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KBMA). st & I A RIEH B G GAE ARG A B RAE T A B3, LB ERIBRELHE % %, FH pMAD M Aife Cre-loxP £
LB B R 46 0 AT B K AN B b KU AR 09 B OF TOAT B R AR AP422 é’J uvrAB B ¢ 8k, 13 3] AP422 AuvrAB & #k,
KRB RFAE (BIERIEEI GBI 8-F AAMT IS A 3L), 12 AMA FIOHE AP422 AuvrAB & K% 5t
A AW ReEA Y MTS A AR E b, R R 55 69 B E F JRATE AP422 AuviAB £ £ 4 h W4
F— IR ZH O RHF AR, BFEEHA G KBMA #14. RAHFE AP422AuvrAB 45 KBMA H 4k 69 &3 B4 4 &A1
AT — AP R R IR G AR,

KEIW: uwrdB KB, FREL, Cre-LoxP 24, AWK, KiEEsK, 8-MOP, MTS, Kiff#E it

Development of a killed but metabolically active
anthracis vaccine candidate strain

Fei Shenl’z*, Shengling Yuanz*, Dewen Zhanz, Yanchun Wangz, Min Renl’z, Haoxia Taoz,
Peng Wang?, Lingchun Wang®, Dongsheng Chen', and Chunjie Liu®

1 College of Life Sciences, Anhui Normal University, Wuhu 241000, China
2 State Key Laboratory of Pathogen and Biosafety, Institute of Biotechnology, Academy of Military Medical Sciences, Beijing 100071, China

Abstract: Anthrax is a zoonosis caused by Bacillus anthracis, which seriously affects human health. In recent years, a special
phenomenon is found that the metabolic active of a bacterium remains after it is killed. To development of a KBMA (killed but
metabolically active) Bacillus anthracis vaccine candidate strain, a plasmid pMAD and a recombinase system Cre-loxP were used
to knockout the uvrdAB gene of B. anthracis AP422 which lacks both of two plasmids pXO1 and pXO2. The results of PCR and
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RT-PCR shows that uvr4B genes were deleted from B. anthracis AP422 chromosome successfully. The constructed B. anthracis

AP422 A\uvrAB was inactivated by photochemical treatment (PCT) including an exposure in a long-wave-length ultraviolet (UVA)
light and a treatment of 8-Methoxypsoralen (8-MOP), then the metabolic activity were detected by the method of MTS. The
results showed that the killed B. anthracis AP422/\uvrAB maintained a highly metabolic activity for at least 4 hours, showing a
state of KBMA. The KBMA strain of B. anthracis AP422/\uvrAB provides the prospective vaccine candidate strain for anthrax.

Keywords: uvrAB genes, homologous recombination, Cre-LoxP system, gene knockout, long-wave-length ultraviolet (UVA),

8-MOP, MTS, metabolically active
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2 AFEMERTORLAY PR, FCREPE L 5 Y 2 25 i
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KBMA $ 18 75 5 AT B 1 A 5 v R 25 5%
K. P HAEME R AR, Ik B A
uvrA . uvrB. uvrC W HE W AN I 2 (Psoralen)
MR P INE (UVA) SLA"#4L B (Photochemical
treatment, PCT) )&, HIKEIRE L EFGEE S, HIK
PUAR IS PR ENA SR A > B R LRI . 40
W uvrd . wvrB . uvrC 3E7E PCT G RES kK Fib ¥
MG ABC, MAGRESVIBR1E 5 9% Amotosalen (#b
BIRRNTAY) K AECEIZ /4 1 1) DNA Fl
RNA H B, M Eik uvrd, uvrB. uvrC L4 —
FREEET, 76 PCT AEH T, R YVIBRE Z A BESE A,
PR I 4 TR AR DR 2 R AR T, AR YA T P
RELERE . HESCRRRGE >, KBMA $E 1 16 51
1) G e AN PR, AH F E RIS P R A
PEIE R A L AVA G928 550 BT T G 92 Jo] 3 2 4 5
1T ELAF B G A ST B A7 58 i 3% 928 I e 9 ROR
I o PLIE X KBMA i 5 i i A 5% H AT W e I AN AL
A Sy 2 38 2 R YR 8 4H Y ik R L R BT R
pMAD!"®FlI Cre-LoxP H 41 Z 4" Tr bk uvrAB 3 M
T T il £ T KBMA sJH 2 M AT 8, & o 3 E AT
TR R I B B AL T R B R
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1.1 #H8
L1 AR

