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Abstract: [Background] The keratinase KerZl1 could efficiently degrade keratin at the optimum
temperature of 60 °C. However, the poor activity below the optimum temperature makes the enzyme
difficult to be applied in industrial production. [Objective] To improve the low-temperature activity of
KerZ1. [Methods] Based on homologous alignment and analysis of folding free energy, site-directed
mutagenesis was employed for KerZl, and then the enzymatic properties of the mutants were
characterized. [Results] The introduction of T210S, N211S, or T212G into the flexible loop region
(loop 13) increased the low-temperature activity of KerZl. Subsequently, the compound mutant
T210S/N211S/T212G was constructed, which showed the activity 45.68% and 85.74% higher than that
of KerZ1 at moderate (40 °C) and low (20 °C) temperatures, respectively. Meanwhile, the half-life (¢,,)
at 60 °C decreased by only 11.52%, indicating that the low-temperature activity of T210S/N211S/T212G
was improved without serious loss of thermostability. [Conclusion] The reduction of hydrogen bonds
and surface hydrophobicity may be the main reasons for the increased flexibility of the keratinase
molecule, which enhances the low-temperature activity of T210S/N211S/T212G. In summary, this study
modifies the keratinase to improve its low-temperature activity and lays a foundation for the practical

application of this enzyme.

Keywords: keratinase; low-temperature activity; molecular modification; homologous alignment;
molecular dynamics simulation; molecular flexibility; hydrogen bond
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1 #R55%

1.1 w1
1.1.1  EHRFA B
WF5E T FH Bk pP43NMK ., pP43NMK-KerZ 1

K fE A B 2E AT B (Bacillus  subtilis) WB600
H AR S50 3 HT WA @R A, KT TR 2 A 2
E. coli IM109 Competent Cells g B &4 T.7%
(RIEVH FRA A,

1.1.2 FZERFIFLE

PrimeSTAR®™ Max DNA Polymerase 1 Dpn I,
FHY T RROE)A R/ A ; Bradford {57 &5,
HETAYTRE A FRA A ; HisTrap™
HP #2445, GE Healthcare 2\ 7] ; 25 [ (G5R70ik
1, 5% T K, Mgy (R Tl & A
BN . PCR X, Bio-Rad /AH]; $Ew1HIE S S
%, Bioer 2~H]; BEAR{Y, BioTek Awl; 4£5My
YT, Shimadzu A F] .

1.1.3 PCR 3|4i&it

W5 H 5 1916 S5 DNA I s ad A T4
Y TR () B A BR A w58 i, RS54
= 1,

1.14 EFEREFEY

LB 155 (g/L): Webkky 5.0, EHAK 10.0,
FAbEN 10.0, AR FRIETR LHHMR N 20.0 g/L
UK, 1x10° Pa K 15 min,

RIER R (g/L): THEHE 30.0, [ 20.0,
T EERy 10.0, Na,HPO4 12H,0 6.0, KH,PO, 3.0,
MgS0,-7H,0 0.3, 1x10° Pa K} 15 min,

T LH R T TR 1 0 0 R R 54 LB R Rk
(100 pg/mL Z N HFER), FiFah 37 °C,
PEIREE N 220 r/min, 53 12 h; EAR A
FRMENFEMERMA LB R
50 pg/mL RAREER), WEFRAMH 37 °C, IR
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Table I Primers used in this study

5|#) 2 FR Primers name %1 Sequence (5'—3")

