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KEERBMZHERAMAEBHFRERRESERDH
BER, WAES, BB, KEE, WEE, Ay, REE, FHE, TH

W7 BBt Y 5322 Be , Will T 315100

WE. [ B ] 24t 2 & & (lytic polysaccharide monooxygenases, LPMOs)f&— 2 AE AL F Wt
P2 R S R BT 4E R, A SCETERZHH A LPMOs FHotse kit [ 77 1 MoKl
FHwfE LPMO [N, RIS AREERER IR RE DT RIEIRIE , W58 LB R 3 Jt 590 %o 3% 1 fry 5
m, i —C R LPMO 5B /K i il U R VE B IR 45 G4 . [ 455 ] AoLPMO2 il AoLPMOS5
FESN AT s, PR (A A S 9 Y LPMOs; Hi b ik 2 A R EERE GS115 Hh, 3545
W DAL F GS/AOS-4, 24 1%HEEAST 4d )5, LiHFREARBEN 0.19+0.01 g/L. HHAEHS T
2 34 kDa, = THEUS i, HED AT BEAAAE RIS 610 . B2= kBT or T R W1, AoLPMOS X Hill BE 1%
(14 B85 S5 7 T 1 pH 4351124 60 °C 1 5.0, K Fll Vi 539147 8.721.99 mg/mL F1 109.4+12.8 pmol/(s'mg)-
0.1 mmol/L Cu* {i ¥ 1E YEHE B (7.10£1.32)% (P<0.05), 0.5. 2.0 F1 2.5 mmol/L H,0, 43 B ik il i Pk 42
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VAR AE LLKE I8 A R D ), gk DR RO 45 4F
WA, BEFENR . PREEACUFAEILA S, B A A B
FENGL R R A

BT /K f# B8 (Glycoside hydrolases, GHs)/&—
KRB = AR 2 RE RO, BB Kl 20 1
Z A HREFT R, DATTIE G SR A5 AN [R] RO ATR SR S
WRAENE YIRS, BEE K G T2 2 W AT 4 R
ARG . T ER RO . CRBCEE . BT A b
SR GHs X F 45 W e PRI 22 SRR I ) e
TERBON IR, X T45 5w . 4B R
SRR BRI A AT BR®, B sy R W], 2Lk
Z WIS (Iytic polysaccharide monooxygenases,
LPMOs)2— B AR FTLF 4R g &
ANIRTF GHs BIKA#VERT, LA D7 SRR i 2
W T DATIT R M 7K A T 16D /K A AR
JREFAERR , (2 AR I TR L 22 PR

o T IR R AR AR 7 =X, BRARKAL 5 Wi P i
iﬁ(?ﬁE:p(carbohydrate—activity enzymes database,
CAZy)R LPMOs H 8 IH 28 O 4l By i 2 5 i
(Auxiliary activity, AA), f35F AA9. AA10, AA1L,
AA13T AAT4 Je AALS FIRNCT M, AA9
AALL, AA13 Tl AA14 ZEJRHY LPMOs JE[A F 2 AE
FLR PRI, HRFZER R LPMOs R4 Y 3k £
PEHOARTE . BN, AA9 ZKJ%E ok B OHLEE bk 16 7
(Neurospora crassa)ft) LPMO9D!"™  AA11 Fjkrh
kB K Fi B 5T B (Thielavia terrestris) 1)
LPMO11™ | AA13 15K A AL 5 i 55 (Aspergillus
nidulans)) AnAA132 2T AA14 05 Pk H 12T
% fL B (Pycnoporus coccineus) W PcAAl14A/
PcAAT4B VTSI REMS MR LT R . LT . Bk
FIAZNE . AAL0 K5 LPMOs FER IR T4,
WA DECRIET AW SRS E, R
/KA B (Thermobia domestica) 1A N & PR 12k
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20 MPRESS AL LT HER FMULT B LPMOs, #
2 AALS FRP,

LPMOs H R BLitt— 046 T Z2 BB P Ay
fEiat, DLAAL 7205 GHs WK g7 =07 AR b IR]
WRAER, KRR T T AR BT 21 4k R 1Y % il 5L
RG]k B (Aspergillus oryzae) e H A K
PRAGUE A, HAE FEMR, MEAE.
TEM I S 2T A R AT . R, Kb AR s &
T F B bR, PRy, T TR s SRk
I TAEATIER2T, yilk—24 ' LPMOs 1) 4 5+
PRIT XS TN Z2 RIS R =8, AU
K a by i LPMO JE[A, FIFISE IR RE R IE R
GEEAT SRR, A3 2H A A TS B R A
TSR G MR 2, g — 2B 481 LPMO 5 GHs
P R B3 A o B IR ) e e PGS S IR, A e AR
R J5t £ 4 22 A W) A W Jo e A R0 A W o ) T
Al

1 AR

L1 SLEethR

FIE K (4. oryzae, CICC2001)T CICC
AR 0 s SERETE AR Escherichia coli TOP
10F AL B 2 R A7 5 RIBEM pET-30a(H) 1l T
Novagen A H]; ZFHREAK pPICIK FKiETE F
Pichia pastoris GS115 (his4)4 H Invitrogen 23 H] .

