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made to endow wild-type enzymes with higher catalytic activity or thermostability using gene engineering and protein
engineering strategies. In this study, a recently developed SpyTag/SpyCatcher system, mediated by isopeptide bond-ligation,
was used to modify a rumen microbiota-derived xylanase XYN11-6 as cyclized and stable enzyme C-XYN11-6. After
incubation at 60, 70 or 80 ‘C for 10 min, the residual activities of C-XYN11-6 were 81.53%, 73.98% or 64.41%, which were
1.48, 2.92 or 3.98-fold of linear enzyme L-XYN11-6, respectively. After exposure to 60-90°C for 10 min, the C-XYN11-6
remained as soluble in suspension, while L-XYN11-6 showed severely aggregation. Intrinsic and
8-anilino-1-naphthalenesulfonic acid (ANS)-binding fluorescence analysis revealed that C-XYN11-6 was more capable of
maintaining its conformation during heat challenge, compared with L-XYN11-6. Interestingly, molecular cyclization also
conferred C-XYN11-6 with improved resilience to 0.1-50 mmol/L Ca®" or 0.1 mmol/L Cu?* treatment. In summary, we
generated a thermal- and ion-stable cyclized enzyme using SpyTag/SpyCatcher system, which will be of particular interest in

engineering of enzymes for industrial application.
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ok /MR ) &% A AidLab 23w o HisTrap™
FF)ZHTHEIA H GE A H], I EPEAR RN B Sigma
Ol TEEHRERY) BB R R (Kanamycin,
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GGATCCGATTTTTGTCAAACTGCCGC-3') il
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100 pug/mL Kan {4 LB [51A- 4 .
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100 pg/mL Kan iy LB 353%3, 37 'C. 200 r/min
PGSR 16-20 h, K¥EFRIELL 1% a4 fh
200 mL LB ¥5355L, 37 °C. 200 rimin #R 3555 &
ODg0o=0.6-1 (£ 3-5 h), EMMZHKEE N 1 mmol/L
IPTG, 7£ 16 “C. 100 r/min NSk 12-16 h
Ji, 4 °C. 12000 r/min &.0> 15 min Y4005
50 mL 1xPBS ZZ#hik (137 mmol/L NaCl, 2.7 mmol/L
KCI, 10 mmol/L Na,HPO,4, 2 mmol/L KH,PO,,
pH 7.4)F B &7 AR, Jii 6 L/h, J&J7 800 MPa,
6 C, 7£ FB-2010 ¥yl (highhik) i
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Y R Ay KL A
14 HEB#%{t5 SDS-PAGE

¥ FRKLEG W EAE HisTrap™ FF 28R, #
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1 BioLogic LP JZHT & % |- (Bio-Rad) #1746
e 2 P (L-XYN11-6) 5 ## fb XYN11-6
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(C-XYN11-6). 4iifkf& F1#IH 10 kDa Amicon®
Ultra #7E% (Millipore) EBREEAKILS, T
FL UK R S 5 43T o

afifb B A Ix ARG IRIR A, & 10 min,
4 °C, 12000 r/min &.0> 5 min J5, W8 iS5
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W, MO R250 Jetn 1 h, i, AR
UK 38
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S 1R SR Bradford w1k B2
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PERT 8T
1.5.1 Hi& pH

Falifb )5 19 15 pL Zet s 1k XYN11-6 B
435115 60 pL i pH 3.0-10.0 ZE Ml (Frige iR /mls ik
ZZ P pH 3.0-8.0; H &2 /NaOH 2% M+ pH 9.0-
10.0) FCiil iy 0.5% AR RHMEICYILE 50 CF S
10 min, [FEBEEES AN A, A PMA
15 pb TSGR B KOG BB, S 10 min, 76 |
IR A BE A R A 75 ub DNS {5, 100 C
BRI 15 min, R HIE =G, i SpectraMax
M3 iihRi% (Molecular Devices) T 540 nm F{ill &
XYN11-6 i, #% 4 HPArse . DA
PEIT ) pH 2 100%, 15545 pH A1 T ARXS & 1
152 EERE

