Research paper RN

22 July 2022, 41(7): 1068-1079 Mycosystema ISSN1672-6472 CN11-5180/Q Doi: 10.13346/j.mycosystema.210363

IEREREHZEAMABEYI UL ELNEIER

ERE, X7, HFEW, z2)"
INARALN KA R 22 Be, AR 2% 271018

W E: A ARELE Chaetomium thermophilum % 45 % m 8.8 CIPMO1 A AT %, F1 R 5 EE
M &I R(TLC). & BORA & 18- £ 47 K48 M % (HPLC-RID)A= & 47 B 18] i % (MALDI-TOF-MS)#&
M CIPMO1 8B E M, FRFELTE R LRI, K CPMOL % 142690 2B (His1) A= % 166 1% 89 5
A B (GIn166) R E 4 HIA. Ql66A F= QI66E, MIAAANREALERT AL CPMOL #) R4k
B A, KA 3,5- A A KB (DNS)EAE M CPMO1 5 4 4k % B&(EG1l . BGL | #= CBH 1 )89
Bl SR, A I CIPMOL B E A 50 ‘C. pH A 5.0 #9514 T I BRI Ik 4F 42 % (PASC), £
fREDE TG A E A % BN, AL ClL BATEEFR C4 BT, Wi, RARE
HIA T2 &KX T 8%, QI66A &K T ClA=Ca BAFENM, M QIGEIRE T 44 Cl BAE H;
gt CPMOL 5 4 ¢ E Bt RIAE A 0948 %, R ILAIA CrPMO1 FRAL 22 5% B3 I Ik 4F 4 & (PASC),
AAsA EGIL. BGL1 4= CBH 1, A& FAE 4 ARG 2.10 45, 2.08 1242 2.16 4%, R E 5
B & 1.022. 0.799 #= 0.875. A5 4K &K CPMO1 stEM LA Cl F= C4 BALE 8, H R
RIEREH 50 C. & pH # 5.0; CPMO1 F M+ fZILE Hisl #=-F 32 & @ I Glnl66 ¥ £
KAEMAL B CIPMO1 T3 PASC, 44 FBao)EMaE LA RRARENIRSG.

XA S MASE; SR A, ClUCILAMN, LERE

B
Bl
B
PN

[BURASC] A, XU T, S50, 222211, 2022, WERAE 7 18 20 Ml BN S B i) AL R P B bR R . T 2741, 41(7): 1068-1079
Xia DH, Liu N, Guo XN, Li DC, 2022. The oxidation properties and synergism of polysaccharide monooxygenase from
Chaetomium thermophilum. Mycosystema, 41(7): 1068-1079

The oxidation properties and synergism of polysaccharide
monooxygenase from Chaetomium thermophilum

XIA Donghui, LIU Ning, GUO Xiuna, LI Duochuan®

College of Plant Protection, Shandong Agricultural University, Tai’an 271018, Shandong, China

Abstract: The enzyme activity of polysaccharide monooxygenase CtPMO1 from Chaetomium

REETH: EFERBHSHETRIC015BAD15B05); EH K H AR (31571949); ERmH AR 7R E1THI(2012AA10180402)
Supported by the Key Technologies Research and Development Program of China (2015BAD15B05), the National Natural Science
Foundation of China (31571949), and National High Technology Research and Development Program of China (2012AA10180402).
*Corresponding author. E-mail: lidc20@sdau.edu.cn

Received: 2021-09-03, accepted: 2021-09-30

1068 ﬁ%%"—;ﬁ Copyright © 2022 Institute of Microbiology, CAS. All rights reserved. | jwxt@im.ac.cn Http://journals-myco.im.ac.cn  Tel: +86-10-64807521



