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Heterologous Expression and Characterization of Chicken Feather-degrading
Protease Gene

KE Ye', ZHI Jiaji, YANG Li, QIU Xiaoxian, GU Min, QU Qigqi
(College of Biology and Agriculture, Shaoguan University, Shaoguan 512005, China)

Abstract: The genome of Deinococcus sp. RM strain and its transcriptome in the process of chicken feather degradation were se-
quenced, the protease gene with high expression was selected and recombined in Pichia pastoris GS115 strain for induction expres-
sion. The purification, enzymatic properties and the effects of chicken feather degradation of the recombinant protease were deter-
mined. The results showed that RM strain had 4 132 genes and 3 844 genes expressed, of which 444 genes expressed extracellular
proteins and 26 were extracellular proteases. The high expression gene sp02200 was successfully expressed in the P. pastoris GS115
strain. The recombinant protease rSp02200 belonged to a novel DegQ protease of high-temperature requirement family, with an opti-
mal reaction temperature of 37 “C, and remained good stability below 30 ‘C. The optimal pH was 7.5, and maintained more than 70%
protease activity at pH 4.0-11.0. The protease can degrade long and thick feather axes and branches into small feather axes and
branches. Therefore, Sp02200 protease was an important protease in the chicken feather degradation process of RM strain, which
provides a reference for exploring related genes involved in feather degradation of RM strain.
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AR SR B R Y R R, A Bk AE A L
AHMAHEERY A TR EMER
SREEH , SR BR 5 v o B I i, SSO0T e A
W A BERCH NO VHLS 4575 Y 1) i ok 75 YL U
fo M AEHAE S . NEASTHION MEH, M
F P rp R A B B B LSS RT  K MR Y AH AR
Bl S AR R AR, AN S R N
F A R AR R AR UL AR K
fit' s H AT R R W B PR R RN Ak s R X
BB AT AR X L T AR AR RCRAR R Y
Z SRR REEZ AR FRIPE B
Rof it 32 8 SR NATT 0% 26 2 o, R P Al 2 W e T
TR AR R R SR KR M R R A R
VR, e Ak oy 22 JE R 5800 1 K, 52 93P
BIEF WG AL ) 5 BT X 2P B R A 1Y
BEFEZ—.

ER-IIWINIE R/ L5 =N B ekl R et
g B LR TR R R A 30 Z R . X LR
v, 22 80RO 3P B AR 43 0 7 A T AR B L
A — @ SO B, X B B A PR Y
O 6 FEEAE T TR A AR, N AR R
IR AS G £8 B Streptomyces netropsis ¥ 1.0% #e &
PIBIE W AR RN (84+2) %7 FEfR T
il i 2 09 40 e 3R ZF MR R . Bacillus
pumulus ¥ 3% 6 d XF 55 8 0.1% 1Y 8 B H B
RN 57.0% ") B. thuringiensis 537 4 d Xt % &
9 0.24% 19 3P B B % 78.0%6) 5 B. sp. Nno-
lim=1 5 % 4 d X & 5 R 1.0%6 11 B B g %ol
(85.041.41) %0 o 5 4 18 B9 K £ KB Bk
LU, A S 56 3 A 0] 40 B AR A5 1Y SR BRI RM A
¥ ( Deinococcus sp.) X} 4.0% ¥ B 1Y B fif R & ik
64.0% , AWM Tk i M. 5 & Bk
X R BB AT TR R AN 2 R R R AL
Pl Y S EIRZ = W S QL 71 6 N . 1K 3
PR 7 Y H A K% JE B R X P B R R
T A9 2 38 # 2>, 8 A BA LA D. radiodurans | D.
gobiensis X D. geothermalis i ¥ KL , % € f 8 H
ity B A JF 72 KW AT W 47 S 08 K08, ik — 20
MR IR TAE AR RSN,
I 2R X 33X S0 TR B [ A 2P B W HL B R T R St
GELEE S AR BIESE DL 43 8 5 2 1Y Deinococeus

sp. RM & #k S BF 58 %5 G2, %k e 5 TR 21 R S 4
e 73 A, LASAZ 4t XS T B ik AH DG 3R IR I 2R
F T R IR, O %o 3 P I 19 A Jo R0 P B e i 28O
PEATHESE, i A RM BRI Ak g A% % fiff 2P 6 B9 Bl
MR —ES %,

1 bR

11 REF RS EERF

pEASY-Blunt i #7114 A b 50 42 20 4 A= 9y $
R AEH R A Tl 5 Escherichia coli DH5a . PCR if
[ PrimeSTAR® HS (Premix ) i %] 1l [ 5 H B
AR (5t ) A BR A\ 5 Pichia pastoris
GS115 & # . Deinococcus sp. RM B ¥ | pICH &
IR B A S PR R L s S R AR TAEY)
T AR C R RO A BRA R A . W E K B
FeAE A E 4 & & R 0.15% KHPO, .
0.002 5% MgSO, - 7H,0 , 0.001 5% FeSO, . 0.002
5% CaCl, \4.0% X% F1 100 mL 7K .
1.2 BEHRPEEREANF

