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Improvement of the thermostability of the salt-tolerant xylanase
XynRBM26 from GH10 family based on Pro effect

DONG Panpan', XU Haitao?, WANG Zhongyu', WANG Lin', ZHOU Xingyu', LIU Lindong',
ZHANG Tingting', ZHANG Jiaojiao', WANG Jinping""

1 School of Pharmacy, Xinyang Agriculture and Forestry University, Xinyang, Henan, China

2 Jiaozuo Technician College, Jiaozuo, Henan, China

Abstract: [Objective] The mesophilic salt-tolerant xylanase XynRBM26, a member of the GH10
family, holds significant application value in industrial fields such as animal feed. This study
improved the thermostability of this enzyme by protein modification via rational design, aiming to
lay a foundation for the industrial application of XynRBM?26 preparations. [Methods] The
bioinformatics software FoldX was used to conduct positionscan of the 3D structure predicted by
AlphaFold 2.0 for XynRBM26. The mutants with free energy changes less than —0.5 kcal/mol were
selected to construct an initial electronic library. According to the Pro effect and screening
principles for potential mutants, an electronic library composed of Pro mutations was subsequently
established. Finally, site-directed mutagenesis was employed to construct mutant genes, and
positive mutants were screened after heterologous expression, purification, and experimental
verification. [Results] After screening of the initial potential mutants, a small and precise mutant
library consisting of 21 Pro effect mutants was constructed. All the mutants were experimentally
validated, and positive single-point mutants D222P, V182P, D344P, and A352P with significantly
increased 7}, values were screened out. Through subsequent stacking screening, a three-point
stacked Pro effect mutant with superior properties was obtained. The combination of this mutant
with the experimentally screened positive mutant G115D produced the most stable mutant M4
(G115D-D222P-D344P-A352P). Compared with wild-type XynRBM26, M4 showed increases of
6.5 °C and 5 °C in T}, and optimal temperature, respectively. Moreover, M4 presented the half-life
(t12) at 55 °C 7.5-fold longer than the wild type, and its relative activity at the optimal temperature
was 3.44 folds that of the wild type. [Conclusion] Screening thermostable mutants of the salt-
tolerant xylanase XynRBM26 of the GH10 family based on the Pro effect and two different effect
superimposing strategies is an effective approach.

Keywords: GH10 family; xylanase XynRBM26; Pro effect; 71, value; half-life ¢,/
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b XS EWHARGRAE]; Dpn 1. DNA
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FEANNEE 1 iR,

EOLL RS, BEAYRHLGRMNABRA
Al TR A R O AL, FEBR G R B
NE RRRAEEEEIR, RS RERE
R E]; AR, Bilg—ERE A R
ONFL; R RARE AL, BRI
B
1.3 REX¥ERS XynRBM26 HYZE# 4R

i F Expasy Py} 5 #) ProtParam F2 ¥ X i
ik GH10 Kk AR M XynRBM26 (GenBank %
S5 ALO19936. ) LR PN A TA5 L S L
R N iyl N TRU N T 5 I
F 454 AlphaFold 2.0 %} XynRBM26 J% H:545
TRHEAT AL, FIT] Saves TELRER {1 WHZ = 4E45H
PEATEE R G B IEAL o BT AT I = i 45 4 R Sy il
FH PyMOL #4221 .
1.4 AREMAKEHEE XynRBM26 &
TR B RT R THIR

JEF XynRBM26 [ =425, ffi F FoldX
BT HAE AT 2 P i P s s, i ve h—
A A T AE/NT-0.5 keal/mol 1 460 4S5854 40
B RASSCIE , Hi s K Pro 78 R AR ILA
30 Ao HRHE STHR15] b PR T 2 AR PR 1 i e it
M. Pro A5 HBFLLE o BEHER B 38 (o IBER
N UiiE FE5H 58, FEARN AR AT 8 Z 0 F
A, HLRAR G L H AR AT R AR A,
IBRAFF B ZLR M 528
1.5 KREHEES XynRBM26 25K IR

i 1P gI Xt DL AR A ROk
pET28a-XynRBM26 St , i i f & 4Eff PCR

=1 ZKSCIG PR A RUPCRS| 9%t

Table 1 Pairs of the primers used in this study

Primers Mutation Oligonucleotide sequences (5'—3')