ARIEX 22 July 2022, 41(7): 1068-1079  Mycosystema ISSN1672-6472 CN11-5180/Q

thermophilum was detected by a series of methods like thin-layer chromatography (TLC),
high-performance liquid chromatography-refractive index detector (HPLC-RID) and
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF-MS).
Two residues (Hisl and GInl166) of wild-type CfPMOI1 enzyme (WT) were mutated by site-
directed mutagenesis to form three mutated enzymes (H1A, Q166A and Q166E), and whether the
three mutants of CfPMOI are involved in catalytic activity of C1 and C4 oxidation was clarified.
The synergism of CPMOI1 with cellulase (EGIl, BGL | and CBH I ) was detected by
3,5-dinitrosalicylic acid (DNS). It was found that treatment of phosphoric acid-swollen cellulase
(PASC) with CrPMO1 at 50 °C and pH 5.0 mainly produced cello-oligosaccharides with a degree
of polymerization (DP) from DP2 to DPS, and C1- and C4-oxidized oligosaccharides in the
enzymatic hydrolysis products. It was also found that HIA completely lost its activity, Q166A
completely lost activity of Cl1 and C4 oxidation, and Q166E retained partial activity of C1
oxidation. According to the results of the synergism, the reducing sugar yield increased by 2.10,
2.08 and 2.16 times, respectively, when PASC was catalyzed by CtPMOI1 and added EGII,
BGL 1 and CBH I . The corresponding synergism degrees were 1.022, 0.799 and 0.875,
respectively. We concluded that CfPMO1 could oxidized C1 and C4 position on cellulose, and
when CfPMO1 was incubated with insoluble substrate phosphoric acid-swollen cellulase (PASC),
the highest activity was exhibited at optimal reaction conditions of 50 °C and pH 5.0. CfPMO1
active center amino acid Hisl and flat surface amino acid GInl66 are key sites. After CrPMO1
pretreated PASC, the degradation efficiency of cellulase was improved in different degrees.
Keywords: polysaccharide monooxygenases; cellulase; C1 and C4 oxidation; site-directed
mutagenesis

AR IR F Ry FE A AR
—(Ragauskas et al. 2006), HA 7 [ 19 fb AR 2544
Mo oE B X, R, SR
TR ZEVRBRRE . B AR S A Ak Sy
P VAR BRTRANEIL S ) T LIS N E B
DR & i, T 4k R B R4S B 58 o /9 A
(Dhepe & Fukuoka 2008), {Hf&, XZEIriLifF
TEAR 22 Wik dim , e ok P18 75 G F T IR 2% 55 [R)
R, i LA A A R 8 G T A v X £ 4
R fAPIWESE (Quinlan er al. 2011; van Dyk &
Pletschke 2012), Az 11k B ff (1) S SHf 2 27 4k
R s, HAET, XF2F4E R R L R A
FIZ W IR B, BRI 2 4 R B K 21
Y 27 H A AR (Quirk er al. 2010), £F4E K
TRREK LT R 0 TP iy B-14-M 5, fligf
Y 2878 LT A W N A 0 1 — B 2 41 ) il
F, RGN R L 1 U R IR 58 i €1 4

RIFEAE, (R AER 0 THEN TR R MR R
ZRH AR LS, TEERL I T AT 4 A A K R
Rl JUESE 2015), e ok AT 4 40 B ity
2, KRBT CBM33 Ml GH61 KK, BlHEXTIXH
MHEIETRAMESE, R 3 # J2 o SA fid
VLSO e R ARG S ) IS O B o e T IRy
IRIGAEAL SO, NATTRE XSS M GEFR g 2860 22
HN4E R (lytic polysaccharide monooxygenases,
LPMOs), X FRJZ b N4 # (PMOs) (Horn
et al. 2012; Medie et al. 2012), PMOs ft) & P42
[ENREER 7/ D0i:0] 3 33 & S F (8 A LM A DRI E &5
SR A T 9 DTk

PMOs & — S5 8 T HKHiBE, 16 O, Flid J5t
T T HUATE AR, SR kA AL B, il
S5 B EE R R ) TAREL, i X AR AL A Ak
AR5, RFARBE C1 EALH
C4 F AL (Hemsworth ef al. 2015), Chen et al.