B RM T Bk 22 B fF LB (Luria-Bertani ) 5% 332
e, 28 °C L 160 r/min #% % 55 3% 2 d, 12 000 r/
min %0 2 min, WCHE A . 1A 100 pL + =%
EmR- =P EEEN G- 2 % -
A Ak 89 (SDS-TrissEDTA-Sodium chloride buf-
fer, STES ) 2% v i 5 & W A , 1a] 3 2+ o A
100 p 1L R 36 B 58 Bk A1 100 pl = 3% B 3 21 L
Yt — 2 WU Z iR ( TrissEDTA buffer, TE ) £ #fr
W, A 120 pL B2 A 05 B ZL PR % 5 min,
12 000 r/min &.0> 5 min, Y04 L2 LR, KK
A 2.5 5 R FLAY JE K £ BE A 0.1 5 R R 2 T
B, T —20 “CHCE 20 min f5 , 12 000 r/min ., 4 °C
B0 10 min, ¥ EIHFWCEZ R UTTE . A&
B ENT70% CBEEE S DLTE, 12 000 r/min &5
L5 min WHEFE K4 DNA, AR T8 A, H
100 pL TE® W, £ 24 TAY TR (LE) K
A BR 2 F) >Rk A Tllumina Hiseq 2500 — AL Il /¥
- 5 X 12 AR i DR A R AT o A e Y R AR
W 5 AR AT 1Y 4 L R 4L ) 81 45 38 & GenBank %%
1%
1.3 HEHEFEZENF

YRR RVAENS B R B SR 5P, 28 °C
160 r/min ik 2d i , BOUWEDLTEY .
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@ﬂwﬁ SULIEW 3 W, WA GRAEIE , 12 &2 iR

i A 2R YRR B A R 2 |, A Tlumina - &5
‘#ﬁ‘i)JF% I w4 PE150
1.4 BEEREHMREEBERNGIE

Xt S 2H 3K 15 Raw reads 2= 45 322 3 I it
17 ) Reads , 4 75 /5 J5i i Clean reads ., fifi F Bow-
tie2 (http : //bowite-bio. sourceforge. net/index. sht-
ml ) ¥ 1 98 J5 %) Reads 5 3 K 4 7 51 (& % 5
No. QYCQ00000000.1) # 17 /¥ 51 b X 43 #r o A
T ARG B R A AR b R P R GA A, R
HTSeq0.6.1p2 (https : //www.huber.embl.de/) %
48 11 b3 B A 2 R Y Read Count (B AE i & A
Ji ik R ik S F A 3 — 2k ] FPKM
(Fragments perkilobase of exon per million frag-
ments mapped ) 73 M H KL R 6 G5 &, BRI R Gk
ORT 1R BIZ I P 3Rk, 2% 8 8Ok 3R B 4
PRl 2 38 o B 5 PRI O, O 0 o T R A 21 I R
B A G S IR R IE R
1.5 sp02200 EEEEE F R EE . TR E MM ER
P
Z M8 5p02200 3 A 5 51 (Gene 1D : D3WA47 _

02200) , ¥ it 51 ¥ K P1 (5-CGGAATTC-
GCCCCCACCAGTCC-3") Fl P2 (5-CCGTCGA-
GATTGCTCAGCTTG-3") , F Xl £ 4 % K
EcoR 1l Xho 1§ YI 7 i, PCR 7= #) K & 1-33
55 R g S F 81 . DL R 20 DNA SR AR, P1
M P2 51947 PCR Y3 4% PCR W) & H: &
pEASY-Blunt 5 B 2% & F 905 8 IA o BRI
B A 1Y 5p02200 K& K #E 47 EcoR TH1 Xho T XL
V), % 422 & pICH #4444 2 5 21 3 3k 28044 pICH/
sp02200 . X 5 41 F I8 AR AT St T MEAL,
5 A ik o Xeell 227 FL R S8 (Bio-Rad , E1H ) B
i Ak 2 P. pastoris GS115 R, I A T FE Ak
A5 25 Bk 1% 7% 3 (Minimal Dextrose Medium , MD )
i b B SR 2~4 d, Pk T TR = AR AL
( Minimal Methanol , MM ) 4 75 £ 37 % ( Jit & A& 1
H 4y i o 1.34% B RE AR 3 il (Yeast Nitro-
gen Base, YNB) , 1.0% H B, 1.5% Wi B 4= 4% ,
1.5% 35 g , 100 mL 20 mmol/L pH6.0 # ik 2% v
W) B 5% 2~4 d, DL 21 1 B R R R 7 4 0 B K
fift VL Ay 5 38 B 3 O B HHPH R SR 8 T R AT R A
ZH PCR , i\ sp02200 K& [N #& 45 21| % £ 3 K 41

