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Abstract: The aim of this study was to prepare tandem multimeric proteins of BmSPI38, a
silkworm protease inhibitor, with better structural homogeneity, higher activity and stronger
antifungal ability by protein engineering. The tandem multimeric proteins of BmSPI38 were
prepared by prokaryotic expression technology. The effects of tandem multimerization on the
structural homogeneity, inhibitory activity and antifungal ability of BmSPI38 were explored by
in-gel activity staining of protease inhibitor, protease inhibition assays and fungal growth
inhibition experiments. Activity staining showed that the tandem expression based on the
peptide flexible linker greatly improved the structural homogeneity of BmSPI38 protein.
Protease inhibition experiments showed that the tandem trimerization and tetramerization based
on the linker improved the inhibitory ability of BmSPI38 to microbial proteases. Conidial
germination assays showed that Hise-SPI38L-tetramer had stronger inhibition on conidial
germination of Beauveria bassiana than that of Hisg-SPI38-monomer. Fungal growth inhibition
assay showed that the inhibitory ability of BmSPI38 against Saccharomyces cerevisiae and
Candida albicans could be enhanced by tandem multimerization. The present study successfully
achieved the heterologous active expression of the silkworm protease inhibitor BmSPI38 in
Escherichia coli, and confirmed that the structural homogeneity and antifungal ability of
BmSPI38 could be enhanced by tandem multimerization. This study provides important
theoretical basis and new strategies for cultivating antifungal transgenic silkworm. Moreover, it
may promote the exogenous production of BmSPI38 and its application in the medical field.
Keywords: Bombyx mori; protease inhibitor; tandem multimer; heterologous expression; structural
homogeneity; antifungal activity
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22 5 IR A 11 I 3 77 950N O 7 B e e vl E
TR BT R S A DG R A
BRI R T T RGESEE , K IR Z IR
il SRR & 52 DEZR A9 45 #4035 (trypsin  inhibitor-
like cysteine-rich domain, TIL)ZE & [ B il 55
TEMA PN IR G FIRERIR  WUR TIL K8 H
B AT RE S 5 K A 1 e AR U A4
H Al R g TIL JEEE 1 BEA HI57) BmSPI38 Al
BmSPI39 AEGE 1 o #10 i) B B 20 1 T8 73 WA Y
VRRERE fR 26 18§ CDEP-1, SKBHKT CDEP-1 53/
G E BAL AN BR 1 18 55 (Beauveria bassiana)
WA TR, BFMTGSR R A b BB R,
FAWTERBL, RZEEHDE R, FeHlE TIL
A M), BEfEREnE 22 R A RZ T,
38 o A ) g DRl A 0 0 ) A/ TR 1
Ry BN B SR HEA LR, R BTZZE A 55 nT
VAT L R 7 I s 2 Rl U202
EHFHIMPI R B, EHREN R EE N
BE 157 BmSPI38 5 H & Z Ak, T 514k
=ORACR U AR PR — B Y R B
BmSPI38 7EZ A rh 32 DL R AT A7 e
MEFEDRE, mMAERAE P w45k,
BmSPI38 HYTEPEMIIREC BNIH A, HEZ Rk
Xof AT 6 P AT L B RE ) AR SE AT AN AT R Ut
b, B8 UL BmSPI38 JEE7E KT i v 5
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IR TR 0 F 2 2R 5 34— PEAR 22, i R IR
il T HIT & 0 o BE A A B S TR T Bk
SERRY— PRI | VR . PR AR ) SR
BmSPI38 HIHK 2 RIKE T RFFRE
AT BmSPI3S [R5 £ 1k 22 TR A 11y
TR, FIH R R B ARG EAZREE
1, R SS I — PR AT | 1k R 1) FR I 2 B
IREE A, I8 2 R AR X 0 ) 3 M A b B
AT ISR I RANCA B TR R Ze btk [
F BmSPI38 YEFMLHI AN, NP E N
LR R A R HR AL BRI AR IR FBT SR s, 38
W Sl L ANIR A 7 R e B AT 4 I K R
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1.1 #iREE. XEFENRT

TransStart® TopTag DNA AN H b5t 4>
REEWEARBMD AR AT, Nde 1. Not 1,
BamH 1. Bgl WNVIEEN H TaKaRa 23 H] . #R1H
B 8 BK T (Tritirachium album limber)H 25 1
fit K WJH Roche 2w, HAZEFIFTIH (Bacillus
licheniformis) AL EAT R E T E A, N-ZBEXE-
D,L- 7 [N 2 iR -B- %% fig (N-acetyl-D,L-phenylalanine-
B-naphthylester) , Fast Blue B Salt %l H Sigma 2
A, FITC-f§fEHM H Thermo Fisher Scientific
A H] . p28 HURL(H1 pET28b MY/ 2 be v a5
A miskRIB AL . KIGHFF R (Escherichia coli)
Origami 2(DE3) [ #k . BK76L 1 fo 7 . JR VP P B
(Saccharomyces cerevisiae) Fl H 4 & B
(Candida albicans)¥J i B VH P T. K22 = W Rl
5 TR B R AT
1.2 EfiRTHAREE

PARTIARG ) BmSPI38-p28 JHRL MM ,
BmSPI38-Nde 1-BamH 1-F 2 L5149, 5351 LA
BmSPI38-Not 1-R . BmSPI38-Bgl 11-R .BmSPI38-L-
Bgl I-R N FE5|¥iE4T PCR Y (R 1), §74
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TR A : 94 °CTHiZASVE 3 min; 94 °C75E: 30 s, 58 °C
B2k 30s, 72 °CHEfi 30 s, 30 MEH; 72 °C
FLAEA 10 min. T 1.5%3 I8 WHEE R 4T PCR 7
Yrub AT R K R . K R LU B R B
Nde 1/BamH 1-SPI38-Not 1 (207 bp) . Nde 1/BamH 1-
SPI38-Bgl 11 (200 bp)Fl Nde 1/BamH 1- SPI38L-Bgl
1T (245 bp)j3lli%H: & pEASY-T1- simple & (bt
AR SAEMH AR AR, Ak Trans-T1
JEZ A 20 M (b 5 4 A A W R A A BR A
Hl), FIFRM PCR BiARTHEHMERE, /a5l
FPRAIE . BEFRIN P IEAA B va b, $RBUTRL, 4351
fir 44 N EERHBATCEAAR Nde 1/BamH 1- SPI38-Not 1-
TA (4 036 bp). Nde 1/BamH 1-SPI38-Bgl 1I-TA
(4 029 bp)Fl Nde 1/BamH 1-SPI38L-Bgl 1I-TA
(4 074 bp),