B4R 1069



BEXRE F ERERESHERNSEENSCHERIDEER

Research paper

(2018)MESE T Co FALBIWLS , RIFE Co i % 1k
AN Ce-C lE, iR A YR
WE ) H A BHE IR . LI P PMOs RUAFSY 4
£Eh T AA9 % (Monclaro & Filho 2017), %t
Xf PMOs 5 BITIRE, Bk Z 5T 4 CiE
HE5G4 R HEIEN. #la, Du e al
Q018 5E & Bk H MR Hh B Aspergillus niger )
AnLPMO 15g 544 XL FAEL AR 4R R
VRS FF, 38 JEUR = I 2 £F 2 25 I 50 00 A FH )
1.93 f5A01 2.31 ff%, DR Q2019 — 5%
AnLPMO15g 1 N-B#E LA 1 X3 [R) 5500 1 5%
M, %230 N-151 F1 N-385 {37 i, (8 3 Ak 8 i B
AR T 5 A 4k 2 B R I A S s R
(20198158 &I PMO7651 X &1 4 X i
(EG 1), SMIEFHERBG(CBH 1 )1 B-4 %5 B 1
M (BGL 1 B REMRAE I Rdgm 729 1.03, 0.42
018 5. FHSZEA], PMOs FUESHNGRSL AT L
PR AR T PR A, (B TR G 0 L
S PRI, A ENRA B A R R A
MRS AR, A EE R B A T (Zhou
et al. 2019), I, XFF AA9 Kk PMOs 54F
A Z W P FIVE A R IR AR BESE, LA
KB AR BRI, N A YL R R 1R
AR A BT A

AL R AWM ESTH Chaetomium
thermophilum La Touche AA9 ZK K CtPMO1 Ky
WG4, CrPMO1 TEEE TR EERE GS115 H iy &
KRG, FEERIKY AR, HE
Xt CtPMO T AL 1 R0l Bl P (R A 5 38 A 1%
WA, BT LA SCR AN 8] 04 43 8 5 iR R 5%
CPMOI1 WG, LLUEBZEE IR A C1
C4 AAbINEE; FEPE CPMOL 36 T A il &
1% His1 FIPV-4H R 0 1 2 502 Gln166 1738 f15
A5, IR RAL T G s JiAh, R
IKEF4E R (PASOE MY, KA DNS EAai
CIPPMO1 HL4EKE#(EGI . BGL1 Ml CBH)
P B R0 o

1070 BEHIFIR

1 #RE5FE

1.1 ##
1.1.1  E#RF R

Wk FE Escherichia coli BZASAME T1 W A
b XS AEWRHEABRA R EaREEEE Pichia
pastoris GS115 FlJ5tk: pPICZaA W H Invitrogen;
CfPMO1 (GenBank: XM 006695508.1, ¥ [ g
MEFEH) . EGI (GenBank: X76046.1, 3 A
& T 0 Scytalidium thermophilum)F1 BGL 1
(GenBank: EF648280, 3k [ W& HETEH) 2B H
ARSI R AT I TR TR B R Al fb Aok s R
itk CBH 1 ) H Megazyme.
1.1.2  {XEBFNIA

R AR B H 2 Hr AU F Implen A F]; pH
THEF A R RERH A PR/ A His-tag 25
F AR BRAT W Tl AT AR A vl s AR B TR
THRAUE F H AR B s ik X St )2
JEMTRERSAR G T Merck 28 F] 5 WM €50 A &
HORHABR /A H ;. Aminex HPX-87H fA,ifA 14
H Bio-Rad A ], PCRIAFIE . &M RAAH &
Tt e XA YR A RA ;. SDS-PAGE
B8 e il £ 70 e F b s FE 2 A R A
/A ] FD™MBCA 2K A sidonl &l Fhu 9
AR A R A . MU G T iR A %
R Tl & A BR A Al s A Tt &R
KRR ABRAF]; 1% (B ARFS 0 BB R
WK 4ER A SR =45, fF T4 °C,
1.2 CPMO1 iFFFRIEF T BLEL

¥ CrPMOI1 BERE TR TE YPD #5570 3%
7% 3 d, $#EFE BMGY & E, Bi3F 24 h
JG, ¥4%E BMMY #55535(% 0.1 mmol/L Cu™)
W, ESEH A SRS 7 d, BORBREM, 1
WA ) FIE W P B2 HOMA S0%HE T 1) Bl iR £
R I UTVENT o AR AR A2 AT o 5
Hry&E A, BUS SR T SDS-PAGE faill
FEASFREK/NAEER, iR FD™BCA