AAGTGCAGGCTCAAGGCTATAAGGGAGCGAATGTAAAAGTAGCCG

AGCGGATCTTCAGGAAACTCGAATACAATTGGCTATCCTGCGAAATACG

GGATCTTCAGGAAACACGAGTACAATTGGCTATCCTGCGAAATACGAT

TCAGGAAACACGAATACAGTTGGCTATCCTGCGAAATACGATTCTGTC

GTATACAGCACTTACCCAAGCAACACTTATGCAACATTGAACGGAACG

TACAGCACTTACCCAACGAGCACTTATGCAACATTGAACGGAACGTC

AGCACTTACCCAACGAACGGTTATGCAACATTGAACGGAACGTCAATGG

TCCAGCACGGCGACTCCTTTGGGAAGCTCCTTCTACTATGGGAAAGG

F21Y-F

F21Y-R AGCCTTGAGCCTGCACTTTGT

Q36H-F CTGGATACAGGAATCCACGCTTCTCATCCGGACTTGAACGTAG
Q36H-R TGGATTCCTGTATCCAGGACGGC

N61Q-F GCTTATAACACCGACGGCCAAGGACACGGCACACATGTTGC
N61Q-R GCCGTCGGTGTTATAAGCTTCG

T161S-F

T161S-R GTTTCCTGAAGATCCGCTGTTCCC

N162S-F

N162S-R CGTGTTTCCTGAAGATCCGCTG

1164V-F

1164V-R TGTATTCGTGTTTCCTGAAGATCCGCT

V173T-F CCTGCGAAATACGATTCTACCATCGCTGTTGGTGCGGTAGAC
V173T-R AGAATCGTATTTCGCAGGATAGCCAAT

F188S-F AACAGCAACAGAGCTTCATCTTCCAGTGTGGGAGCAGAGCTT
F188S-R ATGAAGCTCTGTTGCTGTTAGAGTCTAC

G203S-F ATGGCTCCTGGCGCAAGCGTATACAGCACTTACCCAACGAACACT
G203S-R TGCGCCAGGAGCCATGAC

T210S-F

T210S-R TGGGTAAGTGCTGTATACGCCTG

N211S-F

N211S-R CGTTGGGTAAGTGCTGTATACGC

T212G-F

T212G-R GTTCGTTGGGTAAGTGCTGTATACGC

Y255P-F

Y255P-R AGTCGCCGTGCTGGAG

T210S/N211S/T212G-F
T210S/N211S/T212G-R

GTATACAGCACTTACCCAAGCAGCGGTTATGCAACATTGAACGGAACGTCAATGG
TGGGTAAGTGCTGTATACGCCTGC

TE+ 0T S A ) B Ay R R ) B

Note: The underlined base is the replacement codon.

WM 220 r/min, $53% 12 hy BEARGRZEAUAT
TR 1) R A PR R IR AR Bk (5 50 pg/mL RAR%E:
R), WigRF&Mh 37 °C, FRREZHE N 220 r/min,
Hi9E 24 h,
1.2 AEAEBN=4EhEL

AR N KerZl R 7538 1 Z 3L 1R B
VRIS, FIHTEL IR 55 %% SWISS-MODEL
(https://swissmodel.expasy.org/) {8 R = A , UL 5

HANM KerZl WHEMITIIAA 99.63%M LI H)
2R E N KerA 55| Greglin 2 &K
(PDB 4gi3, X-RAY DIFFRACTION 1.75 A)Jy#si
M a7 [ PR RO IR F Molprobity 724
7Y 43 M1 1. H (http://molprobity.biochem.duke.edu/
index.php) X 52 ot i AT A .
1.3 AEEERTAAE

XA £ R 7 6 s R AT 42 JFORL PCR 9
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#4210 PCR =W 45d Dpn 1BV AL G # 4k K
AT RERSZ S UM, F Ak YA LB AR5
Fo 37 °C R IR RGN LB VAR Pk e b7
PEATTRVE PCR B0 E, PhBEIour 6 i FH % 4L
FPRIBUTURLE AT, F 7 1E A ) E Ok
b FIRZRAK B. subtilis WB600 , ¥4 =154 LB
AR AL, 37 °C 53R e 13 B AL+ 1)
ik bR AR AR B TR
14 BEAMRTERERGEK

