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Improvement of the thermal stability of xylanase CbXyn10C
from the thermophilic bacterium Caldicellulosiruptor bescii
based on structural information

ZHANG Jingwei', LIU Xiaoqing %, TIAN Jian', LUO Huiying', YAO Bin', TU Tao "’

1 State Key Laboratory of Animal Nutrition and Feeding, Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences, Beijing 100193, China
2 Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing 100081, China

Abstract: [Background] Xylanase, the core enzyme responsible for the degradation of xylan,
can promote the digestion and hydrolysis of lignocellulose. Therefore, it has been widely used
in animal breeding fields. The GH10 xylanase CbXyn10C derived from Caldicellulosiruptor
bescii has good thermal stability at 80 °C with an optimum temperature of 85 °C. With this
property, it demonstrates a promising prospect for application in the feed industry. [Objective]
To improve the thermal stability of CbXyn10C for meeting the technological requirements of
feed granulation, especially aquatic feed processing, and decipher its heat resistance
mechanism. [Methods] Based on the crystal structure of CbXyn10C, mutations were designed
by introducing rigid amino acids and rearranging the hydrophobic network. After a single-point
mutant with increased specific activity at 100 °C was obtained, the thermal stability of the
enzyme was further improved by the stacking of beneficial mutation sites. Molecular dynamics
(MD) simulation was employed to decipher the mechanism of thermal stability improvement.
[Results] Four single-point mutants A45P, T69P, F309V, and A325P with improved stability
were obtained, among which the mutant A45P showed the greatest stability improvement. The
stacking of other three mutation sites on A45P gradually improved the thermal stability of the
enzyme without compromising the enzyme activity. The obtained four-point mutant
A45P/F309V/A325P/T69P showed the best heat tolerance, and its optimum temperature and
melting temperature T,, were increased by 5 °C and 6.8 °C, respectively, compared with those of
the wild type. MD simulation showed that mutations at the four sites introduced new hydrogen
bond forces and optimized the hydrophobic network, resulting in a more stable structure and
conformation. [Conclusion] This study promotes the application of xylanase in the feed
industry and provides theoretical support for molecular modification for improving enzyme
stability based on its structure.

Keywords: xylanase; crystal structure; thermal stability; rational design

E R EZEARRM KA —, KB T GHE 10 #0111 KD, GHI0 KGR 45 H
BE(EC 3.2.1.8) Al LIEALAR R B-1.4-BE 5 A WL —IEMRREIESFR A, BB K AR
MUK, AR T R=RRARSEREY, b RHATAY A S — RIME S FRIERYD . KR
SERIRE S LERS AR A] 20 6 BETKME O WEBERE BRSO O IR, W] LA A2
lif (glycoside hydrolase, GH)ZK % , Hoh K Z %= AR AR BIH K, EAUCR AT . i
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R S S o i B A RS 7 S Bl A R €
Iz s R AR RO I e R i e P 32
BHUE RN F—ARRNME, HARRBEREAG ™
YA R A W LA A e 3 W 3 v 5 2R TR B AR
K, EeEmE R ERRED L SRim, ey 4
B2 TN BHR LSS AT T, X
SRR A SR W it ) AR E MR T R B K
ST ARk A 0 L K R A A R
ik 90 °C, JIT LIA SR it i FAES e PR 2+ 2 R
Shy ) R R0 P 7 40k g O

it ) FAESUE P R SR R SRS < o
fi AL AR (2 B ) e R ) R A
oL SRUEAL AL 7 VA oD el s i A A sk e 1, R
T ) A 4 A T A A 1) SR AR AR SO, AR
il R TR, FETR R A I I B
B e R AR IR AR 2 ) AR AS ], BV TR
SR T P it AR 285 4 sl AR ATL A S ADL A X il 1 T
Ao AR, B ROk R 22 Y R T A AR,
P4 05 5L FIER e B 2 ) AR A5 B 2 B, B
(B R )T R e R S R )z 38 .