Hafifb s 15 pb &Mk s A b XYN11-6 Bk 5
515 60 pL 0.5%ARBHIKY (pH 6.0) G, T
30-80 C /LY 10 min, & HE %S FIXTHRAL, W%
TR b o DA i T PR S ) BN I SR 100%, T
SRR 25 A R I ARG
1.53 pHREEH:

ERGERET, K 7.5 uL B E T 7.5 uL A
[l pH 2P (pH 3.0-10.0) 1 1 h )5, &Lk
A 60 pL 0.5%ARMHIEY), T 50 °C. pH6.0
SR ROV 10 ming WEZS OB, D vk
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REEHEIEY, T 50 “C .pH 6.0 444 F j2 % 10 min.,
WEZS AR IR, WE Ik b DA 7%
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15.6 BhH%¥SH
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16 ZEEHBROH
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10 min, i T SDS-PAGE FliG /34t
1.7 RAXEDR

P T 1xPBS & Ml A2l ALFEE 1T (29 20 png)
JIA 0.1 cm Hefalll, & F RF-5301pc %t
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JE1+ 300-500 nm. DAIARAGFER) L-XYN11-6 5
C-XYN11-6 SMxtHe, Zr5lilE efI1#E 25 C.
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5 C-XYN11-6 Xt , 4330 B AT 17E 25 C.
40 C. 50 C. 60 ‘C, 70 ‘C. 80 ‘CH190 C Ak
T 5 min J5 MR LIS
1.8 HiEHIT

Bl 5 B AL 3R FH GraphPad Prism 7.0, %%
PELIFEIEARHERE (X £5) (n=4), RAIXUR 4
t-R WA TSI 0T, *P<0.05; **P<0.01,

0.6

Bacillus subtilis endo-1.4-beta-xylanase (BAL46916.1)
'Aeromonas caviae xylanase D (AAB63573.1)
Opaenibacillus sp. beta-1,4-xylanase (BBI55020.1)

% Melioribacter roseus P3M-2 Glucuronoarabionxylan endo-1,4-beta-xylanase (AFN75320.1)] GH30
Dickeya chrysanthemi endo-xylanase (AAL16416.1)
Meloidogyne incognita xylanase (AAF37276.1)

EIiRaa’()p}’rot'lrs similis xylanase (ABZ78968.1) _
0L Nesterenkonia sp. Fendo-1.4-beta-xylanase (AKI187754.1)

0.5 r%A![mIrepmmyces psaminosilenae endo-1,4-beta-D-xylanase partial (QBC98613.1)
s L 09
HAcidobacterium capsulatum xylanase (BAB40957.1) GHI10

2 HERSAM

21 EHEFAFRESHF

XYN11-6 (H ORF6) &£ i F B 4y
Fosmid ST/ i 56 1 B A Bl 2 9 171 BLAST
(https://blast.nchi.nlm.nih.gov/Blast.cgi) #l &5t ik
A o3 B B, IR PR IR T R B R0 S UE
5O RIE AR BB R (B 1) PO

0.4 01 = Lechevalieria sp. HI3 endo-1,4-beta-xylanase precursor (AFE82289.1)

02 _&Saccharopolyspora pathumthaniensis xylanase (ADL60499.1)

Kocuria sp. 33 alkaliphilic xylanase (AGW80520.1)
14 9.3 Prevotella ruminicola xylanase (AAC36862.1)
[:lo‘4 Incultured bacterium glycosyl hydrolase 5 (AFO64636.1)
LO -Bacteroides cellulosilyticus beta-1,3xylanase XY L4 precursor (ALJI61530.1)
0.3 L2 Thermotoga neapolitana DSM 4359 endo-1,3-beta-xylanase (ACM22793.1

