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%9&&%?5,BS%%%@&%M%&%%&%KE&&T%;5%KR%%%%L%M%
5] R AR RIG 5% TSS 694 AL b, 4T af BAL AR SR A 7L R A3 09 B T4k M302L, AR F#AL
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Effects of site-directed mutagenesis on the enzymatic properties
of a thermostable collagenolytic protease

ZHANG Kui', ZHU Min, SU Yunyun, WANG Xilong, GUO Qian, WANG Zhike, LIU Xiuli,
LIU Haiqing

Gansu Key Laboratory of Conservation and Utilization of Biological Resources and Ecological Restoration in

Longdong, School of Agriculture and Bioengineering, Longdong University, Qingyang, Gansu, China

Abstract: [Objective] To conduct site-directed mutagenesis on the Ca**-binding sites, Leu®>, and
protein surface oxidation-sensitive Met residues of TSS, a collagenolytic protease derived from
thermophiles, thereby screening out the variants with improved antioxidant activity,
thermostability, and catalytic activity and revealing the intrinsic connection among them.
[Methods] Site-directed mutagenesis was conducted on the Ca**-binding sites (Cal, Ca2, and Ca3)

3 of TSS and the oxidation-sensitive Met residues on the protein surface. The derived

and Leu
variants were further evaluated for H,O, tolerance, relative activity, and residual activity. Changes
in antioxidant activity, catalytic activity, and thermostability after mutations were also studied.
[Results] Mutations in amino acid residues at the three Ca*"-binding sites led to decreases in
catalytic activity and/or thermostability of TSS. The Leu®®

simulating KP-43 did not enhance the antioxidant activity of TSS. Among the variants of oxidation-

series variants constructed by

sensitive residues, M302L showed increases of 13% and 61% in the catalytic and antioxidant
activities, respectively, while remaining unchanged thermostability. Ca*" increased the catalytic
activity and thermostability of TSS at high temperatures in a concentration-dependent manner. A
high salinity environment with more than 2 mol/L NaCl prolonged the half-life of TSS at 75 °C and
inhibited the maturation process of TSS proform. [Conclusion] The antioxidant and catalytic
activities are positively correlated in the Leu®’ and Met variants of TSS, which conforms to the
“Trade-off” mechanism.

Keywords: collagenolytic protease; site-directed mutagenesis; catalytic activity; thermostability;
antioxidant activity

Ji52 Ji 2 RIS D £ 1 7 At L IR Sy S AL 4
GUBE | PLA4EA R A A AN AL S 2 d AR
iAo 5 PR SHRE R LE WA R, B A A s B
P S 3 kSRl 0t ISR K G 2
BT BT W2y fetdh M
GUTA A5 UR s 83 4H A i 2 1 K i g
NN TFZHANRBIGHR, EIL AR B
BRI L 1 S TET, I A SRR T B

(Clostridium histolyticum collagenase, ChC)xEll:ﬁ/l\
P E BN AR GERAE B A TR B, H T E
BT A RS D F K it AT 9 1 b 2 R 12
A J2 AT S IR Ak 2R A T A 1 I i AR K
fife i DL ChC Ry AR 36 1 v I A I 2R 1 K i
il AT PR 25, AT AR B AF T (37 cCHIHh
PE pH)FRI R FUK G YE, FEm RIS T
o e e D B 1 A AR IR I SR BRSP4 5

http://journals.im.ac.cn/actamicrocn



4958

ZHANG Kui et al. | Acta Microbiologica Sinica, 2026, 66(10)

ZEEZRENY, 52 AR, 4B E SR
Py 1 I 1L KAt i T e T A T IR A I
HH, —Jr R TR R E RO, S —
75 T BEAT ARG S Rz e R v A AR T G
RRUS) ) DR] b AR e D R I K A T A B A
FELERNINT L Al T 254 ah A BRI R
2 A U EL 4 B O E R R A S (A S
Hij 5%

PR E il AT TR R A 22 R A
(thermostable subtilisin-like serine protease, TSS)
& — MR K B R e AR ER AL BAT R AR
(subtilisin) & i i B 1K f il , S5O0 R AR £
PFFIE , 7E 60-80 °CHF B HH e i (1 e S A 1
IR i VNS, TSS AR e AR i T M L < 8k
T i M il 2 LKW AN [ 7 e RS I R R L al
02 HERREAR LSRR S S ARE , 5 AL R
I A S8 Z T AN T I I A 1 K Sk Ml A A ] A 22
SpUSIOT [ e AT T 57 22 b s B 2 A, PRI
TSS X & PR i I 2 1 I At ol A I i PR
EaX /032 L) o WA R )TN 15 B
Ji iR K ff g TSS ok R T A 2F 0T R R
(Brevibacillus sp.) WF1462% | 2% R #k 63l A K IR
JEZ)y 58 °C, AITE LA A I i 2 1 Sk ME— Bl SR
TR SRR IR A K. TSS 5 H AL S8 kK
LA JC D £ 1 7K S it EL A v 1) 45 1 2 T
RIPE, FH S g 45 R AR S A R iR S T R
# IR AR RE ST o AW B2 R
TSS ) WA (mature enzyme, mTSS) &4 3 />l
My Ca®* g Az, H Ca™ Fil NaCl X%t How i
PEAL T P A EAAS E T B PR A o A BIFSE AL
EEXFH Ca® 85 A . Leu™ (7 RIEE R A
ALABURR Met o7 s T R sR R 7%, DU 2 345
PraEALPE | TAEEE T SR SRR P e ot T Ak 24 4
FHIYZEAR PR, JFHRST TSS Hh =3 2 [ A PO 7E ¢
WK, O T S B D £ 1 2 AR 1 5 0 e st
B R R .
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1 AR5

