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Heterologous expression and characterization of novel
glucomannan-degrading enzymes from Paenibacillus
macerans

MENG Jiayi, ZHANG Guojing, ZHOU Feng’en, WANG Nan, ZHOU Yifa, YUAN Ye’

School of Life Sciences, Northeast Normal University, Changchun 130024, Jilin, China

Abstract: [Objective] We cloned, expressed, and characterized the glucomannan-degrading
enzymes from Paenibacillus macerans, aiming to enrich the glucomannan-degrading enzyme
resources and decipher the mechanism of glucomannan degradation by P. macerans.
[Methods]
recombinant strains to express the recombinant enzymes. The roles of the purified proteins in
the degradation of glucomannan were then studied. [Results] We cloned and expressed five
glucomannan-degrading enzymes, among which PmManl and PmMan2 were
endo-B-mannanases, and PmGlcl, PmGlc2, and PmGlc3 were exo-B-glucosidases. PmGlcl
only hydrolyzed pNPBGlc, and PmGlc2 hydrolyzed B-1,6-glucosidic bonds in disaccharides
and ginsenosides. PmGlc3 hydrolyzed a wide range of B-glucosidic bonds. PmManl, PmMan?2,
PmGlc2, and PmGlc3 degraded glucomannan oligosaccharides, and PmManl and PmMan2
degraded glucomannan. In the degradation of glucomannan, PmGlc2 and PmGlc3 had
synergistic effects with PmMan2, and the synergistic effect was more significant between
PmGlc3 and PmMan2. [Conclusion] We obtained four glucomannan-degrading enzymes from
P. macerans and clarified the role of the enzymes in glucomannan degradation. The findings
enrich the enzyme resources and theoretical research achievements and provide an effective
tool for enzymatic preparation of active glucomannan oligosaccharides.

We retrieved the glucomannan-degrading enzyme genes and constructed

Keywords: Paenibacillus macerans; B-mannanase; 3-glucosidase; glucomannan
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U 2 34K 22 WG A T 1%) T SR IR R
K KB (Paenibacillus macerans)’® | V2 {7-14E
TR 27 4 R IR W A s 8 P, A
rha] BB & BB 0 H 8 SRWERE I . AT R
TIRBRE ZF AT TR BRI R R AL KGM, X NCBI
Bds PR AR WA & A 20 H 8 RO i
ML R, RS v B 40 ek T aX e 4
ARG T HAE BT RE , I43 0T T 45 L FERE
il KGM i o T i H s ZE0E ™ Ak
5% KGM g5t THRE M TH, FNFEE T
B- T 55 B WHMEFN B 2 W 1 W 0 AL

P

1.1 MR
1.1.1 FERFIFNEE

R Jo g8 se b iRl W B T4 TAEY T
BB A R F . LR (Gle-B-1,2-Gle)
B fi = B (Gle-B-1,3-Gle) . £} 48 — ki
(Gle-B-1,4-Gle) F1 ¢ IH — #% (Gle-B-1,6-Gle) Iy H
BB T A AR B AT R A Rl . pNPoMan
pNPPMan. pNPaAraf, pNPaArap. pNPaXyl.
pNPBXyl . pNPoGlc . pNPBGlc . pNPaGal .
pNPBGal. pNPaFuc, pNPaRha FlJEE £ H
IS AR A IR A o BRIREN . BEFREN . VK
LR TETEE. AN At T A
#& SEEE A WAL TABR A A

PCR {X ETC-811 (R 26l Bl# A A PR A
Fl). BEpR{Y Infinite F50 (G5 H). v.2UE 12875
KwEs HVE-50 CFUfifER) . &R AH(HPLC)
R4 LC-20A1 (H) . SR B F 615 (high

performance anion chromatography, HPAEC)

ICS-5000" (FEER K H/RBHEA FRA H)
1.1.2 @, ERAEE

R AT ATCC 8244 11 A AL 5T H Rk
WA A Y KA RN A, Escherichia coli
BL21(DE3)/&3z &4l A1 pET-28a(+H)g H 4= T4

