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O RIS o Al S5 MR ] Ol b o3 2 A 2
R MEEE NFEQL6A, RIZEIRYIME A 15 mg/mL
A ROK MR, 4 w2 4 — W g
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AR BGRAT] £ K pEASY-E2 Fikzghik |
2540 M K AT i (Escherichia coli)ff) Trans-T1.,
BL21(DE3) ) Tt at e N A W He R A BR A W]
KA B-HIEAEN T2 /K> Megezyme /A 7] ; BCA
AR R BE I 2 150 5 1 T 55 [El Thermo Scientific
oAl HIZZPTEE AR TR E Merck KGaA
NHEL ANV ORI T E GEA A . BT
TR e R B GS115 M H 2 TR 444 pPICOK Hh 4% 5
% RAT
1.2 Bk 5EamH s

¥ o B AR (L B A SO AL K AT
BL21(DE3)J5, £ F-H FHKBUILIHM R, 4
BRI F 10 mL 7 100 pg/mL &K & Z W LB
(Luria-Bertani)} 5 F=# . 7€ 37 °C T 200 r/min #ig
ViR 6-8 h i, FHEETERIMAS] 1 LY
LB B, 200 r/min JR¥%HTFEZE ODgoo 157
0.6-0.8, Ff/5 I AZYKSE 300 pmol/L 1Y IPTG
PHTIAES, T 16 °C 4k2hs5: 20 h,

W5 ¥ 13-4 TR pPICOK-F32EGS H i i e A
ERORmERE, APRRANE . BEFREEOREERE GS115 1Y
ODeoo 15 F 1.3-1.5, HLA VKRG (600 mmol/L
(%4 . 10 mmol/L DTT, 10 mmol/L Tris-HCI
pH 7.5, 100 mmol/L LIAC)H, iR F#EE 30 min
JE AL AL Y pPICOK-F32EGS JFiki . Hi i1k
MZ%k 1.5 kV., 25 pF. 200 Q (ECM600
HARVARD Apparatus). Hfi/F37ZIMA 1 mol/L
FILALEE, 30 °C K 200 r/min #R% 595 2 h, #5%)
RD (Regeneration Dextrose)¥-# J5 7E 30 °C F 53¢
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HEKNER, @ E7% PCR 4TI IR 2 FHH:
vofE . BlJKEBAYE S REHERI T 5 mL BMGY K55
JErp ) 7E 250 r/min. 30 °C FHEKEEF: 2 ODgoo N
6.0 Zifi. BEfS, 4%%] 500 mL BMGY #55%kE
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72 B-H B T 0.1 mol/L FA5FR N 2% R (pH 5.6)
H, AU 0.9% (WIV) FHEFTIRON 5 JOVARZR
H1 90 pL 1% (W/V)EEPIAT 10 L i BB,
70 °C N2 10 min, JEMMA 100 L DNS, Zik
5min, filA 300 pL 7K, LA 13000 r/min 5.0
1 min, H 200 pL 7 540 nm FillE OD i ; — | i
WAL (U)E R (ERRESRIET, 1 min figfé ik
1 pmol JIEYI Il 12

TEVEE IR I E F32EGS fEA[R pH JEH
(4.0-8.0) TG, f 2 dRcid S N pH B ; AE LIRS
pH {ELA& T D HAEAN [ 3 B2 (6090 °C)Jt [ M
Il , WiE F32EGS MYl e Wi . K H I
EPRPERIBCERIME, 7205 E T 70, 80, 90 °C,
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B —E WA BORE 200 pl, fieid SN 261 T R
10 min JEFR ARG J1, LARA s R e 1k
15 FEHRRNBNJIESHORE

B-HiI R F32EGS K FRH 4L Ko (EL AL
W B Koo [EAIIN E K Lineweaver-Burk XUE 54
I o K G I 2 e T ) A ) P R B
W 46 IR 5 A [PV BE IS, A il 51
TR 10 min AR AR SRR, T S R R
JE Vo DL U[SPERREARAR . LV HHARFRIERT, 15
Bl 4 EH R, HEHMREE N-1/Kn, AR N

1/VmaX9 ﬁ#%i‘j Km/Vmax Hajtti—l-j%;l'—l—ll Km %n Vmaxo
B Yk B ok B e R ([ED B, R e

