5 0.0 5.0 0.5 0.5
7 9.5 10.0 10.0 0.5 0.5
8 9.5 10.0 5.0 0.5 0.5

0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
0.1 5.0 0.1
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5-10 wmol/L /Y hematin F1 0—10% (AT
BorHm ., wEIELRBMmIEZEER, &
5% Tris-HC1 Z2 {1 pH . H V¥ BE A1 hematin ¥
X SRAEROR B PO, B 3 mL R B
PeVP fLIRAASPE A 14 kDa MYIiEHTAE
W, FARFLEE 1:20 CA 60 mL 2 H, 4 °C
FELENT 24 ho TEEMNTE R PeVP BRE R INA
5 umol/L hematin F 4 °CH¥#& 12 h, 7 104xg &
> 10 min, B B35 RIAT3R1S 52 M PeVP B -
1.2.4 KNS MHELHES PeVP BEF R HHT

DA SR -3 SR 4 2% v i (pH. 2.0-8.0),
DA 1 mmol/L Mn*", 1 mmol/L ABTS. 10 mmol/L
DMP. 10 mmol/L A} . 10 mmol/L T FFE
R M 20 mmol/L Z2 P NI, R AT
9 1mL, ££25°CF, % 0.1 mmol/L H,O, Jii
BN, LI CG T3 )2 0k D E
LAV N (35 min) PeVP 1EHFASEEY 1)
AOD, Mn*", ABTS. DMP. @A . T&
TR 37 SRR 7 T () A D 1 433 R 2400 420,
468 . 465, 525 Fl 310 nmPY, 7EA[A] iR E
(20-80 °C)FI pH {1 (2.0—8.0) 5514 F HEAT g1 M
T, BE PeVP AEHT AR A i A3 0L
pH fH . HU PeVP J5 il ¥ 43 5l 76 A [R] i
(30-70 °C)55% 12, 24, 36, 48, 60 h, W5
PeVP TEA AR EE N I ESE 1 s B PeVP [t fil
BOMAZIASE pH (2.0—7.0) A3 SR - 37 SR 44
GErPE Y, 30 °CAF R 43 EE SR 24 h Fl 48 h,
5% PeVP 1Y pH {H A2 E 1k o PeVP [ A1 pH
R PEAR T I 22 (1 /2 PeVP 1Y Mn” 54

PeVP () Mo IE MM E 5 ik B BAK R
1 mL, £97 50 mmol/L (pH 4.5 i 2%
I . 1.0 mmol/L MnSO, ¥ Al PeVP i
50 pLo7E 25 °CH&AF T, A 0.1 mmol/L #) H,0,
WA B OV, 2SS N Bcd) 3 min A 240 nm
b W S B B 728 A [EMag0=6 500 L/(mol-cm)],

PeVP /) Mn® Tl 715 LR . BR4380fE 1 pmol
) M 54k S Min® I s (0 TR 1 S 77 5
fi (U)o
1.2.5 EFEE PeVP N FHY Mn(IID)-B HEL 2%
BRREKK

Mn(I10)- A HLER 4 G R AL AL X T H 48 Ak
RE T &I S M 28 1 Yy R S R A 2 LR
W XA PRI R CEIRIR . FPBTR . BRFATR .
MR N ATR . L1R) . A ML EE (10-100 mmol/L) .
Mn* ¥ FE(0—6 mmol/L)F1 H,O, #éEE(0—0.6 mmol/L)
WATAL, #8292 T PeVP /519 Mn(111)-A HLER
LGRS
1.2.6 E:HE PeVP 58 Mn(11D)-5 L BE 2%
ERREUBERXRIE L

R T A pH 514 F PeVP H ALl A &
PR AL IR S A S HA F /9 Mn(T1)-45 HLER
25 AR Z 0 B 2R W ) E AL R R BE T, BRI
ABTS . DMP . @A Al AT o i A AE R 2
HRYEIRY), AR &M T (pH 3.0,
pH 4.5; U3 Mn*™" | REI Mn*") PeVP X iy 2%
B R 0 AL R B o ZE R A I M 450 R R
B Mn(II)-AHLRR 4GSR, 000E pH
3.0 Fl pH 4.5 £ F PeVP 75 B (L A AL Ji
FL R 4 T AR RS Y Y B AT
[Fi] s 76 95 i1 Min® 45044 [ B Min(TID)-45 AL IR 4%
EIKZR], 491 %E pH 3.0 I pH 4.5 PeVP I+ &
1) Mn(IID)-F LR G AR X 4 FhiH AR
YIRS P . KD R 1.2.4,
1.2.7 E:HE PeVP 58 Mn(11D)-5 B 2%
BRRELE N E SRRV IER

