A SR IR Oct. 20, 2024, 51(10): 4018-4027
Microbiology China DOI: 10.13344/j.microbiol.china.240102
http://journals.im.ac.cn/wswxtbcn Copyright ©2024 Microbiology China All Rights Reserved

I =1

= B & 4 5 oF FR AT R AL 1 5 ER B phoA B 2 f2
RIEKERAZTZAINH

EH, REE, FH, WA, FXE
RO K SEEERE. Wik K 410128

Epu, REENEE, 25, MR, R240E. TS AN R SR ORI B R phoA kIR T b 2 1k e WAl N R IR FT]. A
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B OB (TR AR SRAEEEN, ERMETARG R EME XENER, RE
894 33 FOAT B L5k R R B iE M KR 69 s AR ER B, T At K B PRAEAE R 89 — AMEAR E AL B
F. [88]) G io B & —4 = & 8% sl B8 B B 09 46 3 5 5647 14 (Bacillus subtilis), 3 phoA A&
B #AT L R AR, R EBEFMR I A EFRAAERAR. [ R AR+ 5 69 L3RR
Sl AFER, BRI GRZRAT 9 BRHEFRATH, A 4-FERKEEE =44 3 (4-nitrophenyl
phosphate disodium salt hexahydrate, p-NPP)% &4 StATEE M T, 5k = & B & st B BR Bl 69 4n
B, JLM &L phoA KB AT € 40 PhoA #9BE S 4514, /G M > BRI IE 9 4 B KA &
LPS 69 &Mt m . (4R 53] 14 47" S8 E BB B L X0 H, F AR — R SHmE
#9463 3 J04F B 35-16-1 49 phoA JL [ , £ X M #F # (Escherichia coli) BL21(DE3) ¥ 5 I b4 & L.
R i JE PhoA W) BE 3 MR, PhoA #93RiE R FLIRE A 70 °C; &iEE K pH A4 9.8; Mg*' 2t PhoA
B BEE M ZHOEE R, S Mg® A 14 mmol/L B, MUEVE A R K; Ca> %t PhoA #9Ba7E P 2 74115 A ;
K'. Zn*". Mn*"#= Fe?'2} PhoA #847% M T80 2 % 7%; vA p-NPP A &4, f£ 37 °CF M4F PhoA # Vi
4 179.86 umol/(L-min), Ky, 4 2.38 mmol/L, K 4 246.83 s ' 5 & 4+ T M3 B 7E 4 6 550.00 U/mg.
FEE 40 PhoA 4325, LPS * s Rag 8l I, [448 14 E F 30 H 35-16-1 49 phoA AR 4
SH Gk B R A AR BB B, 3t AR LA AR G
4R AL FEERER; phoA; WAL HEFHRMNE

PRI - IR R AU A T 4 (2022NK 2049)
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The alkaline phosphatase gene phoA from a Bacillus subtilis
strain with high enzyme activity: cloning, expression, and
application in degrading endotoxin

MAO Wan, XIONG Mengxia, LI Xiang, LIU Tai, YU Xinglong*

College of Veterinary Medicine, Hunan Agricultural University, Changsha 410128, Hunan, China