RNA 20, S35 & . TransTaq® DNA
R4 W (HiFi) F1 T4 DNA 30 A At 204840
Al PREERZIRNDIEIE B TaKaRa Anl, HE
RNA RG] & . 2N 75 % % (ampicillin, Amp).
78 % & (kanamycin, Kan); Ni-NTA agarose Al
40% N A Tt i /R SURUTR AR I A (29: DI (9 12
Yree gl A AT ARG DA = 2 A4l 5
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JRRE GRG0 A AidLab 24 H ; PCR = #)4lifk,
R R IR &0 F Axygen; RIS iE
JCYIW H Sigma 2w I EBREARREERY W B
Megazyme.

1.2 BEFE

LB (Luria-Bertani) % 3% 3& . [# £} & (yeast
extract) 5 g, JRZEE MM (tryptone) 10 g, NaCl 10 g,
Jim ddH,0 E%¥ 1000 mL, 121 °C, 20 min K.
[l ARG SR B R R AR EnA 2%35ig . T
AbF iR A 50 ng/mL Amp 5% Kan; YPD (yeast
extract peptone dextrose)5 75k : ¥ 10 g B REE A
20 g H N ddH,0 % f# 2 900 mL, 121 °C,
20 min K. ®HJ5F, AILA 100 mL 10xD, [&{4
BRI R AR AR SE A EAMA 2%3508 ; BMGY K55
B 1%REREE, 2% & R, 0.00004% 4415, 1%
Hvy, pH A%, EAZE 900 mL, 121 °C,
20 min K . FrR A, LA 100 mL 1.34% YNB;

BMMY }E3238 . BRDL 0.5% FF B2 Hmah, 24
B [F BMGY ,pH H 2, E %% 1000 mL, 121 °C,
20 min KF

1.3 LPMO RHEESFHI M

PEBOK A B RNA, GRS cDNA, )
5 NCBI £ 4 EHi 18 1 oK i 25 GH61 %8 DNA J7
%1)(GenBank No. AP007154.1 Fll AP007157)i%11 5]
PIEE 1). LA cDNA ttk, 235I%1H LPMO2-
EcoR 1 /LPMO2-Hind Il Al LPMOS5-EcoR I/
LPMOS-Xho 1 #17 PCR 4 343k45 4oLPMO2 Fi
AoLPMOS5 FEPIFF TR H132HE (open reading frame,
ORF) J¥ 41 . ¥ 14 7 ¥y 4l fb J= 3k 47 XU g )
pET-30a(+)# ik ATAH R Jr G A TREY), 4 T4 4%
%825 Ak TOP 10F 832 25 . SR 7% PCR ¥
i g BH M R AL 7o 3R IRCP M E O R
pET30a(+)/40LPMO2 1 pET30a(+)/A0LPMOS5, i%
VAR T RN Y BIE

F1. KARETAMNSY

Table 1. Primers used in this study
Primer name Primer sequence (5'—3')" Product Purpose
length/bp
LPMO2-EcoR 1  CGAATTCATGTCTATCGCTAAGATTGCTGG 1053 Amplification of 4J0LPMO2
LPMO2-Hind Il  CAAGCTTGGCAGAGATGTCACGAGCGT
LPMO5-EcoR 1  CGAATTCATGGCTATGTCCAAGATCGTG 750 Full length amplification of 40LPMO5
LPMOS5-Xho | CCTCGAGAGCGCTGAAAACCTCAGGG
mLPMOS5-EcoR I CGAATTCCACGGTTATGTGTCTGGAGT 705 Amplification of A0oLPMOS5 mature peptide
mLPMO5-Not I CGCGGCCGCIGTGATGATGATGATGATGAGCG
CTGAAAACCTCAGG
a-factor TACTATTGCCAGCATTGCTGC 877 Validation of yeast transformants
3'AOX GCAAATGGCATTCTGACATCC
qAOS5-F CACGGCCCTGTCCTCAATTA 197 qPCR of A4oLPMOS5
gAO5-R CCCTCTTGGATGGATGTCGG
qAOX-F TCCCCAAATGGCCCAAAACT 236 gPCR of AOXI promoter
gAOX-R CGGGGTTCAGAAGCGATAGA
qGAPDH-F GGGTAGTGAAGGCTGCTGCTG 114 qPCR of GAPDH
qGAPDH-R CCGCATCAAAGGTGGAGGAAT

. restriction sites were underlined and 6xHis tag was boxed.
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¥ DNAStar Lasergene 7. MEGA 7.0 #{4:#1
126 T H ClusterW (https://www.genome.jp/tools-bin/
clustalw). ESPript 3.0 (http://espript.ibcp.fr/ESPript/
cgi-bin/ESPript.cgi) . WebLogo (http://weblogo.
berkeley.edu/logo.cgi) 1 7Z FE R L X Al AL 43
#r, FIH Pfam (http:/pfam. sanger.ac.uk/ search)%}
MreEFg#ydek, FAH SignalP 4.1 (http://www.cbs.
dtu.dk/services/SignalP/)Fitill{5 5 ik, F|F NetNGlyc
1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) Fl