1.3 BmSPI38 HEL % BIKRIRIEHIAME
FI ] Nde 1Fl Not 1%} Nde 1/BamH 1-

SPI38-Not 1-TA JkiHl p28 FeikzkikibiT A
V), £ T4 DNA HEH:[f(TaKaRa A w)/EF T~ H#
## Nde 1/BamH 1-SPI38-Not 1-p28 Jiki, fir4i N
Hisg-SPI38-monomer % ik XK ., BamH 1 (G/
GATCC)HI Bgl Il (A/GATCT) & — X [al B g, i
FH Nde 1. Bgl 1D Bl B ICEUAR Nde 1/BamH 1-
SPI38Bgl II-TA, Nde 1/BamH 1-SPI38L-Bgl 1I-TA
AT G, T8 Nde 1A BamH DO # EE A1
1 Hiss-SPI38-monomer 723k AARMEST B

43 5K BV B 9 Nde 1/BamH 1-SPI38-Bgl 11

F1 EEBTEAEERESY
Table 1

A BE Ml Nde 1/BamH 1-SPI3SL-Bgl 1} Bt 5
Hise-SPI38-monomer # {4 F Be %45, 3/15 PIFITE
KRR SRR R IR 3 IA Hise-SPI38-dimer il
Hise-SPI38L-dimer. [A]#f, F|H [F]REEFEAE R
T 3k UKL JE Rl b, A Nde 1/BamH 1-
SPI38-Bgl 1, Nde 1/BamH 1-SPI38L-Bgl 111 B,
Fa 8 [v) B = 8 A 36 35 Jo T (Hiise-SPI38-trimer Al
Hiss-SPI38L-trimer); 7[RI — J{AFE 1K ok Y
fith 2 b A4 g DY J 4K 3 3K J R (Hise-SPI38-tetramer
F1 Hise-SPI38L-tetramer). & FH BR il AZ R N V)
fitf Nde 1. Not TPV, X483 BmSPI38
[Fi) 764 B 1K 22 R AR Rk ok A T R D) 36 00E , 6
28w HEL T R BRI
1.4 FERFIEFMLAL

WA Ih Y BmSPI38 [a] 5 Ep ik 2 Bk 3
R AL R AF R Origami 2(DE3) Rtk 7E
37 °C. 220 r/min A N5 ZEE ODeoo H
0.6-1.0 5}, fiA IPTG LT N 0.1, 0.05 5
0.02 mmol/L, T 16 °C Fif55:3%ik 20 h, 6 000 r/min
B0 30 min AR R AA, FHEE G 2% v (20 mmol/L
Tris-HCI, 500 mmol/L NaCl, pH 7.9) 8 Bk, 4
TR . B, WEERR W, RERA
16.5% SDS-PAGE #ATHLIK 538, fe/a FI % 5
W i T g0, Rl RIAHY BmSPI38 HRIkZE
REEAMN N RKiniEf —12 RAHAA RN
(MGHHHHHHMGGS). F|H Ni**-NTA [ T4
Y TR () ey A3 BR A FI PR FUZ ATk x4l

Primers required for vector construction of the basic units

Primers Sequence (5'—3")

BmSPI38-Nde 1-BamH 1-F
BmSPI38-Not I-R
BmSPI38-Bgl 1I-R
BmSPI38-L-Bgl 1I-R

CGCCATATGGGCGGATCCACCGAATATGGATGCCCTGAA
ATTTGCGGCCGCTCAGCAATCAGAAATGGGCAC
GAAGATCTGCAATCAGAAATGGGCACACAT
GAAGATCTTGAGCCACCACCGCCTGAGCCACCACCGCCTGAGCCACCA

CCGCCGCAATCAGAAATGGGCACACAT

Nde 1 (CA/TATG), BamH 1 (G/GATCC), Not 1 (GC/GGCCGC) and Bgl II (A/GATCT) restriction sites are shown in bold. The

coding sequence of the fusion protein linker (L) are underlined.

http://journals.im.ac.cn/cjben
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EOdEfraitk., SAEAEANRKE LES
0.45 um JEMEIES E 1 mL A, ke
0.5-1.0 mL/min. ffiH&A 0. 20, 50, 100,
400 mmol/L WKL, A5 R T EEE FIsE
i, MR 16.5%F%) SDS-PAGE FUMIZE ., IidE
FEEEBNEONEIT S, B 24 E%4F
W5, AT AR RGO MENT . ZHLIK
Rl J5 B 2SR AN R 2 FR Bk 2 R AR 2l B
%72 20 mmol/L 4 PBS ZZ 1P (pH 7.8) P RAT-
1.5 ZREMAGFEAEEEE

BiETRIEMEAFENYS 4xNative PAGE
| AEZE i (40 mmol/L Tris-HC1, pH 8.0, 40%
I, 0.032% M )RS5, FIF 10% Native
PAGE #1743 85, SR TINS5, 251
Tt 00 51 1) P49 S PN T P G € R 2 BRI 1 0 7
PSR R IK S B BT B AR, T
37 °C. 45 r/min #OCHRZHEF 30 min, [EIEA
MW, ] ddH,O TS VEIC T, SRS 37 °ClEti
30 min. 288 1:10 MARFR N AL BT (200 mg
N-Z 5 -D,L- RN A R -B-Z5BE % T 100 mL
N,N'- - HH L H R ) AT G4 (4 (100 mg Fast Blue
B Salt T 100 mL 7% 20 mmol/L CaCl, pH 8.0
) 100 mmol/L Tris-HCl & M) 1R &
37 °C. 45 r/min #EHFF 15 min, FPEYLEAHE,
A ddH,O I BERS T LAZE 1k SO o G £ S 3
T BEE R U AT A A I N-2 TS
D,L- RN 2R -B- 2518 , A ) B-2% i o 2 U
A LI R e B 2R 21122200 e PRy 2 1 e o1 591
Ar BE I AF N 14 2 S 1, JLPT 7 B N &
gefe, MR BUN FEAAAT .
1.6 ERBEEHIH KW