BFIF A32P CAAGACGCAGGTCCGCCGCTGAAAG
BFIR TTGCCAGATCTTTCAGCGGCGGACC
BF2F All7P AATTCGCGGTCACCCGCTGATTTGG
BF2R TCTTGCCAAATCAGCGGGTGACCGC
BF3F A99P TCAGTGGGGTCCGCCGGACGAAATG
BF3R GCAAACATTTCGTCCGGCGGACCCC
BF4F A128P CGAAATGGCTGCCGCCGTGGGTAAAC
BF4R AGTGCGTTTACCCACGGCGGCAGCC
BF5SF V140P TCTGAAAAGCAAACCGCCGGCACAT
GC
BF5R TGCTTCAGCATGTGCCGGCGGTTTG
BF6F D222P CCGGGTCTGGGCGATCCGGCAAAAC
BF6R CTGCGCGATGTTTTGCCGGATCGCC
BF7F D221P CCGGGTCTGGGCCCGGATGCAAAAC
BF7R CGCGATGTTTTGCATCCGGGCCCAG
BFSF V190P CAAACGTATGGGCGCGCCGGAACAG
BF8R CAAATTCGATCTGTTCCGGCGCGCC
BFOF Al189P  ACCAAACGTATGGGCCCGGTTGAAC
BFOR TCGATCTGTTCAACCGGGCCCATAC
BF10F  V182P TAGCCTGATTCAGAACCCGTTCACC
BF10R CCATACGTTTGGTGAACGGGTTCTG
BE1IF  T323P ACCCTGAGTTATCCGCCGTGTCGCG
BF11R CAGAAAATCGCGACACGGCGGATAA
CTC
BF12F  Al141P AAAAGCAAACCGGTCCCGCATGCTG
BFI12R GAATTGCTTCAGCATGCGGGACCGG
BF13F  A254P  AAGTCACGTTTCTCCGGGCGATATG
BF13R AGACATCATATCGCCCGGAGAAACG
BFISF  A295P  ACGTCAACGATAAACCGTTCCCGGC
BF15R CAAAATCCGCCGGGAACGGTTTATC
BF16F  A298P  ATAAAGCGTTCCCGCCGGATTTTGC
BF16R ACGTTTTGCAAAATCCGGCGGGAAC
BF17F  F300P GCGTTCCCGGCGGATCCGGCAAAAC
BF17R TGCGTCACGTTTTGCCGGATCCGCC
BFI8F  S360P CCGACCCCGTACGATCCTCAACTGC
BF18R TAGCGCGCAGTTGAGGATCGTACG
BFI9F  G350P GCAAAACGTCCGGACCCGCTGGCAC
BFI9R GGACGTTGTGCCAGCGGGTCCGGAC
BF20F  D344P CTGCAAGTTTGGGCACCGGCAAAA
CG
BF20R CCGGACGTTTTGCCGGTGCCCAAAC
BF21F  A352P GTCCGGACGGTCTGCCGCAACGTCC
BF21R ACGGGGTCGGACGTTGCGGCAGACC
BF22F  H335P GGGGTATGGCTGATCCGGTTAACTGG
BF22R TTGCAGCCAGTTAACCGGATCAGCC
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SIARAE, PCR W IAZ : 2xPrimeSTAR DNA
Polymerase with GC Buffer 12.5 uL, 4z 0.5 pL,
dNTPs (2.5 mmol/L) 2 pL, F . F W5l W
(5 pmol/L)%% 1 uL, ddH,O 3 uL. PCR ¥ #4 %%
. 95°C 3 min; 95°C 10's, AN[EHTH %)
B KR JE AR, B okmtE K 15s, 72 °C 6 min,
1 20 MEFF; 72 °C10 min. ffi ] Dpn 1 il XF
PCR J7¥I7E 37 °C N BV 2 he ELEKEGYI ™)
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o RAR R R AE N A T AW TR (IR A
RELZA RN B0 E
1.6 REX¥EES XynRBM26 % 33 2% {4 i
BFERIAR AL