NetOGlyc 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/)
TR N-F O-BlE AL

1.4 LPMO HEAZRXRE NHLEE

FIH mLPMOS5-EcoR 1 Al mLPMOS-Not 1 5|
Y4 14 pET30a(+)/A0LPMOS 345 AoLPMOS JR
K51, 48 EcoR 1 1 Not 1 XU, %% % pPICIK
R N M i Ia] b R Sac T % E 4 i
Hi pPICOK/AoLPMOS #AT4MEAL, HLd (1800 V,
4.5 ms)FEALEETRIERE GS115. SR G B4R
e BE e P2H . 43 9l Rl A o-factor/3'AOX  Fl
mLPMO35-EcoR 1 /mLPMOS5-Not 1 5] ¥y 56 UF % £
oAb 7. Wit — DU ERERE A T AoLPMOS
FEDFE DUEL, SRBUREEE B RNA I 5254 5% i cDNA
LA GAPDH 1E RIS SE , R HZEEE it PCR %,
Kl pAOXI J3 8 FH1 AoLPMOS FEH )15 5 .
PR 2N T H MR M R R, H
ACt=Ctgppi-Ct oo
1.5 FEAREHERRERIL LPMO

W BRPE B REBERN T 5 mL 1% 25 pg/mL Amp i)
YPD 85553, 30 °C, 200 r/min }55% 2d 5. B
1 mL 4P % 200 mL BMGY 15353E,30 °C 200 r/min
PR 1595 2-3 d (ODgyy=2-5), 4 °C. 5000 r/min &5
0 5 min, 37 B, 50 mL BMMY B35 5L

actamicro@im.ac.cn

FAK, 30 °C. 200 r/min P53, FKikial4
24 hAMIT 1%, [R]EFIRC 1 mL A 0 E 2 v
& Fil SDS-PAGE 43 #7 o

1.6 FEHASEIELHT

BiERIFHEK T 4 °C T, 10000 r/min &
O 15 min B _F 3% F HisTrap™ FF #£(GE Health.
Bio-Sciences)iH 1 2 FZHT, 20-500 mmol/L DK M A
JEVERR HArEH . ZJ5, FIF Millipore Amicon®
Ultra #BUE R 220k, Zlifb 8 AU T 2ec k.

W 43 B2 /e SDS-PAGE BEIE i A 4k
R 0.5% MW CRIRR G IS . R BELF LR | fliner
4L LTI FESE A FARZE MRS ATk,
H#iH1T SDS-PAGE. HLIKZS G U BEIRE, 7
25%5 NI A PE 2 K, BIR 20 min, EPEE,
BBERAE 4°C T, T 1xPBS 28t FPiEvkid 2 .
24 %ML e 6 20 min, FF 1 mol/L NaCl
it € 28 HH B B 2R
1.7 LPMO B aHr

(1) TEHEME . DURIBE SR ICY) , R DNS
PP E LPMO Ttk . SO IR R AL 15 L B
(2.2 ug, FRE)FI 60 uL 0.5%HI#E Sk, 28 °C )
12 hJ&, JIA 75 uL DNS &7, 7RI T 99 °C
PRI 10 min, FFRAREIR)G, WE ODssy, K
JGAH o [FIEE, DL 99 °C i i i) i 2 1 o 2 Dkt
MR WS AE RGOS SN AR, /NS R fife A e
A B 1 pmol i N BT S B E SR — S
BANE(U). # IR I 5E R A Bradford 3%,

(2) & pH: 091 pH 2.2-8.0 FUBEIR A —
NP TR % % MR BC ) 0. 5% RIME BRI, i 1
R AR FRAE SR 3 SO R RO 12 h s,
LPMO 5%, & 4 4°PATIRE . DARE pH T 97E
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PEH 100%, T4 pH 500 T BAHXTE M

(3) Fid I : B a0 pH I IR 5
MR IRA, % R NVAR R 535 E T 30-80 °C
TRV 120 J5, I LPMO 54, % 4 447k
5o DASRoil i R TS PE R 100%, 1T [
T A

(4) SIIESH S BRI IR EE (1 mg/mL-
10 mg/mL)RIKE LY, 16 fcid SO 55400 T i AT
B I, SRR A 19 h, i3 4 41175 .
FI A GraphPad Prism 7 1155 Ky X Vinaxo
1.8 Cu’', H,0, RIZFEFIXT AoLPMOS5 1§ J1 Y
A0

OYHAEMERERY Cu®* (0.05. 0.1, 0.2, 0.4,
0.5, 5.0 Al 10.0 mmol/L), GA (0.05, 0.1, 0.2, 0.4,
0.8, 1.0 A1 2.0 mmol/L), H,0,(0.5, 2.0, 2.5, 5.0,
10.0 A1 25.0 mmol/L)EY, Vc (0.001. 0.5. 1 A
10 mmol/L)Xf LPMO TEPEMFZM . ARG IMAME
BRI SRR 220 100%5%F HE T 153 S 56 24 A AR %o
W, B4 4RI
1.9 AoLPMOS5 S5¥#H /KR R 1k b

(1) DEIEHETEME - ¥ 0.03 pg 4L/ 0.1%34
BE IR A, A6 4 o060t it
(RF-5301PC, i, HA), #EMIEH 295 nm,
S ST ARG I TE FE A 300-500 nm, I 5E A [ s
[E](0. 30, 60, 90, 120 min)FIA[EHEEO0.1. 0.2,
03,04, 0.5, 0.6, 0.7mgmL)WHMEKT, &
FIAY G B DA K e RIS o TR, B R
3R/ Pl