SR FH ) B R AR AN ORI 1
1.1.2 =27

FE P A HE UK & RARA F 7= & pfu. Tag
fit, KIAFF I DHSa. scs110, T #544& & HAh PCR 4
KA F K Transgen 28wy~ bt s FREIPENVIBGEFT T4

x1 EEERSRN

DNA #H: NEB A Wl 7= i s $i2E R W H Merck
ovH); IPTG 1 X-gal 18 Amresco A Rl J= i ;
TRIzol & Invitrogen A FIF= s [ i 5§~ Toyobo
OS] 8- AN IR R (8-MOP) bt fE
BERME T 2w 7 s ORI (BHI)  Ki#R5E4 BD
O] BRG] & . DNA BRI R0 &
K ARG PEAE I 355 £ H Promega 23 Al ; PCR 5
V-G BUR T 5 E AR KA wSE L, B ST )
WK 2,

Table 1 Strains and plasmids
Plasmids/strains Relevant characteristics Source

Plasmid
pT-loxP::spc A spc® inserted between two directly repeated loxP sites of pT-loxP This Lab
pT-uvrABUD::spc pT-loxP::spc with fragment of uvrdB-U::loxP-spc-loxP:: uvrAB-D This work
pPMAD Shuttle vector, amp® in E.coli and em" in B.anthracis, Ts [18]
pMAD-uvrABUD::spc pMAD with fragment of uvrdB-U::loxP-spc-loxP:: uvrAB-D This work
pHY-cre Cre recombinase expression vector This Lab
B. anthracis strains
AP422 pXO1 pXO2', deriving from A16R [3]
AP422 AuvrAB AP422, uvrAB knocked out, containing one loxP site This work

F2 KXIHAWEEHSIY EER: wrdB EH, (i
E: 4885594 bp~4 890 452 bp)

Table 2 Primers used in this study (Target gene: uvrAB
gene and Site: 4 885 594 bp—4 890 452 bp)

Restriction

Pri 5'=3’

rimer Sequence ( ) sites

uvrAB-UF  AGGATCCAGCGTCACTTCCACTCGG BamH1
ACCGCGGACGTTCTAATCCAGCAAC

uvrAB-U R CTATA Sac 11

uvAB-D F ngATTCCTCTTACTTGCGGCACTG EeoR I

rAB-D R ggTCGAGTTATTTGAACGGGATGAT Xho I

uvrAB-Uw F  CCACTTTTGAAACTCTCTTACCTT
uvrAB-Dw R TTATTATCAGCCAGAAGCGTATG

uvrAB F GGTGTACGACCGATTGGCGATTGAT
uvrAB R CGATGTATAACGGGGACCAAGCGC
1.2 A%

1.2.1  PCR 71 | FUFIAI B 7 BERE &
M GenBank F UK B. anthracis FF 20 5 51
3 wvraB FHEFEF), H Primer 5.0 34t B

[ RS9 . uvrAB-U F, uvrAB-U R FI T i [E IR
5% . uvrAB-D F, uvrAB-D R I8l #EBURIH
ZEMUAT I AP422 JENA, LIe AR, 1 pfu BEY”
0 E RIS uwvrdB-U F1 wvrdB-D, RVEFR N
50 uL, WA N : 95 CHIAEYE 5 min; 94 °C 30,
49 °C 30s, 72 °C 1 min, 5 PME¥H; 94 °C 30s, 61 C
30s, 72 °C 1 min, 27 PMEH; 72 ‘CHEAH 10 min, ¥
WaseER s, BERCHLTKAGINAS R, EHVIIR M4l ]n]
VRV B, S 4223 T 800K b, AT UG DG S AN
1.2.2  pT-uvrABUD: :spc #1191

JHEE BamH 1 #1 Sac Tl , EcoR 1 #1 Xho 1 43 54K
WM ERER R T #R EXEEUIT FF i A I
uvrAB-U Fl uvrAB-D, F1-4fifk, [RIFEFH i B AR U OBk
YUk pT-loxP::spe, RG] T4 DNA ¥ 2 ks
[ R BE 16 C b i 238 ik pT-loxP::spe I,
¥y R pT-uvrABUD::spe 24
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1.2.3  /TH## /K pMAD-uvrABUD: :spc HIF9#