Abstract: [Background] Alkaline phosphatase (ALP) with the ability of degrading endotoxin
(lipopolysaccharide, LPS) can prevent and weaken intestinal inflammation. Different strains of
Bacillus subtilis can secrete ALP with different activities, which may be an important factor in
the health effects of B. subtilis. [Objective] To study the enzymatic properties and
endotoxin-degrading performance of the recombinant protein by cloning the ALP gene phoA
from a B. subtilis strain with high ALP activity and expressing this gene in Escherichia coli.
[Methods] We used the organophosphorus agar medium to isolate B. subtilis strains from the
soil samples with rich organic matter. The ALP activity was assayed with 4-nitrophenyl
phosphate disodium salt hexahydrate (p-NPP) as the substrate. The strains producing ALP with
high activity were screened and phoA was cloned and expressed. The enzymatic characteristics
of recombinant PhoA were studied, and the LPS-attenuating effect of PhoA was evaluated in
mice. [Results] Fourteen strains of B. subtilis with high ALP activities were screened out, and
phoA was cloned from the strain 35-16-1 with the highest ALP activity and expressed solubly in
E. coli BL21(DE3). The enzymatic properties of PhoA after purification were studied. PhoA
showcased the optimum reaction performance at 70 °C and pH 9.8. Mg*" activated the activity
of PhoA, with the maximum activating effect at 14 mmol/L. Ca®" inhibited the activity of PhoA.
K', Zn**, Mn*", and Fe*" had no significant effect on PhoA activity. With p-NPP as the
substrate, PhoA presented the Vi.x of 179.86 umol/(L-min), K, of 2.38 mmol/L, and K., of
246.83 s' at 37 °C. The specific activity of 6 550.00 U/mg under optimal conditions. The
toxicity of LPS treated with recombinant PhoA was significantly reduced in mice. [Conclusion]
The phoA gene of B. subtilis 35-16-1 can be expressed with high ALP activity in E. coli and the
recombinant protein can degrade endotoxin.

Keywords: alkaline phosphatase; phoA; endotoxin; Bacillus subtilis

R RAT R R BOE = oA B2 e R B B i f R K5 R LA A4 T
BEF, XTOCEE R L RS S E RO R PR T SR s i s D R
R S B BRI AR ER  PEBERRA (alkaline phosphatase, ALP){E H 2R 5
RO IR & A N AT TR ATz, RN SR A A A ) R
BESE, WXT AR AL T T 2w,  AAEDS, AEEEN VAN, ALP 125
WFFE B A BT T /MR R0 . A B YW ERTT . AERE RS R A L
TEhWnEAL s R B IR AL . AR i@ﬁ“”%ﬁkﬂﬂ%%&%&mﬁ g
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M RAEVA BEEEMZEW, EHFiET, ALP
T ek 55 1 38 R AE A AE T, Poelstra SE1EE
1997 AE T IRIRIE T ALP A LUKIH A H N X .
T W 2 T A4 R AR ) HR S IR TR A R
Yy, AR B AN URE 78 3 WOBCiRDRL
FEYITT, I REXT IR A5 R I i AR N R Y IR
JO7 s R PN R R AR B R
TEERNEE, MEBERIENEES. NHEE
X TS E R AIANE A, AnsE R R
SRR 13 mg/kg, fie ik 60 mg/kg!l
RNNERWR B RE R AR, FHiEKY
ZBETMANENGERAET, WS PEWLEG
i, IR RAELEAIENY, S HNER
PR IR R B &, Sl L S B iE R EN
KA, FFATRES | R — S A .

H AT GenBank H1{% T 400 Z HAi w1 254
FF B 4 R R 91, 15 I 7T 26013k 2 TR e 4 S 4%
WA ALP 2. T ALP 2 A YI2AE
FERRILREAR N B R AE A, FRATHEN ALP 7€
Hili R 2 AT B A PR T T RE L R PR B
VEFH ASBIE TR DR B 20 AT 1 Hh se e 2 1A L ALP
iy 16 P = 1) phoA LR, X EEZ PhoA Mfiff#
MR HEAT BT 98 FEER 9T PhoA R N 75 27 M i oy
Jig Z B (lipopolysaccharide, LPS)RI/ER], A%
ZEFFT IR PhoA FEREAR BTN BR N BE R X & & B 1A
P13 5 TR 5% B4 — 7 JE it

AR

1.1 #m

SEIS AW . ok 2 iR AR (specific pathogen
free, SPF)Z Institute of Cancer Research (ICR)
ANELCI8 H, MEVE, 4 g, RBR 2022 g,
WE R e B LR S A IR A F, Sh i
HHUES : 430727230102062965, A< 5L K LAY
W B /N AT IR A, B sh o

FEEFE IS EMEN e AT, IR IR e AR IALHI
[ CScaesh Wi BAc 0 ) HEAT Sh W) 92 56 (I e A
R R W B A SRR B D1 ot i, ST
IR 2024 55 138 5,

EERSINDIE S aR ue . $2 8 A O i A 0 o)
&R M ER AR BN s L
Koty ey e+ .