W E AR ZE AT IR AN 2 LB B3R dkh,
T 37 °C BRI AE NI, B 1 mL 50T
50 mL & RS SR AT R I . KRR M BT
4°C, 7000 r/min Z5.0> 20 min, FFFSH g R ED
SR . (R 0.22 pm 7K ZR U B X KR e
Ay i85 {4 HisTrap™ HP FUR AL 264k M 2
B, S FHZE MR A (7% 20 mmol/L pH 7.4 {9
Tris-HCI Z& i) F- s lifb A, LA 2 mL/min i
R 30mL, BESSfHHZE M B (% 500 mmol/L
KM, 20 mmol/L pH 7.4 #J Tris-HCI 2% M ) HL
FRAE T, 10%5 B2 R B 55 eI B e
HEy&E M. f#iff] SDS-PAGE 5 Bradford %1 E
SRR S R ) 2l S B TR
1.5 AZEBAMEEFENNE

W B E AT 38 Y AR R AT R A R )5
ODgso 7E 0.1-1.0 JEFEIN, LA 150 uL pH 10.0 Y
50 mmol/L Gly-NaOH #FWBAENZE M, 100 pL
25 o/L W RIS YEMAEE FVERIRY), A 50 pL
BB , TR2)E T 60 °C B2 20 min; S 4%
HJESLBIIA 200 pL 5 0.5 mol/L =5 LR
1R, 3T 12 000 t/min B.0> 2 min, B B
200 pL A 1 mL 50 g/L i Na,CO, ¥
W, P 200 pL FEARERRNE A 5 T 50 °C
A8 10 min, UIMAJRPIRTSEINA =R LR L
S5 o7 F A A VR A ] 1) s AR R A R 28 110 B
fd 736 C T T ODgso MIE WOGIE o B B

SE SR 2 1A 1 BN (UY R G BETE ODggo T T
5 0.001 FfP
1.6 AERMEEFHRENE

53 W (Top) PRI R = 447 BT 000 5 52 07
IREEF Rl 20, 30, 40, 50, 60, 70, 80°C,
HARFAMAA, WaifbE M MAEAR KerZl K&
LG AR R IEA T S 22 o DA Bl oo BT 1 by
100%, LA AR BER , 25 52 g it -4
XTI, FET T AE AN R B A5 T 45 M
Tit 11 LU TR

W (1) IR - K283 el Ak i) £ 2 e
KerZ1 K HZAAREE T 60 °C 4@,
10 min BOFEH-UEA TSI AE o DAORIRLAL 3L
METEAE N 100%, 22 J5 B EURE i 0 T R A X
BTG . 2 LISRAREHE B In EAARAR . FRIR
BFR] ¢ A A AR O B, X 28 A S T4k
PERLG DATHIR A B R IS MR 8 b, WAL
2 to=In2/k I 8 A 22 )

SANRSIVIE S 2 GO =R A by iy R =
R B R BT W BE(0, 2, 4. 6. 8. 10,
12 /L), K A B 11 it il 0 A 73 0 Rl A5 s i
KR BAJG ODgeo 75 0.1-1.0 JEFEN, E M E
Pl KerZ1 M HGARRLEA R BE T 1S
N, LAJRS R B A R ] R il U R, a2
FH Origin 2021 X4/ 558 i (i K FC O ik A 7
AL MEPLE E B WS, 15 BRI R (Vinax)
K RHEU(K ), FFEE— A 5B hea 2
HEALBOR kea/Kino
1.7 SFshhFE#l

f#i /i AMBERI16 Xt 8 1§ Kerz1 JH %
ASRIETT 53 F B J1 AL, W J1Y% f14SB,
WK F e FEEE N PR, e R
HEK & FH R/ NMEE R 12 A, FlR%
WE N 150 mmol/L BIEALEN, 7T 3h J12¢Ht
IS E A FERE R i/ ME L 50 ps 9 0-300 K (1 T+
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LA . 500 ps AP L #EFT 20 ns B3l )15
BN, /] AMBERI6 43#T 2 MR 5% 5193y
)7 MR ¥ 5l (root mean square fluctuation, RMSF).