Kea=Vmax/[E], TTHAFH Kea fH o
1.6 BEE=YIHT

A 00 it £ 7 0 ) S N A4 3R F 140 pL 1% (W/V)
K B-HIRBEA 10 pL i BV (doe 2835 Tk 2o
12 U/mL, ¥ F32EG5 5 Lam16A-GH &), #
HIYEPRA G 45 TG PSR 6 UimL,
TEPEBALT 12 UImL, KRR AR, [ 54 h
pH 5.6, 70 °C, ZJl#E WAy 0, 0.5, 1.0, 2.0,
3.0 h RS AAE Sy, 100 °C FKig 5 min, %
FHHEIZ 2 3 B HK i 74

7EMX F32EG5. Lam16A-GH 4345 BIgA
(PR RIERT , O AR R YT 140 pL 1% (WIV)JE
YI(CRZ B-# W), FEH# BlgA 43515
F32EG5. Lam16A-GH #4JiR G, W 10 pL fin

JIEY)H (F32EGE 5 Lam16A-GH ik ffir
12 U/mL, BIgA HZ4EPERAY 3 UlmL),
ZAfFA pH 5.6, 70 °C, ZrBIFERNA 0, 05,
1.0. 2.0, 3.0, 6.0 h = AYHESL, 100 °C MK
15 5 min, SRJH)Z 205 BT KG9

1.7 XHEYIRmZ ST

LI SRSy it 521 0 SR A4 2R IR e 140 L
1% (WIV)IRPIRZZ B-HI SN 5| S bl . 214
THRRAGAIN, 10 pL PR (RLGETERAL 12 UlmL)
A, WM pH 5.6, 70 °C, 43 BIFES )W i)
0. 1. 2. 3. 6 h IR AFEA,, 100 °C T K%
5min, RHEZENTLS T IK ).

LA pNP-B-D-glucopyranoside (pNP-Glup)fEk
JEEYI, 431 LT 200-500 mmol/L (3 454 |
BURLAERE . AKE, DORESIEREET ) BIgA i
JIVE R REME, DU EAS RV I B A S g, 115
FRAXTRG o ¥4 20 mmol/L pNP-Glup 7E 0.1 mol/L #5
BRANSZE il (pH 5.6) 1 F&F R 2 mmol/L J5,
B 190 pL 5 10 L MERIE A5, T/KiB 70 °C
F% 5 min, JEHIA 300 pL 1 mol/L BRIER Gk 24
BRI WA OB EE T, 405 nm ARl &
WG . X BRI 14 R JR VO R i ey 18700,
WA pH R B AR X RS E o — T T
e DA DR oK g R 1 ol 9 X6 il gk
KM (PNP) R
1.8 F32EGS5 #1 Lam16A-GH Z xR HIMGE
J1E

¥ F32EGS5 Fl Lam16A-GH LJAS [ BE /K LA R
4, iEid DNS :(3°,57- AHIE K IR L) I E 1R &
T G o K KZE B-# R MR T 0.1 mmol/L #7
BERRENZE vl (pH 5.6) 1, 29K EEH 0.9% (W/V)
PEAT RN 5 AR Z 90 L 1%JiE4 AN 10 pL iR
A5 IR LH R, 70 °C FRJ% 10 min, J5
A 100 pL DNS, # ¥k 5 min, J5HIA 300 pL £5
F7K, LA 13000 r/min #.0> 1 min, HX 200 pL 7E
540 nm NNE RS ; —AEEE 1A . RS

AR, PR 1 umol iR TR BT TS 1 il )
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) TLC 45318 2)3RB], TERMmEHELT,
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2.1 F32EG5. Laml16A-GH. BIgA. p-F32EG5
2%

43 5% F32EG5. Lam16A-GH. BIgA H#x
Ry E A R AL A KRBT R BL21(DE3), 4
R AEA LM, K15 3 MEREN. &
e S PSR ol IV 2y N N B L o a e 0