1.6 IREE=fARPFESKRIE

N4 B 2 B R B B T2 AT 50 mL % b AL
& A 55 3% 3 (Buffered Glycerol-complex Medi-
um, BMGY) 9 250 mL = i/, 28 ‘CIk % &5
#H1dJE, 12 000 r/min B .0 2 min W4 4, %
(W) 46 $ Fh B2 OD600 2 2 5.0~6.0) % M4
150 ml. 2% wp A B P 5 4 b5 37 5E (Buffered Meth-
anol-complex Medium , BMMY ) #J 500 mL — ffi
o PR B 3R, A 24 hoAh i 1.0% (AR B4 %)
F 75 S 2655 )5, 12 000 r/min B 0> 10 min W 4E
K LB W, VML W . R A Folin— By v DU 2
FEOEED, RAREAE R 3100 pL 5 B A
it W A1 100 pLL 2.0% & & H I WIR &, 40 “CoK
# 10 min, 0 A 200 pL 0.4 mol/L = & 2 R ,
40 ‘C/K % 20 min J5 , 12 000 r/min &> 10 min,
B 300 pl b WA K A 1.5 mL 0.4 mol/L
Na,CO; 1 300 L. Folin—# , %7 , 40 “C/K ¥ 20
min, F % £ 660 nm i & W56 BE L B0 (Y
FE 240 CROER , B4 BhoK i g H R L
g B &R A 1A WG 1 B .
1.7 FEAEAEErSp02200 K4t

MBS 7% B T 30 kDa i #7 4% ", 20 mmol/L
W MR 22 vh W (pH 7.5) i Mr of I BEARRE B2 .
10 kDa Y] [ i B2 328 08 43 25 3R GE W A, 1) Vi 40 TR
rh /b 22 YRS T AR B R B & 85.0%0 1 A,
4 Crt EHr, 7 000 r/min B .L> 10 min Y& £ T
VE 5 HIE & 20 mmol/L @ 2 2¢ v W (pH 7.5) %
fift UL VE J5 , 14 kDa 385 H7 4% 15 #1 B 25 6 2 % 5 H
i UE B 0 (Merck Millipore , £ [ ) 2= 4% ¥k 46
Ji , K H Sephadex G-75 (GE Healthcare , 32 [ )
EHHE (&2 1.5 m, J 4% 150 mm) , LA 20
mmol/L # fR #h 2% #h W (pH 7.5) 30 mL/h i %
AT VR B, Uk 4 VR B VR, R U v 4R AR 1R
rSp02200 .
1.8 rSp02200 B 14 BRI E

22 S0k [ 14 ]9 2 rSp02200 By e 38 1R .
Foi pH AR E MR pH B2 E M, & B B T ik
S R TR B W R R (1) 1
é%ﬁ*%ﬂﬁ@& 52.0% BEAEY (pH 7.5) IR &

Ja 5 43 5 F 30 C~60 Cill %2 R 3G , i E i il A

ﬂ“mEo(ZHME{w%jﬂJﬁ? 35 “C~60 C Kk

% A R 10 min | 20 min . 40 min . 60 min J& , I
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8 5 BRI MR PR T o (3) Tl R 3 )
TN [A) pH 22 v i v 32 A 22 60 0 pH B S, B
i 09 S N pH E /Y B 2R R AT I
JE 0 T R A A A3 S N pH 5 i IR 1Y i
WAk ZE 35 M 24 h, PP B A 2 pH 7.5, I 5E 5%
AU M pH RR e M o (4) il R 4 0 s o
Fe'" [ Fe*' \Mn"" % & J& & F % 5 mmol/L 4 i
FE 23 A IS [ 4 i R0, ek B2 0106 + =
ft F AR R 8 (Sodium Dodecyl Sulfate , SDS) |
0.5% SDS . 1.0% i 438 X-100 ( Trion X-100) .
1.0 mmol/L 2% H J& it 1t 90 ( Henylmethanesulfo-
nyl Fluoride , PMSF) . 5.0 mmol/L. EDTA ( Ethyl-
ene Diamine Tetraacetic Acid ) #1 1.0 pmol/L 1§ &
F1 B 41 i 79 ( Pepstatin) J& , 4 “CCE 30 min il &
B RIS M DUBA E IS M o DL T 0 AT e
1 7R P Tl AR SRy X TR
1.9 rSp02200 3+ 38 E K iR 1E A

Beig v T 938 8 A R KT, 121 ‘TR
30 min J5 , [ X9 & i A rSp02200 il ¥ (7 5
mmol/L. &% 7 Bl B ( Dithiothreitol , DTT) ) g 47
Pit i S I, Aok 8 AT B R R A 1 XS B, R B X
148 B 7 5 TM3030 (HITACHI, H A4 ) W
ST A1 DL

2 HiR5Hr

2.1 EEAMNE S

RM B bk 3 K 2 4 Kl 4 013 254 bp, GC &
H 67.81% ; N50 contig K /N A 21 827 bp, fx K
contig 79 609 bp, - K F 12 088.92 bp, & 7
332 /> Contig. #& K 41 /¥ %1 € #& 5¢ & GenBank
( & 55 No. QYCQ00000000.1) , ] F Gen-
Bank £ 4% 72 b B 4% BE D 4H i B4 B (Pro-
karyotic Genome Annotation Pipeline , PGAP )
JF o A AT A1, RMOTAE R A 4 132 AN, Horp
3 931 A~ FE A 4 1 1 BE TR 7 41
2.2 BEFRASRsp02200 EE R TFHIE