0.3
| 13 - Kordia sp. SMS9 beta-1.3-xylanase XYL4 (AXG67922.1) GG
02 Alcaligenes sp. XY-234 beta-1,3-xylanase (BAB88993.1)
{2-Vibrio sp. AX-4 beta-1 3-xylanase (BADS1934.1)
0.1 122 Brevundimonas vesicularis beta-1,3-xylanase (AIX87981.1)
—O08  pacillus spKK-1 xylanase Y (AAC27700.1)
s 0’60 Bacteroides intestinalis DSM 17393 glycosyl hydrolase family 8 (EDV05067.1)
o1 0'3 Paraglaciecola mesophila family 8 endo-beta-xylanase (AEC33258.1) GHS
——Clostridium cellulovorans xylanase (BAV13036.1)
.02 Teredinibacter turnerae T7901 glycoside hydrolase family 8 domain protein (ACR14722.1)
0.1 Opitutus terrae PB901 glycoside hydrolase family 8 (ACB77586.1)
L Fibrobacter sp. UWRS glycosyl hydrolases family 11 (SHM40025.1) 7]
0.1 Ruminiclostridium cellulolyticum H10 glycoside hydrolases family 11 (ACL75128.1)
0.8 - Paembact[[us campinasensis xylanase (AEI54132.1)
03] 00 - Ce[!trlomonasﬂawgena xylanase XIB (CAJ57849.1) GHI11
XYNI1-6 —a—

1 ARBEHBREAFERXEMOM

Bacillus subtilis BSn5 endo-1,4-beta-xylanase (ADV92793.1)

0.4 O’Egﬂerenkonia xinjiangensis family 11 endo-beta-1,4-xylanase (ACY70399.1)
0.3 =4eromonas caviae xylanase I precursor (BAA06837.1) .

Fig. 1 Phylogenetic tree analysis of xylanases. XYN11-6 was labeled with arrow.
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X, XYN11-6 2 5L/ 7 91 559 15 AR AR 2R e AT
& Ruminiclostridium cellulolyticum (GenBank & 5%
5. ACL75128.1). ;=#eF4EfifiiiE Cellulomonas
flavigena (GenBank % %5 : CAJ57849.1)F1JK i
S MU Aeromonas caviae (B %5 : BAA06837.1)
KPR A SR A DLEE AL 3531 2 38.79% , 38.03%
Fl 35.59%

Pfam /3 #r (http://pfam.xfam.org/) & 7~ ,
XYN11-6 £ FI 4235 —> N sy GH11 ZR A Rk
il 1 AL 25 A 3l — A C s R RN 25 M 0. RS
SpyTag/SpyCatcher Z 4t X} B feE M AEFH , At
NG A A A R O v P 28 A Rk Ak, FER
T B P SRR SRR R AR LR M 1 L-XYNLL-6, iF
— AN FIC %4y 3N Bk A S. pyogenes £F 3%
%1 CnaB2 #9 SpyTag Fil SpyCatcher kB, 4
Aspll7 Fl Lys31 H A 5 IREE AT I 0
C-XYN11-6(/& 2A)22 21

SDS-PAGE 4R R, £ 6xHis JEMZNT G
L-XYN11-6 5> F 29 38 kDa, WK T HAIE
gyt 32.8 kDa, M AT BER th T IS S L AR
(pI1=6.73) xS AR BEIE Uk s .
C-XYN11-6 #y7> T2 45 kDa, 5L ER 2T
1 45.8 kDa H— 3 (& 2B). Ay 1 BR A it AR BTt
B BRI, i — 2D ] EK EED) ] C-XYN11-6,

TR LMEALAY C-XYN11-6 (RL-XYN11-6),
AT HEEE T
22 EiEpHMpHRREM

M 1 L-XYN11-6 FIFREEE 1 C-XYN11-6
FHcE pH Al pH U P 2 B AY BLAE . P AR R
F 5 i&E pH ¥4 pH 5.0, pH 5.0-8.0 31 Bl P 15 4
B (B3A), TERJ pH BN B TR E . 18
pH 4.0-9.0 TAbHE 1 h #RATEPER 70%LL - (& 3B).
23 mEBREMAREMN