1.1 ##8
1.1.1 EFk

KZF U KT B JE (Brevibacillus sp.) WF146
(CCTCC AB209297)F 55 °CTE LB Hidk i,
H T3 4 DNA 425, KW AT & (Escherichia
coli)y DH5a 1K JIi #T & BL21(DE3) T 37 °C1E
LB ¥igp e h i35, 5 T v e 5 Rk,
Br SRk B P AR 8 S IR 7 SR WS N 24V FE 30 pg/mL
MRIBEE R .

112 EZRGALER

FRAIPE I (Nde T #1 Xho T), ThermoFisher
Scientific 23 H] ; 2xT8 High-Fidelity Master Mix,
TR E YR A A BR A F] 3 T4 DNA i#:4%
B, bt X EAEWBEARARAF]; Azocasein
#1 ChC, Sigma-Aldrich (Shanghai) Trading £ [}
oAl AR & R Marker, A T AW T
(BB AR ] Bk pET-26b. #T His A5
ZR T REDTIA, Novagen A )5 ILAEHT/N R 1gG
Zht, WRHHE@EDOEHARGIRAF] ;0w
K2 DNA $EHGR0 &, RARAERH At A
PR\ 7] ; DEAE-Sepharose™™ Fast Flow , Sepharose
Fast Flow JZ #T#£, GE Healthcare Bio-Sciences
NH

PCR 1% . 5\ 2.0 #HL, Eppendorf 24
Al R AERSRG 4, WSRETT AR LT
HARIFRARRA ] KRR, Jbaos—4
WRHA R A E . A0 WAL, bl
AR AR A BR A A 5 R i A B A A,
T Z AR B A IR A
1.2 FRAWESESRET

Z RN BE R 20 DNA $2HGAF S i il
W Brevibacillus sp. WF146 FFERIZH DNA, SRH
1A S 15y B8 AT H B35 S Bk TSS
A (precursor-TSS Al pre-TSS)FE:[H . A& H &
55 K EY TSS i )5 (proform-TSS il pro-TSS)%E
. KB R BB pET-26b 2R Nde 1-Xho 1
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1 AARFASIY

Table 1  Primers used in this study

Names Sequences (5—3') Names Sequences (5—3")

