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1 R R BEWIBEAWIRBE, 4R M 510632

2 BRR EVRESEARR, 7R M 510632

3 B R R TRAYER TRES G, &R M 510632

4 BB T RAEY TRRGYELLEE, &R M 510632

THIERE, 550, HET, Wh&A. FRREBIKMEA ZHD101 B HRETE B BLE > F T[], s, 2025,
52(3): 965-979.
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B E: [# %] =&K& FEN A (zearalenone, ZEN)Z —FF &1 4k 71 i & (Fusarium) A & = A& 69 &%, 7T
FIRADMIRAETAD G T, IR RE ARG, AMMAXRNGEEFDMGE FHEERZZHLE. K
BT 441 3% 5% £ 30.% (Clonostachys rosea) #9 1 B5 K i2 B ZHD101, X AR Bk 7 B BR g B, #29%
BRI R L F I 2R B EE SR A RE W, ST AR R BRI F 8y R FERETH
ey E . LB 691 shah § Wb iE ALBa 6 K ARAE R A B 2 K49 ) Bl 7] 6948 8 2R . B b, PR e
AT 3% By B R A F M BRI K AR Bl 64 TH ALBR AU, VAR ZBR ) F] a9 R 2 R R AF R e F g, [k )@
MaTix0t, REAL T 5MRE G Bl ZAF R @ o9 RAERILER, i35 ZHD101 5aZ G Bea)ste, #
5 ZHD101 sHRE G Bdg it , vAAF|IR 5 ZHD101 /2R ek eh B ¢, [4 %] REAR ZHD1018%
Fa ZHD101K254QK202Q 5 A T fipoe b ¥ R BB A A ALK T 61.8%F= 57.8%. R ELARBERIE pH 4
¥4 9.0-10.0, RERLEELAG A 40°C, BaF R EFARRLEE £257. [4£]) AR ZHD101
0 MR B U T T R A T A Tk b 6y R A, AL A R B e o T RARABE T R,
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Rational design improves the resistance of zearalenone hydrolase
ZHD101 to trypsin
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1 Institute of Biomedicine, Jinan University, Guangzhou 510632, Guangdong, China
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Abstract: [Background] Zearalenone (zearalenone, ZEN), a toxin produced by Fusarium,
poses a serious risk to human health and animal production performance as it can disrupt the
reproduction and damage the immune system of the body. The lactonase ZHD101 from
Clonostachys rosea, also known as ZEN hydrolase, degrades ZEN into non-toxic products by
hydrolysis and can be used as a feed enzyme additive to reduce the mycotoxin exposure in
animals. [Objective] The digestive enzymes of animals significantly reduce the efficacy of feed
enzyme additives, and it is therefore crucial to investigate the methods enhancing the trypsin
resistance of feed enzymes to improve their utilization efficiency. [Methods] Rational design
was employed to mutate the key amino acid residues of ZHD101 at the interaction interface
with trypsin, thereby weakening the binding affinity of ZHD101 to trypsin and enhancing its
trypsin resistance. [Results] Compared with that of the wild type, the half-life of ZHD101%234Q
and ZHD101%234Q/K262Q i gimulated intestinal fluid was prolonged by 61.8% and 57.8%,
respectively. The mutated enzymes showcased the best performance at pH 9.0—10.0 and about
40 °C, with similar enzymatic properties to the wild type. [Conclusion] The rational design of
ZHDI101 for improving the trypsin resistance enhances the application of this enzyme in the
feed industry and provides clues for molecular modification of other feed enzymes.

Keywords: zearalenone hydrolase; trypsin resistance; rational design; molecular simulation

T K IR FF 4 1 (zearalenone, ZEN)2—Fh Hur, AfT@E sk | ik Ak
W )1t )@ (Fusarium) BB P2 AE 8 % . ZEN 9 Bk ZEN 8k, b, A=l A=
HYGEEEER Tz, WL B, L dbe AL, HAR RSN, ASiR
WML FESEM DL RIS RS A DRSOk R A B o3, AN 2 AR DAL Y 45 55
(INEAK | ML NEF)yPEAT DA EmE  MED S SRR, SRIE TR 28 E R
M ZwE A LU s G ﬁ%ﬁ/\é\%&, (Clonostachys rosea) it P fif 7K fift fiff —— T K o7
TEXT S Y IR B WA st Ba P D R R &R TIRK R B (ZHD101) T 5 7K i S v e 3
PECH D BURPEP e i R ZEN XA ¥ ZEN R o U0 ARk, Mok
RIS B A e v e B BT, RIRTE A ZEN BEREERLIS IR, T ZHD101 ik
gl R B R 2B R, SRR BT LA A AR B 2 gt iz i e D)
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WA 225 X SR s, i 2o 78 SR PR 25 4 DX
TR RS | gl ATa S . IS MEAH DG ER A
TP R 2R B O ke R ol il PO AR vk R e T
ZHD101 RYPEEEEREILTEM:, 204271 T
ZHD101 # Al Rz I