HATC &f —#sr2#8 % GH10 KIEIMA
RUEMGET T 0 s LR = R e . de
Souza ZEPIM s T Ok A 4 ¥ ARGV Y GHI10 K
N YR SOBE B, AR T s R AR R 481
(R25W/V29A/I131L/L43F/T581)f) 60 °C t,, FI{E
FERK T 30 min, HTFAEAE R 2 0 R IR E FIER AT
ZEASK H209N i) b K i B M 65 °CHE i 3
75 °C. Li 2" bK ok [ g A AR B 1R M 5 Z5 1)
GH10 FIEARHM XynAF0 ZH ARSI
AJ3—A~ GH10 FIEAR R XynAS9 1 C K
i, $Ee T HSEENE . Li S B A
TRSAEARSS G, A4 1ok A m IR dENE
PRI ES Z5 19WEH GH10 515K B0 XynAF1
PR RS 6 513 5 5848 /K XynAF1-AC,
Suzuki ZF" DL ZEAAT I TAR-1 ##k GH10 AR

Wi XynR PR, 7RG S92E, 4
maR2E TR T, R R T 92-95 2 K
PRERIEME S, M T XynR By E R,
XBI5F-2ENE GHI10 ZR AR Umxyn10A
55 31 1 Ala 28788 Phe, 2R 1450 6T
IKAHEAE IG5, 20 65 °CHAET 123 1
PEiE 6 . SR EE 22 1 g TAA SR Tl w20 5 T
K, DAl Tk A /oK .

R U5 T g A TR DU AR AR A R T
(Caldicellulosiruptor bescii)f}) GH10 ZE 5 A Ak
fiti CbXyn10C Feidi it &£ -y 85 °C, 7E 80 °CH:AF
THRA R REEE, 3R HAE 100 °CiRA
— 2 WS, o AR R A ARDRE Tl RV 7,
{HIZEGLE 90 °CH4F N AR 10 min 5582k
WEPENY ) AR E A R — 2 b AR R DATE
PRI Tad AR A iR T2 ZERT ST AR,
AT T AR TEMEREF CoXyn10C A s A 45 44 [ [ bR 2R
[ 5% 25 #4 8 ¥E J% (Protein Data Bank) PDB ID:
5OF)], Zp#ER ik 1.34 AU AR B I8 78 LA
X HAAEROE M T MR IR T, B TERAS AR
S Pk — 25 B B S AR A, I I B T B Y
ML, HA A ENe B SOR N M E

AR

1.1 E#RA R

K W ¥ 7 (Escherichia coli) Transl-T1 A
E. coli BL21(DE3)43 51l > 5 ke B bk FH R 3K Tk
W B e s MEE A IR Oy A R A W] . R
W2 15 OB pET-46 EK/LIC-CbXynl10C K #
R R A S 06 2 i R R A
1.2 EFZEiH

IPTG, A= TAY) TR (RO PR w5
25845, Thermo Fisher Scientific 227 ; &M
431k Marker, GenStar 22 w]; fi [l &,
Omega Biotek 2] ; I EBPEARARRIERANE,
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Sigma-Aldrich 23 A ; 8 € & 85) & , TransGen
Biotech /A ] ; Dpnl1 #ll DNA &, FE 5 iME
eI R A R FD
1.3 FEUHE

RS BB A, Bio-Rad 23] 5 ¥ R S 0>
ML, HITACHI A w]; 40606 EET, B4 HrY
AL ABRAT; pH I, HEERE-FEA 23
(M)A BRA R ARG FRA , J6 R Rk 2R
BB AT IRA A
1.4 RTRRHE