Bt (B 1-A). Zad YRR IR A WA T2
DFREGS 14T B AT KM RNy deikpy O AMISACGH WOAREARIFEELSERN

F32EGS ([ 1-B). Jf HLAILIE 1 p-F32EGS A BRI E S F32EGS MK WIAH IS ; X
R S B Teflas DRI T ORI R R 1L
TR 1R 0 M DR T e Py b PIFTHEBUBZRC, DNS SORAISE T2 B-
(] 1-C). Z%MAHl. YRER kg pragEcs MM, A BUULGAGHR 1 SR, WAy
AT LRI T K RE M ik PRVLSRROPNRIRUN(E 3), (LG TLC 2R (1 2)
F32EGS MIAfE, [Nt 76/ 1-C hp-F32EGs [ AP, EFUR B IRE BESERRAT & (KK it 4
WS A A S e o S e e, ey PG B RIRSERL L PRI
BE il LML p-F32EGS EE LIk 8 DLRUAIA, RIS, o] AR K fife = g v i
BB . AU BLR S — KRN FOREE, AR TR SRR A R

(A)kbDa M 1 2 3 (BkDa M 1 2 (CO)kDa M 1 2
16— —
116— - '
66— 66— .. . 66 —
BT - > 4 45— . - - 45—
35— . .

35— 2 A

25

1. #i{k/589 F32EG5. Lam16A-GH. BIgA BIE B R EX D
Figure 1. SDS-PAGE analysis of purified proteins. A: SDS-PAGE analysis of E. coli-expressed proteins; M:
protein marker; lane 1: F32EG5; lane 2: Lam16A-GH; lane 3: BIgA. B: SDS-PAGE analysis of F32EG5 expressed
in E. coli and Pichia pastoris; M: protein marker; lane 1: F32EGS5 in E. coli; lane 2: F32EGS5 in Pichia pastoris. C:
Glycosylation staining of F32EG5; M: protein marker; lane 1: F32EG5 in E. coli; lane 2: F32EG5 in Pichia
pastoris.
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F32EGS5 FA A+ - = -+ +
Lam16A-GH - - - -+ttt
Gl
G2

T 0 051.0203.0051.02.03.0051.0 2.0 3.0 (h)

2. PB-EIBR¥ERS F32EGS 0 Lam16A-GH K fi2 X % B-
BARENTS

Figure 2. TLC analysis of hydrolysis products from
barley B-glucan. G1: glucose; G2: cellobiose; +:
enzyme; -: blank; 0, 0.5, 1.0, 2.0, 3.0 means
hydrolyzed time (hours) by enzymes.

MR- ARG BIgA A B15 B-H M
F32EGS5 Fll Lam16A-GH & FthT, /Kff /=¥ k4
W AR (& 4). HEA ] F32EGE B, JEE 6 h
JEAAFEA TR RS B AT e S0, R R A4
W46 ;T BIgA 5 F32EGS5 & Biif, KA
FEARAS N HEIE (K] 4-A)o KMURI IS B A A TE

(A) F32EGS t +FF++ + + + + + (B)Lam16AGH
BlgA -+ -+ - 4+ -+ -+ BlgA

Gl Gl

G2 G2

=
<
1

m F32EG5

= Lam16A-GH
= 1:1

- ]2

w Hm |4

| e 1:6

1:8

e 1:10

[
(=]
T

20

10+

Specific activity/(U/nmol)

AR I

TR SNEN NN

WV :
F32EG5:Lam16A-GH (Molar ratio)

B 3. AREIE/RILH) F32EGS 5 Lam16A-GH iB& R
BB R 2T LE

Figure 3. Measured enzyme activity of combined
Lam16A-GH and F32EGS5 with different molar ratio.
All of the experiments were performed in triplicates.

BIgA 5 Lam16A-GH FHECA 1T, {H 6 h B A /K i
PEMIRAAAE D R SRR (K 4-B). LIRS SR U] B-
BTG BloA RERERD B-7H SRBHRG DL 7% p-
HIRBE, ARt R Lam16A-GH 5 F32EGS %}
PRz -1 SRME A A 2 5, Lam16A-GH
KSRy A B RR 3 £ AESERE (B S A B-1,3 M)
ML BIgA FEA# .