MR A B8 IR 77 47 TIL 254384
g, ¥ BmSPI3S HRELZRIAE A RYIEY
HHAAL TIL Z5MEMYmE. Bl 1 mol
Hise-SPI38-dimer 8%, Hiss-SPI38L-dimer 45 [ EA

&: 010-64807509

2 mol TIL Z5#438 . HX 0.003 nmol A S AT I &
FIf(r =0 27 kDa)siiE Al K (B FEHN
28.8 kDa) 5 AARGHIFIE G5, #hns bl
(100 mmol/L Tris-HCI, 20 mmol/L CaCl,, pH 8.0)
%100 puL, 37 °CY5H 30 min, FPHIFIAY TIL 45
P35 R A B R L B 0.5, 1, 2. 5., 10
15, #RJ5, HNA 100 pL FITC-F&#E I, 37 °C
BEEIFE 60 min, T 485 nm #4 % /528 nm K 5}
BT, W KO, TR RS X
41 LASEIRFY PBS 28 il (pH 7.8) & LR FI il
il o 38 A AR 28 2R P Ak 2 P I i 750 X6 2 1
Tt M A e R X TR o= 0 4L G /) 201
il 16 x100%
17 KBEEBEESEBFIHEARRE

W R TR 11 5 TR 4 D T T 4 R A OB 3
(potato dextrose agar, PDA)[E AR FE 5L, 28 °Chs
7210 dJ5, WEMRT. LTEBIEH L ERR 25
W22, FIFKE ddH0 Bt 9x107 filF/mL ek
F6L IR PR 0 A LT o K 200 L THAR A A
WA (potato dextrose liquid, PDL)}557 55 100 uL
HA 0.03 nmol/pL TIL 2% F43ak it 25 11 i i1 751
RIS, A 100 pL 43 AEfF=E, T 28 °C,
80 r/min JR¥GHEFE 4. 8 h Al 12 h, DISATHRY
20 mmol/L PBS (pH 7.8)ZbFR{E Ay xtia . Huks3R
ANT] s} [) J 96 26 T B OML R, A T
o, Mo FAFMHFEERER TS THIEE
BF, WA N B A & I SR EE 3 Ik,
61 K 2R o= KA+ B B A F5ix100% .
1.8 ERERAEKHNF LI

W 3 7 B A% 0 1€ R T R Y I R
1:1 000 uf[#:Rh T PDL R 5, T 28 °C,
100 r/min ¥55% 24 ho FI| FH JG RS H 2 8 TR
4°C, 4000xg B5.0> 20 min WEEM T, 2413t
s, FIFJER ddH,O Fiiil 1x10° 4~/mL f9#F
B B 160 uL . 160 pL B33 160 uL
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HA70.01 nmol/pL TIL £544 358 i) 2 1 411 il 57
2.0 mL E.0EFIRAT . LA 20 mmol/L PBS SAH
PEXTER, L 100 mmol/L EDTA i FHMEXS BE, ¢
IREWAE 28 °C. 100 r/min £ TR I, 5
720, 12, 24, 36, 48 h ), HL 100 pL 55549
% 96 fLHH, MIE 600 nm AEAIESERE, FF4
AR &R FrA R ES 3 1R,
LN AR B R A KM R 1H
Z%=(1-0Ds00exp/ ODe00pbs) X 100%
1.9 FHItEDHR

FI 11 DPS Fdla b B ARG 9.01 WA XT 2R
1t A3 1 R B TR A R A i3
B AT G703 W o SR T B DR 3R 1 O 28 0 A
[F /D B 1k 22 7 15 (least-significant difference,
LSD) %G it2f i v 22 R b T il . iR ZER
I I FR IR 22 (n=3) 0 A A A F Bk “a—e”
FRAL A [A) 22 53 18 25 (P<0.05), bR — A
FREFIR AT W] 22 AN 2 (P<0.05)

2 BRS04

2.1 BmSPI38 HEL % BIRFIAHRAYIZIT
5HE

J T ARABA 1E M BmSPI3S [R] 7 I £ B
W, Wit T B FRIR R A A 58w (&
1A): 55— & 5K W 78 fl & 25 11 A0 AS U 2 3k
(linker) 471 ; 5 — B SR Mg LRl G 2 RIS e Sk
Fe o B3k P A 2 ARG 2 R B E A Y
BIMREE, HA—EMERM, AhTFEAREL
FEH A AR AT B, DA STV A 2 1 58 A
SERITIRERTY, B o H AR 1L I1(GGGGS)n
e A R SRR o B 36 P 413X
HR AR 751 “GGGGSGGGGSGGGGS™,
HX R B 457 51 “GGCGGTGGTGGCTCAG
GCGGTGGTGGCTCAGGCGGTGGTGGCTCA™,
T LR G AK Nde 1/BamH 1-SPI3S-

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

Not 1-TA . Nde 1/BamH 1-SPI38-Bgl 1I-TA #l
Nde 1/BamH 1-SPI38L-Bgl TI-TA; #RJ ) FH XL i
Yl 3L IR B BE“Nde 1/BamH 1-SPI38-Not 1%
A p28 FiKEIAK, HHE Hise-SPI38-monomer &
REAR; $E, TR R R o R B R R B
“Nde 1/BamH 1-SPI38-Bgl 1I"F1“Nde 1/BamH 1-
SPI38L-Bgl 11"} A ik Hise-SPI38-monomer
) Nde 1/BamH 11 fi, 4% 4] ik Hise
SPI38-dimer #l Hiss-SPI38L-dimer; /i, #]
] e T vk A Uk A W) Y — R A 3R GK T KL
(Hiss-SPI38-trimer Fl1 Hiss-SPI38L-trimer) A PY £
1A 23K JBi b (Hise-SPI38-tetramer 1 Hisg-SPI38L-
tetramer),