L) pET-46 EK/LIC-CbXyn10C ik g #id ,
Wk 1 R 5|94 4 okl PCR 9744 . PCR 2

*®1 ERREFRASIY

N AR Z (50 uL): HEA(10 ng/pl) 1 uL, DNA
REM 25 uL, I FIES19(10 pmol/L)45 2 pL,
JCHIZK 20 pL. PCR JZ W 2544 : 98 °C 30 s5 98 °C
10s, 58°C5s, 72°C 5min, 3t 30 MEHF; 72 °C
10 min, 7E PCR 4535 HL 10 L PCR " ¥)ilf17
BUSEE IS Lk, BOTE IR RS PCR P4 in A
1 puL Dpnl, F 37 °CiHfk 2 h, HL 10 puL {HAL)G
) PCR 7 ¥y #4384k 21 K #F 187 e e 1
Trans1-T1 o, BfiJa Tide BHE FEREF, % BALEON
AR IE B AT B ST, R e 1 ff 1) 2
2H o okr % AL 2 K W AT I 3R ik 15 £ BL21(DE3)
Hr, K15 CbXynl10C S48 A 63K Bk -

Table 1 Primers used by site-directed mutagenesis

Genes name Primers name Primers sequences (5'—3")

A45P A45P-F CAGTATAACACCGGAGAATGAAATGAAGCCAGA
A45P-R TTTCATTCTCCGGTGTTATACTGTTAAAATGTT

AS56P A56P-F TTTCATTCTCCGGTGTTATACTGTTAAAATGTT
A56P-R GTTTGCCCCGGTAATAAACTTTCTGGCTTC

T69P T69P-F GATTTAGCCCGGCTGATACCTTTGTAGAC
T69P-R GTATCAGCCGGGCTAAATCTATAATTTAAGCC

Y245P Y245P-F GAGTTTACCGAATTACGGATCAAGCG
Y245P-R CGTAATTCGGTAAACTCATATCAAGCTCTG

TN288P TN288P-F GAAGTATCCGGTTGTTAAATGTGTAAC
TN288P-R CATTTAACAACCGGATACTTCTTTAACATTG

R307P R307P-F CATGGTTACCGTCTTTTAACGGCAAAAATG
R307P-R GTTAAAAGACGGTAACCATGAATAATCATC

F309V F309V-F GTTAAGATCTGTTAACGGCAAAAATGATTGG
F309V-R GCCGTTAACAGATCTTAACCATGAATAATC

A325P A325P-F GATTACAGTCCGAAACCAGCTTATTGGGCA
A325P-R CTGGTTTCGGACTGTAATCCTCAAAAAGC

V20F V20F-F GGATAGGTTTTGCAATACCTGCAAAATGTT
V20F-R CAGGTATTGCAAAACCTATCCTAAAATCATTC

D32Y D32Y-F CAACGATACATATAGAAGGATGGTATTGAAAC
D32Y-R ATACCATCCTTCTATATGTATCGTTGCTCAAAC

L299F L299F-F TTGGGGATTTGATGATTATTCATGGTTAAG
L299F-R ATGAATAATCATCTTTAAACCAAAATGTTAC

L319F L319F-F CATTATTGITITTTGAGGATTACAGTGCAAAACC
L319F-R CACTGTAATCCTCAAAAAACAATAATGGCCAATCAT

MR LARIC T A il

The underline represents the mutated base.
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i

1.5 CbXynl0C R HRTIHRMTIERAEL

1 CbXyn10C N H G AR AR FAR TR IR T
40 mL AR LB K53%0EH, 37 °C. 200 r/min 15
TR B LA 2% 3R i 3 3] 400 mL ) LB
Bt 37 °C., 220 r/min $E75 1555 % ODgoo fHIA
0.6-0.8 )7, A 0.1% (I&FV240) IPTG (1 mmol/L),
25 °Cifs il % -

T 7E 80 °CHAT RAFmyfaet:, frd
AR AR E AL EA . HiE L w W
FR LA 6 000 r/min 25.0> 20 min YA FA, HE
F 20 mL Z4# 2% 1 (0.5 mol/L NaCl, 20 mmol/L
Tris-HC, pH 7.6) {1 i#E1 7 A iR (400 W, TAF
WA 4's, [AJERIHA] 3's, SAEFIA] 40 min), MHE
W LA 12 000 r/min 25.0> 40 min FRFFHIEER . B
FLEERE T 50 mL .04 H, F 80 °C/K A H
I 20 min, FLAUASEESE Bl 850 45 R B VRO
IS, IS FHERR 2 12 000 r/min 2.0
20 min 3R154EREIR
1.6 CbXyn10C REZET K 100 °CHILLE
M ZE