HIB BamH 1 1 Xho 1 X} BTAL pT-uvrABUD::spc
HEAT BRI, AR U1 Yk IF gE Ak wvrdB-U-
spc-uvrAB-D F Bt, [FREFHEE BamH 1 1 Sal T X5
i pMAD #E17XUEFY], FH T4 DNA % 42 B i) A
B uvrAB-U-spc-uvrAB-D 16 °C i % 3% 5 3] 5t $iL
pMAD I, ##E i, pMAD-uvrABUD::spc 244,
1.2.4 SIS IFFE AP422 JE5Z A5 I 1971 45

FHi&3% 1 (BHI containing 0.5% glycerol) 37 C
TR RAH 2 IAT I AP422, ODgoo 35F] 0.6 I, KA
VKM 10 min, 4 °C. 8 000xg &[> 2 min, 2 FiF,
FHUKY #3857 2 (1 mmol/L HEPES, 10% glycerol,
pH 7.0) HEMWK, EE 2, AN 2 EAH
W H) 100 uL, ELE(EHE-80 CHffr & A,
1.2.5 I FHFFIRT AP422 FHE uvrAB LR “T
R R

Fie BOSCHR[12] BT 38, B 25 Y564k 9 T 4 48 1A
pPMAD-uvrABUD::spe H il % A 5 27 MU AT 18 AP422
BEZ A, 4T A BE uvrAB-U-LoxP-spe-
LoxP-uvrAB-D 5 AP422 JE[H4 FAYHS> uvrdB JE
RAEFVRESH, bR uwrdB FEH; KI5 F¥ BORE
pHY-Cre Hili#E A RS uvrdB JEN Y AP422 H, 2
BRALULEE R (Spe) DUPESEN, S “TOR” i
4 uvrAB FEH ) AP422, Bl AP422 AuvrAB,
1.2.6 AP422AuvrdB /1Y PCR %5

X F AP422 i spe bU Mk E 41
AP422 AuvrAB::spc Fll AP422 AuvrAB A #£, $EHUSE
PRI AR AR, FH A 9L 2 BT T2 55 PR 2 17 3 [ 5
&AM 5149 uvrAB-Uw F Fil uvrAB-Dw R #E4T
PCR %7€, KFE N 20 uL, W &AMHR: 95 CHIAE
% 5 min; 94 °C 30s, 55 °C 30s, 72 'C 3 min, 30
AMEFR; 72 ‘CHEMH 10 min, Ff%F PCR P24 5] T
AR TINS5
1.2.7  AP422AuvrAB H9 RT-PCR /&

¥ AP422/A\uvrAB Fl AP422 i Hk7E BHI & 1
37 CH;i3% 6 h, B 1.5 mL 59 (4 10° CFU),
OB TSR, A 200 pL % (20 mg/mL)
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182137 CAPE 1 h, SRJEHUEI 15 2E3K A TRIzol 42
HURNA, FRlE HRBE, B 1 pg AR MM, IR
MLE W) I % 7 4 B cNDA 4 —%E , SR J5 B LU cDNA
YRR, A [R5 A 9514 uvrAB F Al
uvrAB R #£4T RT-PCR 20 #r, W A |
1.2.8  AP422 AuvrAB B 2609 &

B A AT AP422 AuvrAB Fil AP422 Ttk
37 Cit i Ria, LA 11 100 #5422 200 mL BHI =
B, 37 'C. 250 r/min YR RS, BEFE 1 h P
—¥K ODgoo 1H.o
1.2.9  AP422 AuvrAB FHHXT PCT B E I &

AP422 AuvrAB W FE BHI i 37 CHiFE,
ODyyo 355 0.6 1, fil A 8-MOP (1 pg/mL), 37 CIi
B 1 h, SRJGHE I B DK B 6 4,
Hi—E L, AL 2 mL WO A 12 Lot
1 700 pW/em® 224K F 40 BB S 10, 20, 30, 40,
50. 60 min, MRHTHE N 6 cm, SRJ5 Tk
i, FEE, S NA 8-MOP (1 pg/mL Al
10 pg/mL) Y AP422 BHBAE X IR,
1.2.10 KBMA AP422 AuvrAB {CH7E1EHI 120

FIBICRT T e, 1700 pW/em 28 4MT R BE 5 B
W 1hJ5 (6J/cm?), ] CellTiter 96 Aqueous Assay
A G s . FE 96 fLARTTANA 20 uL
MTS/PMS IBGVER A 100 pL FBIS 0 PCT HK
(1x10° CFU), B2), 37 CWHH, 4% 30 min 7F
492 nm & I EEAR G — R OB . WA PCT
(8-MOP, 10 pg/mL) ) AP422 B A A PCT 1Y
GBI . AP422/AuvrAB. AP422 BHRAE 4T IR