J5UKEL : pET-28a(+) 0k i 18] B Al K22 01
He W) 5 o S R AT
1.2 FEKFIMLF

A-TEFEARMEIR — 41ER (4-nitrophenyl phosphate
disodium salt hexahydrate, p-NPP)Fl — Z i %,
A MR ACRH B A BRA F] 5 BRI EAZ
fiz M I BamH I/Xho 1, 5224549 T8 (R34 R
/N#]; Ni Focurose FF (IDA), TG WHA YR
FATBRA 5 Pierce™ 2% T 7 (Bradford) 2 [ A5
R &, PRI KB (P DA IR A A s N
& LPS, Sigma-Aldrich 28w ; #iA5H, B[ ]#
R A VR B A PR A

ZINRERFRMY, Molecular Devices 23 F]; BEIE
WAEFRSGE, FiERRREmAF A RA R mEie
R 2.0 M1, Thermo Fisher Scientific 23 &) ; #4 If
ARBTERL, TR 2 YRR A PR A v 5
NRIFE L HLIK R GE, AR AR i (i) A
BRAF] elEIRG SR, LA R
257 3 PCRAY, JEE AR PRI A= MR AT PR A 7]
1.3 EFE

A PUBEIRT L EIR A (/L) H4IHE 10.0, Ak
B 0.3, BifRE: 0.5, EALA 0.3, MgS0,-7H,0 0.3,
FeSO,-7H,0 0.03, MnSO,-H,0 0.03, CaCl, 1.0,
BERRZ Ry 0.5, URBEAR 0.2, BN 15.0, pH 7.5,
1.4 FEMEREM SRR S
141 BEHRHSBEIER

RIS & A LIRS, 3 g
FEa 7 mL K AR BEER K AT E A, AR B
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300 )5, KRR BRI IA ST A T A DL I e 1k
FRdkr, T 37 cCEIREFRAE P EE 12 he
142 FEHEBMBREBRBEANTEREE

TETCH Y 96 FLEEFR R AR 100 uL
D QRS E 2 N % SR IR S e R A e N v £
FUTRTE A TIE A2 S, PREUBE RUA, B 2R AT
W 75 5 T 96 fLERAR R h BB 5T, A
50 uL JE¥I(1 mg/mL p-NPP, pH 9.8))5F 37 °C
REGS M 20 min, fILA 50 pL 2% 11 % (0.5 mol/L
NaOH), KM ZUREMRYAE 405 nm AbiE
OD i, 1 BUEUEL =y 15 P V&% 7 A LB O e 15 5%
SerpRigeaify, wHE 3 WAk s e
TG R Tl R T R R o L 4 T R ) L TR T SR RN
AT 16S rRNA S:[HE 5[ 27F (5-AGA
GTTTGATCMTGGCTCAG-3")# 1492R (5'-TAC
GGYTACCTTGTTACGACTT-3") ¥ B 5T F 41
PCR S8 & Z (50 pL): 5xPrimeSTAR® GXL Buffer
10 uL, PrimeSTAR® GXL DNA Polymerase 1 pL,
dNTP Mixture 4 pL, 5% 27F/1492R (10 umol/L)
% 1 uL, JCHMZEK 33 pL, BAUH 10 pL 3k
T PR D VR TE Rl A AR RIS P 4 . PCR
JZ 264 s 98 °C 2 min; 95°C 10s, 55°C 155,
68 °C 100's, 32 MEH; 68 °C 10 min, K49 14
PR 1 %058 B L VKRN 6 Y, IR I
45k H BLAST #4774 ext, fiiH MEGA
S0MBEBRGEKEW .
1.5 WREMHESERES phoA EE R ERIRZTIE
1.5.1 phoA E X pE