Fe ZHD 101 A Ay o A5} i 45 0 70 ] A7 25800 20
ZEN Z:8a X Wi fad , HA T RE 0 W T 5o
SRTT, ZHD101 5 A= B it 1] F <52 B 20 K R 5
Wi, BT E A pH A IR A, i
TP T AL XS FER K A TS AN A

Xof ) P A 1R JER A 1 B R T GE B
ZZFNRZEM, W Li P50 1 B- T & Kb
MAN47 FrAHY 12 GBI 2E0R, LR
I R iR AR AT TR, O e R AR B R
REETTHERRTE T 85%F1 185%I1 2875 1K MAN47<N
ﬂgn MAN47K280N/K107H/R102N0 Qlu %[25]63\1;)? T’ i%jHEH
75 55 & A kM (aflatoxin-oxidase, AFO)HJ 72 1~
K AR A TR IR, I 456 T AFO-JBEEE 11 il
)03 5 XA R, i T R TS T Y
AF0K244Q/K213C/K270T ﬂ‘:n AF0R356E/K357T/R623C % Q
K, E T RIERLE LR EE . Wang 420
SN T B-HEI A MR 1 (beta-glucosidase 1, BGLI)
5 R U ) 4> X A R, ARER BGLI1-JBK
EAME SRS GRS, i A
T T 456 T QB 2 SE R A7 5 R AR Y A RE S
1, 456001 3h 1 s R e Y T IR
,H_Ej:;Eé}l_ E/‘j BGL1Q627C/RS43H/R646W %L’%/E'MK ONiu %[27]
SAHT T 2 AR IR A R R T AL B D) I, 2
B PN AR 11 Tt 52 1 1Y) 22 S A B R e 41
P22, i e th IR A TR T IESR T T 331%HY
ZEARIA YeAPPARM | Su ZE8IF B LC-MS/MS 4>
B T AR IR AU K ##8 G (polysaccharide
synthesis locus, PsIG)J5 kB, ZFL T PsIG
34 VLR AU RO A, U TR
T 2R Y% DX 3 L JC A A T 1 A5 i ) Bk L 7 1 1)

— A EE AV R R IR K
PsIGR280AKS e sh s il 7 1 P 15 1 2 X
HUANE ., ZHD101 K IE R 45 H 2 2 Rk,
FHE T ARG, 2 RAREAE AT PR i A
DITF 25 (1) W5 EEE x84,
FETERE Z T RERI S, TG 1] BE AN 24> W L A7
FEAHEAEF 5 (2) T 252 50 FE [ () AR T AR FH
EOA SR EmEm, KWk, EARNR
o, R3S ZHD101 M 25 Ff b HL =,
ZHD101 fb RS My sk 5 R AR (I BgEAT T 20 F
SRR AL, TR XA d A AR L R S T R
MEHAER M FEEL, DRI bRAg il T R IALE
WP S TR A . AT AR )
LT HISS ZHD101 5 Bk A BEas A RE
B TR M FEA T, A X 45 A T A SR R 1 43 By
Ve T4 A T LA DG R T Y BR  A
ML A BRI MR AR A R, L Ok
ZHD101-J 86 [/ &2 A P0he e T T BT AN 52 )
ZHDI101 H BfsetEm sk, ZHD101 EEH
it O B B X R} A FRDRE Tl HAT E
PRI ELFN L FH AN EL

1 #HRE5rZE

1.1 #&H

B4 i B (Komagatael la pastoris) GS115,
ARSI ERAE; KIAFFAE DHSa, Sh1E AP
FRAFE AL s 52 KT BT E N 100 pg/mL
5% % % (ampicillin, Amp), zhd101 KX |
M BE S AR T RRAT BR A m) EA T B S LAk 9 4
FEAMb RGP FE G LT N S s /il EcoR 1
Fl Xba Lix 2 PMEFVINLSTFS, C 5l i Spe 1#1
Pst LiX 2 ANMEFUIALS, Pidm e 6 AR,
w B £ K pGH (GenBank % 3% 5 .
EF591492.1); #ik# /K pBAN (GenBank %33
5 KF806603), ASLEY = R-1F.
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1.2 FEHFIANEE