PEREOR W . XK W )R g RN il 3
Ky 4 FpeE WL 25 e IfE R PeVP 31
Mn(I11)- A LIRS &K R R FR IR . B 50 mL
HEFEHL, SN 10 mL PeVP 45 Mn(I11)-F #L
MR LA G RR , VIR Bl 500 mg/L,
VP il 4 0.014 mg/mL, 7E 30 °C. 200 r/min
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HIKIBFEIR Y, 16 he ZMHI7E 5. 8. 12 il 16 h
BURE 1 mL WK & EP &, I H B IR AR
B2 4%, 10 656xg B> 2 min 5B HIEWR, &
0.22 um (A8 MU GALUE BRI U, o SO AR 63
P s R

4 FPER Y5 2 B9 2 : C18-wp (100 A,
5 um, 4.6 mmx250 mm) @ i%EE , (R E0H 50%
1) F VSR R BhAE , B 0.5 mL/min, A1
g 25°C, #EREEA 10 uL, KA 270 nm.

2 EREAN

2.1 FE4HEG PeVP IRIBERIZER

HZ I PeVP #EIH & W 24 h J& , 145 ODgoo
1 10.5, AfE] IPTG S E T B8 A RB N
SUANEL 1 PR, TERERE FiETRKE 1. 3 A S),
HAAME PeVP A E I ATHEERAT B, A

1 E. coli BL21(DE3)-PeVP HJ SDS-PAGE
M: FRifEsrFibrid; 1. 3. 5: X0 IPTG
ZLHBEH 0. 0.2, 0.4 mmol/L ) PeVP 4l ifd 4 fi#
EWEWG 20 40 60 L IPTG 2 0,
0.2, 0.4 mmol/L {J PeVP fiififk; 7: PeVP &HHk
111

Figure I SDS-PAGE of E. coli BL21(DE3)-PeVP.
Lanes: M: Standard molecular weight marker; 1, 3,
5: Cell fragmentation supernatant of PeVP induced
by 0, 0.2 and 0.4 mmol/L IPTG, respectively; 2, 4, 6:
Inclusion body of PeVP induced by 0, 0.2 and

0.4 mmol/L IPTG, respectively; 7: Renaturation
solution of PeVP.

R E] Mn2 6 PR ABTS 161 . BRS04
S LM IR AR B A AE TRREDTIE (UK IE 2. 4
A1 °6), 7 IPTG ¥ JE M 0.4 mmol/L IiBESFIKET,
RS L (K IE 6), HFRE A EIA R .
Vi PeVP 7£ E. coli BL21(DE3)H R RE IE#HT S .
2.2 E4YHEG PeVP BIELRIKEMER

W F &5 2% B AAE L E AT S
M2, HAET VP SR EERRKZR AR
b F, WL EMRAENERE, Haidik
SN ERAG TR (Y SR, AN
PeVP (LIRS PEMZCR S pH . Tk BRI
hematin V¢ 52 M ALK L AN & 2 ir7R , 8 524 PeVP
AL ESM . pH 9.5 Tris-HCl 2% mhi .
0.5 mol/L JRZ . 0.5 mmol/L GSSG. 0.1 mmol/L
DTT. 0.1 mmol/L EDTA . 5 mmol/L CaCl,. 10%
Hil. 5 pmol/L hematin, 4 °Ci#t'EiEHT 24 h,
5 umol/L hematin & 12 h, & PeVP HEL T
T T AT LG 2 1 25 (1B 18R 7 9K EE) o B 1 PeVP
B Mn® fifbiE M 10.14 U/mL, HEHE K
0.29 mg/mL, Lifih 34.97 U/mg.