2 ER54H

2.1 LtTHERIEE R ERKSE

[F] 5V e R PN B ) A 2B TRl IR A
287, PCR ¥ ¥4 R Fr Be K/ e b i [ P
uvrAB-U J& 625 bp, T i[RI uvrAB-D J2& 658 bp.
e D R G i S B A5 BamH T L Sac 1T,
T U ) R T g A P A B Y AL AL . EcoR 1M
Xho 1 .PCR 484 Hh iy b T i[RIV Jr Beati AL s 4 21
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T #AR L, XIS EIER (& 1) FMFEE BERIZERL. FATEHH pMAD OB FHE T HE

1E {& pMAD-uvrABUD::spc, #RJ57E Spe YL 1 T i
2.2 RIEFHFTE AP422 Bk wrAB EREE <K HEFEEEL; FHAH pHY-Cre Bk RIAR) Cre H4
R” BbR AR 3] ToxP 3 s, 25 Bk 8 20 5 5t B8 A A< JE 2 MO AT 77

pMAD JEMRB TR, AMUATLIFE X-gal f#Efb AP422 JEH4 A Spe PutEREN, B uvrdB
AR B, R R TR RCR R IR =40 'C LR CTOR” MR (F 2).

A bp M 1 2 B bp M 1 2
2 000 3000
- 000 2000
U500 1 500
800
T T

300 300

1 PCRIBHE ETIHREIRE SNEYIEE

Fig. 1 PCR amplification of homologous arms and restriction enzyme analysis of homologous arms. (A) M: DNA marker; 1:
upstream homologous arm, 625 bp; 2: downstream homologous arm, 658 bp. (B) M: DNA marker; 1: restriction enzyme analysis of
upstream homologous arm; 2: restriction enzyme analysis of downstream homologous arm.

Ts-ori
pMAD-uvrABUD::spc
uvrAB-U loxP | Spc | loxP | uvrAB-D

><

B. anthracis # uvrAB-U | uvrAB | uvrAB-D

=
30°C ‘
B. anthracis # uvrdB-U | loxP | Spe | loxP | uvrAB-D = AP422

42 °C l pMAD—
/ uvrABUD::uvrAB
e F= e >

= B.anthracis # uvrAB-U |10);f’ | Spe | loxPl uvrAB-D = AP422 =

1

AP422

( Cre
~”

pHY-cre
"_I
42°C /
CD AT

= B anhracis =) wrdBU | loxP | uvdBD |[——m= AP ==

2 RIEFMTE AP422 FEHkiAT Cre-loxP EHEM ARSI uwrdB ERREE
Fig. 2 Schematic model showing the knockout of the uvrAB gene of B. anthracis AP422 by Cre-loxP system.
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2.3 AP422AuvrAB E#kA) PCR £

& E 519 uvrAB-Uw F HluvrAB-Dw R 38
uvrAB R BUR/IN: JRAG TR AP422 2h 4 648 bp,
T4 AP422 AuvrAB::spe 4 2 751 bp, “TIE”
4:kk AP422 AuvrAB i 1 621 bp., X FIE 3A HiA—
B, MIEBIKF b3t B AE A 28 B AP I AP422 (1)
urdAB FEHC LGN TR wibk. P4
BT RIS UE T 2518 . MR 0L F R —4
LoxP {3/ /5 -

2.4 AP422AuvrAB BJ RT-PCR £ &

XF T DNA JKF-% 8 IE#f %, A TRIzol
FEEUE RNA, 55408 3B, DL uvrdB JEH R
9514 uvrAB F #l uvrAB R #£4T RT-PCR %5E, 4%
HBAnE 3C Fioso #E L, KT uvrdB FEH 5E 4w
¥k AP422 AuvrAB K, H514 uvrAB F #1 uvrAB R
SRV A, T BRI AR AP422 (5 RNA
NAZAEREY 1 AR Y uvrdB F X K BE R 3 027 bp.,
TR SIS ETE 2 A, X WHTE RNA KF 1
Vi, wvrdB FE O 28 DI mi bR, A%