W B 100 pL M7 A= 78 K% 28 A5 1A g T2 PR AR P
W, R 10 mL & FI8% F (Kana)$ii Y LB
B, fE 37 °C, 240 v/min £ PR
6 h Ze47, Z MW ODeoo (HiEE] 0.6-0.9. FifiJ5¥s
PRS2 1 L LB RKE R, 220 t/min 47
W 4 h, FFEFREM ODeoo I5F 0.6-0.9 BREHE IR
EERE N 16°C, FREREREMEE, A
300 pL 1 mol/L IPTG (& ¥ % 0.3 mmol/L), T
16 °C . 200 r/min }%3% 13 h, 7E 4 000 r/min T
B0 10 min, P RS, A 50 mL 4
#Y9 24 % W buffer (50 mmol/L Tris-HCI pH 7.0,
150 mmol/L NaCl)¥4J 5 B A . RS KHLTE
650 MPa F %43 3 min, W5 HEAFEA 24
50 mL &.04 T, 4°C, 15000 r/min Z5.0> 20 min,
i g A R = S = RO g SN e
H, B ER R IEFIDITESS 40 Wb % ) Ni
FRZEATAE U AR, R FZ kT
H i Faife, ffiF SDS-PAGE JIIkr H Y
FEg 4R, 7 Bradford 35 & B A= A 5 28
AR AR Al Ak f TR B VR
1.7 AKREVEEEEERINE

PR AR R BT 50 mmol/L 22
wrh, HORRMELOR N 0.5 mg/mL. Y S
R Z . #4100 uL BERINAE] 900 uL A RBHIKY)
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W, FER N IFIRET, R A 5-10 min,
Wi S5 A VT Bl TR T SO 10 min, iS5
A 1.5 mL 3,5- — fif £ 7K # 2 (dinitrosalicylic
acid, DNS)I{ ], B RIAE K 23k 5 min, fi%
Je FERACERE SR EI B, W 200 pL %
WA 96 fLM Y, BEE 3 AFAT, FE 540 nm 4F
FE AR DN A A OB o X B R 7 TR 1
MR ZE TR 100 pL 28 byl BRI . BTG 2 X
e TERGERE . feid pH AT, B il
IR B BEWEAE I 1 wmol W [0 BT 7 B2 114 il 1k
J1U,

1.8 ARBEMHRESHABERRTEDN
1%

A% % ] NanoDSF #6758 i 47 k4 &
PR PR 06, HIEAR R NanoDSF 6l 6
TrgeRl, @B AE 350 nm AT 330 nm K
T HCAE B R ARk R B AT SR A b
R, L2 DK 9O E e E 5 R R O
FOR 0 E R IR (Th) o TEIE T B W7 R 2R
FM R AT 3R, i S0 B R b vk R
1 mg/mL, Al S F R 20-95 °C, FHER
N 1 °C/min, T LE AR RN T, (5 B4
RUBR AR T fH, ARBRD) T, (3 WA
Hgoe e .

1.9 AEBHBARTAZRERE. 1, X
FEXT B E BN E

TE 30-65 °C (18] & 5 °C) Y ¥ 2 i [ N LA
5 mg/mL BEARARBWEVENIEY), 7F 48 i il
FE XynRBM26 FUEGE L, VAMKOGAE B e i
T 8BTS S A 100%,  XF PR 2H R A [R) AR AR Ay
buffer B A MBS F . 7RIS pH 504 F
s BEUF IO G AE S5 °C R ar i 1, 2. 2.5, 5,
10, 15, 20, 25. 30 min, HIHGEGTEVK F&E
20 min, 430 5E AN R AL R RS )R A6, AN
R AR R 5 R IR AR TS A
{H 1A 0 BOE LR 5% A3 BT (residual activity),
DLUC TSRl 2 1 0 ORI SR kg, TN (1)
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PR . mA&THREBEAMEEL, AKX Q)
FIiR