2 BREMN

21 AEHMREKERECEHERESRTANS
priges

[v] P b T FH 3 1l 4 1 Hh R B S AR {r
BBEE. UMEAR KerZl MZERRRITS N
BEM, MSCHRARIZHE T 2 MRS S i A

40 °C WA B2 EER 79, FIH ClustalX 2.1
1 Esprint 3.0 X £ 25 1 KerZ 1 47 4 i [ I
SUBEA T HEX A4 424, R  PyMOL 4 /:
SHEST A E AR Kerzl [RIEAIAI(PDB 4gi3)
) loop X FEATRRTE, S5RE 1 iR, KA
] A~ loop X 51 AFH N ) 22 HE R 5. i 23 74 D) 4
FEILEEA RIE M . SR, AR R UR e 25 1A
KA AN AT REE R, e B 5 A
() 5 AR A5 g T B A B TS ML AT B O e . R
Discovery Studio %5 | A2 SR AL HA TR,

Loop 1 Loop 2 Loop 3 Loop 4
I N
al a2 B1 B2
KerZ1 LQQ0 Q00Q000Q TT =———d TT TT = TT TT
! 10 20 30 40 50
KerZ1 AQTVPYGIPWMKININV[IAOGHKGANVKVAVLD TGI[AHPDLNV{GGGASFINELSSN T
KerBp AQTVPYGIP[SMKINFNVEIAOGMKGANVKVAVLD TGIBANHPDLNVINGGASF|YiEE PN T (o]
KerUS AQTVPYGIPINOKINPNVEIAQGMKGANVKVAVLD TGIBIARNHP D LNVEVGGA S FINZSSI E j=3\ Q
Consensus>70 AQTVPYGIP..K...V.AQG3%KGANVKVAVLDTGI.[A.HPDLNV.GGASF.[..[E...T.D
Loop 5 Loop 6 Loop 7
I I ——
a3 B3 o4
KerZ1 R0Q0QQQ0000Q TT = TT
60 70 80 90 100 110
KerZ1 [ENEHETHVAGT\YAALDNTINGVLGVAP SYSLYAVKVLISEIGRIGENS[E IS GIEWANMIN[EMD
KerBp IS HETHVAGTIAALDNTIGVLGVAP SE\S LYAVKVLBENGGQMSII T i{s G I EWANSINNMD
KerUS IO HINTHVAGTIAALDNTHMGVLGVAP SE\S LYAVKVLEEWNGEGEB SIS G I EWANSINNMD
Consensus>70 -#.H.THVAGT 'AALDNT|.GVLGVAPS.SLYAVKVL#..G.G.|.S.I!SGIEWA. .N.MD
Loop 8 Loop 9 Loop 10
—_—
B4 a5 B5 po
KerZ1 T o T
150 160 170
KerZ1 GSTARIKMAVDFARINRGVVVVAAAGNSGSEGNEYTHG YPAK YD S|YA V[epIv
KerBp GSTAMKINAVDIARINR GVVVVAAAGNSGSEGEERT\YG YPAKYD SiNA VESNV
KerUS GSTAMKNAVDIARINRGVVVVAAAGNSGSRIGEIETIYG YPAK YD SiNEA VESYV
Consensus>70 VINMSLGG.|. GSTASK#AVD.A..RGVVVVAAAGNSGS.G AV..V
Loop 11 Loop 12 Loop 13 Loop 14
— — —
B7 B8 39 a6
Keer TT TT TT_> _>TTT_>
180 190 200 210 220 230
KerZ1 DERJSNRAFFERV[E A RAENAMENSHeI A YERYY ) YRR ET SMASPHVAGAAAMI L S K|
KerBp NERIN VR NS B AlE P j2bAD\Y S ESXE T (1|1 g V)3 YRENET SMASPHVAGAAAMILSK)
KerUS NS NN S s SE\GHEIE Lisl VA P G pdslhdpll s T\ P YIEINT SMASPHVAGAAANT L S KN
Consensus>70 #SN. .|. .S[.|SS.G.EL#V.APG[. .|! .ST.P Y. . ... TSMASPHVAGAAA .ILSK.PN
Loop 15 Loop 16
—
a7 ad a9
KerZ1 Q00QQQQQ0Q
¢ 240 250 260 270
KerZ1 LEMsoVREYRLEFTATMLGESFYYGKGL INVjIaAL
KerBp LiNISOVR{GRLIINTA TELGBSF Y YGKGL INV[QA AR
KerUS LiyNIS OVR{GRLIINTA TELGBSF Y YGKGL INV[§A AR
Consensus>70 L.|. SOVR#RL. .TAT. . SFYYGKGLINV#AA . #