Bl SR A N P 45 SR AT, RML A AR 2 3k 356 PR
3 844 A (FPKM>1) , 5 JE BH 2 4 97.79% 5 A
eIk 5 ISR I8 1) B O 87 4~ (FPKM<<1)
o7 i PR KR 2.81 06 5 o rp it A 3 8 R e Ak T
444 A4~ , F] H NR 1 Swissprot 4 i 27 7 B i 26 Jifg
ShFGREATE, b A 26 MEHREIL K 1, 26
AN I Y 2 38 e 22 ALK, Horh Gene 1D 435
9 D3W47 13255, D3W47_00370, D3W47_07110
FID3W47 02200 3 [H 19 2 35 1t ) s, FPKM AR IR
97 089.0.1850.5.1 809.8 #1'1 731.5., itk i
Bz 4B SE AR VR SRR RN 4

R1 26/ SNE GBS FAER

Table 1 Expression effects of the 26 extracellular proteases

75 LR ID FPKM IR RE
1 D3W47 13255 7 089.03 serine endopeptidase
2 D3W47_00370 1850.54 peptidase S8/S53 subtilisin
3 D3W47_07110 1809.78 peptidase S41
4 D3W47_02200 1731.51 peptidase S1 and S6 ,serine endoprotease DegQ
5 D3W47_05220 1524.18 peptidase S8/S53 subtilisin
6 D3W47_05225 1495.72 peptidase—like protein
7 D3W47_13055 678.93 subtilisin-like serine protease
8 D3W47_05235 669.51 Dipeptidyl peptidase IV-related protein
9 D3W47_03725 553.96 peptidase-M37
10 D3W47 11540 243.41 peptidase S8
11 D3W47_16665 228.31 metallopeptidase
12 D3W47_18630 185.09 peptidase M50
13 D3W47_02940 142.20 peptidase S8
14 D3W47_07075 110.03 alpha/beta hydrolase fold family protein
15 D3W47_05880 104.82 peptidase M23 family
16 D3W47_04185 97.25 Trypsin-like serine protease
17 D3W47_04010 93.01 serine protease
18 D3W47 16405 68.57 Peptidase C39
19 D3W47_17065 58.39 carboxypeptidase A
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Continued Table 1 Expression effects of the 26 extracellular proteases

e HEH 1D FPKM HAMERE
20 D3W47_09535 45.90 Peptidase S41
21 D3W47_09725 40.30 L-alanine amidase
22 D3W47_18750 31.37 peptidase M23B
23 D3W47_08090 25.04 NLP/P60
24 D3W47_13585 20.26 peptidase S8 and S53 subtilisin
25 D3W47 02590 12.25 Peptidase M23B
26 D3W47_11035 12.25 aminopeptidase

2.3 sp02200 BEEEEREFTISH
LI RM B Bk 3 R 4] b #54, P1 AT P2 51 9

PCR #" 3% tH T PCR 7= 4 (1 071 bp) , PCR 7=
Wy I 4 3 W sp02200 A TR B R B .

sp02200 F& K 3 15 19 Sp02200 A 357 /4~ & Ik iR 7%
B, ROV T oK B KR DegQ 2K R 1
( GenBank %% 4l J4£ Conserved Protein Domain Fam-
ily : COG0265) . Sp02200 JF %1 5 1% 2 H A i 51
(1 15 51— SO, b 5 51— B0 e i 19 E co-
/i DegQ (PDB code : 3STJ.1.A) A 33.56% """, H:
K Legionella fallonii f)) DegQ (PDB code : 3pv4.1.

A 1.A) N 27.61% ) | L. pnewnophila ) DegQ

VI E. coli ] DegQ (PDB code : 3STJ.1.A) N
BB [H] PR R rSp02200 (8 3D 45 44 L & 2
rSp02200 Hi 6 4> o BRHE . 1 4> 3,0 BRE . 17 4~ g7
B 22 A TC L 36 iy 2 CfF F 4508 6 5 —
NREBERBRIEE T 58 L1, LI EHE) , 1-
204 M A 4k 45 44 38 , H50 . D8O Al S154 Sy {4 <1 4
1k = B AR 5 3k 5 205-322 O PDZ 25 My 38, £ 5 N
G546 W Ao A e 2D RE R AE .

2.4 rSp02200 FEEEFREEF R HIF S RIXFILL

¥ P. pastoris GS115 A6+ % 4 T MD “F- 1
Bi 3% PRI PR B E MM AR 5 8 55 LT
B I, 5555 1~2 d ) WL 2 80 Ak 1 J8 [ 300

(PDB code: 4YOL.1.A) 2 26.9426 """, J# 5] H Xt ?Lfﬂﬁ%,%éﬁﬁ%”‘“j@iﬁ%ﬁﬁ@@ b WOK fift
UNSR el /TR Ve LA de KR TR bR kAT 2k Y 4L PCR B3
rSp02200 EQARLQALVSRVRPATVRVEQCRPTQ-——— === —= === == m oo CDDPDGLGSGVLISE 41
dyol. 1.A--PSLAPE@DK N AP AN YL P NNNASGNADDDDGENSKQP SRIPEK --- - [T G Sc[iliflor s3
i b SLAPMLEKVLPAVVSEIVEG TAS IPmCDDLPDﬁF ————————— aopFCHCSONINNg:. 72
3pvd. 1. A--P S 10AGHR 1 SN <[ F 1D V TP PG SAGNDEENQPNNRPPQSRMPEKGRKFESIGSEEEMIOP 86
¥5p02200 -DGLILTAYHVIRGAPDLSVQLLNKTRYPAEVIGYNDQDDLALLRVNVPKG TPFLPLAA-ARPAVGDTAL 109
dyol. 1.AK NG i B 1 7 v RRLKARL 166 D S [DEEM D AX - LK SLVIGDSDE@BEfispyvll 152
3stj. 1. ASKG v KISIQLNDGREF D ANGEoDQsD T AGREEP KL 3> SDKLRVGDFAY 142