H5RieX

22 July 2022, 41(7): 1068-1079

Mycosystema ISSN1672-6472 CN11-5180/Q

HE N G e B AR, HAR TR
i F-80 'C, .
1.3 CPMO1 EEME R ALA M~ Y5
1.3.1 HEEEHFEILETLO)SHEER pH &t
CPMOL1 BE MRS

PL 1% (e KB EO MBI KT 4e Rl
&Y, A5 pmol/L B AN 1 mmol/L A HL it
RYEd=% C, H 50 mmol/L fifi ik 2% ik (pH 5.0)
R, KRR RS E T 40, 50, 60 Fl1 70 C
) 7K I #5 IR (200 t/min) 1 S )W 48 ho £% I B
10 pL R P95 2 00 TRECHR |, dfiid TLC
WAL MBS )R EE X CrPMO T B P I R S
[E3E, 4r9F1H 50 mmol/L pH 3.0, 4.0, 5.0 Fl
6.0 A HSBR L 2% MBURT pH 7.0 IR ER M ZZ PRl
BRNAKZR, 16 50 CH&MF TR 48 h, i
TLC Z3Hr A pH %t CrPMO1 B 7= 1 (R 5200
132 SR EEIE-/~E &N HPLC-
RID) > #riEE#0 pH 3F C1 &4 489520

A3 400 pL AS) I BE U] pH A R
YT 10 mL B, A 70.6 L =R LR
(trifluoroacetic acid, TFA), ##Hf, 121 CIh
80 min, &AM T. JIIA 200 pL FNEE, &A
T, HE 3. EEMA 400 uL ddH,0 %™
Y, A 022 pm B MEY, @
HPLC-RID Filll 2 & A C1 A kY (Ri%b
7). igscb: WahHA 5 mmol/L ) H,SO,
VW, FENE 35 C, Y 0.3 mL/min, #EAEE
10 pL. %M Aminex HPX-87H ik FloR 2547
SR EHEA TR, LA 0.1 mg/mL D-#%58% |

F£1 CPMO1 ESRZTRISIH)

D-H#iZ WEER FN D-1LIALEEFRT D-FFUBEE s e
i, ARl U T T 7 ) 2
1.3.3  TFEESH CPMO1 BIEGHR =4

T i TR AR IS pH A B 2544 il %
Y1, M4 Beeson et al. (2012)AJ5 1, B 100 pL
At it = ) EA T S AL B (NaBH)IE I S, PR
TFA Kffg, SEIMEE" Pt 0.22 pm JEREEER
A, ik HPLC-RID Kl 2 75 & C4 Eib™
CEFLHD -
1.3.4 C/PMO1 RYFRE1L

B 500 pL 2 7 v R TR (IR
—40 C, JE3R: 4 Pa) 3-5 h, 7ERSHISMET I
A 100 pL (P ZH IR, FFR#mA 30 mg /Y
NaOH [E{RMBHSMA), B 25 min, R
ETFMA 100 pL BYLH LE(CHsD), G FE
30 min, LA 100 pL /) CHsl, #75 10 min, ikt
e E 30 mine FSEAIA 1 mL (1) ddH,0 £ 1k Jz
N, AUPEE 3k, AR, Lt R TR 5
% (MALDI-TOF-MS)#:illi ,
135 FEMFOEERR Hisl PEREIER
GIn166 7£ CrPMO1 E§5E M R A {E R

i Swiss-Model (http://www.swissmodel.

expasy.org)X] CFPMO1 AT AR EAL 38 1 534
CPMO1 By =445, KLV .0y Hisl 7
RRZEHN Ala (HI1A); ~“FHHEH A Glnl66 {7 5
%75 Ala (Q166A)H1 Glu (Q166E), AR¥EHLH
ARARA &) EIEE DR, &
JSARH) PCR FEF: 94 °C 5 min; 94 C 20 s,