D2 B A SR R 1 mL, H 4
100 uL FEAF1 900 pL 1% PEAR KR RBHA R, 1E
100 °CEMF T i 10 min, W25 S IA 1.5 mL
3,5- . fif 3 /K # R (3,5-dinitrosalicylic acid,
DNS)Z || JZ i, 100 °C & {4 5 min J5 B 250 pL
f£ ODsyo F N EWGAE , B4 WA 3 41F-17
I o AR SROME B S A R fE RIS AR
PEF 1 min BHL 1 pumol i JEOWE i 75 22 (1 il
M 11U,

1.7 CbXynl10C K E T AEGF 4 B AYMIE

1) el IR i 5

7E 70, 80, 85. 90. 95 F1 100 °CHY I &%
PETFHEIR 1.6 PTid Bl E s 71, Ff d5 o i
16 132 S 100%, P18 A4S RE T B9 A X
g% 71, hlir A .

2) #FEEPER e

Wi T3 )& T 80 °CHI 85 °CA1F FARIR 2.
5.10. 20, 40 1 60 min (pH 6.5), 90 °C#l 95 °C
ZMFFRIR 1. 2,.3.4,.5,.6,7.8.9 f
10 min (pH 6.5), #AJ57K¥ 60 min, F%HE 1.6 fT
R 7 VDN A Wl T, R AR A 3 Y Wl (VKR )
15 2 SCR 100% , T HAR &AL FN [R] R i A1
X REG 1, 2l

3) (e ) 12 S50 E

KRS E 11 A ARFEERE@O.1, 0.3, 0.5,
0.7.0.9.2.0.5.0.8.0.10.0.12.0 1 15.0 mg/mL),
7£ 50 mmol/L. pH 6.5 ARSI & 4N-Fr/6 R 2%
IR AR 85 °CIUY 5 min, IR 1.6 Frk
P BT ), s is KA GraphPad Prism 9
THHEH K Al Keato
1.8 CbXynl0C REZRTX T, ERNE

K A 2= X # 5 $0k (different scanning
calorimetry, DSC)l % 2 1 51 A9 65 i Tt B2 (Tom)
W BTG RE 5 PG AR A BB 28 op i, B A pH
6.0 ) 20 mmol/L B2 A —4N-F115 MR 2% thil It
PEAT I L 28 B o WAL PR SE R RE S B DSC %
(9 96 FL AR HE AT R, 3 TR R Y R E R
25-110 °C, FHEHZ N B/ 120 °Co FEFE S
TFIA ST, 6 3 4H8E w9 REHEAT T
R R
1.9 SFEHFEER

i Amber 14 X} KRR ¥EE7E 360 K T it
11 20 ns 4330 J12# 4 (molecular dynamics
simulation)'®, BRI ff12SB 113, &FE
RIEFEE TR, KoM TIP3P, i
P R = B AR I P N T w0 8 1 D3
A R R B T R VR R R R AT R R A
IME, ZJEEAT TCBR AR AL AR A v i
2 fs (BT A, 45 10 ps ARAE— IR B4 H)
FE R E M Pymol BT LH , 8
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H Discovery Studio 2017 {43 M 2 KL 2 #H H.
e .