EcoR I. Xbal. Spel. Pst Ifl T4 DNA %
s, Ao AdYEARACT)A R A
PrimeSTAR =1{% E DNA 41 . DNA marker,
FHEAYEARAL ) AR A ; fH marker
1 SDS-Loading Buffer, {HSRAfrEE24" (L
A PR/ F] 5 SDS-PAGE ikl &, AT AY T
PR A AT R W) 5 JPEEE P, Do A% B AR
B (L) S A R R BORLAT R 00 & A
M EE I MR &, R AR (db oY)
ABRA T HAbA S 5 38 7 o dral . H R
P B Ieat . bR o i A e il 1 AT FRA =] 5
B %R & 0L, Beckman Coulter 23 H] ; AKTA
pure (4L % Ni-NTA SEMENHE, GE
Healthcare 22wl 5 AZ 2 HL UK AR & FUHLIKAY, 1A
IR A A R il (T ) A IR 5 B P 90 4 Ay
BEHL, TEO ZAYREARA R =30 AH
I, FEB CHIRBIHE A A,
1.3 EFRE

LB HiFfH(g/L): M=~ E AR 10.0, BEEHE
B 5.0, NaCl 10.0; FEA #2545 755 (minimal
dextrose medium, MD): i 10.0 mL/L, [EREHRE
AREWE 134 g/L, EWEK 0.4 mg/L; BERFEARH
THRE IR (yeast peptone glycerol medium, YPG):
FEREPE ) 10.0 g/L, KEHEMME 2.0 g/L,
i 10.0 mL/L.
1.4 ZHD101 AR B0 IR BR AN F &b 38

M NCBI f 3 3545 zhd101 (GenBank & 5% 5
AB076037.1) i) #% B2 Fr 41, 1 £ 11 5T 504
(Protein Data Bank, PDB) (http://www.rcsb.org/)
W3k AS ZHD101 Ay = E (K 45 # (PDB ID:
3WZM, f3i A, B, CiX 3 5&4E), TaEMEIN
PDB {5 A Discovery Studio 4.5P% {4, il
R iR h Z R BCRSS AR 7> 705, 8% A BE
VERWFFEXT S, fdi FH prepare F2J¥#h 72 loop X If:

i1k, BT CHARMm J135. 1528
Ramachandran plot il Profiles3D JyikilbAy i &
A
1.5 ZHDI101 FiREBERY 7 FXHZ

i | Discovery Studio 4.5 #1/i) ZDOCKP!
NIPEXT 4T ZHD101 5 e 1l Y 01 X 42
SE L ZHDI101 32, e RN T, B & RR
FrfEE 6°, HH ZHD101 25 HAH B AEH M
X3, #H ZDOCK 454+ ZDOCK SCORE 4%
Sy 100 M4 T RDOCKP R i1k,
DABSEADURR SR (B AT ZHD101 B4 A% .
1.6 IfRE QR ZHD101 £ 54K
R HY 55 52 RUERES HO T

JBetE F i ZHD101 5 A A I R Y
OB G B TR S 5 ) B S A W R LAY O g T
R, XS IR Ao a] LI S 2 S W)
W, TERRIEERE L R, PLe B IEFEpiE
1 8 T8 TE 7K R A RS 2 R A 2R ) , () P 255
AN 55 T A O R B 2 DA R A7 A ) AR R
(relative solvent accessibility, RSA)E . Kk, 7F
SE4TH FEI RSA>25% H 258 IR i
H 28 BRI S R A Ry SR AR e o st o B, X R
P e N s AT PN g R Al DA BN 22 A % A
B YIRE LR, R RE R L
2.0 keal/mol )2 FE IR BN #AH 2 SEER 1 7 e U4
AR Ay 5if# calculate mutation energy
(binding)#1 calculate mutation energy (stability)
TR 7 X 52 G W Mo A8 IR ) R AR RE HEAT B2 3T L T
fhRAN AR E AW ZHD101 A e v
M52 o PEAGBRIER . —0.5 keal/mol<ZEAEfE<
0.5 keal/mol FZAE A bk, X ALK TG R 5
AR RE>0.5 keal/mol MR ABIAATEE ; RALRE<
—0.5 kcal/mol, W/FRRABARTZEM LI, R4
HeFERERE [ S B W EH AR E AR ZHD101
I B 1 45 R B Mt AN B 52 119 5 AR 1A
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1.7 #BFaNNIFEREM