55 C 20s, 72 C 30 s, 3t 25 4MEEF; 72 C

Table 1 Primers used for site-directed mutagenesis of CtPMO1
S8R 519175
Primer name Sequence (5'>3")
HIA-F GGGTATCTCTCGAGAAAAGAGCTGCCATCTTTCAG
H1A-R CTCTTTTCTCGAGAGATACCCCTTCTTCTTTAGCA
Q166A-F CTGGCAACTACCGCGGAGCGGCGTTCTACCAGTCA
Q166A-R GCCGCTCCGCGGTAGTTGCCAGCCGAGTGAAGAG
Q166E-F CTGGCAACTACCGCGGAGCGGAGTTCTACCAGTCA
Q166E-R CCGCTCCGCGGTAGTTGCCAGCCGAGTGAAGAGT
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Fig. 1 The SDS-PAGE of purified AA9 family CtPMO1 and mutant enzyme from Chaetomium thermophilum.
A: M: Marker; 1: CrPMO1; B: M: Marker; 1: H1A; 2: Q166A; 3: Q166E.

A: M: Marker; 1: C/PMOI1; B:
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Fig. 2 Temperature course of soluble reaction products of CrfPMOI1 in the hydrolysis of cellulose. A: Analysis
of CfPMOI1 soluble reaction products in different reaction temperature using TLC. G1-G6: Standard
cellulo-oligosaccharides; M: Marker; 1: 40 °C; 2: 50 °C; 3: 60 °C; 4: 70 °C; B: Analysis of CtfPMO1 soluble
reaction products hydrolyzed by TFA in different reaction temperatures using HPLC-RID.
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Fig. 3 pH course of soluble reaction products of CfPMOI in the hydrolysis of cellulose. A: Analysis of

CtPMO1 soluble reaction products in different reaction pH wusing TLC. GI1-G6: Standard
cellulo-oligosaccharides; M: Marker; 1: pH 3.0; 2: pH 4.0; 3: pH 5.0; 4: pH 6.0; 5: pH 7.0; B: Analysis of

CtPMOI1 soluble reaction products hydrolyzed by TFA in different reaction pH using HPLC-RID.
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Fig. 5 Identification of CtfPMO1 soluble reaction products with PASC as substrate using MALDI-TOF-MS.
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Fig. 6 The 3D structure model. A: Homology model of CfPMO1; Green: Residues around active site; Purple:
Aromatic residues on flat surface; Yellow: GIn166 on flat surface; Red sphere: Cu®’. B: The position of Gln166

in CfPMO1 using homology modeling; Green: Residues around active site; Yellow: GIn166 on flat surface; Red
sphere: Cu®".

2 AN RS R SER Tyrl68 (i TAEMN  AIZIEFR A Ginl66 7 s % BTG A5 A 7

R, HE A L O 5 s FAHMBA (LT — PR,

et al. 2012; Borisova et al. 2015), EHMEE 2.7 RTEALAMEERZYM TLC 947
W], CPMO1 1 4 405 75 I 2 B R0 il 15 A A PTG RO EIEAR His1 AlSF-HH 26 1 24 3
[ FE E B 5Y 0 (Chen et al. 2018), {HiGtEd.oy  BR Glnl66 HHATE MR, HHFTHXS CrPMOI s
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MIVERT, 4 TLC/3Hr(&l 7), fEHIAFIQ166A =  EGIl. BGL 1 #l CBH | k&b 34y . i@
Wy BRI BT 4ESERE , T QI66E fniEME i TLC A=W Y SEAA B (& 9A), 7T LLE
FEY AT LUK I B SO AR A T . RS RY WE R EM(EGI . BGLT M CBHI1)5
AU, PSR R Ala JE BTG K CtPMO1 [ PASC BYZCR; P L DNS k5
¥ Glnl66 ZEAENZERAHLIN Glu JFMARE: WA &, FIH CPMO1 HlsEA K
&, AR P SR AR BB A T A S A2 Ak

Gl

2.8 RETERLAMEE YA HPLC-RID 547 ' :
i 1 HPLC-RID 73 #r TFA 7K fi# #1141 8), G2 »

SXPRAI G, 72 HIA Ayt 4 vh R AG I 21 il |

EIPEIAIEIEI; AE QL66A F 4y 21 At s [ :

(AT, RAGI SN AL 75 QI66E ) as RN s

HR RS 380 A Y R 2 W R A Y A 2 R (1A
8A). i# 1l NaBHy i Ji ik i e 7 4 v > 2L

WS &, 7E HIA. Q166A Fl Q166E F=#rhy e O
SR EE IR 8B). 4 FFfA, HIA MO TEE TS S
WmAaTBie ke, Ql66A Ak T4 LAE 1, 1M