LM L-XYN11-6 FIFRfLE ] C-XYNL11-6
M E IR 50 C (K 4A). LR Z L
P B IRl I B I B T, {1 C-XYN11-6 7£ 5
it (60-90 C) T HMEILAERIL T L-XYN11-6, #4
Fa g MR I B, L-XYN11-6 7 50 ‘CLL T # Jyka
7,50 CALFE 1 h, FTEPEASBER1F 80.30%z 3.33%.
ARSI, WIS % 7E 60%. 70%
180 C4&AF Rt 10 min, L-XYN11-6 5%
ATEME N 63.30% ., 39.72%7F1 27.50% (/& 4B), 54k
PEEE AR, PR B IR e M B 4R T
C-XYN11-6 43#{E 60 “C, 70 ‘CH180 C4A4 Fht
B 10 min, C-XYN11-6 M54 IGH: A 81.53% .
73.98%71 64.41%, SrHEAARIZAFT L-XYN11-6
FRAYTEMERY 148, 2.92 F1 3.98 % (K1 4C). HEIffi
fE 60 CHI 70 CHMF TN 1 h, C-XYN11-6

A SouT B
SpyTag kba M 1 2 3

(Asp117y NV H: 130 —

NH, EK 100 —
70 —s
. 50 —

XYN11-c-ff+SPvI%e __ _ QSpontancous _EK -

SpyCatcher 25°C, 12h 35—
25 —
S SpyCatcher 5 -

L-XYN11-6 C-XYNI11-6 RL-XYNII-6 0

B2 XYN11-6 B9 FIRik

Fig. 2 Molecular cyclization of XYN11-6. (A) Schematic diagram of cyclization. EK: Enterokinase. (B) SDS-PAGE
analysis of linear and cyclized XYN11-6 proteins. 1: L-XYN11-6; 2: C- XYN11-6; 3: RL- XYN11-6.
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120

-0 L-XYNII-6 -m C-XYNI11-6
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Relative activity (%)

3 XYN11-6 &i& pH #0 pH i =

120 o LXYNI1-6 @ C-XYNII-6

160

Residual activity (%)
-
[a)

Fig. 3 The optimum pH and pH stability of XYN11-6. (A) Optimum pH. (B) pH stability. Data represent the X+s (n=4).

T5FE 64.59%FN 34.50% 5% A5 Pk, i L-XYN11-6
W58 42K, RIPMESE P E R 2158 .

B E S AR S 0 4 IR S AR AR
GEVE A G, FRATHE— 2 R EK XY
C-XYN11-6 A7 EHrkthfb (&l 2), FforprHk
P M o1 IR A5 R R, FORT A1k i) C-XYN11-6

A
1200 5 LXYNLI6 & C-XYNII6

100 F

)

= 80

=R

2 60

5]

L)

Z 40
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L)

& 20

O 1 1 1 1 1
30 40 50 60 70 80 90
Temperature (°C)
¢ 120
40 °C-8-50 °C- W60 °C ~&-T0 °C ¥ 80 °C

2

5

g

=

=

=

7

24

0 1 1 1
0 1} 20 30 40 50 6l
Time (min)

4 XYN11-6 RiEREMREMZ
Fig. 4 The optimum temperature and thermostability of XYN11-6. (A) Optimum temperature. (B—D) Thermostability
of L-XYN11-6 (B), C-XYN11-6 (C) and RL-XYN11-6 (D). Data represent the X +s (n=4).
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H M (RL-XYN11-6) HI#EE P TR, KL
f£ 60 CHI 70 CH&MFTHul 1 h,
RL-XYN11-6 58 4% 16 7 24 5.93%7F1 1.62% ([ 4D),
5 L-XYN11-6 B8R A IG MR, 220 5 IR
T8 o A AE & A OK uE Y SpyTag B
SpyCatcher kB 82 F 1 il (1) # A2 E 1 o
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24 BFREEM