I

Note: § strands and o

3pvd. 1.AHI‘IG-TNDH'IRI‘_'AF’IGKD‘?.ETKLA‘@J K-NLKSLVIGDSDKLEVGDFVJl 155

rSp02200 AIGNGGGA

***** LTPKTGRLLGLDSDAGRADFPPG TLEMNAPLIPGDSGGPVVNVRGEVTG IVSYIRY

174

dyol. 1. ABGNPFGLUSFGNS F6 1B s o L I @R Pe v A6 AL EREDG Er@ B 115 222
3stj. LAAVGNPFGLG--—--0Q RSGLNLEGLE T R @S ¢ o v ENGI:. 1L 4 207
3pvd. 1. ARG e r G 5 s s o L n@EE F 1 1D A PG N S6o@INNAKEL T 1IN 225
rSp02200 TQ- SGQPRSYAVPVTTTDTRVAALKRGEKRDAPVIGIGLGGVFSDLFFL’SAGFQELTKLLNLGD TPGA 242
dyol. 1.APYGGNVG 16 F{NNNEM A D v AN ¢ S THRGLNG IWQHL T-——-———--—- PE@:Pic T AEDFQGA 281
3stj. 1.APG GG SA TP S0 Bl LLGIKGTENS-——-———--—- - FNLI-oRBH 265
3pvd. 1. AP Y66 N VS A TP 1@ @ D) 1 1R LECEg: TP ----------- BGYPEDFQGA 284
15p02200 FFTSVSRG SPAAQAGLKPLVLNGDAKRVSCDIVTAVNGKRIVNF AEFQYAVRATQPGDTVILSVLRDGKP 312
4yol. 1. AL EEERGLKS-—----—---~ 6D D 1@1 T ¥ ILEDNKP 340
3stj. 1 AFgEVLPG SCER LN )1 TEPG TN LRNGKP 324
3pvd. 1. A-IPIISPAE TR0 6 s TV [INEED NKP 343
rSp02200 LEVKVTLVGRS 39
dyol. 1.AL| D I- 350
3stj. 1. AL 334
3pvd. 1. AL TL S A [P 353

NRNF RTEPEL SR EE s RENON RIS

s HEN R o BBE s £ 60 = F R TG P L ARk

helices of the proteases are in the box and the arrows, respectively; Active-site residues are marked in red solid

triangles.
1 rSp02200 5 JLFP DegQZSEE (/741 1 [ J8 L%t
Fig. 1 Homologous alignment of sequences of rSp02200 with several DegQ proteases
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Catalytic domain K Da
116.0
66.2
45.0
35.0 -«

TE HEIRZR o R s 25 20 BT B s ZREn B il s
CPK BRI F R AL MR 5L S154 (1) H50(H1) [DSOCF ).
Note: Columns, bands and lines indicate a helices, B folding and
irregular coil, respectively; catalytic active residues S154 (upper),

H50 (middle) and D80 (lower) are marked by CPK model.

B2 rSp02200 [P A 3D £ 44
Fig. 2 3D structure of rfSp02200 with homologous modeling

WE, BTN H sp02200 2L X 3 B 5p02200 $&
PRI M i i B v B T e 3k o N R A TR R D AR AE
=R S R IA T 1 120 h Kk T R I
B (25.4 U/mL) o # % B Hh B89 rSp02200 £
it — R4l AT 0 T e S B R A - 3R TN I Tk
JH Bt B HL 9K (Sodium Dodecyl Sulfate-PolyAcryl-
amide Gel Electrophoresis, SDS-PAGE) Ul ¥ 3;
TE 2 35.0 kDa &b A 8. — 8 1 4547 , 5 rSp02200
AL EE P A R F A B dit
AL, 3% 4545 4l 4k 19 rSp02200 .
2.5 rSp02200 BIEEZF 14 /R
2.5.1 & A pH 2 rSp02200 7& M FeF4 2 1 4G % o6
U5 BE A1 pH Xt rSp02200 1% 1 K §4 5E 1k 1Y
S WL 4, rSp02200 ft 1 7V iR R 37 °C;

25.0

18.4
14.4

H:M: EABFEPRC; 1:3047; 2:Sephadex G75)2#7 .
Note: M: Protein molecular weight markers; 1: Salting out; 2:
Sephadex G75 chromatography.