2 HZRE5OM

2.1 RELMLLHEIT

53 BT T A 0 45 A0 R T K A B T2 4 T
T AR B ChXyn10C #Wka & 1 Al s A7 o5,
S AW o TR A S5 A B 04 A SR Tl 2 DA 5
F Thermotoga maritima MSBS ) GH10 %A
R PEEE TmxB, E?Lfifb‘iﬁf#jﬁl 90 °C, HTE
105 °CRHAA M, HIRAIF Y% TmxB
(R [:[ﬁE’JB??EXU‘?‘RO it M TmxB Ay fh A
ZEf(PDB ID: 1VBR)&R ¥, TmxB &[54 &
A 3T7%MIMHER , T H A A SRR I 2R &
BRI 2R 5 5L 1) W A G 2 R
BTSN FEE 2, v DA G B
s il 2R BT R B e A T AR E DY
e E I E R VT e A B T TmxB 78 & iR A1
TS B, A% K CbXynloC 5
TmxB W ZEH AT LLXT (B 1A), F47 T loop X

A
Y254P
w R307P y &
. J AS56P
’ A45P 9
j \
& T69P
g2 @
A325P : N

1 RERIRITRIEE

A: CbXynl0C 5 TmxB 254 FLXF &, ¥ fa .

AR T BRI AR, T 7 AR
AR A45P . AS6P. T69P, Y254P. TN28SP,
R307P 1 A325P. [A]IFHEA7 T fk A2 F i )
F309 Z 4 3k I T Sreptomyces sp. 9 1 GH10
KA RAE XynASOUIH %S 309 N IER V,
P T AR R F309V (] 1B).

05 B AR S 4 B B Y 05 A T 2 SRR
WoRNRAR . B TR 0 H IR G REE—RIE
A5 4 o 3 S S8 SR 4% v 7 0 A IR A
AT DAY s K HERRAE T, 384 & 11 5 i g 7K
FAGAE M, DR AR F 5K R 1 0 A1 7 2K 1o
N 3 Fl C 358 4 A4 V20.D32.L299 F1L319
(El 1C) 53 B 578 B A R 2 FE R, M R AR A
4M (V20F/D32Y/L299F/L319F), {1z ik
A m HERRAE R, DA N 2 1 o i AR e 1k
2.2 CbXynl0C REBE ST 100 °CHY
EESE M E 25 R

AR E T 4 T 1) 58 A8 (A At 42 T A 15 ik
S IEEG 1, AL 100 °CHY LIk
VE R T8 b R PEAL FNOR VE M A AR R, anf&l 2 fr

300 310
CbenlOC Kc GLK rswl K
XynAS9 DY TB] KA VIP P|G
C
V20
LZ‘J}%\
"W_ )@DSZ
L319

CbXynl0C; %¢f%. TmxB. B:

R307 F1 F309 fERE BRI E. C: FFEIEEN SAEE AR PR E

Figure 1

Mutant design strategy. A: Comparison diagram of CbXyn10C and TmxB structure. Blue: CbXyn10C;

Green: TmxB. B: Position of R307 and F309 in proteins. C: Position of aromatic cluster sites in proteins.
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Figure 2 Specific activity of CbXyn10C and its mutants when measured at 100 °C.

N, TEREERY 9 ANARRH, SEARIK A45P .
T69P . F309V Fl A325P 7E 100 °CI) b 16 15 £ 4%
T, AR 5 AR A LI R L BAS [R] #8 JBE  BE AR
AR T8 4E A CbXyn10C [(93.8+3.6) U/mg],
R AR A45P [(160.4£12.9) U/mg] . T69P
[(120.1+5.7) U/mg]. F309V [(161.2+21.2) U/mg]
1 A325P [(153.8+15.6) U/mg] i J143 B4 5
71.0%. 28.0%. 71.8%F1 64.0%.
2.3 CbXynl0C REBSRTAMNRIER
EAHRIRE M

RE 100 °C HGTE £ i 1 22 A8 IR i Pt e
PR RACR,, AR IE TR ChbXyn10C
K RARIK A45P . T69P . F309V Fil A325P 1
o i W SR EE RS E R, AR ANIE 3 FoR. B
A TUTE 85 °CH HA fix = B , 75 100 °CHY T F
F 13.7%. ALK A45P, T69P il F309V [fx
IR E RS 90 °C, M B A RRE T
5 °C, A45P il A325P JRFRRE, 1
100 °C 1) of fige AH X g 43701 15 31 33.3% 01 30.6%