Y 3545 Nde 1/BamH 1-SPI38-Not 1 (207 bp).
Nde 1/BamH 1-SPI38-Bgl 11 (200 bp)5 Nde 1/
BamH 1-SPI38L-Bgl 11 (245 bp)i:H F Bt , 439l H]
% 1 Erd 519k 7 PCR ¢4, J£X} PCR 7~
YA T BB B e I VKA I (8] 1B). LUK 4
W FEBHA KM E I 3 R 5 S EmIE R
. B LR 3 ARHERFESH wER
pEASY-T1-simple FufiH, FIFIEM PCR HAR
O BHPE R, FFak A wl T . WP 2s R KRN,
Hefib BT 2K Nde 1/BamH 1-SPI38-Not 1-TA
(4 036 bp). Nde 1/BamH 1-SPI38-Bgl 1I-TA
(4 029 bp). Nde 1/BamH 1-SPI38L-Bgl TI-TA
(4 074 bp) Y H I

ZM 1.3 5% BmSPI38 HRERZRIAMFR
IRER, TEEHFE AR Hise-SPI38-monomer .
Hisg-SPI38-dimer . Hisg-SPI38-trimer ., Hisg-SPI38-
tetramer . Hisg-SPI38L-dimer. Hisg-SPI38L-trimer
H1 Hiss-SPI38L-tetramer [ Nde 1/Not 11X )
FER AR 196, 376, 556, 736, 421,
646. 871 bp i) DNA kBt (&l 10), SHHiK /N
— 3 IR LMFRAE, ik 7 NEAHERBEA
I
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2.2 BmSPI38 HEX % BRI ERIEHRIL
B — 1% 5

N T AAFHATIEER) BmSPI38 Ik 2 R A
EE, HHELER BmSPI38 BB 2 B IKF A K
FiFE A Origami 2(DE3)EHR A, I 2L TAEHE Ky
0.1.0.05 B¢ 0.02 mmol/L A IPTG 17 F ik,
)5, M 16.5% SDS-PAGE X} KT i i S8
FIRM) BmSPI38 FREXZ IR 143 B Al (4]
2A-2C), Hiss-SPI38-monomer. Hisg-SPI38-dimer .

lacZa (fra.)
TA clone site

Not 1
lacZa (fra.)

fl ori

Nde 1/BamH 1-SPI38-Not I-TA
(4 036 bp)

Amp

lacZa (fra.)
TA clone site

pUC ori SPI38
Bgl 11
\ lacZo (fra.) Kan

fl ori
Nde 1/BamH 1-SPI38-Bgl 1I-TA
(4029 bp)

His-SPI38-dimer
(5635 bp)

pBR322 ori

His-SPI38-trimer
(5 815 bp)
'

v
His -SPI38-tetramer
(5995 bp)

&: 010-64807509

His -SPI38-monomer
(5 455 bp)

pBR322 ori

Hise-SPI38-trimer £/ Hise-SPI38- tetramer #5 [ (1 F
W TR0 94 7709.54 14 300.86 ., 20 892.18 .
27 483.50 Da., Hise-SPI38L-dimer, Hiss-
SPI38L-trimer . Hiss-SPI38L-tetramer 25 [ 1716
oA 15246.71, 22783.89, 30 321.07 Da.
SUREW], 18 3 MARKER IPTG % T,

BmSPI38 HRIKZ RN E 1 F L EBRATE A
Fik; 7E 0.05 mmol/L ¥KJE IPTG ST, Hise
SPI38-monomer 7E RS ARY) i o -du ke 2]

lacZo (fra.)
TA clone site

lacl

His-SPI38L--dimer
(5680 bp)

v
His -SPI38L-trimer
(5 905 bp)
'
; = Linker: GGGGSGGGGSGGGGS
His-SPI38L-tetramer BamH 1 (G/GATCC) and Bg/ I1 (A/GATCT)
(6 130 bp) are a pair of isocaudarner.

B<: cjb@im.ac.cn
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1 BmSPI38 BREX% RIKFTIZHIKRIILIT 5102
Figure 1 Design and construction of expression vector of BmSPI38 tandem multimers. A: Schematic diagram
of expression vector construction of BmSPI38 tandem multimers. Glycine-rich flexible linker was used to
connect protein modules. “SPI38” represents the coding sequence of BmSPI38 protein module, and “SPI38L”
represents the coding sequence of BmSPI38 protein module connected by flexible linker. The amino acid
sequence and the coding sequence of the linker are “GGGGSGGGGSGGGGS” and
“GGCGGTGGTGGCTCAGGCGGTGGTGGCTCAGGCGGTGGTGGCTCA”,  respectively.  BamH 1
(G/GATCC) and Bg! Il (A/GATCT) are a pair of isocaudarner. B: Agarose gel electrophoresis detection of PCR
products of basic unit fragments. Target products of the PCR are indicated by arrows. C: Double digestion of
recombinant expression vector using Nde I/Not 1. p28 is a derivative expression plasmid of pET28b. The bands