N T VN RAE ARG B, %Y GROMACS
4. 5PYEAT 4y F B D12 . AT Bl AR
PRSI R FE 43, TS B A & R 0
(BRI BORG 5 ) e A 700 IR 5 48 Y e iR /b
i Bbror 7R B4 FRER B AARRE, BHAE
VSR ABEHEATRLRL, ALHUS AT 3155 H 3 07 R
#4(root mean square deviation, RMSD){EAE 4T
FRAHT S
1.8 RiEFHMAFIEE

1 bV FE S AR AR RS Wl 4 6 Al
i) pGH-zhd101 JiT i {8 A} EcoR I 1 Pst DX 1)
YeoE . JRRLZ 3T EcoR 1 F1 Spel WY, #*ik
#H Ak pBAN (GenBank % 55 KF806603)% it
EcoR I A1 Xba I X{fi§1], Xba I Fl Spe I j&—Xf
[ 2, f ] T4 DNA & #: % 3 zhd101 F Bt
MF B AR pBAN, SR AR AL TR 1k
JESZ BRI DHSa, 3 A 50 ug/mL Kan
) LB ~F-HR ik FHVE e e, ik AR TAEW) T
PR ) e A7 R /10 7 35 UF , $ B 24 %56
JFkE 244 pBAN-zhd101,
1.9 BEgRYFRIAFNLEL

i FH B v Y VI Xba I 1 Spe I Zkb %
KR, BRI NS SRIEEE GS115 1Rz &
YR, SRS R AL AR TE MD 85 35 B b 30 °C
Bi3% 48-72 h. B JE i H: T YPG WK K 3R 5
i, fE 30 °C. 200 r/min £fF R R R4
ODgoo=1-4 LIFEIL/MWE ZHDI01, $EHLE
4°C. 8000xg B5.0» 10 min ZFRHHAE, iR T
W0 AR R B 25 1 R IR B 80%J5, 4 °Cir
B UTIE MR AR . 16 4 °C.. 8 000xg 51 T B>
10 min, WAETTIEE M . B/ T 20 mmol/L pH 7.5
Tris-HCl FF¥EMIIVE, 4 °C. 8 000xg &1 T 5
0 10 min KRRV, WA B . SR AL
TR Mk sl B A= RUFN 58 A8 ) ZHD101

1, 1 20 mmol/L pH 7.4 HIBERE £ 2% vl
(0.5 mmol/L NaCl)ff -2z mil, Wi 2z b
TR T 5% RS INZE MR 2 0.5 mmol/L Ik
W o PR A e J3E 118 WK ek 7 o 198 2 11 o
W SE Bk 0%, JF A SDS-PAGE #&: . f#i FH
Bradford 70 % 25 H W JE o
1.10 ZEMHEKRE

R T VU R A TR AR AR R TR A
filg (R T 32 vk, K el fb S B9 ZHD101 2K R
(0.25 mg/mL)FJHE & F1##(0.05 mg/mL) T 40 °C
JRE, A3 F RN 0, 10, 20, 30, 40, 50,
60 min B BURE o B EURE )5 57 BT SDS-loading
buffer R4, i S min 2k, FHBE 3
A7, FEANZ SDS-PAGE Ji JEAT K ¥ % & 41
i o F AR (D) —(4) TR AR S 58 AR (R 1 2 3
1. 0 min JARZE AR PR

Ct

A= (1

L) CHyt % ZHD101 B BEF 4 5
Co 4 0 min if ZHD101 4K BEFA 5 {E

b= log,, '? _iOglo A )
174

A2 b HAREEHE, by IR, b,

k=-2.303b 3)
XB)F: kK ATHBRERF L
f L, =&k93 4)