QUOGE fREY I ASF CLAUMIE . SEREM. A o s m ke v, M Markers W
DU PG kR Hist RCHVERLAL. TTH opvio1: HIA, Q116A, Q166E: Mutated enzymes
GlIn166 o7 x5 102 55 Wi B vy - HAT T A Fig. 7  Analysis of mutated C/PMOI1 soluble

2.9 CPMO1 534%=fBihEERRNS reaction products with PASC as substrate using TLC.

G1-G6: Standard cellulo-oligosaccharides; M: Marker;

S WT: CrPMOI1; HI1A, QIl116A, QIl66E: Mutated
FHA CtPMO1 HWikb¥ PASC, T enzymes.

< s R
tedgy R B LS

7 CPMO1 RALEG LA MESRE =M TLC 247

A 3500, Glucose B 3500, Glucose
3000} Gluconic acid 3000 - Sorbitol
2500t 2500 - Galactose
2 000 - 2 000 +
= / \ = N
= 1500+ Standards % 1500 Standards
CiPMO1 ‘ CiPMOI
1000 k OI66E 1000 QIGOE
500 —— o Ql}(;(lui 500 o QIS(]»:
0 CK 0 CK
12 14 16 18 20 22 24 14 16 18 20 22 24 26
Time (min) Time (min)

8 REEH HPLC-RID AN A. JARHE ] VIR ™ ¥ 28 TFA JKf# )5 B9 HPLC-RID 2347 5
B: Z8AF ATV PR A AR ) 22 NaBH, 38 )55 () HPLC-RID 4347
Fig. 8 Analysis of mutant enzyme products using HPLC-RID. A: Analysis of mutant enzyme soluble reaction

products hydrolyzed by TFA using HPLC-RID; B: Analysis of mutant enzyme soluble reaction products
reduced by NaBH,4 using HPLC-RID.
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06 mmm Cellulase
.—g sl = CfPMO 1+Cellulase
: I
2 04
A oa ]
B35 03¢}
I\:JJ: 02} sk
<
3 * gk
B 01} I I
-
0.0
M 1 2 3 4 5 6 7 8§ M EGII BGL 1 CBH 1

9 CPMO1 5FHREHIMEIRE S A: CPMOL 5 2F4E R A R IR B RIS K 27 48 3 7= A 1
AR LR PR TLC 23 Hr. G1-G6: LR AESEMEbRIER s M: Marker; 1: CK; 2: CPMOL; 3:
EGIl; 4: CPMOI+EGIl; 5: CBHI1 ; 6: CtPMOI+CBH 1 ; 7: BGL1 ; 8: C:PMOI+BGL | . B:
CIPMO1 521 4 ZWHEF TICY BRI AT 4 2 11 DNS IRA . BB R F-359ME  bRifeii. =, =005
TINEERP LT 2 2R R IR A T Y R R AUOR (A] 235 122 5 P<0.001,  P<0.05

Fig. 9 Synergism of CfPMOI1 and cellulase in the hydrolysis of cellulose. A: Analysis of soluble reaction
products by CfPMO1 and cellulase with PASC as substrate using TLC. G1-G6: Standard cellulo-
oligosaccharides; M: Marker; 1: CK; 2: CfPMO1; 3: EGIIL; 4: CfPMOI+EGIL; 5: CBH 1 ; 6: C‘PMO1+CBH
I;7: BGLT; 8: C{PMOI1+BGL I . B: Analysis of cellulase activity enhancement improved by CrfPMO1 with

PASC as substrate using DNS. All values are meantstandard error. *** and *indicate the significant difference
between each cellulase and the mixed enzyme about the degradation effect P<0.001 and P<0.05 respectively.