of about 5 000 bp are linearized vector fragments produced by double digestion.
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Figure 2  Protein expression and structural homogeneity analysis of BmSPI38 tandem multimers.
SDS-PAGE analysis of BmSPI38 tandem multimers induced by (A) 0.1 mmol/L, (B) 0.05 mmol/L and (C)
0.02 mmol/L IPTG. The Escherichia coli cells containing the p28 empty vector induced by the same final
concentration of [IPTG were used as control. The “supernatant” and “unsolubilized” indicate the supernatant
and unsolubilized part of the E. coli lysate, respectively. Arrows represent the fusion proteins of BmSPI38
tandem multimers. In-gel activity staining of BmSPI38 tandem multimers induced by (D) 0.1 mmol/L, (E)
0.05 mmol/L and (F) 0.02 mmol/L IPTG. The supernatant of E. coli cells transformed with p28 plasmid was
used as a negative control. The hemolymph of the fifth instar larvae of the silkworm contains a variety of
protease inhibitors, so it can be used as a positive control to detect whether the in-gel activity staining of
protease inhibitor is successful.
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Figure 3 Purification of BmSPI38 tandem multimers. Immobilized-nickel affinity chromatography of (A)
His-SPI38-monomer, (B) Hisg-SPI38-dimer, (C) Hise-SPI38-trimer, (D) Hise-SPI38-tetramer, (E)
Hisg-SPI38L-dimer, (F) Hisg-SPI38L-trimer and (G) Hise-SPI38L-tetramer. H: Purified BmSPI38 tandem
multimers after two rounds of immobilized-nickel affinity chromatography. Arrows show target proteins.
“Supernatant” and “Flow-through” indicate supernatant of bacterial lysate and the column flow-through,
respectively. “Binding buffer” refers to the part eluted by binding buffer. “W20” indicates wash buffer
containing 20 mmol/L imidazole. “E50”, “E100” and “E400” indicate elution buffers containing 50 mmol/L,
100 mmol/L or 400 mmol/L imidazole, respectively.
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Figure 4 Comparison of inhibitory capacity of BmSPI38 tandem multimers against microbial protease using
protease inhibition assays. A: Inhibitory effects of increasing concentrations of BmSPI38 tandem multimers
against subtilisin from B. licheniformis. B: Inhibitory activities of BmSPI38 tandem multimers against subtilisin
when the ratio of TIL domain to protease is 5. C: Inhibitory effects of increasing concentrations of BmSPI38
tandem multimers against proteinase K from E. album. D: Inhibitory activities of BmSPI38 tandem multimers
against proteinase K when the ratio of TIL domain to protease is 10. Error bars represent the standard error of
the mean (n=3). Different letters “a—e” indicate a significant difference between groups (P<0.05), and one
identical letter indicates no significant difference between groups (P<0.05).
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Table 2 The ICs; of TIL domain in BmSPI38 tandem multimers for subtilisin and proteinase K

Protease inhibitor

ICsy of TIL domain for subtilisin (nmol/L)

1Csy of TIL domain for proteinase K (nmol/L)

Hisg-SPI38-monomer 77.3818.45
Hise-SPI38-dimer 140.07+7.18
Hisg-SPI38-trimer 104.78%3.01
His¢-SPI38-tetramer 108.07£5.55
Hisg-SPI38L-dimer 101.43%4.19
Hise-SPI38L-trimer 48.52+1.40
Hisg-SPI38L-tetramer 78.2015.81

123.84+2.99
254.43£22.14
252.48£7.50
235.37£17.74
199.96+7.95
84.64+5.36
112.36+1.27
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Figure 5 Evaluation of inhibitory ability of protease inhibitors on Beauveria bassiana. A: Inhibitory effects of
BmSPI38 tandem multimers on conidial germination. B: Microscopic observation of conidial germination in
different treatment groups after incubation for 12 h. The control group was treated with equal volume of
20 mmol/L PBS. Error bars represent the standard error of the mean (n=3). Different letters “a—e” indicate a

significant difference between groups (P<0.05), and one identical letter indicates no significant difference
.05).
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Figure 6 Evaluation of the inhibitory effects of protease inhibitors on single-celled fungus Saccharomyces
cerevisiae and opportunistic human pathogen Candida albicans. A: Inhibitory effects of BmSPI38 tandem
multimers on the growth of S. cerevisiae. B: Statistical analysis of growth inhibition rate of S. cerevisiae after
incubation for 48 h. C: Inhibitory effects of BmSPI38 tandem multimers on the growth of C. albicans. D:
Statistical analysis of growth inhibition rate of C. albicans after incubation for 24 h. An equal volume of sterile
20 mmol/L PBS was used as a negative control and 100 mmol/L EDTA was applied as positive control. Error

bars represent the standard error of the mean (n=3). Different letters “a—e”

indicate a significant difference

between groups (P<0.05), and one identical letter indicates no significant difference between groups (P<0.05).
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FIRYZ5 0 —PEOL T 545 Il BmSPI38 JE[A R
B R R BV T R IR R R A T AN [
REWENZ RIKRIBEHLIE .

RIIHFSEIESE BmSPI3S BEMSHR ZUA il A 5
R R 8 G K 8 i 2 2 R A ekse
[ R 1975 71 86 (1 CDEP-11"", Ao & B
T2 IR Bk i R IR = SR A Ak N I B A4 AL e
SR K42 = BmSPI38 X fift 4 ¥y 2 11 il 4y 41 1 g
1. TEFEH A0S, R4S Hise-SPI38-tetramer X
ki AT 2 A BE 1 55 F Hise-SPI38-trimer
I Hise-SPI38L-dimer, FHXTHE I K (4 5E
J1H) 5 258 F Hise-SPI38-trimer 1 Hisg-SPI38L-
dimer, F&HEEA™ B IBE AR 0TS [m] 2 1 1l 1 4100 o)
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HA—EmMksEEE 49, 24 ik, Wk
BmSPI38 5 & [ W 45 & 1 1= 2 45 1 B4
BmSPI38 £ A KT LA A AS [R] & 1 il
PRI 1 FAILE] 9 RER AT

HTHIFSE & B, BmSPI38 REAEMNHI Bk
TR ) 8 B 5 094 35 2B, 0 mT LA ek
T6L U TR A 43 A L, T B A A IR AR A
KU R — UL T A B R
BmSPI38 H3 A EE 145 R I 2 410 i) R A0 1 £ A
AT R, BT 2 AR M Sk 1 ER IR DU 2R
TR BERS A R 38 BmSPI38 X BRAL 48 /04
T R I HIRE 1 (B 5). ZEE X EHGE R
T 2 T 1 Tl A1 T 50 22 T 8 1 I ) 70 4
& B BRI 7 ) 2 AL 64T T R B,
R B 43 1) B 1 i 70 L R AR e R
FEUIRE, S B 2 ROIE R T R IKZE
it —2 S R PY V2 B BB R RN I 22 &
i 2 11 R ) A7 RIS . WFoE R L,
A U 5C 1 22 2 B A T )57 BmSPIS1 e
% 8 2 P A R PR L P R PR R G
198§ K B0 SDS-PAGE 25 H s, 3ET 5%
FRF ARG BmSPIS1 HAHE IR MW T
WZN 12 kDa, HHRIER/N—3, R
AR ZBRARTE LT RERY . 1Ak, £k
Gy IR2y 14 kDa AR PRI G500 68 6% 100 i A
Yy e BT o AR A R R 22 K
SDS-PAGE #5E&H], RIGHFmrhRiEmM TL &
HEE A FLEUMIE AL, D5 L =R AIKTE
AAFAEPY, BmSPI3S B PU R AL A3 F —
RIKEE i —22 Z R AT, BmSPI3S
SRR AR T A VE R AL A R e — 25T