(E 3A). FF AT IEETE 80 °C4f4 FALEE 40 min
Je BT S AR5 (] 3B) o 1 85 °CAEER 40 min J,
7 A= RUBES R 8.8%, MMiZEAS{AR A4SP Fll F309V
F T AT 43591 K 41.9%F1 68.3% (& 3C); 7
90 °CAL¥H 4 min f5, B A BN (R 26.0%,
M2 AR A4SP RIS A 54.5%; £ 90 °Chb
P 6 min J5, BRGSO 9.5%, M2k
A45P Fl1 F309V fifi 1% 4% 19.0%F121.2% (&1 3D).
A AT UL, SRR IRTE 85 °CHI 90 °CHYHAEE E 1t
B #T
2.4 CbXynl0C Y& fn3eas

B NG AR S — il 3 22 A~ S SE R AR I 1 2%
AR Sfe R R R R AR A M O R0 R R
(R DI, 38 A B I A 5 2 S R %%
AREL ARG SRR (R R E I, R e LA R A
PEF S g e . ACHIFSE L IVE E R T
I BRI A4SP VENRLR, 4338 nHAb
3 AN 2R ZEAR AT FHE T A 28R A A45P/T69P
A45P/F309V Fl A45P/A325P, = 25K
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FasEtE. D 90 °CHY [y #Fa s Pk
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<
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T
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Figure 3 Characterization of enzymatic properties of CbXynl0C and single-point mutants. A: Optimal
temperature. B: Thermal stability at 80 °C. C: Thermal stability at 85 °C. D: Thermal stability at 90 °C.

A45P/F309V/T69P F1 A45P/F309V/A325P, L) %
DU 5 R AR A45P/F309V/A325P/T69P,, UifE 2 fir
7R, S EF AR ChXyn10C f HEIE[(93.8+3.6) U/mg]
FHEG, PR SRR SR 1A A45P/T69P (1 LT
[(60.7£12.5) U/mg]F&fik 35.3%, 1fi A45P/F309V
[(143.9+10.2) U/mg] . A45P/A325P[(128.9+21.3) U/mg]
(TG 2 B TS 53.4%H0 37.4%, = N 578K
A45P/F309V/T69P [(147.3£9.7) U/mg]Fl A45P/
F309V/A325P [(143.0+2.9) U/mg] ¥ LI 43 4
57.0%F0 52.4%, DU ZEAE{K A45P/F309V/A325P/
T69P [(171.0+1.7) U/mg]HY HLIH 4% 5 82.2%.
2.5 CbXyn10C X EENsT A BEF M R
R TR R S TN 5 A A I RS E A el R K
e, RUFFEIE—LME T 100 °CHIGIRTF 5%

B 5 28 A5 A A4SP/F309V , = B A5 IR A45P/
F309V/T69P F1 P i 58 A5 4 A45P/F309V/A325P/
T69P [ fac il it A RS e v, 255 anf&l 4
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Figure 4 Characterization of enzymatic properties of CbXynl0C and superimposed mutant. A: Optimal
temperature. B: Thermal stability at 80 °C. C: Thermal stability at 85 °C. D: Thermal stability at 90 °C.
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Table 2 Kinetic parameters of CbXyn10C and its mutants

Enzyme Vmax (ML/(min-mg)) Keat 571 K (mg/mL) Keat/ K (mL/(s*mg))
WT 391.95+11.31 249.38+9.70 0.52+0.03 467.62+19.21
A45P 432.64+19.71 270.38+11.31 0.57+0.02 475.00+12.43
A45P/F309V 493.56+21.95 308.44+14.56 0.58+0.03 527.86+23.45
A45P/F309V/A325P 468.78+16.31 292.94+24.54 0.33+0.04 876.53+£39.21
A45P/F309V/A325P/T69P 522.00£10.72 326.25+17.21 0.63+0.03 520.75£14.26
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Figure 5 DSC detection peak plot of CbXyn10C and
its mutants.
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Figure 6 RMSD (A) and RMSF (B) analysis of
CbXyn10C and A45P/F309V/A325P/T69P.
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