Yy TR B A BR 2 7 o
1.2 EREFETEREREHERENTAR

7E 50 mL DUJEE =15 by Ml — B 0 15 77 ik
FIES o/L, BERR A 4 7 g/L, Wi — S5 2 g/L,
TR E: 2 g/L, FrERREN 0.5 g/L, BiMREE 0.1 g/L)
gk 1% MR (B ) AR IR 2 74T 14
T30 °C KM T IRG SR, ArAITE 0, 12, 24,
36,4872 h HUR: A T R BRI 2 1 itk (high
performance gel permeation chromatography,
HPGPC) (REE: & R 0RAH LC-20Ai; Fa: 4% -
INZEYPTEREINES ; ikt . TSK-gel G3000PW )
I B = I A A A el A v 8 A 1 A8 Ak,
PR A A i, R R
1.3 #HHEREEREERFIISH

i #1f NCBI (www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi) 2 $ 1= RS ZE AT B o A H R R
W V2% frk it ) B R PR 510, 000 5 R 910 ) T J s 2K
15, 35 CAZy % e UM D 5 i vh 2 3R AE Y il
i@ Clustal Omega #f4:(www.ebi.ac.uk/Tools/msa/
clustalo/) AT & L2 7 51 [T 43kt RO
1.4 EHEREAE

PTG LS BOIR BRZE 2 JAF i R T LB 15 9%
R, K59 12 h JEEC 1-5 mL OBTEERER,
TIANamp Bacteria DNA s 7 & #& B¢ 5 [H 4
DNA. M4 H 85 e 9 Bt e 51 94 1
HEYEER, 519 e 90 DLaR 1. i Jod ol )y ik
B HEFEN S pET-28a(+) A 4%, HH 1™
Y N E. coli BL21(DE3)E&Z 254t , 71 FH
PEvERE, DFFIEHH S & T80 °C {47
1.5 EEEHRIA, GERERE

37 °C &M T, BFREHRE ODeo N
0.6-0.8. fINA IPTG (&¥JF 0.5x10° mol/L)F
16 °C M4kZ:/F 31K 16 ho 5 000 r/min 2.0
10 min, WHEREE, HETRES MR il
P AN MR R A SR 20, 4 °C. 12 000 r/min
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Table 1 Primer sequences of target genes
Genes Primers Sequences (5'—3")
pmmanl pmmanl-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGCGATTCGTCGAGGCGGAG
pmmanl-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATTCCGGAATCAGCTCATA
pmman2 pmman2-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGAATTCGTTAGCGCCTTAT
pmman2-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATGGTGAAATTAGTTTGGC
pmman3 pmman3-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGCAAACGATCAATACGGCGC
pmman3-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGCTAATATAGCTTCGGCAGCTTTAC
pmglcl pmglcl-F GACTGGTGGACAGCAAATGGGTCGCGGATCCGCCGGGACAAATGCCGAACAG
pmglcl-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATTTCCCCGACGGGCTTCCGAC
pmglc2 pmglc2-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGTTGGTTTACAAGGACAGCA
pmglc2-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAACCCTCCCGCACAAAAAACTT
pmglc3 pmglc3-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGAGTTATCCTTATAAAAACCC
pmglc3-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGCTAGCGGATACTGAACCGGCTGAT
pmglc4 pmglc4-F GACTGGTGGACAGCAAATGGGTCGCGGATCCTTGGAAGGGTTTGCTGAATTC
pmglc4-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTACACTTGCTTAAACTCGAT
pmglc5 pmglc5-F GACTGGTGGACAGCAAATGGGTCGCGGATCCATGGCATCGGTTGCAAAAACGA
pmglc5-R ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGCTATATATTTTGGTTTTGCGTTTCA