.11 BEgSEMEE

MEA Z A5 5 pL 0.3 mg/mL )4k i
(Ll 5 pg/mL), 5 uL iKY ZEN (RHkJE N
25 pg/mL),200 pL 150 mmol/L NaCl ¥ 1 90 pL
25 mmol/L Tris-HCl ZZ #{if (pH 7.5), 7£ 30 °C5%
" F W 10 min, FEfS A 300 pL FFEEZE 1
M. FIfd %4 BETASIL C18 (150 mmx4.6 mm,
3 um) 1Y = RO AR (433 A G0 1 ZEN, LI TECY)
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B R A WA 6 R, AR R 3 IR
JH HPLC (233 nm K3l , 60% )i 0.6 mL/min
VRN R BG4, ARV RTS ZEN (i R
) AS AR F R It . S FRAL(U)E SR
BRI AR 1 ng ZEN R B o
1.12 EEMRRIAE

BB IREERLEE 7 10,20,30. 40,50, 60 °C,
B 111 3G R R E ZHD101 K& RASARAEAR
[ T A IS L DA s 0 PR R B TS (R 100%
ARG , AR T ZHD101 K4S
FXHE M. BEAE 10, 20, 30, 40, 50, 60 °CTH
AFR 15 min J5 g DA E AR E v, DAL T
Vi B WAL PR A ZHD101 Ko 58 728 4 1) T 355 1
100%0 1% , THE AL BS54 G v 38 pH
BiEE R pH4.0. 5.0, 6.0, 7.0, 7.5, 8.0, 9.0,
10.0. 11.0, fHA 1.11 &R RN E T ZHD101
K G ABRAEARTE] pH T EETE ,  Lhdse i P )
it 15 1B A 100% A0 X B , 1155245 pH F ZHD101
S AR PR IEVE . BEAE pH 4.0, 5.0, 6.0,
7.5, 9.0, 10.0, 11.0 kb3 30 min f5 il i& LA
E pH RRUEE, DARIEAT pH WAL PR ZHD101
Ko AR B IE VE A 100% 655 , T Ak B
PR A TG . BT SL 4l At BEZH 3 8 3 4
AT

2 HZR5M

2.1 ZHD101 B{FHEE

M PDB %5 [ i (4% /% (http://www.rcsb.org/)
1345 ZHD101 454 (PDB ID: 3WZM), M
A b Z R IR ZE A FUK ST, B A BEVE N
WHFEXT4, {3 prepare FEF4bFE loop X I/ 1
k., T CHARMm J15/5 it T ZHD101
PR GE R AR (] 1A) o WS TR 3 17 r (G ]
Profiles3D #FAiti . Verify score &y 122.82, Verify
expected high score 7 120.000 8, Verify expected

low score & 54.003 5, Verify score 5T Verify
expected high score, FBAMRIEATHEE i fi
FRE(E 1B) BNl XIS ZEMR 5 97.3%, 1
FoVF X LR Y 2.0%, A A XY
0.7%, [MIFERABBHAGESIE, E6F—
orHr .
2.2 RELLSHIFIE

ffif ZDOCK )7 #E17 ZHD101 5 M
B 531X #2041, FFiE ik ZDOCK Score P
MR A M, R B0 = BYHT 100 > pose
#47 RDOCK fgfthifb. RALIETFo A 54~
FIZNIE 2 FIiR o 8% posel24 AU ZHD101
FIREAMNES WS, R T A REERTI
S v A R A T BT K AR s (RD RSA {E>25%)
AGHOKER AT ReYE, BTLL, %1t ZHD101
R FRS 2 IR 19 RSA L, gk 1 frs, Hirp
56 9 2 1 Tl VS A AR AL 52 A RS 2 R/
RIRFE 17 Ao Xk sefy S TN AR, 1k
B0 52 6 W0 450 52 PR T % 09 A7 A5 (Arg63,
Lys230, Lys254, Lys262)#E41 F — 0¥ .
2.3 RTEERBTFIE

h T E &R AEXT G WA ZHD101 A
EYRRE PERYSEIR X7 8 H 2 ) i 1 58 AR 7 s
HEAT MBI SEAE | S8R e % ZHD101-E
i i At w2 i Calculate Mutation
Energy (Binding) A, X} ZHD101 H H45#%e
PERSFZIR ] Calculate Mutation Energy (Stability)
A ARG AT A SR — DA NG R,
RMSD ZE4 1A, ¥E#E ZHD101%2%4Q ZHD101%262!
ZHD10123R22Q 350 3 ANGRARK IS T I SL A
FEEIEGE 2, K 3).
24 HMEEREFZIEE