AR SRV, B DR SR B R s ) A R A SR TR
i B () BRI R 2R 2 — |, BT BT 25 Wi ok
) RIS o7 R 2450 4 ) H 25 58, R 4%
B AL CEANPIREAYEETEERE . 6

&: 010-64807509

TR AR 2R M FL R AR WAL EOR A
WF5E & B BmSPI38 £ X 1 (&R E A B Ay
MHIRCR , H AR 2 AL RE S & 1 i Hpi E
I AE ) o S8 E A A D WF ST UE S K A 2 I
FRV AT LIRSV, {H HATC 38 AL AT B BIL R 1
ANGERIEHE , AT 2 RSB S . B
] RAN F) 2 T IS 0 500 ) O S B 5 i
s T EAR A, ETA BRIRE R, L
His,-SPI38-trimer Xif i iF f-AF 1 (2 2Bk 7 Ao 1)
il B8 7 ik , (H RS B T 2 11 B A 25 1 K
B 4 il 36 M H A K Hise-SPI38L-trimer |
Hise-SPI38L-tetramer Al Hisg-SPI38-monomer, iX
B VF 5 AN ) TR A o AR TP W Y 2 T R 2
M2 A K

25 FRTIR AT ) 5L B 5K A 2 1 W
51 BmSPI38 FE KT Il HH I AT ik, ISk
HRER Z RIRLRENS HE 5 BmSPI38 (45t 35—k
FIHTELTR RE T o WFIEAE A B TR A AT
FAPLAEF N T BmSPI38 VEFHHLHIAIAIN, N
B U R L I R R R I 2 p B
I FH RS, I HE B MR AR 7 e e B2 7 40
(I 4 N ]

REFERENCES

[1] XIA QY, ZHOU ZY, LU C, CHENG DJ, DAI FY, LI B,
ZHAO P, ZHA XF, CHENG TC, CHAI CL, PAN GQ,
XU JS, LIU C, LIN Y, QIAN JF, HOU Y, WU ZL, LI
GR, PAN MH, LI CF, et al. A draft sequence for the
genome of the domesticated silkworm (Bombyx
mori)[J]. Science (New York, NY), 2004, 306(5703):
1937-1940.

[2] XIA QY, CHENG DJ, DUAN J, WANG GH, CHENG
TC, ZHA XF, LIU C, ZHAO P, DAI FY, ZHANG Z,
HE NJ, ZHANG L, XIANG ZH. Microarray-based
gene expression profiles in multiple tissues of the
domesticated silkworm, Bombyx mori[J]. Genome
Biology, 2007, 8(8): R162.

[3] DUAN J, LT RQ, CHENG DJ, FAN W, ZHA XF,
CHENG TC, WU YQ, WANG J, MITA K, XIANG ZH,

B<: cjb@im.ac.cn



4292 ISSN 1000-3061 CN 11-1998/Q =4 T #2%44t  Chin J Biotech

[7]

(8]

[10]

[11]

XIA QY. SilkDB v2.0:
(Bombyx mori) genome biology[J]. Nucleic Acids
Research, 2010, 38(suppl_1): D453-D456.

XIA QY, LI S, FENG QL. Advances in silkworm
studies accelerated by the genome sequencing of

a platform for silkworm

Bombyx mori[J]. Annual Review of Entomology, 2014,
59: 513-536.

XIONG Q, XIE YP, ZHU YM, XUE JL, L1 J, FAN RJ.
Morphological and ultrastructural characterization of
Carposina sasakii larvae (Lepidoptera: Carposinidae)
infected by Beauveria bassiana (Ascomycota:
Hypocreales: Clavicipitaceae)[J]. Micron, 2013, 44:
303-311.

CHARNLEY AK. Physiological Aspects of Destructive
Pathogenesis in Insects by Fungi:
Review[M]. London: Cambridge University Press,
1984: 229-270.

GOETTEL MS, LEGER RIJS, RIZZO NW, STAPLES
RC, ROBERTS DW. Ultrastructural localization of a
by the

anisopliae

a Speculative

cuticle-degrading  protease  produced

entomopathogenic fungus Metarhizium
during penetration of host (Manduca sexta) cuticle[J].
Journal of General 1989, 135(8):
2233-2239.

ST LEGER RIJ. The role of cuticle-degrading proteases
in fungal pathogenesis of insects[J]. Canadian Journal
of Botany, 1995, 73(S1): 1119-1125.

CHARNLEY AK. Fungal pathogens of insects: cuticle
degrading enzymes and toxin[J].

Botanical Research, 2003, 40: 241-321.
ST LEGER R, JOSHI L, BIDOCHKA MJ, ROBERTS

DW. Construction of an improved mycoinsecticide

Microbiology,

Advances in

overexpressing a toxic protease[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 1996, 93(13): 6349-6354.

ZHANG YJ, FENG MG, FAN YH, LUO ZB, YANG
XY, WU D, PEI Y. A cuticle-degrading protease

(CDEP-1) of Beauveria bassiana enhances virulence[J].

Biocontrol Science and Technology, 2008,
543-555.

YANG JK, ZHAO XN, LIANG LM, XIA ZY, LEI LP,
NIU XM, ZOU CG, ZHANG KQ. Overexpression of a
Verl12 the
nematicidal activity of Paecilomyces lilacinus[J].
Applied Microbiology and Biotechnology, 2011, 89(6):
1895-1903.
KANOST MR.
arthropod immunity[J]. Developmental & Comparative

18(6):

cuticle-degrading protease increases

Serine proteinase inhibitors in

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

[14]

[15]

[17]

[18]

[20]

[21]

Immunology, 1999, 23(4-5): 291-301.