12
é 10
2
s 8 1
1 2 3 4 5 6 7 8
Refolding optimization system
2 PeVP EMEMMIL 1-8: K1 Pohi'T
1-8 &2 PR Z X (1) PeVP Mn® i 4
Figure 2 Optimization of PeVP refolding

conditions. 1-8: Mn*" activity of PeVP corresponding
to the renaturation system numbered 1-8 in Table 1.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



T ESE: 2R

LA T Mn(TD)Z% 54 28006 By A0 & 10 1) S8 AL B

3637

2.3 {RINEMELHRLE PeVP HEBFEMR S
RS

& 3A 1 3B L) PeVP X4 Fh i 4 1Y B
M5 E SCA 100% A XS , 8 3A I Y 2
PeVP XA K#I il pH, PeVP LI Mn*',
ABTS. DMP, syringaldazine # guaiacol NIt
Y0 Fre = BTG 20 0 10,20, 5.93. 6.56, 8.45
f13.13 U/mL; & 3B JU5E 12 PeVP XA AR
VI EOE RS, PeVP LI Mn®", ABTS. DMP,
syringaldazine il guaiacol A JE ) 1 fix i MG 43
A 11.14, 6.63, 7.16, 9.23 113.42 U/mL., K
3C K 3D I E 1) J& PeVP B Mn* 151, LIY)
LIRS B 17 U 100% A0 X B , 4] 4 it

A

120 ~ —*— Mn2*
—=— ABTS

100 | ; . —+— DMP

sol ¥\ Ry

6o/ | A e

20

¢ —— Guaiacol

Relative activity (%)

T
-

0
2.0 25 3.0 3.5 40 45 50 55 6.0 6.5 7.0
pH

@)

120

100

80

60

40

Relative activity (%)

20

0 12 24 36 48 60
t (h)
3 PeVPRYEEZF MR A: pH X PeVP iR

B D: PeVP pH fa gk

+— Syringaldazine

W44 10.20 U/mL.

PeVP X} Mn* (1) 5%3& pH {E M 4.5, % ABTS .
DMP. @I T F#EE RN RE pH HY
9 3.00 1E 5 FURYI R AT pH &0F T, SEAM
PeVP X} Mn* 5@ 84 70 °C, X} ABTS.
DMP | A1 A By A1 T I 34 R dac 3k U B2 41
50 °C. PeVP i) Mn* 25 & 022 T Mn® 4
eiEE, BT PeVP HfEAE/E I TR LI 5
H A JIC ) 1) B R M 2T R A 6 A, R e X
ABTS . DMP ., @A m F1 T &% & S IE b
WIFHB ALY RA —E WA MER .. BHER
PeVP A I 3 S A2 P B 0 T 1, PR BE S VRS
i) PeVP A B IE 6 1 B 1 (5 2 FR A AL 1

B
120 |:
100 — _—
= e/
=
= 80 —— MHZ’
Z —=— ABTS
S 60e/ —+— DMP
2 Syringaldazine
E 40 . —— Guaiacol
&
20
0 =1 & -
20 30 40 50 60 70 80
Temperature (°C)
D
1200 _e-24h
100 —m—48h
S
< 80
Z
3 60
2
= 40
©
I~
20
0
25 3.0 3.5 4.0 45 50 55 6.0 65 7.0
pH

s B RN PeVP IGTEARYSZI ; C: PeVP #ga

Figure 3 Determination of enzymatic properties of PeVP. A: Effect of pH on the activity of PeVP; B: Effect
of temperature on the activity of PeVP; C: Thermal stability of PeVP; D: pH stability of PeVP.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3638 (YIS Gk

Microbiol. China

76 pH 4.5 1FF, PeVP Ay & P45 J
7R, PeVP TEARIR S5 AR A, TR B2 ey
PeVP HFa e M2 (K 3C). 30 °C44 T, 24 h
PeVP [5EEA Mn™ IEPER 71.47%, FEEWTE
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Figure 4 Mn(lIl)-organic acid chelate as analyzed
by UV-visible spectroscopy at the spectrums
ranging from 200 to 500 nm.
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Figure 5 Optimization of Mn(Ill)-organic acid chelate system. A: Optimization of organic acid types; B:
Optimization of malic acid concentration; C: Optimization of Mn*" concentration; D: Optimization of H,0,

concentration.
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Figure 6 Oxidation of phenolic model compounds
by Mn(Ill)-malic acid chelate system under
different pH conditions.
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Figure 7 Phenolic pollutants degradation
characteristics of Mn(I1I)-malic acid chelate system.
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Figure 8 The oxidation pathway of phenols by Mn(Ill)-organic acid chelate system. P: Porphyrin ring group;

L: Phenolic substrate.
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