250 30 min, WA BRI g Ni-NTA ZE A
JENTRERRAT H A EE 1 SR R T s T e e
Hi, 7k 7 (sodium dodecyl sulfate polyacrylamide
gel electrophoresis, SDS-PAGE)#: i fiff 1) 45 f&F
a2 2 B VR AR R
1.6 EHEEREFENDH

L pNPaMan ., pNPBMan . pNPoAraf .
pNPoArap . pNPaXyl. pNPBXyl. pNPaGlc .
PNPBGlc . pNPaGal . pNPBGal . pNPaFuc
pNPaRha i JiE 473 Hr B 2H il i B B e P61 In]
200 pL 20x10~° mol/L 4 pH 7.0 BFRERZE B i
MR ZHAIA 0.5x10° mol/L 1) pNP-HEtF IS
F10.5%10°° mol/L RYFELIH . 37 °C ¥ 5 min
J& 7 B 50 uL 0.5 mol/L Na,COs ¥ ik 2% 11 2
N M7E 405 nm PAAEIOGIE, 8 b i £k
TG T, s K AN E pNP-BETF Y
BT
17 EHFEREEEKEE_IERNNE

DA [] B RS A B- A — B, dn B Bk
(Gle-B-1,2-Glc), 24 —H¥(Gle-B-1,3-Glc), £F4E
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B (Gle-B-1,4-Gle) il Je IH — B (Gle-B-1,6-Gle)
NI AT B A B A W T O B A R M
] 200 pL 20x10~° mol/L ) pH 7.0 R 3 28 th ik
RN AR Z Fm A 0.5x107° mol/L — B Jig ¥y Al
0.5x10° mol/L . 37 °C i 12 h, 100 °C
N 5 min J5 12 000 t/min B.0> 5 min, B E,
i 022 pm JEMELEUE, @SR Ak
(HPAEC ) il il i 7= 47

HPAEC Z%: & Dionex 1CS5000+, Z3Hrt: A
Carbo PACTM PA200 (3 mmx250 mm)PH &34
(N Ty = S Rl S0 UL 7 e oalIL T TSIV
A J7K, Bl 1 mol/L & &AL, C M1 mol/L i
RN FEIEL 35 °C, Wi 0.5 mL/min, FFER 25 pl,
1.8 EHFEREHRKBASEERIN
M ZE

NS BAT A Z a2
W B e PEVE Y RAFIRY) . AR T AS R
1 Rbl., Rd. Gyp XVII Fl Re, X 20 #iZhHT
B EBEMEEA T 43 FT . 200 pL 20x107° mol/L Y
pH 7.0 BRERSE B VAR R HEAE 0.5%10° mol/L
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NS BHFRYF 0.5x10° mol/L 1Y HE L il
37 °C i 12 h 5 IR A SR BUR M FIE T B T
ZEC, B EZ . R )2 )Z B (thin layer
chromatography, TLC)%: % Miff =Y. J&)= 7|
WIE T BE: 2R L Tig:K=4:4:1 ((KFHEL), 245
K 5%l IR - £ PR
1.9 EHE/KEEHESERINNE

DA H 8 SRR CH RS ARG A LA B-HH 1
TR A RELE 2-10 Z Rl IRA D) NIRRT
S E A A A SERE AU RE T o ) 200 pL 20x107° mol/L
(9 pH 7.0 BEIRERZZ 0B AR R AA 40 pg
FEHEFN 0.1x10™ mol/L F4{ . 37 °C )i 12 h,
100 °C J#4 5 min J5 12 000 r/min &.0> 5 min,
R o R 220k S e 1. )25
RIE T EEPK R EEK=5:14:2:1 (IKFR L), &
R 5%l R - £ B TR
1.10 F=EMKBREHEREEINNE

DA JBE = e S VG 0 ik 9 B 201 il % e i 1 % 2R
BEAIARE ST . 1] 500 pL 20x107° mol/L K pH 7.0
MR M VAR RN 1 mg AN
1x10”° mol/L 4. 35 °C J<ii 12 h, 100 °C
N 5 min J5 12 000 t/min B.0> 5 min, B E{E.
A il 3K 2 (dinitrosalicylic acid, DNS)7&
SE BN R it A DR
1.11 EEEMRITHR