4., B-EEHEEES BlgA 935 F32EG5(A)F1 Lam16A-GH(B) EBLAT BY /KR A X p-E B HEI D47
Figure 4. TLC analysis of hydrolysis products by combination of BIgA and F32EF5 (A) or Lam16A-GH (B). G1:
glucose; G2: cellobiose; C: control; +: enzyme; —: enzymeless. 0.5, 1.0, 2.0, 3.0, 6.0 means hydrolyzed time (hours)

by enzyme.
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2.3 X T4 E SR ERE S R T 32 A T

HIEIWE 5 21 Y WA R BT 4T 4 R K o 7
o R HIER L R Tk Ak . fE
1% (W/V)I) - SR s in 1% (WIV) ) SR
R4 M, BEJG o AESin F32EGS (&l 5-A. 5-B)
A1 Lam16A-GH (/& 5-C. 5-D), FEAS[RIA}[a] =5 HL
Hh S5 A RN T A HEAT K R T A3 AT . R A R AT
W, ST T R AT Y ORI RN AR R R )
o, FEMRIAREE BRI, AR SRR =

(A) Glucose -

+ -+ - + - + -+

Gl—

G2—

(C)Glucose -+ - + - 4+ - 4+ - +

Gl— %

(B) Gellobiose

(D) Gellobiose

B 5 ARSI B AE A JC I S 22 57 . BERAAE 2™ W)
F1%) 4] 7] R 2T A4 A AN 2 B S 400 13X T A A K
filt KF B~ ML AR )

B-HI A M A I B~ SR T B =y 4
TR, 8 St 52 30 H K A 2y B A= A
AL T R A 52 B 82 A B9 ¥ 5 o LA pNP-B-D-
glucopyranoside (pNP-Glup)fE NI E 4 &5 A
AN [ FEAR P OB A Z o BIgA FYFRAR TR
SRR, HRYTEA 200 mmol/L AR BE

-+ - 4+ - 4+ - + - +

“1P

E 5. p-EEHERS F2EG5 5 Lam16A-GH BRIt Z 14 5 47
Inhibition effects of glucose and cellobiose on F32EG5 and Lam16A-GH. A: Inhibition effect of
glucose on F32EGS5; B: Inhibition effect of cellobiose on F32EG5; C: Inhibition effect of glucose on Lam16A-GH;
D: Inhibition effect of cellobiose on Lam16A-GH. G1: glucose; G2: cellobiose; +: glucose or cellobiose addition; —:
without glucose or cellobiose. 0, 1, 2, 3, 6 means hydrolyzed time (hours) by enzymes.

Figure 5.
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Wil BIgA (3% PEFEF) 42%, T 500 mmol/L fy A
X L T VA A B AR, AR AR TR A R
H57E 90%4 |, T 500 mmol/L f B i AF b s f H:
FRAR TG CARFLE 75% (K 6). iR or#raT L i
BIgA X AN RIS R BURs HLA AL AP I 52 1, A P IF)
R A £ 4 SR A At T 2L
Hi FIRSEIGAIR TR, 5 Lam16A-GH HHLL,

F32EG5 5 BIgA ZRLHIRCR B 2 . [AIE Lam16A-

150
&
2100+
2z
g
E I
3 50} -o- Xylose
E - Arabinose
—— Glucose
0

0 100 200 300 400 500
Substrates concentration/(mol/L)

El 6. ARIREBIAYE. MEAHE. BEVEX BlgA
) 1E
Figure 6. Inhibition effects of glucose, xylose or

arabinose on BIgA activity. All of the experiments were
performed in triplicate.
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Figure 7.
were performed in triplicates.

GH MBI IRIZE SR, S5IRYIMNE G/
WARXT RS . FRATIEEH T F32EGS M1 THE AR
B ERGE, F5E IR E %) F32EGS 1)
AU
2.4 HESREERRBEEALBAXT F32EGS FEM
PAKFZ B-HI AR, I DNS 1243511
E T F32EG5 1 p-F32EG5 1Y #x i i B Al i 1
pH. Z5H 475, p-F32EG5 Fil F32EGS5 Ft fi i it i
¥I7E 80-85 °C Z[a], Hoigid pH W F32EGS5 1Y
pH 6.0 2% p-F32EG5 ) pH 5.6 (K] 7). L4k, P
HFEIRE 251 (80 °C) A LG 71t A & A BH AR
{K(F32EG5 ) FL G 718 941 Ulmg i p-F32EG5
1026 U/Img). LAAS R JBE Y K 22 ) SRV M IS
Y1, 5 sE Wik F32EGS X B-1,3-1,4 S BHK
TOE RN S F12- 580, Ik 1 Fon, SeonmehisR
iKY p-F32EGS XA R T B A B S BRI
(LA 452 1o AT S IO 5 28 (Kot TEL R 13.87 min™) I
AL % [(5.33>3.25 mL/(mg-min)]., A EAL
WA M F32EGS RYfid it . pH. HLEEG
JIRURYIERGRE ), Agm T AR