Q) IEMEEE T VL 1% S IRy,
B BRI M FE B AoLPMOS5 (0.150. 0.075 .
0.030, 0.015 mg/mL) 0.33 mg/mL H &% S bk
BsMAN3 SJEM#HAT 11 1IRE, K EZ54E 1h

BRI G A B o B RBLKAE 12000 r/min
4 °C 0> 15 min, WL BRI T SDS-PAGE,
A Image Lab v.5.2.1 #{4(Bio-Rad, Hercules,
CA, USA)HFAT L% B/ M, Do m Ik E 1
AoLPMOS HJJEEEE R 100%, Z#r L3 Hh 8 5%
AR BSMAN3 5P A9 45 A5 00

LL 0.5%MIBR AR, # 60 pL IK#F#
7.5 uL LPMO Zlifb kiR 5, 28 °C TR 1. 2.
4. 8 Fl 16 h HURE: o A~ I ] 20 51 B 2 49 T A R
Hrp— 47 BVETF 99 °C IR 10 min Kik
LPMO JG /Il A 7.5 uL BsMAN3, JRAJHAE 37 °C
NI 10 min J7, fIA 75 uL DNS &5, 99 °C 4
IR 10 min; B— A 7.5 uL BsMAN3, JRE5)3F
1£ 37 °C FJ2 i 10 min J&, JiILA 75 uL DNS 5,
99 °C fiifk 10 min, DUINFATIE IR ZR Jxt BE,
SE ODsyo WOGHH, P RN 4 A7 .

(3) thlEEARAER . LURIBE G e Iy, it
17 3 50 . S —2H A 60 pL 0.5% A3 &5 S
Y. 7.5 uL 4i LB (1.1 ug)Fl 7.5 uL BsMAN3
(0.17 pg); 5 " HUIMA 60 uL 0.5%fIH 5L Y |
7.5 uL AifbEEE R 7.5 L JCHEK; S=4mA
60 pL 0.5%FIM Z Y. 7.5 pL BsMAN3 I
7.5 L JCRUK; [RIEFR2S X RRAE, 2EAT 4 407
A5 4 H¥F 28 °C, RN 24 h J5, A
75 uL DNS &5, 99 °C f#f 10 min, fFAHEZ
TR, ME ODsy BIWEAE

2 ERFpH

2.1 LPMOs REE RS FEH 0

DK A RNA MR, 2%kl PCR 3
W, RIS 1110 bp B9 AoLPMO2 #1750 bp
# AoLPMOS5 F:IH, SignalP 4.1 il & 7,

http://journals.im.ac.cn/actamicrocn
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AoLPMO2 8 —B 19 MEIEBRINfE 5K,
AoLPMOS 7% —B¢ 21 N MR fE 5 k. FIH
Pfam T H TN D RE S5 44 380k B A~ 2 AR TR
K REE GHe1 X5, BATBIEEE AA9 KiK. &
4k BT R, AoLPMO2 1 AoLPMOS 5H:
fih AA9 FKH LPMOs VA28 i —# (K 1)

R A X Bk, BT LPMO B Y
G — IR R 58 RSP I AL R (K] 2-A),
X & LPMO &[S RURRAERY . HAESE =4
i % %2 (histidine brace) X A & ML HLAE, AP
H-X;-Q/E-X-Y (& 2-B), F& AA9 FKj LPMOs
OES T

Collariella virescens LPMO Ivtic polvsaccharide monooxygenase (AST24379.1)
Lentinus similis auxiliary activity 9 (ALN96977.1)
Leucoagaricus gongylophorus lytic polysaccharide monooxugenase preeursor (CDJ79823.1)

2.2 EHBREENEE S N E

KA T AL RS 15 MU AoLPMOS (1)
o MR AT, dr 4 A GS115/pPICIK/
AoLPMOS5 . R qPCR A KM H i 3% R Kb &,
R 4 SHAL T (GS/AO5-4) iy B E AL B i3 50 1
pAOXI Fl AoLPMOS FEH ik 1855l J& GAPDH
[ 4.00+0.54 1 1.85+0.25 1%, %1 GS/A05-3 1Y
2 £ (&l 3-A Fil 3-B)o k2D Al H 2 PR Bk 1 2
Fikig, 4 1%FEHET 24 dJ5, GS/A054 k&
B EiEw b EARSEVE ST GS/A05-3 (K
3-C), #/" GS/AO0S5-4 W] fE W45 Ul AL+ (&
3-D).