Iy W MRIEFT BLAST AL )E, &%
GenBank B 72 ARG H 2E /AT (Bacillus subtilis)
HD15 (& 55 CP080508.1)f phoA K&K #¢ i
P 1451¥y, @it SignalP 5.0 {5 KM T H 7
I phoA B K W 55 ik i BOT 2 BR A5 5 Ik , X
TeAG 5 IR R P 9 kA7 s e s | et it b
519K : 5'-CGCGGATCCGGAGCTGAGCTGC

AGCAAAC-3' (MRIZAL )y BamH THEVIN 5),
514 : 5'-CCGCTCGAGTTTTCCAGTTTT
TAAAATCTTAAATAT-3' (FRIZAbH Xho ]
P o AE TG RN, SR PrimeSTAR®
GXL DNA Polymerase /A& PCR "3, PCR
VAR ZR (50 pL): BEMCHE IR R R 2 L, ik
B 5 1¥1(10 pmol/L)4 1 pL, JCHRGEK 31 uL,
HAZEMEF S 142, P W2 1%
JE L KA S VIR S A H B S5 I BERE, fF
OMEGA | S 7 EEE 1S DNA IS Hy LA
BamH I/Xho UARGYIN 55 pET-28a(+H)Zk ki1 T
XU J5 4% A )| Escherichia coli BL21(DE3)H7,
TEF 50 pg/mL RAFEE R 1Y LB A i i FH
SEALTRIRE, SRIBUTURLES T 450 o
1.5.2 PhoA EHWIEZTRIE XA

W0 2 B R T AR IR (16 °C)ifs 23k
K 18h J5, £ 4 °C. 6 000xg 251F F &0 5 min
WA, B A 10 mL ¥ M 0.05 mol/L .
pH 8.5 1% Tris-HCI 2% Ml g8, i il 75 i e
ISCHEA T B S W (XK 25%, TAE S5's, [alB@ S s,
TAERFK 20 min), ¥ BRE R IATE 4 °C .12 000xg
AT B0 10 min, 53] ALP S EGR, KA
Tl W {35 F Ni Focurose FF (IDA)uEf74lifk, 4§
b5 H i 4% SDS-PAGE % 7&E 5, i
Pierce™ 2% T i (Bradford) & {46 I 5] 65 0 22
afi b R EE
1.6 TR ELES PhoA BB M RMLTE
1.6.1 PhoA & pH BINE

435 HeHl pH 8.0, 8.5, 9.0, 9.5, 9.8, 10.0,
10.5, 11.0, 11.5, 12.0 A9 10% - ZEEREAR, 59
ML 1 mg/mL (1) p-NPP, &R IS VE R IKYI%
o ¥ 1.5.2 thalifb B PR EES) 500 ng/mL, B
100 uL ZE 15 50 uL &Y, & T 37 °CH i
20 min, AIA 50 pL 2113 (0.5 mol/L NaOH),
1E 405 nm Ab E OD fH..
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1.6.2 PhoA RYIHEN 8 .RERNE

e il pH 254, HABSAL, ER
FRITEE, MARY R E T 55, 60, 65,
70, 75 180 °C, S 20 min, JIA 50 pL Z&
1R, 7E 405 nm b 5E OD 1A,
1.6.3 AELREEREEFXI PhoA MR

TE 37 °CAAF T 18 8 i il pH 2544, TENIRY)
HAR I A M R 0-25 mmol/L i) Mg™* .
0—7 mmol/L Ca® FIZyk &} 0—-0.7 mmol/L #
K. Zn*". Mn* 1 Fe*" 5 500 ng/mL Y% 1K
K% 20 min, fIIA 50 uL 2 1-W, 7E 405 nm &b
7 OD fi.
1.6.4 PhoA 7£ 37 °CHEH THIHR AR BLIEZE Vi
KIEEBH Kn FELE Kea B E