B3 4lifk rSp02200 1) SDS-PAGE HLyk
Fig. 3 SDS-PAGE analysis of the purified rSp02200

7 30 CLL R R R b A2 o, i it 35 “CRa e
PR W A, T 50 CHF R i 10 min )5, JL-F
584 2 W M. rSp02200 % 3d 2 W pH M 7.5,
pH 4.0~11.0 ff 5 8 i a5 vk, pH &5 T 11.0
FHL T A0, etk B T, Y pH 3.0 3¢
12.0 i, JLP 58 2 K3 .
2.5.2 & BT 5 3H F % rSp02200 & # # vh
AN T6] 43 Ja 2 1 R0 0 A 58 %5 rSp02200 ¥ 1 Y
WL 2, Fel™ (Fe*' \Mn®" ., Cu®™ X rSp02200
M 5 IR AE A L Fet i i AR o
(P % 24.29%) , Zn*" Mg®" . K" | Ni*" %f
rSp02200 ¥ 4 HA {2 #E/E H , Ca™ 2 A &k 2% .
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Fig. 4 Effects of temperature and pH on activity and stability of rSp02200
(a) Effects of temperature on the activity of rSp02200; (b) Effects of temperature on thermal stability of rSp02200; (c) Effects of pH
on the activity and stability of rSp02200.
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Table 2  Effects of metal ions and chemical reagents on the activity of rSp02200
%l W ARG/ %l W ARSI/
None 0.0 100.00 Ni#* 5.0 mmol/L 105.60=+0.03
Fe'" 5.0 mmol/L 75.7140.08 Cu*™ 5.0 mmol/L 95.60+0.07
Fe?™ 5.0 mmol/L 96.83+0.06 EDTA 5.0 mmol/L 91.13+0.07
Mn?* 5.0 mmol/L 96.88+0.06 SDS 1g/L 53.304-0.03
Ca®" 5.0 mmol/L 99.58+0.10 SDS 5g/L 2.28+0.10
Zn*t 5.0 mmol/L 104.65+0.03 PMSF 1.0 mmol/L 9.89+0.04
Mg*" 5.0 mmol/L 105.07+0.05 Pepstatin 3.0 pmol/L 88.05+0.06
K™ 5.0 mmol/L 105.4940.02 Trion X-100 10 g/L 78.85+0.24
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Fig. 5 Degradation effects of rSp02200 on chicken feather



644 PN === Q2PN s = I0Y)

48(3) 2025

uefaciens ACCC19735 & Bk 7 s 2 ik i 2 KTl |
A E5 11 R AR AL Dl Y S W] VE T R AR
E12) | Fervidobacterium islandicum AW-1 B ¥ 7=
Az Z2 P 2SR A R RS B R R . AR
RM TR A% X X8 B B fif i F2 b, 25 3 844 A~ LA
Tk, Hh 2@ E iR &8 & A
DA 45 26 A~ M A AR 1l R R HEAT T ARG . B
XEHE AN R AR EA R E 2 50, HE
X X 7B (1) R i T BE 2 26 F I A e P R il
fifg 1 2 [) 45 21

AR S 2 TR i A i Y 4 Rl A1 2R 3 A
(Gene ID 43 %l 5 D3W47 13255 . D3W47 00370 .
D3W47_07110 #1 D3W47_02200) % fl T £ Ff
Rk R G, BV R AT I BL21 3Rk R 48 (%
KR pET-22 (b)) L WL X Kk,
TR A T 0 M 5 7RG B 2F ST 1R WB800 3R ik &
4t (35 3% 7k pMASq) 1 B8 IR i BF GS115 %3k
A G0 (k8 Ak pICH) W, B A sp02200 F# [H
(Gene 1D : D3W47_02200 ) £ 5 7% [ 1% v i 2 &
ik (% B i R 25.4 U/mL) , R IR F X BE 50
BRI 170 I Bk 2635 19 28 I kerDG1 #l kerDG2
BE DR AE A B 2E 04T 3R 3K R 48 P i TS 4 R
3.5 U/mL #1 3.0 U/mL'"2); 1% 3% BH & 4 il &t
M 57 R 3R 08 N 3R 08 1 A5 7 Tl A2 T £ LR B
i B B B g 0 = LR T 5 A 2 R R R
M) o X T3 3 Fofr vy 3R 3 f AR 1 iR L AT OR ) O
BRI BIR AEEAFTFERE-PHRRHLR
P3R5 I3 b 22 Fh i 1 R A B TR M 5 8
KRB =IERT PR ER T 45
REL A

A Tl 4R BE K R AR AR B BE B L X
Mg 7E H B VR T 3038 B AL 9 38 A i o 3 R fi
A7 BT AT I AR 2 A s 8L U A, R
B AR AR ORRBE , 6 IR BE K A A 2 TR Bk K
B, SCLA R R R, — R 2 J R R
W H 4B EAM Y, rSp02200 REHF K L HL M
b (A 8 L il A VR T 24 A /0N 7 3R il R R
ke, BLAT B MRS B ) DI, X 26 B rSp02200 2 AT
fAE I EE . DegQ 28 H i — M AL & — 1
JUR T i 1k 58 A 2 A PDZ 45 ¥ 5, , PDZ 45 ¥4 38 4
HAE MY B A 36 PE B DegQ & M i 2 Bk,
AT S0 4 S (R ) v ) B, O D0