0.6

Gloeophyllum trabeum lytic polysaccharide monooxugenase partial (BAV57613.1)

Pestalotiopsis sp. NCiS6 lytic polysaccharide mono-oxygenase partial (ANB32140.1)
Botrytis cinerea T4 glycoside hydrolase family 61 protein (CCD47228.1) AA9
Phanerochaete chrysosporium glycoside hydrolase family 61 protein D (BAL43430.1)
Heterobasidion irregulare TC 32-1 glycosyl hydrolase family 61 2 protein (ETW87087.1)
AOLPMOS5 <«—
2 = —AoLPMO2 *—

Phanerochaete chrysosporium family 61 endoglucanase (AAM22493.1)
1 Cryptococcus gattii WM276 hypothetical protein CGB B1770C (ADV20171.1)

0.
0.3 I:
= Cryptococcus neoformans var. grubii H99 hypothetical protein CNAG 07314 (AFR92305.2)

AAl4

0.4

0.4

Neurospora crassa hypothetical protein (EAA34256.1)

Trametes coccinea lytic polysaccharide monooxygenase (AUM86167.1)

0.3

0.2

0.3

0.6

Magnaporthe oryzae 70-15 hypothetical protein MGG 09527 (EHA52406.1)

Penicillium rubens Wisconsin 54-1255 Pc23g00050 (CAP79499.1)

Botrytis cinerea B05.10 hypothetical protein BCIN 07g 03980 (ATZ51833.1)

Thermothelomyces thermophila ATCC 42464 hypothetical protein MYCTH 2299757 (AEO55680.1)
Pinctada martensii chitin binding protein (AIF72920.1)

AATlL

Thermobia domestica lytic polysaccharide monooxygenase partial (SIW61373.2)
Musca domestica chitin binding protein (AFP63387.1)
Mamestra configurata chitin binding domain 3 protein (AEA76329.1)

AA1S

Acanthocystis turfacea Chlorella virus Br0604L chitin binding domain-containing protein (AGE49160.1)
0.1 Aspergillus nidulans FGSC A4 hypothetical protein AN5463.2 (EAA62623.1)

Aspergillus terreus NIH2624 hypothetical protein ATEG 07286 (EAU32670.1)

Neurospora crassa ORT4A starch binding domain-containing protein (EAA34371.2)

AAI13

0.2

Thermothelomvces thermophila ATCC 42464 hvpothetical protein MYCTH 2313229 (AE062162.1)
Penicillium rubens Wisconsin 54-1255 Pc13g11940 (CAP92263.1)
0.2 [() Bacillus cereus 03BB108 chitin binding protein CBP21 (AJI11883.1)

Bacillus thuringiensis serovar kurstaki [pmO10A (AJP62637.1)

—

0.2

Figure 1.

actamicro@im.ac.cn

0.6

Bacillus thuringiensis serovar kurstaki lytic polysaccharide monooxygenase partial (ALP73598 .1) AALO

1. Bacillus amyloliquefaciens chitin binding protein (AAG09957 .1)
02 Bacillus amyloliquefaciens DSM 7 RBAM17540 (CBI42985.1)
=0 OBacillus subtilis chitin-binding protein (AIW33770.1)

LPMOs Z25H A B2 H7

0.1

& 1.

Phylogenetic tree analysis of LPMOs. LPMOs determined in this study were labeled with arrows.
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(A)

Figure 2.

10 20 30 40
AO2 LPMP S|cRIV[VID . [Glo DMS.YHYMSNPPQVIGWSTDA[M. . . oo v v v i e DLGFVD
AO5 LPMO S|G|V|V|I|D . [GlQ LVDKYAYSDNAPDTIGWTTSAT]. . . v v v v v e DLGFVD
ATZ57781.1 OISIF|T|Y[K . [N|I GYIRVNDN: ;s YNSPVIDLAS: . ¢ o eivis s sivioie s « NDLR.
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AAM76663.1 DIK|A|I[VIG . [G[T KYVRQSTRATKYNPIKFSSNPA[. ............. ADIRDN
ABT35335.1 D|V|A|T[VIN . [G[K QYIRDFTRPTKYNPIKFSSNP|S|. ... ..., ADIRDN
CAP59702.1 SIK|L{I[VIN . [GIR EYVRENS. .NFIMPTKQFLQP[S[. . . ..o v evnn DDFR.
BAV57614.1 S|K[V[VIVIN . [G|Q TPGGDTSPSPIRQISTISPVKG. « v v v v v v e v nnnn AANK. .
AAW41121.1 S|WV|Q|T|G TG|P TLDDYYIALYRESDPVWGALP[E[QKYTRKTDRLDLGFADIFSK
EAA64499.1 [T TILIY[VID . |.JG GVCIRMNRNAEKATFPISPLAN. « vttt veeeeeennnnnns
50 . 79 80
AO2 LPMP GsSYADADI[[|CHKNAKNGAI[SAE[|ARIGKQVELQWTAWPES. ... .....
AOS5LPMO GTGYQSPDI|I|CHKDGAPGAL|TAEVAAGGKIELQWTEWPES . . v ... ...
ATZ57781.1 ... .... CINSGGETSKG .[T|Q T|I|T[V[KAGDSFS[F[TGDIQ. . ... ... VY
APA13672.1 .. ... .. C[NSGGETSNG .|T[Q T|I|T|[V[KAGD SF S|F|ITADVP . . . .. ... VY
AAM76663.1 SHVDGPDIVIC[NQGAFSSAGK|T|DV|LT[VKAGDEIR|LKLAVGAK. .. ... FQ
ABT35335.1 SFADGEDIV|C[NQGAATKGAS|T|IEVAD|V[KAGDVIT|FIKLGVGAK. ..... MG
CAP59702.1 ... ...... CINSGSFANAGR|T|KVHK|[VNPGDSIG|F[RLWNGGK . . . . . . IL
BAV57614.1 ... ... DMF|CIGYDAQVASQV|AAADIPIGISKVTF TW|S|IGGGGONW. . . ... PH
AAW41121.1 SIATGGYEVICIQRFDSMSPVG|T|IPAKAIGDQVIVQMG. PDWPF. ... .. EG
EAA64499.1 .. ... DAMA|CIGYDGEIAAAR|TCA[VIS|Q[SSTLTFE[EJRAYPDGSQPGSIDGS
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Bl 2. LPMO K5I 47

LPMO sequence analysis. A: Amino acid sequence alignment. Conserved histidine brace sites are
highlighted with blue boxes. B: WebLogo analysis of peptides I and II.