M NCBI M3 45 zhd101 (GenBank % 5% 5
ABO076037.)IRLIRITH , 4 Lm0 TR A
BN HIA R Znd101%T | zhd101%%%R | zhd101%%% |
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180f . e i |
| @ S35, o O\ 0\ Sl
08, "95° ]
135} O\ ISR
T T ‘l‘
90 = il ol |
[ \ f = \ &
45t / UL T
_ . 2 )
£ 0— Ux: -
-45¢ L';
—a o
=90 g
J 1
~135} - _ -~
\ { a
—18pf A% )
~180-135 —90 —45 0 45 90 135 180

Phi

El1 ZHD101 BFRB(A)FIRRE(B) R LN FRIEAL O X, 12 DU AR 1 T i 4 DX I,
FRIARIGE ; WYLl QRN ORI RVFIXIL, SRI R BRI E ; AR N IXBON A SRR IR, 2% X3 P 5 5k

MRATE s SO ERISERIE, 200 AARARE I,

Figure 1 ZHD101 monomer model (A) and Ramachandran plot (B). The light blue lines enclose the core
regions of the residues, which are the preferred regions for protein residues with stable conformations. The
pink lines enclose the allowed regions of the residues, where the conformations are relatively stable. Regions
outside the lines are disallowed regions, where the conformations of residues are unstable. Green dots
represent stable residues, while red dots represent unstable residues.

pose74 posel09

2 ZHD101 EFEERAMXIER E-ROCK 80 5 Mg BEAMALE SN, ZHD101 L@

G SER TN
Figure 2 Five conformations of the optimal E-ROCK after docking of ZHD101 with trypsin. Trypsin in
purple, ZHD101 in red and green.
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*1 BREABEKBAUSIEXNEEST
Table 1 Relative solvent accessibility statistics for
potential hydrolysis sites of trypsin

Item Accessible surface Relative solvent
area (A?) accessibility (%)
Arg2 26.344 11.485
Argd 135.461 59.054
Arg52 69.516 30.306
Arg63 78.215 34.098
Lys66 150.448 77.365
Lys79 54.467 28.008
Lys94 121.104 62.275
Argll18 37.177 16.207
Argl20 56.208 24.504
Lys130 117.820 60.586
Lys148 147.447 75.821
Argl75 45.657 19.904
Lys178 138.783 71.366
Argl85 96.851 42.222
Argl89 119.351 52.031
Lys198 175.253 90.120
Arg204 108.225 47.181
Lys206 77.659 39.934
Lys230 124.955 64.255
Lys254 116.540 59.928
Lys262 113.583 58.407

%< 2 Discovery Studio PFRTMN SMRLTREE
et

Table 2 Statistics of mutation sites and mutation
energies in Discovery Studio

Item Mutation energy of  Mutation energy of
trypsin complex ZHD101 (kcal/mol)
(kcal/mol)

Lys254>Gln  0.47 1.33

Lys262>Gln -0.03 -0.13

Lys262>Ile  —0.03 0.05

Zhd101?>4Q K202Q JL PR fifi Ff| EcoR I Pst Iiff 17
fitg ) 4 7, 38 A TS B O I F K A5 1 A 45
870 bp i) zhd101 F1 2 907 bp 1) pGH k4 (4] 4A),
SERFFAT Bok pGH-zhd101 FiZeA 44 pPBAN

22 A I B P PN U XU DD O DD I Il i
A S KA FFE DHSa. KBATHE DH5a FH
P H 2H T4 A4 SR P EcoR 1 A1 Xba I X{fiEH)
J& , I PR R B UK AR B SN 6 335 bp
) zhd101 F1 3 780 bp [} pBAN ZkfA (&l 4B), M
ity ) 45 7 R IR AR R R Ty, P 2 R R AR
A 22 T8 SR M EHE R -
2.5 ZHDI101 RETHRHFREFA L

B AL MEAL S () DNA HBoi o v i 5%
A F Iz A5 BRI RE GS115 Hp, (BT A I AN 2 AR
& ZHD101 B FIfERE AR EERE GS115 ik, IHFLIK
HL 1 GS 115 28 PN IR A4 AR 1) SDS-PAGE
SRR, WAERIMRAR ZHD101 & ALY
FIBHGTW, 73 F A U R/N29 kDa), BF
A= TR R AR R (1 B Al Ak 25 A S s
2.6 ZHD101 RETIAMREREIEL
FN v