pro-TSS-F GGAATTCCATATGAAGCGGGAAACAGGG |L253A-F CTACGCCTATGACAGCGGGACAAGC
pro-TSS-R CCGCTCGAGACGGGAGCGGGA L253A-R CTGGOATAGGCGTAGAAGGCGTTG
pre-TSS-F GGCATATGCGGTTGAAATGGCATGCG L253]-F CTACGCCTATAITCAGCGGGACAAGC
pro-S257A-F  CTATCTCAGCGGGACAGCCATGGCGACG | L2531-R CTGATATAGGCGTAGAAGGCGTTG
pro-S257A-R  GGCOTGTCCCGCTGAGATAGGCGTAGAAGG |L253V-F CTACGCCTATIGTCAGCGGGACAAGC
pro-S257C-F  CTATCTCAGCGGGACATGUATGGCGACG  |L253V-R CTGAIOATAGGCGTAGAAGGCGTTG
pro-S257C-R  [GCATGTCCCGCTGAGATAGGCGTAGAAGG |L253C-F CTACGCCTATTGICAGCGGGACAAGC
HN-pro-TSS-R CGCTCGAGGTCGTTGCGCTGTTTTCG L253C-R CTGCAATAGGCGTAGAAGGCGTTG
EI87A-F GCCTCCGCAAACGACCGGCCGGAGC L253G-F CTACGCCTATIGGCAGCGGGACAAGC
EI187A-R GTCGTTTGCGGAGGCGCCCACGGCG L253G-R CTGCOATAGGCGTAGAAGGCGTTG
E187Q-F GCCTCAJAAAACGACCGGCCGGAGC L253S-F CTACGCCTATAGCAGCGGGACAAGC
E187Q-R GTCGTTTTGGGAGGCGCCCACGGCG L253S-R CTGCTATAGGCGTAGAAGGCGTTG
D196S-F GATGAAIAGCGAGGCGGACGACCCG L253K-F CTACGCCTATAAGAGCGGGACAAGC
D196S-R GCCTCGCTTTCATCCAGCTCCGGC L253K-R CTCTTATAGGCGTAGAAGGCGTTG
DI199A-F GAGGCGGJCGACCCGGACGAGGTAG L253D-F CTACGCCTATIGACAGCGGGACAAGC
DI199A-R CCGGGTCGGCCGCCTCGTCTTCATC L253D-R  CTGTCATAGGCGTAGAAGGCGTTG
DI199N-F GAGGCGAJACGACCCGGACGAGGTAG M88A-F CAAAGGGGCGGCTCCCGACGCGAAG
DI199N-R CCGGGTCGTICGCCTCGTCTTCATC MS8SA-R GCOGACCCTTTGTACTGGCCGTCTG
E203H-F CCGGACCAIDGTAGCCGCGTTCAGC MSSL-F CAAAGGGATGGCTCCCGACGCGAAG
E203H-R CTACGTIGGTCCGGGTCGTCCGCCTC MS8SL-R GCCAGCCCTTTGTACTGGCCGTCTG
D385A-F CAACGCCTTTTTCCACTACCCCTACG M99A-F CCATTCCOGCOGCTGGACGAATACGG
D385A-R GTGGAAAAAGGICGTTGCCGTTCAAGG M99A-R GOGOGGAATGGAAGACGAGCTTCG
D385N-F CAACAACTTTTTCCACTACCCCTACG M99L-F CCATTCCOTGCTGGACGAATACGG
D385N-R GTGGAAAAAGTIGTTGCCGTTCAAGG M99L-R GCAGGGAATGGAAGACGAGCTTCG
D393A-F CTACGACGOCGAAGTGGACAACCTCAAC |MI154A-F  GGAACATCCGGACGUGACGGCGCTGGTGG
D393A-R CACTTCGGCGTCGTAGGGGTAGTGG MI154A-R  GCGCCGTAGCGTCCGGATGTTCCCAGAGG
D393N-F CTACGACAIACGAAGTGGACAACCTCAAC |MI154L-F  CATCCGGACJTGACGGCGCTGGTG
D393N-R CACTTCGTIGTCGTAGGGGTAGTGG MI54L-R  GTCAGGTCCGGATGTTCCCAGAGAAAC
E394A-F GACGACGOAGTGGACAACCTCAACAAC |M258A-F  GACAAGOGCGGCGACGCCGGTGTTG
E394A-R GTCCACTIGCGTCGTCGTAGGGGTAG M258A-R  CAGOGCTTGTCCCGCTGAGATAGGC
E394N-F GACGACAATGTGGACAACCTCAACAAC |M258L-F  GACAAGOJTGGCGACGCCGGTGTTG
E394N-R GTCCACATTIGTCGTCGTAGGGGTAG M258L-R  CCAGGCTTGTCCCGCTGAGATAGGC
E394Q-F GACGACOAAGTGGACAACCTCAACAAC |M258C-F  GACAAGOTGTIGCGACGCCGGTGTTG
E394Q-R GTCCACTTIGGTCGTCGTAGGGGTAG M258C-R  (JACAIGCTTGTCCCGCTGAGATAGGC
N368D-F CTGGTCAACGACCTGAACCTGCGAG M290A-F  GGCGGAGCTCATCAGCGGCGCCGAC
N368D-R CAGGTIAGTTGACCAGGGTGCGCTCG M290A-R  GAGCGOCGCCTTGATCAATGCC
N370D-F CAACAACCTGGACCTGCGAGTGGTC M290L-F  GGCGOTGCTCATCAGCGGCGCCGAC
N370D-R CAGGTIOCAGGTTGTTGACCAGGGTG M290L-R  GAGCAIGCGCCTTGATCAATGCC

http://journals.im.ac.cn/actamicrocn
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Names Sequences (5—3") Names Sequences (5'—3")

D396A-F CGAAGTGGICCAACCTCAACAACGTG M302A-F  CGAAGACGOGCGCGTGCAGGGGTTC
D396A-R GAGGTTGIGCCACTTCGTCGTCGTAG M302A-R  GAGOGTCTTCGTTCAAATCGTCGG
D396N-F CGAAGTGAACAACCTCAACAACGTG M302L-F  GAACGAAGACJTAICGCGTGCAGG
D396N-R GAGGTTGTTICACTTCGTCGTCGTAG M302L-R  CGCGTAGGTCTTCGTTCAAATCG
E402A-F CAACGTGGCGCAGGTCTGGATCAAG M425A-F  CGTGCCCGAGGGGCCGCAGCCGTAC
E402A-R GACCTGOGCCACGTTGTTGAGGTTG M425A-R  CAGOGGGCACGTTGTAGCCCTCCAC
E402Q-F CAACGTGCAGCAGGTCTGGATCAAG M425L-F  CGTGCCCOTGGGGCCGCAGCCGTAC
E402Q-R GACCTGCTGCACGTTGTTGAGGTTG M425L-R  CCAIGGGGCACGTTGTAGCCCTCCAC
L253M-F CGCCTATATIGAGCGGGACAAGCATG