Ln (Residual activity)=kgx¢ )

fa=In2/ky )
A H: Residual activity HFRATEHT ; kg WS A
YR TE H
1.10 S FEINFRU

fifi F§ Gromacs 4.5.6/" 43 5| %} AlphaFold 2.0
T ey A Y % G AR AR =S A GER HEAT 8 )
R (T YASARA iR BRE5 M K oy
FHE T . ] CHARMM27 18 1130k 4
BRI AR BRSO AR FNEE o o H By o
AZ| Space /K& (EIPEL 4, HRYE
FH BB BB K & %8 1.0 nm. 7] K 5
FIA Na'sli# CISR P AR R AP a1, ik
FAEFRr M. RGN RE R B/MER I EBET
Wy, IFIE] R 100 ps. NVT S [E] 24 100 ps,
R Z 0 IR B fEfE R E R N T E 55 °C. AE
328 K. 105 kPa JJJ N7 NPT {AZ - 100 ps.
YR R HE 47 K35 50 ns W) 43 F Bl ) 2F B
(molecular dynamics), 15 A Ml XynRBM26
B AR IR T B 2 5 AR R 22 (root mean square
deviation) , [FlJiE2}-4% (radius of gyration) & A& & F

i R AT SR 19 ¥ 75 MR % B (root mean square
fluctuation){H .

2 ERG59

2.1 KRE2¥EEE XynRBM26 B = 4 4544
Ak il

K B B B XynRBM26 R 3t P F %
(ALO19936.1)%5 1 152 bp, %t 383 P& HLMR,
NCBI ¥ H3 B AR RN . XynRBM26 & [ il
W o5 42.35 kDa, 4FHL AN 8.95, 280 nm
(RITHE R B 64 065 [mol/(L-cm)], BHi/KH -1
ZH(GRAVY) N -0.297, ANFasE 6 % (instability
index) >~ 31.34. fifi i AlphaFold 2.0 X A 5 b fiff
XynRBM26 #E17 [A] IR g8, 25 R AaniE 1 froR .
5JLF Bt & GHI0 ¢ % 19 R 2 0 i — 3%,
XynRBM26 ()34 = 4k 25 F 580 Tim #iIR S5
¥y, BAKBWEEFE 10 0% 4 3010 (B/o)s-barrel
R N SN ER LR TN R
i, 2 B — R 2R LTV B JE R
XynRBM26 % il NESIE - F-171Y 8 > B &
L TN IRSE B TS0 8 4 o BREAT AL . 1
PP EIER Glul69 Fl Glu288 43 A Ay Bt A

El1l XynRBM26EH =445, A: LIKEEREMXynRBM26I VM FilIREE R ; B: LUK @R
XynRBM26 P #81 1E [ P-4 7 1 418 FA M A 81> 0l e

Figure 1

3D structure of XynRBM?26. A: Present the salad bowl-shaped structure of XynRBM26 in a cartoon

form; B: Present the eight parallel B-sheets inside and the eight a-helices outside of XynRBM?26 in a cartoon

form.
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fb B2 P R A SRR, TR A A Y
DR, 2 NREIERIEIZ IR 53 A,
X R XynRBM26 i i AL g O B HILH
FI H SAVES i () H7 =X & $FAl XynRBM26 —
AeZERBRI T, 45 RBA 91.8% M2 AR
FRIELAT TR0 IX IR, 8.2% MU B T HiAth fo
VFIX o R IRUL, ARRMERE XynRBM26 (1)
iy e T Sy S ET
2.2 RELNERMMLE

WAl FoldX FIZE S, MK 460 4~ FH H HE/)
F-0.5 kcal/mol (2R H % 30 4~H A Pro
BN Y ZRABA, HZE RN 2 Fis .

FF L4 R iR O, B BR R RS
Ve U A 2 AE IR R61P ., A64P, Q85P. A7SP,
D122P Fl1 A143P. T 7E 1 A 0ff 5% h 58 A8 {4
A343P . A364P Il M38OP ©. &M &, FrLAATE
ARWFFERITH LB N o el T —4Nh 21 A4
Pro 28 A5 (20 B 1 28 748 SCE . S AR AR 1 21 A %
GEARNL AT AE R EER H BALE AN 3 FR .

&2 FoldXH TN BB ProX AR 14
Table 2 FoldX software predicts mutants with Pro
effect

Mutant AAG (kcal/mol) | Mutant AAG (kcal/mol)
A32P -1.077 T323pP -2.128
R61P -0.754 Al41P -1.065
A64P -0.724 A254P -0.991
AT8P -0.759 A295P -0.538
Q85P -0.926 A298P -1.273
A99P -0.968 F300P -1.275
A117P =3.111 M380P -1.187
D122P -2.238 A364P -1.566
A128P -1.561 S360P -1.531
V140P -1.547 G350P -0.987
D222P -1.785 D344P -1.782
D221P -0.510 A352P -1.141
V190P -0.748 A343P -1.611
A189P -1.168 H335P -0.873
V182pP -1.118