E1 FREXREREAEABIAZRFIIX L
Figure 1

Comparison of amino acid sequences of keratinase from different sources.
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R RAZEMEAMRNITE B B REZELAAG), H
SERANZ 2 PR & H B AE(AG) R H BT
BAPHRS M AT AT A hAER, 225, L
ey | WOV SE N R L5, SRR T A
ARSI B2 —, RS s NI
PR TSRS — A, BT AG UL,
FEHA RS W e st o I, 7E7F 25
AR GE T AR B D X AR A R A T AN

Fz2 Floop X NWRIMFBEBRRTRE AAG
Table 2 The AAG of simulated amino acid mutations
in each loops

TR SIARBII IR R E  Ir& Al g2 L
Loop Simulated amino acid AAG (key/mol)
mutations
Loop 2 F21Y 0.23
Loop 3 Q36H 1.51
Loop 4 AS52P —0.69
G538 0.00
N61Q 0.88
Loop 5 T781 -0.47
Loop 6 S102Q —0.27
Loop 7 GI117N —0.55
Loop 8 A128P —0.49
Loop 10 N160S -1.03
NI160F —0.47
T161S 0.33
N162S 1.71
1164V 1.48
V173T 0.16
Loop 11 S183N —0.54
N184V —-0.50
F188S 2.55
Loop 12 A202T -0.23
G203S 0.16
Loop 13 T210S 0.19
N211S 0.23
T212G 1.43
Loop 14 S241T -0.43
Loop 15 Y255P 1.82
S258D -0.33

RAS, IEES RN AAG K TR 58 28 %
1 BT A5 R NI i 2 e, DT 48 5 28 11 o R
P i PO, ARSI B TE T 2 AR A )
—RAE HP S5 RN AT EE T AT R B A5 v T T 1) £
A RS AS A, DRI S A ] T AT & H e
FH(BF AAG>0) A 5 AR 1, R AE 51 AR 2 LR
GRS AR ARAR i L T P9 SR 9% B oy, X
PETHIGR AL TEE T LT 1. ST Rk Es,
5L T3t 13 DS SRS X 8 4> loop X iHF AT
FMEME, 098 F21Y . Q36H, N61Q., T161S,
N162S. 1164V, V173T, F188S. G203S. T210S,
N211S. T212G. Y255P,
22 AEHMERTAHRMREREBERT
Wl ARl PCR K R AR s AL 5| A
pP43NMK-KerZ1 A5t , 5l 5 4 1) Ok
L2 B. subtilis WB600 H1, £ & Bz EMAE N
fitf KerZ1 M H G 7E 40 °C O £50F T e
£ 26 R B TR A BG4 R R 2 PR, 1
loop 13 5 AIZAER T210S, N211S, T212G X
£ 2R B BRI BE T AT , A HC T A 7 A 2R
Ml KerZl XA W& r48E T, X100 I 4h i AT
AETE1Z loop X AL AR5 4 R TG PEAME: , XHZ loop
XA gy B L2 s S22 AR, FE loop 10
SIABRALK N161S, N162S, 1164V, V173T
P45 R EAS AR BE A 6 T B, DU B i
AT RETEZ loop X IR IEMEHS R, A& FE
frift— R . BT XX loop 13
AT T A5, W T MENE KerZl HA5 %
AR{R T210S/N211S/T212G. £t 24 h A
W, 5K T210S/N211S/T212G HLEGEHAE 40 °C
FIBRE A EN T 63.17+3.25 kU/mL, AHES TE %t
HE 4 £ 26 11 B KerZ 1 1 40.60+0.60 kU/mL $2 7+ T
55.59%, HAEAR T foodk i BE S5 B TS A5 2
TRFER.
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Figure 2 Enzyme activity of keratinase mutants at
40 °C.