L253M-R GTCCCGCTIOAMATAGGCGTAGAAGG

[/ indicates site-directed mutagenesis site and (Nde [-Xho 1) restriction site.

fitg U1 o7 &5, 4 4 & 41 5 KL pET26b-pre-TSS Hll
pET26b-pro-TSS. PCR JZ A& Z(25.0 pL): 2xT8
High-Fidelity Master Mix 12.5 uL, L. F#5149)
(10 umol/L)4% 1.0 uL, DNA #i#z 0.5 uL, ddH,O
10.0 L, PCR [ %A% : 95 °CTHiZZPE 5 min;
95 °CAx 1 30s, 58 °Ci k 30's, 72 °CHEfii
2 min, 3£ 30 MEH; 72 CCAIEM 5 min, LU
pET26b-pro-TSS stk , ¥ 444wt TSS ) N ity
Hif Bk 2K 25 1 (delta N-terminal propeptide, AN) &
N ¥ i IK(N-terminal propeptide, N)Z5 43 ) DNA
F B, 4l pET-26b #4444 £ X} N 5 21 25 FH 1Y
FIRTRL, Lk pET26b-pro-TSS Wik, i 1
Fral i A2 519, K A QuikChange site-directed
mutagenesis (SDM) /7 P M HE pro-TSS Jif A 15
A (pro-TSS-S257A/C Fl AN/S257A), Ca*' 4%
B RARA | Leu™ FIEALEUR Met FR LA
R FRIB Ok . T AL ORI 3 DL pET-26b
AR, TE KA # BL21(DE3) 52 3 i 4 26 1
1.3 ERFIEEHK

BT AN R F AL ORI KT 7 BL21(DE3)
0 M F 37 °C. 185 r/min 5 3% 90 min, & K
ODgoo 15 24 0.7 BN A 24 FE 0.4 mmol/L 119
IPTG WS HEAE IR, FEJSTE 30 °C T 4k4:
Bigt 4 ho REFRWT 4 °C. 8 000 r/min .0

P4 actamicro@im.ac.cn, 7 010-64807516

5min BRI, ¥ EAKES T %MK
(50.0 mmol/L Tris-HCI, 10.0 mmol/L CaCl,, pH
7.5, UKIESAAE T R EAR 3 mm A9 AR IR T2
TR AR MR, BRI AR R 5-10 mm,
A IPRBEE N 100 W, SRR TR
ols, A4 s, SHEABHK S ming BEEESE
J A0 L 2R T 4 °C L 12 000 r/min £ .0
10 min, 437 WCER AT 1 L3 20 43 AN AT i P4
MIDTRELH 53 o WA A T VR H(NH4).SO4 34T
50%-80% fHLFIEE A 7 BLER BT AL B, FifiJe >R I 42
AH 7] 2% wh i SF- 5 1Y) DEAE-Sepharose™ Fast Flow
JEM AR AT B AR M, Al Ak B TSS
(mTSS), HAELA His bW EHAEH, KA
22 K [) 28 whoik F- 87 9 Ni2* 284 Sepharose Fast
Flow JZH4E (AT BEFEES NN 3.0 mol/L NaCl), it
FERZTE AT F3g 4 b alifb 1645 .
1.4 EEBEWMEEFSH
1.4.1 FMFGFETM TSS ZREMERILE
B mE

i 1 7E 2k T. H. RoseTTAFold (https://robetta.
bakerlab. org/submit. php) il 153 £ /) TSS =k 4%
ALt i R CY, D KP-43 (A% 1) (PDB % 5
5 IWMEF) R IEA T R PR 2 1) TSS = 4%
gh K DL gk o i RIS fdi i Swiss-PdbViewer
Xt 2 By kN 6y TSS =R A5 ikt &
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JNELXF, TSS i £k = B 44 (D-H-S) i Il 4% LA
bR,
1.4.2 TSS 5 KP-43 =R LEHEME

i SpdbViewer 4%t TSS 1 KP-43 ) =
REEMPEATZ NN, TSS 5 KP-43 Hyfi b4
4 15 (catalytic domain, CD)5 B- 5% 17k 4 45 44 4
(B-jelly roll domain, BIR)Z> 1| A% i 0 15 45 2 1
N, KP-43 [ XF 07 2385 K4 358 43 01 DA et 5 J A6 I
7, TSS HEAL =IBAR(D-H-S) 4% DL B (5 kR
1.5 EREFEMENE
1.5.1 FERELLEINE