J&, AR R R 2.10 £, 2.08 £
2.16f%, CPMOL 5 3 Fef-4i Z B Y B I 4351
J£1.022., 0.799 #10.875 (&1 9B), HATH,
¥ EGIl. BGL1 M CBH1 5 CPMO1 YEHTE
) PASC %59, &P CrPMOI1 5 EG I Hh[ESL
REE, EERTF 1, SPE AR R
AEIPERT, TR AR B AL PR
3 it

KEWFIREY PMOs (RS Z IR EF pH
FIBRE, A PMOs 8508 S 4 AN R A
6, {40, Zhang et al. (2019855 B Trruanon
1 45 CiGthm, WifE 50 ‘CRNE 8 h Pl Ax
IV RE,; RHEINE LT Myceliophthora
thermophila 1] MtCILPMO 7£ 85 ‘Ci&1ik 3|

wr, BetE pH fHM 7.5, FF HAERRMESAM T &%
X MTCIPMO {5 (Guo et al. 2020), H i,

T AE IR pH X PMOs BifE A58 26
HE, AMREIAERNIRES 50 'C. pH
5.0 B} CIPMO1 [FEFRETHE R RO e 7 4h,
AWFFEEH TLC ¥ . HPLC-RID #%:7H MALDI-
TOF-MS #:ll C/PMO1 IR, & Bz HA
Cl 1 C4 A AfbiEtE. T PMOs [ fF 27 4k R 1)
77 A T A T SR i P RIOCR O R, X D gk A
B LR AE R WIS VR O o i S, BT DL H A
s SERUNpin: 27 IRkt 7R il Piat 7/ L S E I =R a
RIZERHFI AL BIZENE, 40 Chen et al. (2018)F ]
MALDI-TOF-MS Fl &5 20 A 2+ 135 (HPAEC)
K2 7 Ce Ak WRRSEQ2DHFIH]
HPLC-RID 45 4 0% 1) % 2. Uk, X 25
FOEHA AT

AL, Quinlan et al. QOIDNWFFRIRIE T
PMOs (R0 i i —> 55 5 B A2 Y His
XF(His1 A1 His83)41 Ak, iX4~— N Fifk “His %
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207 R A AR R R R T, R Rl Y
1k U5 P & ¢ B & (Aachmann et al. 2012;
Borisova et al. 2015), FrAABF GO0
SR Hisl 178 MRS, 45 R LI HIA 5878
Wi ot 4 ¥e 8 TG R, S22 AR IiE—8. B
ok, CAHVIEERMAE PMOs Vil H A 24
FEGALLRR, EAN1TREIE LR ST B 2
P, XS TR AR 2 PMOs AL OA
X RR A 7 1], DTS2 e 5 I P (R 45
fit J1(Borisova et al. 2015), {HHEI% T PMOs
JEE D45 AT b At Z R B 78 D T X
Lo o SE Rt AT BB A G, T DAAS SCIE RN B
5 CPMO1 i MEH UL EGE R Glnl66 #E17 5 74E,
RIKEHRAEN Ala 5, BEEIEARK; HE
Ay LE R AR LAY Glu J5 AR B s e, B
GlIn166 275 4 Glu166 A] GEME IR A, T BI£F 4
BRGNS I(LL et al. 2011), fHi77H4H
MR T A I, %4550 & Ginl66 {37 45,
=5 S A RN SR sR L S, R B A
PE, MRS PMOs EYIZ, 4 (1 24 5
FRIGIR T 5 1)

T PMOs MHBL, AT EF 2 25 B A 1)
HISAH THR W%, Beeson et al. (2015 H
WA e R AT S, R BN TR 24
T 21 2 22 Wi 2 A KA SO, 1 il =, PMOs 38
1k AL B 5 ARG G 2T i B 1 P X e AR
BB i, BN A A R R A R R
o Rl BRI, AR T CPMO1 5S4t
YeXBHEGII . BGL 1 F1 CBH 1) PpRIVEH,
FIA CrPMO1 TSEAN R, (HA b ™ i
SRR E 2,10 5. 2.08 fEH 2.16 5, Hrh
CPMO1 5 EGUHRIFCERH ., hEE KT
1, ULEHME AR RMEIMER, MM
fEHER . AR —HEET AAY Kk
PMOs U [RIVE FAR R, A8 Tolk 2E 7= th F
PMOs FilAbFRZE fbeF 4R, BRAEI /41 48 25 i
BT AR, IS RESR B 4T 4 R A K T
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