2.3 AoLPMO5 ESFE X 5T

W X DAL F GS/AO5-4 FI T LPMO [
Feik, HE Ik b P O T T e i B e (R
4-A), & 1%PEEST 4 dJaREERS, FER
RSN 0.19£0.01 g/L. GS/AO5-4 4N AR

AOLPMOS B R H—557 , 421 34 kDa,
B2 IS FhE 25.2 kDa A TR, Rk
E AR, ER THA R
/N, Asnl39 FF45 N-WEHEEALAL A (N-X-S/T)FHIE,

Al RE R A N-WESEAL &M, Thr56. Thr57. Ser58.
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Thr60 1 Ser249 v &5 A GE &2k O-WEELAIEMi . & AoLPMOS5 il #E o e HAT B AT PR (& 4-C), 1M
PNGase A FH)5, EAD TRIFMEEL 28 kDa (K XHRFILLYER | MAbergE R . JLT BBeA M
4-B), KINZHEALAE N-FiSE L, BRSacseRm, BAEA.
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B3 EEBSENQEETSEARIESH
Figure 3. Gene copy number determination and protein expression of recombinant yeasts. Transcript levels of
AOX promoter (A) and A4oLPMOS5 (B). Data were represented as mean+SD (n=4). C: secreted proteins of
recombinant yeasts. 1, 3, 5, 7: GS/AO5-3; 2, 4, 6, 8: GS/AO5-4. D: schema of multiple insertion into yeast
genome.

(A) Time (d) (B) (©)
kba M 1 2 3 4 5 6 7 CK M

1 2 1 2 3 4
50 — -

35 —

25 —

4. BEEEFRIXLFR SDS-PAGE. EHEEL REFIL O
Figure 4. SDS-PAGE, deglycosylation and zymogram analysis of supernatant secreted from recombinant yeast. A:
SDS-PAGE of supernatant. M: marker; 1-7: 1% methanol induction for 1 to 7 d; CK: control. B: Deglycosylation.
M: marker; 1: AoLPMOS5; 2: deglycosylated AoLPMOS. C: zymogram analysis using gel supplemented with

various substrates. 1: locust bean gum; 2: carboxymethylcellulose; 3: avicel; 4: chitin.
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Xf AoLPMOS5 Myl 2=PE #1730, K
AoLPMO5 Myfgcidi [ )i pH FIRE 7351 5.0
60 °C., 1E pH 5.0-7.0 B 50—70 °C 78 [l N 6 P4 s
(El5), R—Fhrbif . 55ERVERE. AoLPMOS fE{Lil
PRI Koy PV e 735124 8.72£1.99 mg/mL F1
109.4+12.8 pmol/(s'mg) (5% 2).

24 Cu*', Hy0, BGBJFHIX AeLPMOS & 15

ST Cu®' | HyO, BANTRIE JEURIG AoLPMOS fiff
TR, S5 BN 0.1 mmol/L i) Cu* BERS Lt
AoLPMOS HEAAERT, (HHEMEHE15(7.10+1.32)%
(P<0.05), 4 Cu™ kT2 0.4 mmol/L PA_F-H,
W30 /R (P<0.01) (B 6-A); 0.5. 2 #lI
2.5 mmol/L ) H,O, ¥JREfE i AoLPMOS HyfEALAE
o, i s Mg B RS (21.1126.17)%
(20.22+1.13)%, (18.40+£2.86)% (P<0.01), 4
T E R S mmol/L DL I, DWUIZR B 1 il4E A

(A)

—
x®x O
S O
T

~
(=}
T

Relative activity/%
N
S

N
(e}
T

(=)

(P<0.01) (&l 6-B); &ETMRH Ve X} AoLPMOS5
T PEJCH R 2 (K 6-C il 6-D).
2.5 AoLPMO5 S¥EHK gms v R A1k s Hr
KD EIED T BsMAN3 Fll AoLPMOS 5
RIS G RE T, SR BRI S R 2 s A
A (& 7-A F1 7-D)SURYIHREE (K] 7-B 1 7-E) 1S
i, EEOGIREEBERER. Hd, BsMAN3 K
WA 4 M 342 nm £1F%2 & 365 nm, AoLPMOS fiz K
WA I 383 nm £185 2% 384 nm, HEREFEM:
BRI Y (0 2 PR B AL 5 IR S IR 4 & 5 R A
PSR, ISR K LI R, 3
— 25 UK BME Ry SIS W it A7 5 6065, KB
BsMAN3 St EEALREEAE , R B] BsMAN3 A 5K
BRHRYISE A (F 7-C). T AoLPMOS (K756 65 i B
IR BE B HE I AR, $275 AoLPMOS fig
LA ARTHEIRYI(E 7-F).