600 pL JZ WA ZR A5 300 uL ¥ 5 ug/mL
F) Tl VR RN 28 I 1 47 %0 0.50% FY Azocasein JIEY ,
F 60 °CIZ I 30 min J7, Kf SR R RS Bk
WA S min &k b, BifE A SEAR TR Y
40% — 4 L TR (trichloroacetic acid, TCA), % i
B E 15 min YUEAR R NEY), 12 000 r/min 5.0
10 min J5H_ETERINE ODsys (8, 1A FREFE
B TG T o

fiti 7% 77 B0 (U/mg) &8 X A : 7F Buffer A
(50.0 mmol/L Gly-NaOH, pH 9.0, 10.0 mmol/L
CaCl), 1 min WK ZRZE 12 000 r/min 2
> 10 min J5 ) _FIEAE ODs3s A B GAE T
0.01 A EpREaE:, Bk 1 ANEEIS J1BAAr,
1.5.2 EREEXEMENE

% AR KB AE Buffer A TPl E 4% A &
fifg LG 77, LLEF A7 mTSS 1 LL G 714 100%,
T G AR AR A T TR 1
1.6 Eg=F%FNE
1.6.1 ZFEHEE Ca* IKREMKRIFENE

7£ 50.0 mmol/L Tris-HCI (pH 7.5)%% th ik &
B, DLZR 05T 0.25% [ Azocasein HERY),
W72 We B My 5.0 pg/mL (9 mTSS 7E 2.0 mmol/L
EDTA &5 0.0-20.0 mmol/L ¥ JF Ca® &4 F
ARG, DA 10.0 mmol/L Ca®* 244 T 45114 ity
TETER 100%, THEEASTR S50 T B AR Bl
F A B0 3 UOPATEE I 45 R34

1.6.2 ARIERE TNERERLFHZENE

P A 5.0 pg/mL B9 mTSS & T U AN [H]
W NaCl () Buffer A H1, T 75 °C/KIB KT
PEAT R A F 7 OIS s Ji) ] s o RO, B
J& 3 BVE T oK KIR G h R N2 R TR E R .
o — AR IR e UGS . —BUL FTA %
HIEES, DI RHE%8 0.25% 9 Azocasein "M JiE
PIINE R ARG, DARIEAT 75 °CAATRANHR Y
VIR BTG R 100%, THEAS[RIER M B 454 N Y
FRATHEG T, SR FH Origin2021 3R 422 Hl 315 Hh
2, A BIEEA 3 YO TS50 45 R .
1.63 AREEETTSS Wa#iKEEH
(fish scale collagen, FSC)HY &R NI E

FREL 60 mg FSC, KM Buffer A fH3%E 3 X3
BRZ4Fi e, IMAZLUWEE 10 mg/L /Y mTSS, & T
3 mL Buffer A R WAKZRH, 7E 30-70 °CEAEE IR
ZMF PRGN 30 min, ARG 12 000 r/min
B0 10 min, WAE IR E ODgso Ho T3 FRHL
20 mg FSC, Jin At ChC fi JF il 5¢ 2 fFf, I
TERESR T ODaso ., 1554595 60 mg FSC 5¢
RIS S ODggo fH, B IZ(ER N 100%,
HERRIEE T mTSS X FSC MR IRSE
1.6.4 Ca® 3} TSS #i&E M &M TR
=AU

B 5 pro-TSS Ik /=Wy i) 4 e n] 4 57
TEGRIN 3.0 mol/L NaCl [ 244 F #E A T4 SE A2
Br, VeI S BT A S, A E TN
(=)a A (+) 10.0 mmol/L CaCl, #9 50.0 mmol/L
Tris-HC1 (pH 7.5) & ik &=, F 60 °CA&MF T
RIS 1-4 h, HUFEJS 4T SDS-PAGE il . |
A5 UEL TG B RE S TR R DL 20 5 B 40 4K 0.25% 1
Azocasein A RPN A BG4, DAPRIE 1 h &4
ISR BTG R 100%, THEASE ST AR

o B E
1.6.5 ELIREXT TSS #FaE M &I TR
S0EA

B 75 pro-TSS Kk 7= ¥y 19 40 g ] i 1 41
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4%, AEVRHN 3.0 mol/L NaCl Y & 1F F #hA7 4 A
FAZ M, VBT AE & B R [ R NaCl
(0.0-5.0 mol/L NaCI)f#*J 50.0 mmol/L Tris-HCI (pH
7.5, 10.0 mmol/L CaCl,) 2% i #ii #¢ 10 £, T
60 °CA N AR 1 h JFEUREE4T SDS-PAGE K
T, T A AR AR it T st LA 1 3% 0.25%
#9 Azocasein A JFE 40 5E B 15 PE, DL 2.0 mol/L
NaCl 24 A BT R 100%, THEAFER
YR 25T AR ARG TG 42 o
1.7 EBAMAREMMNESE