ORISR AR T SR e L% 2 i
H A & A G GE . Sp02200 A #4634 75
KE AR DegQ KL AMRE AW, &4 —1
JUR A 38R0 — A4~ PDZ 45 #8348k . Sp02200 5 %
T FE At B 5% 1 B3 R % ik Ty 81— B AR (e
33.56%0) , PR 5F M 25 o 7E K G A8 1L 5T 51
Q26~C27 ¥% Fk 2 [a] 2 /b i 2k HH 25 20 A~ 5% 3k 1Y)
JIKBE 5 K T Ak = B 1A B O i) A AR N IR
SRR R 22 B R A b % A T 22 ER K i T
% 57 1Y “Gly-X-Ser-X-Gly” Motif 4 ¥ o . 7E
PDZ Z5 ¥ 37 51 | o BRE 58X B 47 & — L 45 44 1Y
i Uh L R AR 2 1210 L E230 , G241A242 , S251
D273, G299 . K311P312 % {4 57 , H A sk R
1357 5 I H F216~C228 Fl P260~G272 % JE 2 ]
Gy BN T 10 A4 FR 3 UL B K EE . X F
Sp02200 7 24 5 2 5k & 1 20 1 (5 51 v 9 2 R
BB R 4 MNBR BORECE A A ) L A
loop R F1 R A 77 X (14~ PDZ &5 ¥ 38) 5 1% K %
o B% By A7 AE 2 25 R . rSp02200 7 pH 4.0~
11.0 #AE R FF 70%0 DL A& s v, He R 2Kl B
L2 SR T 1 O 4 S O Y VAN I /A0 = X <1
— €I &R A A Bz, Sp02200 7 4 K
M2 J 5 | 25 k) 0 e = M BT A5 T 5 2 A8 I A
BB ) B A R 25 7 A S — Flo & g, O
S5F S IIte R N W& T A R — 2
WFoT

S Ak

[1] VERMAA, SINGH H, ANWAR S, et al. Microbial Kera-
tinases: Industrial Enzymes with Waste Management Po-
tential[J]. Crit Rev Biotechnol, 2017, 37(4): 476-491.
DOI: 10.1080/07388551.2016.1185388.

[2] DE MENEZES C L A, SANTOS R D C, SANTOS MV,
et al. Industrial Sustainability of Microbial Keratinases:
Production and Potential Applications[J]. World J Micro-
biol Biotechnol, 2021, 37(5): 86. DOI: 10.1007/s11274-
021-03052-z.

[3] RAMAKRISHNA REDDY M, SATHI REDDY K,
RANIJITA CHOUHAN'Y, et al. Effective Feather Degra-
dation and Keratinase Production by Bacillus pumilus
GRK for Its Application as Bio-detergent Additive[J].
Bioresour Technol, 2017, 243: 254-263. DOI: 10.1016/].
biortech.2017.06.067.

[4] WANG Z, CHEN Y Z, YAN M C, et al. Research Prog-



FATEF A5 - X0 AR A TR AT 9 S DR L T 5 645

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

ress on the Degradation Mechanism and Modification of
Keratinase[J]. Appl Microbiol Biotechnol, 2023, 107(4):
1003-1017. DOI: 10.1007/s00253-023-12360-3.

PENG S Y, LI H G, ZHANG S W, et al. Isolation of a
Novel Feather-degrading Ectobacillus Sp. JY-23 Strain
and Characterization of a New Keratinase in the M4 Me-
Microbiol Res, 2023, 274:
127439. DOI: 10.1016/j.micres.2023.127439.

MOUSAVI S, SALOUTI M, SHAPOURY R, et al. Opti-

mization of Keratinase Production for Feather Degrada-

talloprotease Family[J].

tion by Bacillus subtilis|J]. Jundishapur J Microbiol,
2013, 6(8): 7160. DOT: 10.5812/jjm.7160.
ABDELMOTELEB A, GONZALEZ-MENDOZA D,
TZINTZUN-CAMACHO O, et al. Keratinases from
Streptomyces netropsis and Bacillus subtilis and Their
Potential Use in the Chicken Feather Degrading[J]. Fer-
mentation, 2023, 9(2): 96. DOI: 10.3390/fermenta-
tion9020096.
DHIVA S, AKSHARA C, AFNA K, et al. Optimization of
Keratinase Production and Utilization of Bacillus pumilus
for Feather Degradation[J]. J Pure Appl Microbiol, 2020, 14
(4): 2483-2489. DOI: 10.22207/jpam.14.4.26.
ELLEBOUDY N S, TRABIK Y A, ABOULWAFA M M.
Optimization of Feather Degradation by a Bacillus
thuringiensis Isolate Using Response Surface Methodol-
ogy and Investigation of the Feather Protein Hydrolysate
Structure[J]. Biotechnol Appl Biochem, 2023, 70(3):
1258-1269. DOI: 10.1002/bab.2436.

NNOLIM N E, OKOH A I, NWODO U U. Proteolytic

Bacteria Isolated from Agro-waste Dumpsites Produced

Keratinolytic Enzymes[J]. Biotechnol Rep, 2020, 27:

€00483. DOI: 10.1016/j.btre.2020.00483.

XUASEL, b3, RRELAe, 45 . 47 BR AR I SRR i 5 i e

R H R I, A 2i4i, 2017, 31(9): 1723-1729. DOL:

10.11869/j.issn.100-8551.2017.09.1723.