ZHDI101 J% 2875 {1 fig 25 11 i b 10 245
FANE 6 FrR AT ZHD101YT, ZHD1015%%4Q
Fl ZHD101134QK202Q 5 A% f Jre 1Lt T Jik il i 32
PERYEETFE. ZHD101YT | 845K ZHD101%26%
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Figure 4 Dual enzyme digestion electropherogram of pGH-zhd101 and expression cassette. A: pGH-zhd101

double digest identification (M: DL2504 DNA marker; 1—4: pGH and zhd101 wild type and mutant genes). B:

pBAN-zhd101 double digest identification (M: DL10004 DNA marker; 1—-4: pBAN and zhd101 wild type and

mutant genes).
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Figure 5 Expression and purification of ZHD101 and mutants. M: Protein marker, 1: Upper sample peak; 2:
Elution impurity peak; 3: Purified ZHD101%7; 4: Purified ZHD101%2%Q; 5: Purified ZHD101%%¢?!; 6: Purified

ZHDI101 K254Q/K262Q.
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Figure 6 Trypsin digestion assay of ZHD10 and mutants. M: Protein marker; 1—7: Amounts of ZHD101%T (A),
ZHD101%2621 (B), ZHD101%¥2%4Q (C), and ZHD101%234Q/K262Q (D) proteins remaining after 0, 10, 20, 30, 40, 50,
and 60 min of trypsin digestion; E: ZHD101VT, ZHD101%*62 ZHD101%%54Q ZHD101X234QK262Q rypgin
tolerance grey scale scan results.
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Figure 7 Optimum pH (A), pH stability (B), optimum temperature (C) and temperature stability (D) of

wild-type and trypsin mutants.

*3 FERERREABRIMRTEDINFSHLE

Table 3 Comparison of kinetic parameters in wild-type and trypsin-resistant mutants

Item Km (mmol/L) Keat (s71) Keat/Km (mmol/(L-s))
ZHD101WT 2.027 0+£0.252 6 3.612 8+0.3359 1.782 3+0.380 4
ZHD101Kk262! 4,718 2+0.371 2 2.102 6+0.265 4 0.445 6+0.520 0
ZHD101K234Q 2.086 8+0.134 5 4.795 0+£0.261 9 2.297 8+1.350 0
ZHD101K254Q/K262Q 12.029 6+1.581 7 11.773 8+1.242 3 0.978 7£2.345 0

RN TEASFREABNZESE, RE
’MS ZHD101K254Q ﬂ:ﬂ ZHD101K254Q/K262Q L:J‘H%EE[
itk ] () FE B AR EAE D S B H 4 16 4
WD E] 11 A4 8B 8C), AU R -
HILE G0, £ K254 FRILM SIS T
ZHD101 S5[RE AE45 G . ZHD101 5lE
IR FAE P s B 3 mE] 17 A& 8D),
HEsR T ZHD101 SEEEAA AR, THREMLEL
PG AP g . ZHD101%%% [ B 52 P
RGBT —8tk . ENE ) %2

Bk B, A K254 A1 K262 AR5 5 AR AT
K THEAIE MM AR Z R, X PTREZH T 2 4
AT, fF o SRBEM R, JF H Q skt
MBERCHS, AR 2848 il BB & 80 T A B AR
R AEAREAAS — RIRM S ZHD101 Z 552
Wi, FEVA VR S I A ARG bz ae s
HIA K254 Fil K262 K HJf i sl 56 2 [A] i AH BAE
., &3 E258 s SHHE =AM BN, 5
H A d E258 5 a & At 4 M1ms) 514>,
X E AT AR E AR S & T2 (E 9).
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Figure 8 Hydrogen bonding of ZHD101VT (A), ZHD101%2%Q (B), ZHD101¥234QK262Q () and ZHD101%¥262!
(D) to trypsin as the primary interaction with trypsin. ZHD101 is labelled in red and green and trypsin is
labelled in purple, green dashed lines indicate hydrogen bonds.
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E258 K262 3% 3 M7 i R i Je 19 HA S B AN EAR TG 2D 181, 22 8 RAZ T, A W R AL A , A 78 ZHD101
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Figure 9 Location of K254Q and K262Q in the ZHD101 monolithic structure in the model (A) and
interaction analysis (B). A: K254Q is shown in the orange part, E258 in the yellow part, and K262Q in the
pink part, all three residues are shown in their stick models; B: 2D plots of the interactions with other

residues before and after the mutation of the three loci K254, E258, and K262, with the left being the
pre-mutation and the right being the post-mutagenesis, and A denoting a single stranded ZHD101.
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