fidiil pH 9.8 A9 p-NPP Ji£#), MHE4 51N
0.1. 0.2, 0.3, 0.4, 0.5, 0.6 Fll 0.7 mmol/mL
(IR, A 50 ng EAIHE, 760 IR L ke
i BRACN #5306 37 °C, A Sl E AN FEYRE T
BRI AE U R, EIE 20 min, 45
A RAMEIF AN R 7 ik S U O AR s 5
Pt aE ALP ROBEAE S b sl 238, DUk B A ik
AR, N FE NN A AR, SR Lineweaver-
Burk XU BRI, 8 PhoA R K i
R Vipax s K FCH B K, FEAL 5 2 Kearo
1.6.5 PhoA 7£ & i& &M TEEELFRINE

Mg 1 B S 1 AN ) R
TERAER RS, Bk g p-NPP 74
1 umol XJAEIEAH; (p-Nitrophenol, p-NP)JJrif; %L
FIBEEE R 1 ANBEE T BALU) s B TG = )
(U)/& i 5 (mg) o

FrUfErhZR 0220 . 10% . C BRI 2% il 4y
SIECHIeEE 2 5. 10, 15, 20, 25, 30 pmol/L f¥
p-NP, 7E 405 nm ZbW5E OD i, Z:hilbnifEfhZk.

W 2E R FES] 50 ng/mL, B 100 pL 25 14
W5 50 uL AR AR s 254 T 34T IR,

TE 405 nm 40l %E OD fE, RAPRHEM & it
A5 AR B 7R P R R AR B EL TR, RS 2
JEH 3 2P AT S8 1T 3 ME
1.7 FZEIRFHEN PhoA Xf LPS AYEEEL 1L
EF

W LPS VR H A filt FH BT e 4l 7K T ) i e
FEA 1 mg/mL W, % 20 pg E 4] PhoA fil
A 200 pg 9 LPS ¥l H (4 : LPS S
5 1.8 i HU/NRR I EARY), IHRIE 1.6 #E
FIZAF R A Y pH(E AT Mg™ W, #E 37 °C
TR 6 he SRJG, S5 #ARE UL B A IR
B il PN KRR ARV, AR o TG IR N B R A
A PR A X BE, PN BE 2R b YA VS VAR A B 2 o
B, ARSI LPS 76 PhoA X I ffAi J5 1Y 4
I EE AT
1.8 EHEER L LPS X /R BB E1ER

B 18 HICR MM/ N (2022 ¢/ H), 73 3 4.,
a6 Ho XTHEZL A KB LPS #H/)N
B A B 3R 1 /0 UM R 3 59 (10 mg/kg) 5 25 R R
4 BB alifb 5 i PhoA & ¥ 2 BR /1N LA 5 gk
/N T 5 (1 mg/kg); 24 C: % LPS
HaifbJ5 1) PhoA HEIAE 37 °CT b 6 h 17
/N BUE R STH(LPS 10 mg/kg, PhoA 1 mg/kg),
72 h 5 WE /N BRAFTE %

2 EREG5M

21 EHANFERELEELER

FEAT LR 07 16 455 35 B vh o B P F & 1Y
TR S P A, Gl R A MR A
Pk 2y 240 HREEURS B 25 AT TR 40 0 1461 T G
WGE, 255 IR 14 RRAEREE R, SEBIiiimeS
e TR 35-16-1, TEFf e TR A bk 35-16-1
WE RIS A0 1A), RBEERR, wmkE
THRE e AN ] 2 R S PR, TR
PimstE, 2ERE 1B),
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DL 35-16-1 WA, K] 16S tRNA %
K3 FHS 4 27F #1 1492R #6417 PCR $M34)5, H
TKEE AR /RTE 1500 bp ZbA S5 AU G 09 H Y5
M, WSS R E T BLAST 5, SR S5HE
AT A 99% LA E I AHRLEE , ¥y 514
MAGA 5.0 tERGE LT, WE 2 Por, 458
7515 Bacillus subtilis 7E [/ —43 37, SHA® I
9 FPZFAAT R TRl—43 3¢, FI5E B bk 35-16-1
oAk B ZEHIAT I, GenBank %554 PP256342.1