—

x D

S (=]
T

~
(=1
T

Relative activity/%
D
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5. LPMO &\i&E/R N pH(A)FI&i& /& [ 8 E (B)

Figure 5. LPMO optimum pH (A) and optimum temperature (B). Data were represented as mean+SD (n=4).
&2, LPMO hhZEH
Table 2. Kinetic constants of LPMO?
K., /(mg/mL) Vnax/[mol/(s-mg) protein] keat/(1/s) kea/ Ki/[mL/(mg-s)]
8.72+1.99 109.4+12.8 1.06+0.12 0.122+0.063

. Data were represented as mean+SD (n=4).
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Figure 6. Effects of Cu2+, H,0, and reducing agents on LPMO activity. A: Cu2+; B: H,0,; C: Gallic acid; D: Ve.
Data were represented as mean+SD (n=4). *: P<0.05; **: P<0.01.
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Bl 7. BsMAN3 5 AoLPMOS5 KK 47
Figure 7. The fluorescence spectra of BsMAN3 (A-C) and AoLPMOS5 (D-F). The fluorescence spectra of
different time intervals (min) (A and D), various concentrations of LBG (mg/mL) (B and E), or various
concentrations of xylan (mg/mL) (C and F).

actamicro@im.ac.cn



LWEME | MED, 2020, 60(1)

193

iR PO Ok L R W, BsMAN3
AoLPMOS ¥Jfig 5HlML G IR f 454 . Rk,
AW G HE— 20 SR FH B0 1 43 B 5 IS ) A 44565 e
HM, BEFH AOLPMOS FE[MKIZHIEAL, b
BsMAN3 R RFEL, #2785 AoLPMOS5 5K
WigE S VeSS, TR BsMAN3 2 115 il
JEEMIEE A TR (18] 8-A). FRAYEE G REMT
SRS RAR—2 (1 8-B), 4 AoLPMOS5 [k
JE£4 0.015 mg/mL B}, 3 H BsMAN3 5R A f
K Z(79.043.0)% (P<0.01),

W — A I A 52 0 Ak #H (Ao LPMOS- K

i AoLPMOS5-BsMAN3) Fl [a] i} 4b i (Ao LPMOS-
AoLPMOS5/BsMAN3) ¥ Fh 7 2 i i ) B 1t () 5%
Wi, S5SNI AL BRAE SN AT (14 h)if &
PR 2 3 = T RN AL B, 72 AoLPMOS J
NE 1. 2 F0 4 h e, G A B A DO AR S o
Wk 452.3 . 448.4 11 436.9 umol/L, J&[F] i ZbFH )
237 1%, 2.67 f5H 2.10 f%(P<0.01), 3 R ALEHHA]
ST, AoLPMOS AL S B IR EE T, #4
AoLPMOS {4544 b, M T BsMAN3 5
RIS &, TAERV S HH(8—16 hyPi A b B )5 xC
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Figure 8. Effects of AoLPMOS5 and BsMAN3 on locust bean gum (LBG) degradation. A: Competitive binding of

AoLPMOS5 and BsMAN3 (0.33 mg/mL) on LBG substrate. M: marker; lane 1: 0.150 mg/mL; lane 2: 0.075 mg/mL;
lane 3: 0.030 mg/mL; lane 4: 0.015 mg/mL AoLPMOS. B: Optical density analysis of (A). C: AoLPMO5 and
BsMAN3 show competitive binding to LBG substrate. D: Synergic effects of AoLPMOS5 and BsMAN3 on LBG
degradation. Data were represented as mean + SD (n=4). **: P<0.01; ***: P<0.001.
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(%] 8-C)., N43HT AOLPMOS5 Sl 7K A i 1) 1 [ e
fRVERT, 4 AoLPMOS. H &Ml BsMAN3 435
FEARICY , B0 AoLPMOS 5 BsMAN3 13RI FEAR IS
Y. 45R 2R, AoLPMOS 5 BsMAN3 HpfRIFFA# i
YIRt, AR 120.68+2.95 pmol/(L-h),
b 2 S T RN SR 2 FN 64.73+0.88 pumol/(L-h)
(P<0.01), HALRCRIEE 86.44% (K] 8-D).

3 it

LPMOs s — & LU A 7 2UA T K 22 SO 1
BT BRI B 27 4 R A . ), DF9E A DU
IHAE LPMOs J&—FP ALl , PR R 73 S bl
KRB 61 ZX5(GH61), Ff HAA K X Fh i i AL 16
PEARMECY, 2 — 298 & 3, GH61 RIRKIL G
gt & W 33 K j% (carbohydrate-binding module
family 33, CBM33)fy— 2Ll 5t HA A AL 0 1
PP, XK A T X LPMOs #4328
FFE 510, LPMOs s s A A R £F 4 R 28 )
AL T 0N . Fi T LPMOs FER A28 i
FAIE, B2 550 GHs G EHAK, H LPMOs
ARG 7 A AR o T E— 20 8 GHs /K, DRt
Rl 4y ol B B 2R R R o