23 ASEPMRTANSENREFER

i AR ORISR A R R KerZ]
FIZARA T210S, N211S., T212G K HE A58
T210S/N211S/T212G 1 & Wk i 17 2l ik
JFi#47 SDS-PAGE WUk 43T, 455 NE 3 K,
A KerZl RELRAIKK ST R4 N
28 kDa ¥545 2| (W) 2E B T 3 — 20 i Bl 2k o
Vakii

Xt R A KerZ1 2 58 A48 PR i~ Pk ot
FRE, 25 3 Fin . SAR RN el
TN 60 °C, T KerZl Ak, 7EfE
LR, RARIR T210S/N211S/T212G L

%3 KerZl RERTIRMEEF KR

198
98

62
49

38

28

14

3 KerZl REHZEI{KH) SDS-PAGE Bk
M. EHFESFEE; 1-5: KerZl, T210S/
N211S/T212G. T210S. N211S. T212G 4K

Figure 3 SDS-PAGE analysis of KerZ1 and mutant
enzymes. M: Protein marker; 1-5: KerZ1, T210S/
N211S/T212G, T210S, N2118S, T212G.

il 1% 5 KerZ1 FHECBE IR % T 1.66% , {HAE 40 °C
14 Hp 25 BE N 20 °C BYARIRLASIE T H O TG AR 1
KerZ1 43542 TH T 45.68%F1 85.74%, BARAL A
T210S. N211S. T212G 5 KerZ1 7EAi% TidE I
JEE SR E T I HL S A AN R AR B (R 3 5 o il —
ARG FABR T210S/N211S/T212G 1EAR T feid
WEAME T MERE, Wl TS KerZl WA
WSS h 2k . AT 4 FTLUE Y, BOOREE IR
FEARREAR , 1H 12 542 1A 14050 B AR eI 1 2 AR 4
T KerZl AW B mLRMW AR (KR
TGP THEE B A 7T T, X 55

Table 3 Enzymatic properties of KerZ1 and mutant enzymes

AR 60 °C i L 40 °C IFf H M 20 °C I H To 1y (min)
Mutant enzyme Specific enzyme Specific enzyme Specific enzyme °C)
activity at 60 °C (kU/mg) activity at 40 °C (kU/mg) activity at 20 °C (kU/mg)

KerZ1 186.70+2.08 59.78+0.31 14.10+0.47 60 22.22+1.10
T210S/N211S/T212G  183.60+6.25 87.09+0.64 26.19+£1.30 60 19.66+0.75
T210S 205.37£1.71 81.37+4.13 23.14+2.93 60 18.66+0.53
N211S 208.69+2.92 73.9743.40 17.90+1.67 60 20.56+0.82
T212G 191.00+5.39 78.08+1.69 23.95+1.71 60 15.28+0.79
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4 KerZl RFET{K T210S/N211S/T212G HIiR
EKEEEE

Figure 4 Temperature-dependent activity of KerZ1
and T210S/N211S/T212G.

M Jig A B M, RAE R T210S/N211S/T212G
T210S. N211S Fl T212G B =AM KerZl
Y HIREAR T 11.52%. 16.02%. 7.47%FH1 31.23%
(% 3), HTHRMATEENERT BE o 52 14
T210S/N211S/T212G 7EHARMELE T i M RE
DK 7E 40 °C BV £ 2 1 000 g AR i S
VELEE T ORI AR TG P, A4S T R T ALk B AT 11 T
T R 100%2: il 7 B 18] 5 25 BURE s 5 A Tl 1 1)
HiZk, i s . Zead 12 h i, 848K
T210S/N211S/T212G #HEE KerZ1 K fow H BH
IR AR TS PR G | B AR AR ) IR e 1k
PR AR R T 0K T M /N o 25
AT, A5 T210S/N211S/T212G 7EA 5
2R PR R 1 O T AR A AR TS AR B T
BT E A OE /Y=