PR EE A 5.0 pg/mL () E 415 % T Buffer
A, T 70 °CAM MR 3 h, RS DA
I3 %8 0.25% FY) Azocasein i JiE 1) I 58 5% 43 Tl 16
P, PARIEST 70 oCAR IR AL BE A RTHA FE S G 1R
100%, ITHEARXTEERGE, B B R 3 F
Frau 2t A
1.8 ERMREAXMENESE

PR 5.0 ug/mL B FEZHEE HIE T Buffer A
o, RINZHEE 50.0 mmol/L # H,0,, T30 °C
KIS T ARTR 30 min, Bl )5 57 BR54#2 2= vkoK
RAWTHARHLIE AR N, LU 505
0.25% ) Azocasein MY e A BTG PE, LU
RIHAT HoOp Kb LW LR AE S I 48 100%, T
SRR BRI B Y R 3 RO AT S A
E IR
1.9 SDS-PAGE F&ZENE 547

K 12% RNIEBERE I Tris-Gly 2% th {4
ZF AT SDS-PAGE 43 #7. hyakt o e i il £ 5
VKRR R R A H AR, SR AR TUE
LT 20% B TCA ULTE, &P 78 /e isk
J& B UEAT SDS-PAGE b FEA T o 028 B 38 G
MV AE AR B A 1:10 000 BT His FRas Bp s
Poik . FBEELB 1:50 000 (411 2E 5T/ ML 1gG —
YU E WA
1.10 BABRENITRIE M 43 4fr

e 2 I 430 0.50% HH IR 1) 588 7R 4 T
WeBERE, J7VEI0T . 2% WKL 1.25 mL .

P4 actamicro@im.ac.cn, 7 010-64807516

30% PN M I e i A7 2 mL,  [A]EsERM N 3.30 pL
() TEMED 1 50 pL £ 10% APS ¥, H4x
F ddH,O #ME ZE 5 mL JEIRAIHIIR . B F5 A6 2
FIARE S i RE 5 25 4T SDS-PAGE Hi 3k . HL ik 4%
JEVI Ny, i ddH,0 Yk 5 min, BT
i 0.25% Triton X-100 f) Buffer A ¥k 3 ¥,
IR 20 min, /)5 H Buffer A 2 &2 1%
Bk, WK ERRFE R0 Triton X-100, 7EAF e [
SEA S Buffer A FE40 R0 HY 3 )2 B4,
WK EBERE . 5 — 2B 3 )2 U848, A
STt S IR A S AR R e e, B
F 60 °CHAF T ORI 1 he S0 45 o5 B
BEIE, Hew B T i e - i e I AR A B S
PR EA

2 ER550

2.1 RIFZEBKEE TSS NEMEEE
T

TSS Hij {4 (pre-TSS) 1 15 5 ik (signal peptide,
S). NRTIEN). fEILZEHI(CD). -k tsh
FAJ IR (BIR) AR BRI AAR C K vt &b 44 35 (prepeptidase
C-terminal domain, PPC)ZH hl(8] 1A). TSS A% 24
fiti(mTSS) 5 —MEPT AL PR & i KP-43 HA
B R R P A — Sk, Horb A g5 A A
UEE R 49%, BIR S5 AHLLBE ly 44%, 456
TSS 5 HAl S8 IR I Ca® 45 & v s i 5k
TR 22 1591 L5 L (] 1B) e KP-43 1 iR 1
AL TSS BiK & A 3 4 Ca® 4541 25 (Cal .
Ca2 fil Ca3), Hp Cal (i FEALIIBEX, Ca2
1 Ca3 {37 F BIR Z5HA3EK

I3 R ST N T8 e Y 2 1 o 46 4 Tl
Tk, AHEET Rosetta HESL A . A5 [
X 1 B #5 7 (rosetta transform, template, and align
fold, RoseTTAFold) 5 [A] i 155 # J7 ¥ (SWISS-
MODEL) il TSS i =2 254, 45R 8w 2 Fh
T 1545 B B RVTE 4y F AR G54 5 25 F Bl o3 A
FRAE 3% 2 B R 4 DE LR (K] 1C). 28T TSS
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| | I
etss. (5 )T - (77 )
Cal Ca2 Ca3

pro-TSS N oo TR EEER
mTSS CD (TBIR-
AN SN (e o]
N

B ¥ v oov v
o) O O O
TSS i As SELDEDEEYSD PDEFE: ST 212
KP-43 A 3SFG . SYEBSNINHY; cP 210
v ¥ ¥ vv ¥ ¥
ooo Vv Vv vv o o
TSS NLRVVTPSGETL. . . NGNDFFHYPYDDEVDNLNNViZ 402
KP-43 DLVITAPNGTQY. . . VGNDETS . PYNDNWDGRNNV}2 400
Myroicolsin VVVRKGKNTYYPWMLNKDENDLRAIQGVNDVDNIH 454
Tk-SP DLYLYDPNGNQV. . . .......... DYSYTAYYGEa 484
Pyrolysin LYLYDSKGNLV. . ........... ALDGNPTAEEIY 842