A143pP -0.549

23 HEHRRTHEWME., RES
iy

TR A T A R R AR K R G350P
ANBEIE R Rk A, HAy 20 455 2 AR R BEIE
W #eik. SDS-PAGE [l /R, 7E 40 kDa [ff VT 77
TEH— 450 B hiEmWT, 5 HRYEM 42kDa 1Y
AR (A 2),
24 BASRTK T, ENE

XynRBM26 H7 A= 1 5 B g5 G ARAR Y T, P
SEIINE 4 iR, A 14 DRERNPFEEET
B, 1 AMREEARAE, 6 A FTdem . Hrp, 848
& D222P. VI182P, D344P Fl A352P 43 |45 H7
AR 1.7, 1.0, 1.8 il 2.8 °C, X 4 PRAS
Wit T F—2L &,
2.5 EBMERTK T, ENE

43 514 V182P, D222P. D344P Fl A352P
X 4 ASPAPES AR AT 2 AL 3 L 4 NS
i, EINRAERE T, HAFR S fin. SNEAR
PR T {45 750 W8 BE N 1.6 °C (V182P-D222P) F]
6.2 °C (D222P-D344P-A352P), V182P 75 A7
5HAR 3 A RARKRHEAT B I AR R B I
RN . K 5 iR RZ IR 3 AENE
ARPR D222P-D344P-A352P, H: T, (HH & & T H
3 ProX M RETEFILEMBE
Table 3

electronic library

Construction of Pro effect mutation

Mutant Secondary Mutant Secondary
structure motif structure motif

A32P a-helix N cap A254P B-turn

A99P a-helix N cap A298P Loop

Al17P Loop A295P Loop

A128P a-helix N cap F300P a-helix N cap

V140P a-helix N cap T323P B-turn

Al41P a-helix N cap H335P B-turn

A189P a-helix N cap D344p B-turn

V182P a-helix N cap G350P Loop

V190P a-helix N cap A352P Loop

D221P a-helix N cap S360P B-turn

D222P a-helix N cap

>4 actamicro@im.ac.cn, 7 010-64807516
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13

B2 BSRTRRISDS-PAGEE]

Figure 2 SDS-PAGE diagram of a single point mutant. M: Protein marker; 1-21 are respectively the wild type
of XynRBM26, mutant A32P, A117P, A99P, A128P, V140P, D222P, D221P, V190P, A189P, V182P, T323P,
A141P, A254P, A295P, A298P, F300P, S360P, D344P, A352P, H335P, respectively.

<4 XynRBM26EF4 BUFNE SR TIAM T, (B

w5 BMERTAT,ENE

Table 4 The melting temperature of XynRBM26 Table 5 The superimposed mutant 7, value was
wild type and single point mutants determined
Enzyme  T,/°C AT,/°C | Enzyme T,/°C AT,/°C Enzyme Tw/°C AT/°C
Wild-type  55.5 Wild type 55.5 0.0
A32P 563  +0.8 T323P 525 3.0 V182P-D222P 57.1 +1.6
ALITP 549 -06 | Al4IP 553 —02 VI82P-D344P >8.3 2.8
A99P 552 -03 | A254P 533 -22 VI82P-A352P 86 #3l
A128P 55.6 +0.1 A295P  54.0 -1.5 D222P-D344P 59:0 33

D222P-A352P 60.3 +4.8
V140P 53.8 -1.7 A298P 524 -3.1

D344P-A352P 61.2 +5.7
D222p 57.2 +1.7 F300P 543 -1.2

V182P-D222P-D344P 60.6 +5.1
D221P 49.5 -6.0 S360P  48.5 -7.0

V182P-D222P-A352P 59.7 +4.2
V190P 54.5 -1.0 D344P 573 +1.8

D222P-D344P-A352P 61.7 +6.2
A189P . +0. A352P . +2.