7E 40 °C 5 60 °C 22 KerZ1 K H AR
RN S 1228, S5 RANFR 4 FiR o VN
38 1) AR A B ) 2Z 8] (AT Ak R B RE &2
AR N B E &S ke (8, SUCHER, &
15 IRY B 45 5 B8 1 2 WK T L mg 20 (W] U5 ity

100 F ——Ker-Z1
—o—T210S/N211S/T212G
g 80
2z
2 60f
S
o
J=
§ 40r
o]
[
20
0 1 n 1 " 1 n 1 n 1 " 1 n 1 )
0 2 4 6 8 10 12
¢ (h)

Bl 5 KerZl RZEE{K T210S/N211S/T212G 7
40 °C BRI E M

Figure 5 Thermostability of KerZl and T210S/
N211S/T212G at 40 °C.

R4 KerZl RERTHRMRNANESEH
Table 4 Kinetic parameters of KerZ1 and mutant
enzymes

RATIR Kn Keat kea! K
Mutant enzyme (g/L) s (L/(gs)
60 °C

KerZ1 1.52+0.14 192.674+2.52 126.91

T210S/N211S/T212G  1.2240.13 165.77+1.52 135.40

T210S 1.75+0.18 207.66+4.87 118.63
N211S 1.11£0.19 168.02+7.35 151.38
T212G 1.78+0.18 212.97+5.13 119.39
40 °C
KerZ1 1.53£0.14 50.60+0.62 33.16
T210S/N211S/T212G  1.9840.09 89.14+1.37 45.06
T210S 1.95+£0.13 68.93+0.80 35.29
N211S 2.24+0.19 68.24+1.02 30.50
T212G 1.98+0.10 68.08+0.89 34.26

(HAEER K H), JE BT DU SRR
RE AL T HIEM I E AN, BSRTE 60 °C
AR N211S 5 T210S/N211S/T212G 1Y ke
{E I KerZ1 BEAIK, {HHH THRARM K (175 T i
M SN I R AR L KerZ 1 AT HAT 358 AL R
(HEY ke/Kn)o TE 40 °C 51 F, &2A5KR
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Koy S BERASAR N211S AN keat/ K 5 KerZ1 A EE
BRI RAR B dE T, o T210S/N211S/
T212G 5 KerZ1 M H keu/ K 327 T 35.89%, Koy
EHER T 29.4%, FF6 V410 N 1) B AE R IR B 45
P BN B 2R E . S5 380, B AR ARk
T210S/N211S/T212G I F I il fz of it JEE 114 4%
T BAR SIRYIIZE G Re TR A%, (H A S
HEALRCR

3 WhE5E#h

FIFH PyMOL X 58 75 £y 25 [ o0 1 25 A 001 1
AL, FXF loop 3 5 loop 13 Fa il M4 i A9 &
PEF BRI, QN 6 Fion o BT R R T A
E A S8 Kk, AN o HMLR A fik b
SIRALER (32D-63H-220S, BRI, AHE
BB, TEPEGIS 32D FrEf B4 (B (i 4))
5 loop 3 (¥ (0340 HAEAHZE , M loop 13 (5 A
R S AR B-Hr Bt 5 I A 2208 FrAE
() a-BRE (Rt 30 o) S A%, PRI KA 1oop 3
J loop 13 145y R IEME S — e FREE LR
{5 32D J 2208 FT7E AR 1) RGP o [A)
loop 3. loop 13 M ALY B-PrE 5 Falki&E AL
FUTTEN o-S8TE S B-4T 78 21 I A 25 A K T o7
S5 63H FTTERY a-B2HE (L0 @3/ 2 T Hiv,
FH 0122 225 440 TT g 2 R4 Ak = AR T AE 1 3 A4
TR EERE Z A AR X TG B, TS MR A R R R R
PR RS B AT BB FE T %42 loop 3 5 loop 13 157
FEVER 1. B, loop 3 5 loop 13 Z[EI/EH
1R AE AL AT BB 23 5 M A5 A8 ) R T5 1, 1T R i
£ 2R 11 A AR TR AR AL TS 1k