2.2 TMEEERES phoA BEE R IEREZIFIA
#HR
2.2.1 phoA EERELER

PATERE 35-16-1 BB AR S 14 FL a1
M2l phoA JEBH], 973 7 Wy 28 TR IE WHAZ R R UK 5
SE 5 BNTEZY 1300 bp A — 5 AT 9 &%
o 2 BamH I/’Xho DY), 5 pET-28a(+)%k
K5 A E. coli BL21(DE3), 1535 40 5t

#i pET-28a(+)-phoA. 41 i ki %: BamH I/Xho

1 E¥k 35-16-1 WETEESAME=ZRLEBFERZER100x) (B)

Figure 1

Colony morphology (A) and Gram staining (B) of strain 35-16-1 (100x).

Bacillus subtilis strain BA20 (OP547499.1)
Bacillus subtilis strain HY-119 (MZ895453.1)
® Strain 35-16-1 (PP256342.1)
Bacillus amyloliquefaciens strain GMU242 (OP364989.1)
90| 96! Bacillus methylotrophicus strain NK3-32 (JN661700.1)
Bacillus licheniformis strain FJAT-46244 (MK859992.1)
— Bacillus safensis strain HB6 (MT186235.1)
Bacillus aerophilus strain J51 (OR604498.1)

100

76

99
93 Bacillus pumilus strain TR38 (0Q990952.1)
70 Bacillus aerius strain SCS79 (MK253250.1)

Bacillus altitudinis strain WSB21 (OP658910.1)
Lysinibacillus fusiformis strain 4 (MN911368.1)

0.01

2 ET 16S rRNA EREFFIMRIER 35-16-1 RELEW 000 ERBIENR RS L TR bootstrap
{H; SR BEREFRRY 0.01 (b IE L 55 115754 GenBank %575
Figure 2 Phylogenetic tree of strain 35-16-1 based on 16S rRNA gene sequence. The numerical values on the

branching points represent the bootstrap values of the phylogenetic tree; The branch length represents the
evolutionary distance with a scale of 0.01; The serial number in parentheses is the GenBank accession number.
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XY 5 285 BE IS FRL UK 288, 15931 5 000 bp /2
A2 BAR R BORT 1300 bp 9 H AR B,
e 3 N, EA PR EIER, TSRS
MEAREKEE F{4E GenBank, & F5H
PP240937.1, H it T M & FL W 7 5 5 W ¢ 78
GenBank H' (1) phoA FIAHIIE A 98.15%-100.00%
2.2.2 PhoA EHMEKZRFRIERLEMHER

W4 540 Tk % A3 E. coli BL21(DE3)&57
Sdfrh, RS T R IBREE S 15 2 M B
FPEFTE A Lifk, 4 SDS-PAGE ¥5EJ5, #ik
J& B R4k 5 8 13915 2 5 1 53.1 kDa AH
TR 4517 (1 4) . 4lifk )5 1Y) PhoA 25 14 Pierce™
2% T 1t (Bradford) 8 1K I 38 751 65 00 45 vk 52 0
161 pg/mL,
2.3 WM HEEAES PhoA BE¥MRLELR
2.3.1 PhoA &i& pH BUMELE R

B EE R 500 ng/mL AR M4 FITE pH
8.0.8.5.9.0,9.5,.9.8,10.0, 10.5, 11.0, 11.5,
12.0 WY N AT, 45588 pH 8.0-9.8
ff PhoA H &M FH 5, pH 9.8 B Wi 14 2

1 M bp

5000
3000
2000

1000
750

500

250
100

3 EYAFRAL pET-28a(+)-phoA HINERYI L E
Figure 3  Double restriction-enzyme digestion
identification of pET-28a(+)-phoA recombinant
plasmid. 1: pET-28a(+)-phoA. M: DL5000 DNA
Marker.