DA H 28 S R IR E 5 AR PmManl
il PmMan2 WL, LI pNPBGle M IR#IHt
SEAM PmGlcl . PmGle2 F1 PmGle3 By~ 1k
. AR FOE pH E YL A 2.0-11.0, pH
2.0-6.0 ffi FHBS TR -BE TR 4N 2% ph; pH 6.0-8.0 i
FHWERR S —0-0h e — SN2 vl ; pH 8.0-11.0
i T H 2R - A AN R MR, 28 v IR FE Y
20x107° mol/L. 5 i FI G F1 78 A 100%,
HoAth pH 4508 ISR TE 1) 520 . pH £
SEPEDE I, 045 pH A4 T W% & AT (%) 3 20 e

THIBES 715 Xh 100%, 55 )5 RS 17 50
BT TR E o il I B Y L 20-90 °C,
i 20107 mol/L i) pH 7.0 BEFRERZE vid, 1
T2 A A I R A TS R SR 100%,  HiAh
VLT TG 5 A o RS MR AR R, SO
SRR R EE S50 E 0. 0.5, 1. 2,
4. 6. 8. 12 h, HEARLEAXNIRE T FE 1Y EH
2 I A P T S A2 SR 100%, MR E S AL
BRI A5 A il TG 5 22 LA
1.12 HEMEREFEHERE

AR s T 2 Tl 0T A S M RN A R SR Y
Fefiret e, L PmMan2 MAZ.O 0, f# AR ZH
B R E IR (3R 2), PSR E 2H e 2 [m]
e R R R R HERIE R . ik 1.10,

2 BRS04

21 ERETFHRHEMREESHERE

W 1R, BEAE BRI RIS 2R AT 1 5 A
R, SRR By R iR, 48h
J B YD G R it o 12 RS LT TR P A i e 5 88
PG F AR R — 3, X WTE 24-48 h B[]
PR K, 48 h i B TR IR E ERFET, WAL
PATRA R G5 R RIS SR AT I A et
PR H R RMERE Y S
*2 BMBETIRHNEASGHR

Table 2 Combinations of recombinases to degrade
konjac gum

Groups PmMan2  PmManl PmGlc2 PmGlc3
1 + - - -
2 + + - -
3 + - + -
4 + - +
5 + + -
6 + - +
7 + - + +
8 + + + +

+: Inclusion of enzyme in the system; — Absence of enzyme
in the system.
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Figure 1 Degradation of konjac gum by
Paenibacillus macerans. A: Analysis of degradation
products by HPGPC. B: The growth curve of
Paenibacillus macerans. The error bar represents the
standard deviation of at least three independent
repeats of data. The same below.

22 EREFHEMEEHEREMEREEER
HEDER I

NCBI 48 P h#5 2 BIR RS AT
A 3 MGER B-HER RN, 0wl
PmManl (GenBank: MUG24820) . PmMan2
(GenBank: KFN10059) #l PmMan3 (GenBank:
MUG24039) % 5 MEGER B-HI% BE 7 EE, 2350
fir 44 A PmGlcl (GenBank: MUG23209), PmGlc2
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(GenBank: MUG25318) . PmGlc3 (GenBank:
MUG25541). PmGlc4 (GenBank: MUG22456)#l
PmGlc5 (GenBank: MUG23236), PmManl K%
€ L P @ BE T RS W , PmMan2 J& T /K i
Wi 5 113 (GH113), PmMan3 J& T GH26,
PmGlcl, PmGlc2, PmGlc3, PmGlcd Fll PmGlc5
¥J& T GH3.