FULLAONDO A,  GARCIA-SANCHEZ S,
SANZ-PARRA A, RECIO E, LEE SY, GUBB D. Spnl
the GNBP3-dependent Toll
pathway in Drosophila melanogaster[J]. Molecular and
Cellular Biology, 2011, 31(14): 2960-2972.
CERENIUS L, KAWABATA SI, LEE BL, NONAKA
M, SODERHALL K. Proteolytic cascades and their
involvement in invertebrate immunity[J]. Trends in
Biochemical Sciences, 2010, 35(10): 575-583.

CHEN KK, LU ZQ. Immune responses to bacterial and
fungal infections in the silkworm, Bombyx mori [J].

regulates signaling

Developmental and Comparative Immunology, 2018,
83:3-11.

e, HIKE, BA, KA, PR, BIRA, B
. FEPLARF T BmSPI39 X BRI 1 EE AR
FIRWANL[I]. B HCE, 2021, 64(1): 61-69.

LIYS, LU QJ, YANG X, ZHANG J, LUO ZX, XIA QY,
ZHAO P. Expression of the fungal-resistance factor
BmSPI39 in Bombyx mori in response to Beauveria
bassiana invasion[J]. Acta Entomologica Sinica, 2021,
64(1): 61-69 (in Chinese).

LI YS, ZHAO P, LIU SP, DONG ZM, CHEN JP,
XIANG ZH, XIA QY. A novel protease inhibitor in
Bombyx mori is involved in defense against Beauveria
bassianal[J]. Insect Biochemistry and Molecular
Biology, 2012, 42(10): 766-775.

LIYS, ZHAO P, LIU HW, GUO XM, HE HW, ZHU R,
XIANG ZH, XIA QY. TIL-type protease inhibitors may
be used as targeted resistance factors to enhance
silkworm defenses against invasive fungi[J]. Insect
Biochemistry and Molecular Biology, 2015, 57: 11-19.
LI YS, LIU HW, ZHU R, XIA QY, ZHAO P. Protease
inhibitors in Bombyx mori silk might participate in
protecting the pupating from microbial
infection[J]. Insect Science, 2016, 23(6): 835-842.
DONG ZM, XIA QY, ZHAO P. Antimicrobial
components in the cocoon silk of silkworm, Bombyx

larva

mori[J].  International  Journal of
Macromolecules, 2023, 224: 68-78.

LI YS, LIU HW, ZHU R, XIA QY, ZHAO P. Loss of
second and sixth conserved cysteine residues from
inhibitor-like
protease inhibitors in Bombyx mori may induce activity

Biological

trypsin cysteine-rich  domain-type
against microbial proteases[J]. Peptides, 2016, 86:
13-23.

LI YS, DONG ZM, LIU HW, ZHU R, BAT Y, XIA QY,

ZHAO P. The fungal-resistance factors BmSPI38 and



FipFll F/BmSPI38 AR BRSRAEXBHEPHNRAMNEREENE 4293

[24]

[25]

[26]

[27]

[30]

[31]

BmSPI39 predominantly exist as tetramers, not

monomers, in Bombyx mori[J]. Insect Molecular
Biology, 2018, 27(6): 686-697.

LI YS, WEI M, ZHANG J, ZHU R, WANG Y, ZHANG
ZF, CHEN CQ, ZHAO P. Amino acid substitutions at
the inhibitory activity and
specificity of protease inhibitors BmSPI38 and
BmSPI39 from Bombyx mori[J]. Molecules, 2023,
28(5): 2073.

JONGSMA MA, BAKKER PL, STIEKEMA WI.
Quantitative

P1 position change

determination of serine proteinase
inhibitor activity using a radial diffusion assay[J].
Analytical Biochemistry, 1993, 212(1): 79-84.

YAKOBY N, RASKIN I

determine

A simple method to

trypsin and chymotrypsin inhibitory
activity[J]. Journal of Biochemical and Biophysical
Methods, 2004, 59(3): 241-251.

WRIGGERS W, CHAKRAVARTY S, JENNINGS PA.
Control of protein functional dynamics by peptide
linkers[J]. Peptide Science, 2005, 80(6): 736-746.
ZHAO HL, YAO XQ, XUE C, WANG Y, XIONG XH,
LIU ZM. Increasing the homogeneity, stability and
human albumin and

activity of serum

interferon-alpha2b  fusion  protein by linker
engineering[J]. Protein Expression and Purification,
2008, 61(1): 73-77.

MACEDO MLR, DIZ FILHO EBS, FREIRE MGM,
OLIVA MLV, SUMIKAWA IJT, TOYAMA MH,
MARANGONI S. A trypsin inhibitor from Sapindus
saponaria L. seeds: purification, characterization, and
activity towards pest insect digestive enzyme[J].The
Protein Journal, 2011, 30(1): 9-19.

DOWNING MR, BLOOM JW, MANN KG
Comparison of the inhibition of thrombin by three
plasma protease inhibitors[J]. 1978,
17(13): 2649-2653.

ELLIS V, SCULLY M, MACGREGOR I, KAKKAR V.

Inhibition of human factor Xa by various plasma

Biochemistry,

protease inhibitors[J]. Biochimica et Biophysica Acta
(BBA)-Protein Structure and Molecular Enzymology,
1982, 701(1): 26-31.

Z0U Z, JIANG HB. Manduca sexta serpin-6 regulates
immune serine proteinases PAP-3 and HP8[J]. Journal
of Biological Chemistry, 2005, 280(14): 14341-14348.
TANG HP, KAMBRIS Z, LEMAITRE B,
HASHIMOTO C. A serpin that regulates immune

melanization in the respiratory system of DrosophilalJ].

Developmental Cell, 2008, 15(4): 617-626.

: 010-64807509

[34]

[36]

[37]

[38]

[39]

[40]

WA, SRS, AL EE R R B0 2 SR X H
AP RE BRSO (D], A ERR A HE R, 2021, 52(3):
236-240.