K 7 R KerZl M H ARk
G| ARAIRFE B 210-212 (& LR 5 H
5k 3L Ml A R B R, BPARERY 21IN 7]
36Q B 2 A, L 212T W43 515 39H.,
208Y. 213Y JEL 4 IEHE(E TA); FE5IARAE

6 Loop 3 5 Loop 13 FAEMASAERTIR
T210S/N211S/T212G #HHP WM ERER ¥k
FEER A FAHEAL =K (32D-63H-2208) ; 214, 575,
Ao B IEEAL S 63H 5 2208 K HFFFE )
o-BRWE ; AT s AL 32D TR
B-Hr s A5k EER 44 A A R Y
Loop 3 5 Loop 13

Figure 6 Position of Loop 3, Loop 13 and active
sites in the structure of mutant N210S/N211S/T212G.
The catalytic triad residues (32D-63H-220S) are
shown in spheres; The a-helix where the active site
63H located is shown in red; The a-helix where the
active site 220S located is shown in brown; The
B-sheet where the active site 32D located is shown in
orange; The Loop 3 and Loop 13 of keratinase are
shown in yellow and blue respectively.

T210S/N211S/T212G &, R4k 2118 5 36Q ¥
B R T 1A, T 212G WIAFS 213Y
e ABE 7B), AR SR AREE 5 7
Pr&dw LEnaent, AR Eil s r
BN ) AR R A S IR IR I ) RMSF, DLtk
— AR T R TERETY ) g5 A 8 BN
AHH KerZl, FEZ7F T210S/N211S/T212G 5l A
J5i, #&4> loop 13 278 H T H &1 RMSF fH, X
UL B 2 A8 15 | AH45 £ 55 AU FE % loop X
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Ser-211

Ser-210
Gly-212

7 KerZ1 (A)% T210S/N211S/T212G B)RI = H MR ES BB = E
Figure 7 Three-dimensional structure and hydrogen bond position of KerZ1 (A) and T210S/N211S/T212G (B).

)R TEPEAR S TR T . HILFERE, 5 36Q
BRI SR D B 1S 36Q FTTERY loop 3 XI5}
i) RMSF 15 21$2 7, M v G815 3R loop 3.
loop 13 K HAHKRAY B-H78 5 ff 2 IS PR A7
FITERY o-B505E K2 -3 S 2 K A 2540 RIS T Tt -
FH I HED, loop 3 5 loop 13 [a] A4 & A /D AT BE
BN RARAR T210S/N211S/T212G 7E{% T fiii

2 — KerZ1

— T210S/N211S/T212G

RMSF (nm)
> %
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W

0.0 0 70 140 210 280
Residue number

8 KerZ1 5 T210S/N211S/T212G HI%E R &
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Figure 8 The residual flexibility of KerZ1 and
T210S/N211S/T212G.

R R TR AR ) B R A . BRILZ S, 211N
HARRAEAKIE, TERAH 2118 J5 HEK M
A REW TR, RGN 252
PEAS ISR T, DA £ 2 1 B %) R VAR B i —
EAIOE =1

oMl A T KerZ 1 3 W Tl AR 7= s be
IO PRS2 A0 , A9 38 2 [R] 58 LU X6 R R
PR HATYr & A HAEM A HT, 10 A
KerZ1 H il 22 P 3 XI5 | A 24 LR 78 A8 LAFE &
HRWEME, SEmEe & rEg e AR IS 1
gEILRI, XFFAMEIR loop 13 BIAR 3 NE IR
A AR B 1 KerZ1 AR AL IS V15 3 1
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HAE LS loop 3 2 loop 13 A RIGEVEFS 2] T 42
v, FETE AP SRR AR T 24 S o A S
T EMACE. BT ME AR R P,
D17 A BAF 53 Fh SR A 2 11 B AE 35 500 Hh i 46 ) R
TEYEAT TR0 . 76T — 22 0ntae, #fi#
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