B FRBER 500 S AN 5 A E
e A IR Y SN T X, 2550 30+,
PmMan2 fl PmMan3 4395 Bacillus sp. N16-5
F1 Paenibacillus sp. BME-14 H1REME K i JBE i
#Y B-H &% B Wi BaMan113A Fll PsMan26B 1
B mr, EN PmMan2 1 PmMan3 767K f# 55 H
2B R EEAE A  PmGlel 5 Acetivibrio
thermocellus ATCC 27405 KI5 A BglB A1LLE fx
%, BgIB ALI/Kf# pNPBGlc, pNPBXyl. /Ki%
TFFIRER T EEHET , 40 PmGlel W] RE R A /K fi
BT T I EE ST . 5 PmGle2 .PmGle3 . PmGlcd
i PmGle5 AHALLEE 5 i IO B2 B-1,3/1,4 F 2 bl
T, PRLIHCHEDN X 4 7 49 1 e AT BEHA K
fifp o R SR SR R B-1,3/1,4 AT R0
Tk
2.3 EEEHMRIFERE. AURETE

DAFR IR R 2 ST TR G DT 2 A
I 1 thes sy, iy i B i
pmmanl . pmman2. pmman3. pmglcl. pmglc2
1 pmglc3, pmglcd F pmgle5 REEM NP 1Y . ¥
AR H PR 5 BRI ER R IR E. coli
BL21(DE3)", MMM T 6 EH Ftk. K1
45, SDS-PAGE il 45 R aniE 2 o,
PmManl, PmMan2, PmMan3 ., PmGlcl . PmGlc2
F1 PmGlc3 1E E. coli BL21(DE3)H S8 1 Al 5k
ik, HaifEim, EAEAN S = 5ER0
TR F
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Table 3 Comparison of the amino acid sequences of recombinases

Enzymes GenBank No. Sources Similarity (%) References
PmMan2 AML27062 Bacillus sp. N16-5 58.33 [14]
PmMan3 ACS92711 Paenibacillus sp. BME-14 41.88 [15]
PmGlcl ABNS52488 Acetivibrio thermocellus ATCC 27405 38.79 [16]
PmGlc2 AAO78673 Bacteroides thetaiotaomicron VPI-5482 41.02 [17]
PmGlc3 ALJAT754 Bacteroides ovatus ATCC 8483 35.22 [18]
PmGlc4 ABL78891 Thermofilum pendens Hrk 5 39.59 [19]
PmGlc5 ABL78891 Thermofilum pendens Hrk 5 34.92 [19]
kDa M 1 2 3 4 kbDa M 1 2 3 kba M 1 2 3 4
130 128 130
95 95 95
72 72 7
55 55 55
37 kDa
43 43 36 kDa 43
34 < 25kDa O* 34
26 26 26
kDa 3 4
<— 94 kDa lég %2 kDa W < 106 kDa

72
55

43
34

26

PmGlcl PmGlc2 PmGlc3

2 EHEEHY SDS-PAGE 74

Figure 2 Analysis of recombinases by SDS-PAGE. Line M: Protein molecular weight markers; Line 1:
Culture lysate before IPTG induction; Line 2: Culture lysate after IPTG induction; Line 3: Supernatant of the
bacteria lysate; Line 4: Purified enzyme.

24 EHEBAIINGERAR RE A N YIH & R S L o — e R A R
2.4.1 EHEEEX pNP-HEH KPEEIEM FEEME. PmMan3 %F pNPaGal /K f#3ike, wIRE

LL12 Fir pNP-BETFRIRY), b ik 6 MV fat BT AM) ok SUBHF R IO G2 . PmGlel |
MR LR, SRR 40 RPEEREIR,  PmGle2 Fl PmGle3 HIREL — KAt pNPPGle, M
PmMan1 Fl PmMan2 ANREKFFSLHEAAEAT pNP-#E 3 3 Rl AT GEELAG SN B-A M W s P . 3L
TIEY), 134 pNPaMan Fil pNPBMan, 43-HrHAl i1, PmGlel HBHGRE, N 780 Umg.
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= 4 ELEEENARE pNP-HEERHIR0 L BEE