KT, Pl pH 34K, BETEPEREAC, KL PhoA

i pH 9.8 (K 5).

2.3.2 PhoA K¥I&IEMH B IRE N E LR
B FE R 500 ng/mL I ZE FIINA pH 9.8

FEY G4 5 & T 55, 60, 65, 70, 75 Al 80 °C

ZAF TRV 20 min 5, 45BN, fE 55-70 °C

4 PhoA [RE#&FRIEMEILIE SDS-PAGE
PhoA HM§I; 2: #lifb)s
) PhoA; 3: pET-28a(+)%s #ifk

Figure 4 SDS-PAGE of PhoA after prokaryotic
expression and purification. M: Protein marker; 1:

PhoA crude enzyme solution; 2: Purified PhoA; 3:
pET-28a(+) empty vector.

M: Protein marker; 1:

100 -

80

60 -

40

20~

Relative enzyme activity (%)

0 L I ! L L J
7.0 8.0 90 100 11.0 12.0 13.0

pH

B 5 PhoA HI&iE &K pH

Figure 5 The optimum reaction pH of PhoA.
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i, BEE W, FE 70 °CAb IR B g, Hid
70 °CHI 1% BRI, Ktk PhoA Feifiili i
70 °C (K 6).
233 A REIREEBETXI PhoA jEMMISINLER
TE pH 9.8 (I vh 43 50 AN [R] v B2 1Y) 46
JEEF, IMAWE N 500 ng/mL A5 R0
&, SERAE 7 Fis, Mg %t PhoA S iiE 1k
FH, H4 Mg> e Hy 14 mmol/L B, B0/
K, Ca>'X%t PhoA EMIHIVEM, K. Zn®",
Mn*>" il Fe* St H TG o
234 BARMIER Vi KREH K, EL
B Kea FNEGLL RN E LR
TEAS [F) W B2 T W0 2 T s 1 ik B2, R
Lineweaver-Burk XUEIE/E K, W& 4ok
PEIENH 7 7R y=0.005 2+0.013 3x (r’=0.994 6),
HE Viax A 179.86 pmol/(L-min), K [CH % Ky,
J2.38 mmol/L, Al 5 B ke N 246.83 57", [if§
FLiiE N 6 550.00 U/mg.
2.4 LPS 7£F PhoA EBER LS HISE AN
B4 B ) LPS Bl 5 1 mg/mL, #3500 %¢E
SRR LPS 11494 2.00%10° EU/mg,
JH PhoA Xf LPS E#ifRfb)s, HIGVEZA N
6.12x10° EU/mg, & PERFIKZ 69.4%.

100

90

70 -

Relative enzyme activity (%)
[ee)
(e}
T

60 ! ! I ! ! ! J
50 55 60 65 70 75 80 85

Temperature (°C)

6 PhoA MHRERKIRE
Figure 6 The optimum reaction temperature of PhoA.

A 100

90

activity (%)

| 1 1 | | J
5, 5 10 15 20 25

Mg** concentration (mmol/L)
B 100¢

90 -
80 -

70 -

Relative enzyme activity (%)

60 | | | |

0 2 4 6 8
Ca?" concentration (mmol/L)

€
Z 90
=
g - Zn*
2 80k ——— Fe2*
<
S —— Mn?*
[3}
£ 70h il
=
o
-3
60 | 1 1 J
0.0 0.2 0.4 0.6 0.8

Ion concentration (mmol/L)

7 FEIREEEEFX PhoA EgiE SN
Figure 7 Effect of different concentrations of
metal ions on the activity of PhoA enzyme.

2.5 EBER{ LPS X/ NRBVEURIME(ER

X HRAL A /NRIE IS S AR FEAY LPS 7E 12 h
JE AR BURBHTTAR . FLMEMEEI S . IR M5
WL ALY, H 72h )5 6 H/NEGEHT4
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Figure 8 The survival rate of three groups of mice
after intraperitoneal injection for 72 h.
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