OCal WVCa2 O Ca3 ¥ Mutation site

Catalytic domains B-jelly roll domains

E1 TSSHEMEEFESHR

Figure 1 Bioinformatics analysis of TSS. A: Schematic representation of the primary structures of the TSS
precursor, proform, mature enzyme, N-terminal propeptide deletion protein and N-terminal propeptide; B:
Alignment of amino acid sequence around the Ca’*-binding sites of TSS and other S8 family proteases; C:
Superimposition of 3D-structures of TSS predicted by two different methods; D: Superimposition of 3D-structures
of TSS and KP-43. In A, the signal peptide (S), the N-terminal propeptide (N), the catalytic domain (CD), BJR
and PPC domains, and the fused His-tag (H) are indicated. The locations of the active-site residues (D29, H66,
and S257) and the three Ca*'-binding sites (Cal, Ca2 and Ca3) are also shown. pre-TSS: TSS precursor; pro-TSS:
TSS proform; mTSS: Mature TSS. In B, the residues serving as Ca’"-binding ligands in KP-43 (AB051423),
Myroicolsin (AEC33275), Tk-SP (QS5JIZS), Pyrolysin (AAB09761), and TSS (OBR56241) are all marked.

Vertical arrows indicate the residues chosen for mutational analysis.
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PERIEHRTE, 7E 10.0-20.0 mmol/L Ca® 444 R ik
BN TEPEIEAE (R 2A) RS FAIE S22 il & — b
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M 1 TSS 6 RIAAT B b S R ek i i
HAOT EMZA 30 Ca® 8 A0 a5 & Tk
VR F R FRIEM) Ca™, XUELE A Ca¥ FE T 42
B 5% 5 alifb o B P AT AR R B AR 4 N
HA A EDTA A et Hog &8 & LB

ARWFFEIE—HAE 75 °C. pH 9.0 £ F40#r
AR ER R FE X mTSS TG HEAR A 52 (18] 2B).
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B A GG 298 20%; Bl & NaCl ¥ FE 7+ = 2
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TR A, AL TS PR S R e PR A R
W Ca B,
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SR - TN B TR - T TR - 2R TN IR - X i 6 R
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Figure 2 Enzymatic properties of TSS. A: Effect of
Ca®" concentration on catalytic activity of TSS; B:
Thermal inactivation curves of TSS at different salt
concentrations; C: Percentage of FSC degradation at

different temperatures.
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(N-succinyl-alanine-alanine-proline-phenylalanine-
p-nitroanilide, suc-AAPF-pNA)&E Bt H 22 AL 1 o
fife A7 RS AR g ik — 2 fil R e DR R
FSC REBLUH T 152 Jit 2 1 28 [T 1A% 52 55 4 1) [ fie 2
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JE S A K B R I o BRI, TSS BA&AE R
J2 i AR 11 288 T A I 55 ) o e FH 2 i P s T
A W = T 9T 5 R A (L

2.3 Ca™"FnEhIKEXT TSS EiB A MR n
T AR ZRAYFZ M)

H4 pro-TSS ik =Wy i 4l i v] il /3 A G
WA Ca EREE R T 60 °CRIE 1 h 5, FEShH
(3R (& A KA 5 AR 10.0 mmol/L Ca®
(1) pro-TSS X [ 2l 7 FEAH R 514 F ORI 1 h 5 &
KAWL R AR, HL A o0 BUBE IR 1F N T s st
(B 3A); ERLREBTE 2 4 h, EASHIAR
KA AR X R Ca® ] i R T TSS /Y
AE R, [FIEAT AR LB i (pro-TSS) 35 H ]
& (intermediate, I)A% I T 5024

WS HE—HARSE T AE 10.0 mmol/L Ca* 77
RS, SR EEXT TSS i T2 72 1152
M (€] 3B). pro-TSS Fik =1 (4t ] i 4H o
7£ 0.0-2.0 mol/L NaCl ¥ 85 §1 T 60 °C{43 1 h
Jo . AEREORE A S8 B A o TR, RS P
TE 2.0 mol/L NaCl 54 F ik 3| & ; R IEAT
60 °CH-IE AL FEAGFE &Y, LA TE NaCl ¥R & T
3.0 mol/L IAEE R IR AU FE &, B A 21 BY
AR FI RS [FIAEEE 2.0 mol/L NaCl b ¥EZH
A it AT AR 38 v TRIAR((D) 5 N 3 A BR(ON) AR
TEEE AR . IR RERH . (1) pro-TSS I H
T G R B Ca” R L (A0 60 °C)
WP gt Ar, H Ca® nl & % [ T
PR (Q)E M NaCl (3.0-5.0 mol/L) Al 411
pro-TSS B9 H Il T #; (3)7E 2.0 mol/L NaCl/
10.0 mmol/L Ca> [ 54, Ca™ et fE 5