YANG X, ZHANG J, L1 YS. Effect of multimerization
of protease inhibitors on their physiological
functions[J]. Progress in Physiological Sciences, 2021,
52(3): 236-240 (in Chinese).

GILLMOR SA, TAKEUCHI T, YANG SQ, CRAIK CS,
FLETTERICK RJ. Compromise and accommodation in
ecotin, a dimeric macromolecular inhibitor of serine
proteases[J]. Journal of Molecular Biology, 2000,
299(4): 993-1003.

NAGY ZA, SZAKACS D, BOROS E, HEJA D, VIGH
E, SANDOR N, JOZSI M, OROSZLAN G, DOBO J,
GAL P, PAL G. Ecotin, a microbial inhibitor of serine
proteases, blocks multiple complement dependent and
independent microbicidal activities of human serum([J].
PLoS Pathogens, 2019, 15(12): e1008232.

GARCIA FB, DINIZ CABRAL A, FUHLENDORF
MM, DA CRUZ GF, dos SANTOS JV, FERREIRA GC,
de REZENDE BRC, SANTANA CM, PUZER L,
DAISHI SASAKI S, GARCIA W, SPERANCA MA.
Functional and structural characterization of an
ecotin-like serine protease inhibitor from Trypanosoma
cruzi[J].  International  Journal of
Macromolecules, 2020, 151: 459-466.
EKIEL I, ABRAHAMSON M.
dimerization of human cystatin C[J]. Journal of
Biological Chemistry, 1996, 271(3): 1314-1321.
EKIEL I, ABRAHAMSON M, FULTON DB,
LINDAHL P, STORER AC, LEVADOUX W,
LAFRANCE M, LABELLE S, POMERLEAU Y,
GROLEAU D, LESAUTEUR L, GEHRING K. NMR

structural studies of human cystatin C dimers and

Biological

Folding-related

monomers[J]. Journal of Molecular Biology, 1997,
271(2): 266-277.

BRAND GD, SALBO R, JORGENSEN TJD, BLOCH
C JR, ERBA EB, ROBINSON CV, TANJONI I, M
MOURA-DA-SILVA A, ROEPSTORFF P, DOMONT
GB, PERALES J, VALENTE RH, NEVES-FERREIRA
AGC. The interaction of the antitoxin DM43 with a
snake venom metalloproteinase analyzed by mass
spectrometry and surface plasmon resonance[J].
Journal of Mass Spectrometry, 2012, 47(5): 567-573.
CHAPEAUROUGE A, MARTINS SM, HOLUB O,
ROCHA SLG, VALENTE RH, NEVES-FERREIRA
AGC, FERREIRA ST, DOMONT GB, PERALES 1J.
DM43, a

Conformational plasticity of

B<: cjb@im.ac.cn



4294 ISSN 1000-3061 CN 11-1998/Q =4 T #2%44t  Chin J Biotech

[43]

[44]

[45]

[46]

metalloproteinase inhibitor from Didelphis marsupialis:
chemical and pressure-induced equilibrium (un)folding
studies[J]. Biochimica et Biophysica Acta (BBA)-Proteins
and Proteomics, 2009, 1794(10): 1379-1386.

WANG XL, YANG GH, LI SS, GAO MF, ZHAO PF,
ZHAO LX. The Escherichia coli-derived thymosin B4
concatemer promotes cell proliferation and healing
wound in mice[J]. BioMed Research International,
2013, 2013: 241721.

CHEN YH, ZHAO LX, SHEN GA, CUI LJ, REN WW,
ZHANG H, QIAN HM, TANG KX. Expression and
analysis of thymosin al concatemer in Escherichia
coli[J]. Biotechnology and Applied Biochemistry, 2008,
49(1): 51-56.

FIDA HM, KUMADA Y, TERASHIMA M, KATSUDA
T, KATOH S. Tandem multimer
angiotensin I-converting enzyme inhibitory peptide in
Escherichia coli[J]. Biotechnology Journal, 2009, 4(9):
1345-1356.

PARK CJ, LEE JH, HONG SS, LEE HS, KIM SC.
High-level expression of the angiotensin-converting-

expression of

enzyme-inhibiting peptide, YG-1, as tandem multimers
in Escherichia coli[J]. Applied Microbiology and
Biotechnology, 1998, 50(1): 71-76.

LIU D, SUN HY, ZHANG LJ, LI SM, QIN ZY.
High-level expression of milk-derived antihypertensive
peptide in Escherichia coli and its bioactivity[J].

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

[49]

[50]

[51]

Journal of Agricultural and Food Chemistry, 2007,
55(13): 5109-5112.

RAO XC, HU JC, LI S, JIN XL, ZHANG C, CONG
YG, HU XM, TAN YL, HUANG JJ, CHEN ZJ, ZHU
JM, HU FQ. Design and expression of peptide
antibiotic hPAB-P as tandem multimers in Escherichia
coli[J]. Peptides, 2005, 26(5): 721-729.

WANG FJ, SONG HL, WANG XM, ZHANG W/,
WANG BL, ZHAO J, HU ZB. Tandem multimer
expression and preparation of hypoglycemic peptide
MC6 from Momordica charantia in Escherichia coli[J].
Applied Biochemistry 2012,
166(3): 612-619.

GULER HI. Recombinant production of opiorphin

and Biotechnology,

pentapeptide as tandem multimers through rational
design of primers[J]. Applied Biochemistry and
Microbiology, 2020, 56(2): 141-148.

ZHANG XL, GUO KY, DONG ZM, CHEN ZY, ZHU
HT, ZHANG Y, XIA QY, ZHAO P. Kunitz-type
protease inhibitor BmSPIS1 plays an antifungal role in
the silkworm cocoon[J]. Insect Biochemistry and
Molecular Biology, 2020, 116: 103258.

CHEN ZY, BROWN RL, LAX AR, CLEVELAND TE,
RUSSIN JS. Inhibition of plant-pathogenic fungi by a
corn trypsin inhibitor overexpressed in Escherichia
coli[J]. Applied and Environmental Microbiology,
1999, 65(3): 1320-1324.

(A TT4  ARENTT)