ACMK B cDNA H5ifEfS 5] 40LPMO2
Ml AoLPMOS J:IH, Wi )& T AA9 S5 L 5t (K]
1), HHAG LAY R CELEW,
H-X;-Q/E-X-Y JFFRFEPH(E 2), AT B,
BANRSFAH AR LA DR
P-X,-G-X-Y-V/L-X-R fkBt, HIRER NG, &
VLGS — 05 . HRTC B R LPMOs F 2k
T ERF(AA, AALL, AAL3, AAI4HPY 40
(AA10) | FEEE(AAL10)H . B Hi(AALS)H, BT
REMAEY) . ShPEE 2 NS5 v S LR W) vh e BB 7

Gy
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LPMOs, #t—4h 58 LPMOs (I, AT RER N 4>
JE W55 0] A GEKE AoLPMOS W4 A 56
BEEE GS115 YR AL, BEAIEF AoLPMOS K5
T Z IS EN N2 9 kDa, 4 PNGase 45,
AoLPMOS5 7y TR, RUIEAIAE N-FiEE
fE(K 4-B). BEFHE PR, AoLPMOS H&Hil#f
SR TE (B 4-C) 0 ARWFFEIRAT T BHE DL
HAHWEEE GS/AOS-4, HAE 7y Wi B3 = T H4%
DAL T (18] 3-C), UL TE DA F s AR R
MR A B A BT

AoLPMOS5 WJgh 12 Z8or kW], 515t
GHs FHEHAEAL TG PERLAR (R 2), X5 H AR A
—H T SUREAE A B S R AR 4 R
fifto ST IR, Cu®" 8L Ve S50 5 REALiF LPMOs
AL TG M . Blan, KR E IR TR (Serratia
marcescens) CBP21 J&—RMK#i Cu® By (L, 78
Cu'MVEFT, CBP21 FEff kAL T TR 1
BORAJE (degree of polymerization) ) Z#ERY,
Quinlan Z&USE 55 43 M RE - FE i (Thermoascus
aurantiacus)TaGH61 FEf =Y o+ &8
B, WIEWT GH61 ZHMh Cu® Rt
AT . BTSN R R FIA 0.1 mmol/L
Cu” A LIf#i AoLPMOS5 [ 4555 (7.10£1.32)%
(P<0.01)( 6-A). B#E Cu” WM — 5,
DB R AR T, 35 Al 8 A AR A 1 SR 755
T WHEMGEOLT, 48T nl fEiE i i A Tk
LN G D W DA S - S LRI =2 N Ei b
ZEAr WU T 45 P T H AT DA TSR I R
T LPMO & —Fh4a b, 7 ik & Prfe
O, B}, LIS AR AT AR, SR,
AR, HRARRPE H0, H3L[H
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AU AR RN AR RN 0.5-2.5 mmol/L
H,0, 7] DL I8 35 & 7+ AoLPMOS 1y i 1k 1% 1
(P<0.01), FEHE H,O, MREEZE— D4R, &ML
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Heterologous expression and characterization of Aspergillus
oryzae lytic polysaccharide monooxygenases

# . # . . . . .
Yuhe Feng®, Xiaobao Sun”, Shuxin Chen, Huien Zhang, Xinlei Shi, Yebo Zhou,
Guoying Qian, Shangjun Yin , Qian Wang
College of Biological & Environmental Sciences, Zhejiang Wanli University, Ningbo 315100, Zhejiang Province, China

Abstract: [Objective] Lytic polysaccharide monooxygenases (LPMOs) are new lignocellulose-degrading enzymes
that break glycosidic bonds of polysaccharides via oxidation. This study aims to explore and characterize novel
LPMOs. [Methods] LPMO genes were cloned from Aspergillus oryzae and expressed in Pichia pastoris. [Results]
Sequence analysis indicated that both AoLPMO2 and AoLPMOS5 belong to auxiliary activity 9 family. 4oLPMOS5
was transformed into P. pastoris GS115 to obtain a 2-copy insertion yeast GS/AOS5-4. After induction by 1%
methanol for 4 d, protein yield in culture supernatant reached 0.19+0.01 g/L. The molecular mass of recombinant
protein was approximate 34 kDa, which was higher that the theorical calculation, indicating probably
post-translation modification proceeded in yeast host. The optimal temperature and pH of AoLPMOS to catalyze
locust bean gum were 60 °C and 5.0. Its K, and Vi, were 8.72+1.99 mg/mL and 109.4+£12.8 pmol/(s-mg),
respectively. Addition of 0.1 mmol/L Cu®*, 0.5, 2.0 and 2.5 mmol/L H,O, enhanced its catalytic activity by
(7.10£1.32)% (P<0.05), (21.11£6.17)% (P<0.01), (20.22+1.13)% (P<0.01) and (18.40+2.86)% (P<0.01),
respectively, while gallic acid or vitamin C did not show promotion. The AoLPMOS5 was found to bind with locust
bean gum substrate at the early stage of reaction, resulting in temporary inhibition of mannanase (BsMAN3)
activity. However, these two enzymes showed synergic effects on substrate deconstruction at the later period.
[Conclusion] AoLPMOS5 is a novel biomass-degrading enzyme. Insights into its enzymatic properties and
substrate-degrading patterns will contribute to natural lignocellulosic biomass conversion and biorefinery,

especially second-generation bioethanol and functional oligosaccharides production.

Keywords: Aspergillus oryzae, lytic polysaccharide monooxygenases, oxidation, Pichia pastoris, enzymatic
properties, substrate binding
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