iE— 20 58 47 F IR T & 8 B I %2 RE
71, KI C-XYN11-6 Xf Ca**Fl Cu® Wi 2 fE
i F L-XYN11-6. % 0.1 mmol/L Ca®* i Cu®*4bFH
1 hJ&, C-XYN11-6 f5RATE 4350 84.53%=
5.20% 1 66.31%+12.17% , 4 %I &4 [F & 4 F
L-XYN11-6 #RA%i% P14 2.22 £ 41 3.00 f% (P<0.01)
(&l 5). [R5 Fifit 52 E 77 St B I A 30 S 00 o
MW YR EFEEE 0.5 mmol/L VL EEE, 4 FFRE
XS FRYAE S8 (18 5A), FEEA& (F 5B).
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Fig. 5 Effects of metal ions on xylanase activities. (A)
Ca®*. (B) Cu?*. Data represent the X +s (n=4). Statistical
significance was analyzed using a two-tailed Student’s
t-test by GraphPad Prism 7.0 and indicated by asterisks:
*, P<0.05; **, P<0.01.
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KEHE (Km) FHR R HE R (V) 590K
(9.15%1.28) mg/mL F11 (1 594+144.2) umol/(min-mg
protein), LT C-XYN11-6 F4 Koy Fl Vinax 73 7]
A (9.39+0.61) mg/mL F1 (1 426+49.40) pmol/(min-mg
protein). LA 0.5%I1 11 EREARTNEREEPIET , C-XYN11-6
BTSN (484%12.1) Umg, 5 L-XYN11-6 f)
(542+50.0) U/mg G2 # 2= 7 (P=0.062), $&/~4rF
AL B T Bl PR E 1 1 ] B I T A e VR e 1) A £
26 IMBIMBEN D

PR UTRE 1 A a5 A s, L-XYN11-6 7
50 CLANECHTEE, EMLSTHE R 60 CL
e DA PR AR, R AR R (K] 6A).
iz L-XYN11-6, C-XYN11-6 WHiEIife 1 %
PFt, 7£60-90 ‘C FALEE 10 min J5, KBS
REALT EHPR (] 6B). £ 60 “C 2514 FALEE 10 min
J&, C-XYN11-6 My5&ARIEM R 63.70%+4.44%,
J& L-XYN11-6 1 3.91 % (P<0.05). Fifi# k& 2k
2 Fb ., C-XYNI11-6 f 5% A% 6 MEA0 B 3% & F
L-XYN11-6 (P<0.001) (& 6C), ixX 5 #fa e PE ik
WA AT S (K 4B 1 4C).
2.7 RAEKIESH

F TR S XYNL1-6 78 P f
LB, FBATH— LI RN IO/, 1E
25 °C. 40 'CHI 50 CHMFT AR 5 min J5, 2Pk
H A L-XYN11-6 7 GEZEE BT il & T
60 CHY, L-XYN11-6 26 Sl R, [RIAT
PEBE e K& S M 336 nm 20 F2 & 338 nm;
R FFHEF] 90 CHE, ZIFE(HIA 3 nm (& 7A),
NN BBl U s R I (12 - =
C-XYN11-6 £ 25-90 C FALFE 5 min J5, Ho
B A BT, S RSB dAL N 337 nm 208 &2
338 nm (&l 7B), $&/nHAMGEAYE R fRE . FH
ANS XK X ThRIe, HAMESOE S 2
HWEZOCER MR (K 7C 1 7D), £
S0y T I T RS AR LR MR R e .
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Fig. 6 Resistance to heat aggregation. (A-B) Protein aggregation of L-XYN11-6 (A) and C-XYN11-6 (B). (C)
Residual activities of supernatant enzymes after heat challenge. M: standard protein marker; CK: control. Data represent
the X+s(n=4). Statistical significance was analyzed using a two-tailed Student’s t-test by GraphPad Prism 7.0 and
indicated by asterisks: *, P<0.05; **, P<0.01.
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Fig. 7 Fluorescence spectra analysis. (A) Intrinsic fluorescence of L-XYN11-6. (B) Intrinsic fluorescence of
C-XYN11-6. (C) ANS-binding fluorescence of L-XYN11-6. (D) ANS-binding fluorescence of C-XYN11-6. The inset
plots show the maximum peak wavelengths.
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AR, RAZEE TR, EAR TRETFE
PR A R RO A Bl 2 PR o a2 B2 O E
T TE 53 F 7KV B A AR SROBE A ok, el A
A B B T A2, ) il ) R A L T
Tl Ak A 7% . Hegazy % PR B 5 4 PCR
(Error-prone PCR) 4 8 A5 SC 2 Rl s L i 326 A
55 7 g B U7 - ZF AT R Geobacillus
stearothermophilus AR MG XT6 YEAT0GE , H15
FEACH (kear) $EFS 4.5 OSSR He 25 nt L
[C A% Trichoderma reesei A ZRAMHAF Xyn2 Y17 A5
AR, AT 60 TR EREW /3 Bl HE i 2.5 519 XM1
(F14C/Q52C) I 1.8 £ 1) XM2 (V59C/ S149C) %
A5 1A . Nakatani 25°°5R F RSl o A8 45 R (Site
saturation mutagenesis) X}k H ZEFFT 7 TAR-1 /Y
AR XynR PEAT R, LR TE 80 C 4414
TAREE 15 min JE 0 B 80% AR AT M. LA,
A WFFEARE A N 3 51 4 POV e /e 0 R 1 C o
FI— B o B2 B0 o BB A B
Tit 1) AR E 1 o