T R A VR R 2 Bh A4, Bl MKk
e, R A=A 0 R S5 9 U Bk
() N St i AR (28 38 A e e X2 T g il 241

HAAEREME, 1. M AN 7£ SDS-PAGE £
T Jie v 347 22 30 A RS REAE (8] 3A. 3B), A
WZ IS B =AML, A8 TF R T 5T X 56
WESESS ., CAMFIRRM, A RAT R 2R R
(subtilases) I fEfL Ser FRFLZEAL N Ala J5, ATl
B 2 TE AL TR TR AL Ser 7RHESE
A5 Cys J&, AT KR FEARER 1S 1 E ok 58
S A0 TR, R ARRAE T
R N i A X A — 20 R i 23 A N i Ak,
PRI T 8 52 A 58 4 G FE 42 i ok v o i
FEE SA/SC RAZKf#HT subtilases [ i T4
B o ASF5E 50 BRI EE T TSS ) SA/SC AR K
(K 3C), H:H pro-S257A #£ SDS-PAGE 5 5%
BRI AT e 7R 1 2R AR XS 20 TR 110 kDa
M) 4&af, XL TSS MREGIEIE S ; T pro-S257C
FES TR AN B T 78 kDa 5 22 kDa MY HRE 4%
L, HEM R T TSS MR &R B in T, YIBR
22 kDa [ N ity §if BKJ5 A= % 78 kDa 119 H ] 44 e
; T pro-S257C 1Y His-tag Rl & 7F C ¥,
I VTR 9 N St g R TG 12 7 G 288 B3 43 A v
R E] (& 3C).

& 3B W RE S a X TSS Y A2 (M),
HF TSS AN Tl f 75 2L 5E R UIBR N il
K5 C ¥ PPC 45F93RIS Rt MG A S g B
I3 B A T 2 (8] 3C)., AHFFEHI TSS H
FW K RIS YE, HE/ARZ TCA ik H 5 7E
SDS-PAGE W iER AR 22 S my ket it IF
Ji& B Jie B350 3 M 43 B SE 56 (B 3D), g5 AR iR
MTCA 5 MNon 7¢ SDS-PAGE F1H Jisg B[ 325 i 1
AT S 2 SR AR, BT MNon 1Y 2 4%
2k ¥4 Sk H A R AR TG TR ) R 2B (M) JE 2
MTCA 1 2 45 550 WAF A IZFRHE,  []#EAT fi
K 3A M RIS . ARWFFEHEN, mTSS
TERAR R B S50 (18] 3D ke a 28 5 A5 FE)
SREINA, AR =W B2 T (K 3B
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Figure 3  Effects of Ca’" and salinity on thermostability and maturation of TSS. A: Effects of Ca’" on
thermostability and maturation of TSS; B: Effects of salinity on thermostability and maturation of TSS; C and D:
Investigation of the dual-band phenomena observed for I, M and N. I, M and N indicate the positions of
intermediates, mature enzymes and N-terminal propeptides on SDS-PAGE and Western blotting, respectively; Mr
represents low molecular weight protein marker. In C, after IPTG, the total proteins from Escherichia coli cells
harboring the empty pET-26b plasmid (Control) or expressing each recombinant protein were analyzed by
SDS-PAGE and Western blotting (using an anti-His-tag antibody), samples a and b were derived from the
conditions in Figure 3B. In D, sample a from Figure 3B was diluted 5-fold with Buffer A and analyzed via
SDS-PAGE (S) and gelatin overlay assay (G), both with (lanes 1 and 3) and without (lanes 2 and 4) TCA
pre-treatment. Control: The empty pET-26b plasmid; Pro-S257A: The active-site variant of TSS with the catalytic
residue Ser”’ mutated to Ala; Pro-S257C: The active-site variant of TSS with the catalytic residue Ser”’ mutated
to Cys; HN-Pro-TSS: recombinant TSS with the His-tag fused to the N-terminus (all other variants harbor a
C-terminal His-tag); Mrca and My, represent the band positions of mTSS in SDS-PAGE (S) and gelatin overlay
assay (G) with/without TCA pre-treatment, respectively.
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Figure 4 Relative enzymatic activity and thermostability of TSS Ca**-binding site variants. White bars represent

thermostability or residual activity, gray bars represent relative enzymatic activities.
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Figure 5

Antioxidant properties of Leu”

Antioxidation properties, enzymatic activity and thermostability of Leu’
variants; B: Enzymatic activity and thermostability of Leu’

3 and Met variants. A:

53 variants; C:

Antioxidant properties of Met variants; D: Enzymatic activity and thermostability of Met variants. In A and C,

Bars represent the antioxidant activities of different variants. In B and D, White bars represent thermostability or

residual activity, while gray bars represent relative enzymatic activity.
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