LIU M J, YANG S, CHENG K Y, et al. Research

Progress of Deinococcus and Its Application[J]. J Nucl
Agric Sci, 2017, 31(9): 1723-1729. DOIL: 10.11869/j.

issn.100-8551.2017.09.1723.

BKT5 75 . o RO A A 11 00 S U 0 R P B R

PEBFFE[D]. 47 BH: PYRI AR, 2019.

GENG X X. Heterogenous Expression and Feather

Degradation of Keratinases from the Genus of
Deinococcus[D]. Mianyang: Southwest University of
Science and Technology, 2019.
B S BRI R f A R D RE 2 S PR E TRk
4 [D]. 47 FH: V6 rE BEEE K24, 2021. DOL: 10.27415/d.
cnki.gxnge.2021.000362.

[14]

[15]

[16]

[17]

(18]

(19]

[21]

[22]

[23]

TANG Y. Functional Characterization and Thermostability
Modification of Deinococcus Keratinases[D]. Mianyang:
Southwest University of Science and Technology, 2021.
DOI: 10.27415/d.cnki.gxnge.2021.000362.

KEY, YUAN X M, LI J S, et al. High-level Expression,
Purification, and Enzymatic Characterization of a Re-
combinant Aspergillus sojae Alkaline Protease in Pichia
pastoris[J]. Protein Expr Purif, 2018, 148: 24-29. DOI:
10.1016/j.pep.2018.03.009.

SAWA J, MALET H, KROJER T, ef al. Molecular Ad-
aptation of the DegQ Protease to Exert Protein Quality
Control in the Bacterial Cell Envelope[J]. J Biol Chem,
2011, 286(35): 30680-30690. DOI: 10.1074/jbc.
M111.243832.

WRASE R, SCOTT H, HILGENFELD R, et al. The Le-
DegQ is a Self-
compartmentizing Protease that Forms Large 12-meric
Assemblies[J]. Proc Natl Acad Sci US4, 2011, 108(26):
10490-10495. DOT: 10.1073/pnas.1101084108.
SCHUBERT A, WRASE R, HILGENFELD R, et al.
Structures of DegQ from Legionella pneumophila De-
fine Distinct ON and OFF States[J]. J Mol Biol, 2015,
427(17): 2840-2851. DOI: 10.1016/j.jmb.2015.06.023.
HE Z F, SUN R, TANG Z Z, et al. Biodegradation of
Feather Waste Keratin by the Keratin-degrading Strain
Bacillus subtilis 8[J]. J Microbiol Biotechnol, 2018, 28
(2): 314-322. DOI: 10.4014/jmb.1708.08077.

JAIN R, JAIN P C, AGRAWAL S C. Feather Degrada-
tion by Streptomyces exfoliatus CFS 1068[J]. Ann Mi-
crobiol, 2012, 62(3): 973-978. DOI: 10.1007/s13213-
011-0336-0.

PENG Z, ZHANG J, DU G C, et al. Keratin Waste Re-
cycling Based on Microbial Degradation: Mechanisms and
Prospects[J]. ACS Sustainable Chem Eng, 2019, 7(11):
9727-9736. DOI: 10.1021/acssuschemeng.9b01527.
PARRADO J, RODRIGUEZ-MORGADO B, TEJADA M,
et al. Proteomic Analysis of Enzyme Production by Ba-

gionella HtrA  Homologue

cillus licheniformis Using Different Feather Wastes as the
Sole Fermentation Media[J]. Enzyme Microb Technol,
2014, 57: 1-7. DOI: 10.1016/j.enzmictec.2014.01.001.
FEREIL. AFRE R 25T Kt e £ 2 LR A9 00T 5
[D]. Jbmt: hER AR, 2017.

DU Y K. Preliminary Study of Keratin Degradation
Mechanism of Bacillus Amyloliquefaciens[D]. Beijing:
Chinese Academy of Agricultural Sciences, 2017.
KANG E, JIN H S, LA J W, et al. Identification of
Keratinases from Fervidobacterium islandicum AW-1

Using Dynamic Gene Expression Profiling[J]. Microb



646

PR AE2A4R (FARBEARR)

48(3) 2025

(23]

Biotechnol, 2020, 13(2): 442-457. DOIL: 10.1111/1751-
7915.13493.

LANGE L, HUANG Y H, BUSK P K. Microbial De-
composition of Keratin in Nature: A New Hypothesis of
Industrial Relevance[J]. Appl Microbiol Biotechnol, 2016,
100(5): 2083-2096. DOI: 10.1007/500253-015-7262-1.
GUPTA R, RAMNANI P. Microbial Keratinases and
Their Prospective Applications: An Overview[J]. App!

Microbiol Biotechnol, 2006, 70(1): 21-33. DOI:
10.1007/300253-005-0239-8.

MORIDSHAHI R, BAHREINI M, SHARIFMOGHAD-
DAM M, et al. Biochemical Characterization of an Al-
kaline Surfactant-stable Keratinase from a New Keratinase
Producer, Bacillus zhangzhouensis[J]. Extremophiles,

2020, 24(5): 693-704. DOI: 10.1007/500792-020-01187-9.