R Tk R R B R A R R R b
B IR E PR . SR, A 1) AR T A S H
R A, R I e ANk 107107 YR AR A
SO A eSS FAR A A 3 s AR A e As R
W) 5 B 4 g 2 1 PR o L AR BL ] S LA
fFE, A REIEBEE 1) 208 R 5 S A Ry 28 AR 7 45,
— R ERRE T EATER ek R T B
WEEA, M2 T, SN S5 TR A
SOV R | JCR AR, RE R L P
BIFEARENE, Bl

K289 8 TR W e A AR A AR T
TR R BT R 2B T, A A R YRR DT R
AL A KRR REORge s, AR 225
DRI 20 15 2 B S AR 285 6 1 J s NI 32980 18 v i 2ot
PAF— R YN G AR RN . 2F 4E R S
KBTS AR, XK HA R R4 BRI
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S5 Ak it BB 0 ) Tl AR PR AR AN A2, A A SR AR Tl
XYN-LXY F 50 ‘CAbFE 10 min J5, 1GPEMHRIE
50% LA -, I AT RE R R B R Mok IR B B AR 1
I ESIPUAIREE (38—41 °C) FHEALm4LsE R

BT XTI R R DR T K AR PR Y
NI, AT XYN11-6 HAT40 THL, ik
PESILE ARG, SR BN, LEEA
L-XYN11-6 FIR{LEEF C-XYN11-6 FEISLM
id pH 5 pH BE: (K 3). R, HEEAM
P EME R FEITF, 1£60°C. 70 CHI80 C R4
BALEE 10 min J5, C-XYN11-6 HyFRATETE N
81.53% . 73.98%F1 64.41%, 4l 2AAE &M
L-XYN11-6 547G R0 1.48, 2.92, 3.98 £i5 (A
4C), FATHE— R EK $¥ C-XYN11-6 & i)
BV S (B 2), KB RL-XYN11-6 134
FEMEHBART C-XYN11-6 (& 3D), #2755 kA
S 5> I AL TS 2 B 2 LR 1Y) SpyTag B¢
SpyCatcher fikBeHe T+ T e e v (75
) J& , RL-XYN11-6 £ % [ L-XYN11-6 B A faE,
HEMDE R F EK DIRIEH R, SEmEa LA
0 SN =t OF S TR W 3 1 D/ o) 90 M V1
HAURSE T IR T T T AAEE ) o FERSE
IR (60-90 'C) #AEEH, L-XYN11-6 .k & A= 44
LNAR | 77 R A SRR I R K X Y R 57
PEREE i RIS K a4 (K 7A 1 7C),
TR VAN, 2 R AR AR R I R UTHT
(& 6A) ., SRTM, C-XYN11-6 7EHAIR 451: R 1yt
ferp HEAREAM R E, (CLEMSLO% (K
7B F1 7D), U FRI M IR T K, BMfHi£E 90 °C
TAbE 10 min JLPEALAERDT (K 6B), A i
UE B 5 BRS04 4 F AT B FHE A 1A 3R
FE M. HARTEENE, AR RE SpyTag/
SpyCatcher 43 ¥ b AT LAHE T L2 PN 20 i 1 4 T
TEZ T . TN DL R R PERY, Amikge
o, BT R T IO B TR AR 4 s
BT szae ) (Kl 5), HAEFIMLGIWG 2t —2
JEIFIFFE
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