89 533 0.0 33 583 8 V182P-D222P-D344P-A352P 61.3 +5.8

Vigap 365 1.0 H335P 491 64 M4 (G115D-D222P-D344P-A352P)  62.0 +6.5

fhE oA A, XK 3 4> Pro HLAi AR AL
HILH A 27E BRI I T XynRBM26 RY#EREME:
AT RN, AN TR 500 8 58 28 R 22 ] 1 P [l A
Xof R PR R R B B RN B O R, TR I
5 31 /Y 28 7% {K D222P-D344P-A352P H A —
Pro Z4 0, Fr LK D222P-D344P-A352P 5 2 i
S0 % Y EL AT ER AT RO Y PH A 2 AR K G115D
kAT 3 — 2 & A ) % 2 K G115D-D222P-
D344P-A352P, A 1S40 7 A Hdin 444 M4 B
(R AR

2.6 XynRBM26 FFER R HE MR {4
M4 BB R

[A] #£ K F NanoDSF il 52 tH 1 T, {H K PEAG
7 = R R B A0 5 AR AR M4 i B g 2R R e (R
3A), AR M4 B T, M E 62.0 °C, [k
XynRBM26 & 6.5 °C, iX3RH] G115D yER#4%
W 5 D222P-D344P-A352P 14 Pro R4 I 7F 12 =5 il
PASE P L EA DR RIAE

FOERE I THRICT T ERTHE, M4 s
TREH 55 °C, # XynRBM26 BFEBI$E T 5 °C,
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XynRBM26 H A= B {2 2 1 ¢, 7 1.9 min, ]
M4 (PR 11,4 14.3 min, EEPARI 7.5 45,
K 4B flf7n, 7E 55°C. pH 6.5 &4 FilllE M4
FIAEXT TS , 25315 XynRBM26 H7 /4 AUAH

e g AR R M4 (s MR B AE TR 3.44 4%,
2.7 M4 AREMRESHHIR ST
SRR G 5 AR IR M4 FARE PR
FIHLET, X M4 F1 XynRBM26 B7 A= K ) = 4k 2%
AT LA AT PRI AniEl S Bezs, 115 67X
AL T4 RO X3 B3 1o RABHT G115
e B3 IE [ EATHY B4 Y ZH 1 2 HE R S163 Fil
D165 ik 2 A 5A); RALE D115 AL

A i~ ' B 100, -o- Wild type
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Figure 3 T, values and optimal temperature of XynRBM26 wild type and combined mutant M4. A: The T},
values of XynRBM26 wild type and combined mutant M4; B: The optimal temperature of XynRBM26 wild type
and combined mutant M4.
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Figure 4 Half-life (z,,) and activity of XynRBM26 wild type and superimposed mutant M4. A: The half-life
(t12) of XynRBM26 wild type and superimposed mutant M4; B: The relative activity of XynRBM26 wild type
and superimposed mutant M4.
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El5 XynRBM26EF4 B 5B MREHMAR REM R BABLEMIFFIE. A: XynRBM26EFERIG1 155N
IR B: BNALAMA D1SFRAE i S0 S 504 s C: XynRBM26MF A= BUD2225% S FT Ak 1) — 2
ZERALE ;s D BN IAMA P222FRFEFITAL ) — A AL s E: XynRBM26HT/E AID3445% FE T Ak 1 —
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Figure 5 Local structural characteristics of XynRBM26 wild type and superimposed mutant M4 mutation sites.
A: The hydrogen bond formed by the G115 residue of the XynRBM26 wild type; B: The hydrogen bonds and salt
bridges generated by superimposed mutant M4 D115 residue; C: The secondary structure position of the D222
residue in the XynRBM26 wild type; D: The secondary structure position of the P222 residue in the
superimposed mutant M4; E: The secondary structure position of the D344 residue in the XynRBM26 wild type;
F: The secondary structure position of the P344 residue in the superimposed mutant M4; G: The secondary
structure position of the A352 residue in the XynRBM26 wild type; H: The secondary structure position of the

P352 residue in the superimposed mutant M4.
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Figure 6 Molecular dynamics simulation of XynRBM26 wild type and its superimposed mutant M4. A: The
RMSD values of XynRBM26 wild type and superimposed mutant M4; B: The Rg values of XynRBM26 wild
type and superimposed mutant M4; C: The RMSF values of XynRBM26 wild type and superimposed mutant M4.
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Table 6 Dihedral angle statistics of positive mutants

Mutation site Df° /e

182 -55.829 -32.765
222 -55.015 -37.362
344 -68.529 -15.345
352 -64.594 148.177
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