Table 4 Specific activity of recombinases on different pNP glycoside substrates (U/mg)

Substrates PmManl PmMan2

PmMan3

PmGlcl PmGlc2 PmGlc3

pNPaMan - - -
pNPBMan - - -
pNPaAraf - - -
pNPaArap - - -
pNPaXyl - - -
PpNPBXyl - - -
pNPaGle - - -
pNPBGlc - - -
pNPaGal - -
pNPBGal - - -
pNPaFuc - - -
pNPaRha - - -

23.9+1.39

782+26.40 2.23+0.14 3.11+0.09

—: Not detected.

242 =i p-EEFEEEEYT p-EI T HERIAEEM

DI TR #0708 W R, dE—2 0
M 2 BT B PmGlcl . PmGle2 #1 PmGle3 f)
RIGEPEE . 0l 3 Fi7R, PmGlel ASRE/K AT AR
B-H —Mi; PmGle2 BEWSTASI/KMIENENE, H
Y] B-1,6- BTl ; PmGle3 AT LK AR —
Wi B RO I o, eIz 1AM

B-HZIBEF G . PmGlcl, PmGlc2 Fl PmGle3 %t

LR Y W CTEE

243 EREFEREEXASEERYAEEME
DL A # A bEEE ) AS 59 Rbl . Rd. Gyp

XVII #l Re A W05 B 20 #2001 B s A2

BAF PR . NS RIS S b g5 R an &

4 fiiR, PmGlel Aig/KfEAZS BT . PmGle2 X

Gle-B-1,2-Gle Gle-B-1,3-Gle Gle-B-1,4-Gle Gle-B-1,6-Gle
= 200 200} ‘ 200 ‘ 200
S 0 0k ) 0

200 200} 200 200

0 : 0 0 0
< 200} 200} | 200 200 '
= OF : 0t - = 0
9 2004 200t 200 200
O |
ot N W o PN SR U e S |
ég 200 ¢ “ 2004 h 200 h 200 h

0 0 0 0

25 5 75 10 25 5 75 10 25 5 75 10 25 5 75 10

t/min t/min t/min t/min

B3 HPAEC S E4WH p-AEEEEEX R RYEER
Figure 3  Effects of recombinant B-glucosidase on disaccharide substrates by HPAEC.
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Figure 6 Optimum pH and pH stability curves of recombinases. m: HAc-NaAc buffer; e:
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10 20 30 40 50 60 70 80 90 100
T°C 7/°C

10 20 30 40 50 60 70 80 90100

120 1 120 s
—_ PmManl — PmMan2 4310
S100} 4, $ 100 v, i
N 'Tiﬂ'—-‘__ . ) = ‘,.;;\_*.,,.—-!‘k_,_‘ — 45
Zosop BT Zos0p N NN s
2 ) — e Z TR K Ty e
3 60 | . g 60t [ » 4: « 60
2 40f | A ' 2 401 | T, o
5 S = s ¥
2 20+ : . 2 20 P .
OF $ee—Se o o N O e .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
t/h t'h
120 ¢ 120 ¢ 120 ¢
PmGilcl = PmGlc2 e PmGle3
gl00f fee S100f huy S0} fortbmtey
oo i 5 = B T = g o
280 B N P Z 8o} [hs & Zogof |\ T
& "\ o T = | ‘ k= i ey
?.:é 60 "; ? -~ - % 60 r ‘I T = . g 60 ¥
I i * 2 40l | 2 40 ;
0 F—s . : — 0 B . 0 ho S 4 3 —
0 2 4 6 8 10 12 0 2 6 8 10 12 0 2 4 6 8 10 12
t/h t/h t/h

8 EHMAREREMHL

Figure 8 Temperature stability curves of recombinases.
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Figure 9 Synergistic effects of recombinases on
degradation of konjac gum. The error bar represents

the standard deviation of at least three independent
repeats of data.
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