(B) 120
. 100}
£ B0+ E / .
P
S 60 | 7~ \
2 7 N
B 40t // L
~ "_.-/ = F. coli AN .\
20+ 4 —*- Pichia pastoris e e
0 L
4 5 6 7 8
pH

F32EG5 5 p-F32EGS W& &R E F&RiE pH LLE
Optimum temperatures (A) and optimum pHs (B) of F32EG5 and p-F32EGS5. All of the experiments
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# 1. F32EGS ISR N zh hF S

BfJ5, 2r9AE 70, 80, 90 °C iJE FXWi#

Table 1. Kinetic parameters of purified F32EG5 FIREE E VAT L . EAS [ o JRTESORE J5 0 2
Ko/ Kead Kead K/ ] i - L
Enzyme (mg/mL)  (minY) [ML/(mg-min)] G T FRAEREG . W 8 o, MKIGFFE
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Thermostability of F32EG5s from Pichia pastoris and E. coli at 70 °C (A), 80 °C (B) and 90 °C (C). All
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B-glucan degrading hydrolases from Caldicellulosiruptor sp. F32
and influence of glycosylation on F32EG5 thermostability

Jie Feng™*, Hamed 1. Hamouda®*, Naisr Ali**, Yuming Wang®, Peiyu Zhang"", Ming Lv**"

! College of Environmental Science and Engineering, Qingdao University, Qingdao 266071, Shandong Province, China

? Key Laboratory of Biofuels, Shandong Provincial Key Laboratory of Synthetic Biology, Qingdao Institute of Bioenergy and
Bioprocess Technology, Chinese Academy of Sciences, Qingdao 266101, Shandong Province, China

¥ University of Chinese Academy of Sciences, Beijing 100039, China

* School of Management, Heilongjiang University of Science and Technology, Harbin 150022, Heilongjiang Province, China

® Dalian National Laboratory for Clean Energy, Dalian 116023, Liaoning Province, China

Abstract: [Objective] Three B-glucan degrading glycoside hydrolases from an extreme thermophilic anaerobic
bacterium Caldicellulosiruptor sp. F32 were investigated, including the synergistic effect. The effect of glycosylation
on B-glucanase F32EG5 thermostability was also studied. [Methods] Two B-glucanases (F32EG5, Lam16A-GH) and
B-glucosidase (BIgA) were heterologously expressed in E. coli. The synergistic effect of all these enzymes on
B-glucan degradation was evaluated by 3,5-Dinitrosalicylic acid (DNS) and Thin-layer chromatography (TLC) assays
including substrate tolerant abilities. Furthermore, the glycosylated p-F32EG5 was expressed in Pichia pastoris, and
compared with F32EG5 from E. coli. [Results] F32EG5 and Lam16A-GH released oligosaccharides with different
degrees of polymerization (DP) after hydrolyzing p-glucan. The proportion of low-DP oligosaccharides was increased,
when two enzymes used together. BIgA showed excellent synergistic effect with F32EG5 and Lam16A-GH,
respectively. Although the glycosylated p-F32EG5 from Pichia pastoris did not obviously change its optimum pH and
temperature when compared with E. coli-expressed F32EG5, both thermal stability and catalytic efficiency were
found two-folds higher than those of E. coli-expressed F32EG5 at the extreme-high temperature (80-90 °C).
[Conclusion] F32EG5 and Lam16A-GH showed excellent synergistic effect and substrate tolerant abilities with BIgA.
The heterologous glycosylation by Pichia pastoris could improve the thermal stability of F32EG5 under extreme
thermophilic environment, which was a benefit during the granulation process of enzyme.

Keywords: p-glucan, Caldicellulosiruptor sp. F32, glycoside hydrolase, glycosylation
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