2.5 AP422AuvrAB F K4 E
¥ AP422 FLH KR BE AP422 [R5 48 5%

A B
bp bp

5000 7 000
3000 5500
2000 3500
1500 2 000

800 1000

500

300 500

/NEFREI ODgoo, FEMAE T 18 ho AH HLH 4R BA IR i
JHZE AT P AP422, DM il R IS 1Y k98 25 AT P
AP422 AuvrAB RFRAKARBUAR B A MR (K 4),
2.6 AP422AuvrAB EHXT PCT B RN E
TE A0 6] W BE By 8-MOP (1 pg/mL) F
AP422 AuvrAB H o AP422 WKk 48 40 T R U
8-MOP A R AR (A N FISE S5 G, BRIk PRI 41 L
IR, TESR wvrdB BN G, RN RER IS
162 i ABC K18 DNA Hl RNA (#1455, Bt
I A M TE AP422 AuvrAB 7E 60 min P HGAL2F:
AEHR e R BEAERE T . T2 8-MOP ¥ B3 = i,
PRAH 2 JRUFT TR 6 58 A G BBUR N B, >4 8-MOP YR B
iKF] 10 pg/mL B, 7ERKPEERIMT T BRES 60 min,
AP422 &R L E AR )1 (K] 5A).
2.7 KBMA AP422 AuvrAB R i & MR E
MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxy-
phenyl)-2-(4-suLfophenyl)-2H-tetrazolium, inner salt)
SE R B VO E AT AR, B RE AT 20 AR 2ok A
OB T I i 11 7 A A o e K Vv B R B, i
TG MO A, 33X R I 2 BT T A% 4 QI T 1 A
— 3, M4 5 H,FH#HEE 5 PMS (Phenazine methosulfate)

3 SELEMRHE AP422AuvrAB B PCR £ EF1 RT-PCR £ E
Fig. 3 Identification of B. anthracis AP422AuvrAB by PCR and RT-PCR. (A) PCR analysis of knock-out of the uvr4B gene in

B. anthracis AP422. M: DNA marker; 1: AP422AuvrAB (The uvrdAB gene of B. anthracis AP422 was knocked out but retained /oxP
site); 2: AP422 (The uvrAB gene of B.anthracis AP422 was not knocked out); 3: AP422AuvrAB::spc (The uvr4AB gene of B. anthracis
AP422 was knocked out but retained /oxP-spc-loxP). (B) Total RNA of B. anthracis AP422 and AP422AuvrAB. M: DNA marker; 1:
AP422; 2: AP422AuvrAB. (C) Identification of B. anthracis AP422 and AP422AuvrAB by RT-PCR. M: DNA marker; 1: AP422; 2:
AP422AuvrAB.
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5 AP422 AuvrAB
—— AP422

OD(OO
S = D W A LN NN
T T T T T T T 1

12345678 0910111213141516171819
¢ (h)

Bl 4 REFMRITE AP422AuvrAB 5 AP422 Eik4E K

2% B9 LL 3R
Fig. 4 Growth curve of B. anthracis AP422AuvrAB and
AP422.
A9 —— AP422 AuvrAB (8-MOP: 1 pg/mL)
8 —e— AP422 (8-MOP: 1 pg/mL)
T —8- AP422 (8-MOP: 10 pg/mL)
2 of
55 (|
gL °
ST 4T
= &
S 3f
2 -
1 -
0
¢ (min)
B 25
20t
15 f
< —e— AP422 AuvrAB
1.0 —o— AP422
—A— KBMA AP422 AuvrAB
05 —m— PCT AP422
0.0

05 10 15 20 25 30 35 40 45
7 (h)

BEl5 REZFMTE AP422 AuvrAB 3 K L F M R

K51 55 1A

Fig. 5  Photochemical sensitivity and analysis of metabolic

activity of B. anthracis AP422/\uvrAB. (A) Photochemical

sensitivity of B. anthracis AP422AuvrAB (8-MOP: 1 pg/mL).
(B) Analysis of metabolic activity of KBMA AP422 AuvrAB.

HRFHIT, REHY R MTS BB J5 RN, $et s 52 g i) R A
Mo PCT S25 v, FEAHIE LA B ATt R (1h) F,
AP422 AuvrAB (8-MOP: 1 pg/mL) 1 AP422 (8-MOP:
10 pg/mL) #fK K EFEAE S5, it MTS 1517
MG PRI, FRAT A B . AL PCT AP422,
AP422 AuvrAB FIG I —FE7E 4 h W44y — DR 5
ARG PR K, BDIE B KBMA AP422/AuvrAB
(Kl 5B).
3 itk

KBMA x4 f1 Brockstedt Z£ & ¥, fthfi]idE
Amotosalen HCI (s-59) FIHK P ELINCHIAH A TTiER
FEANE S ARA I, FRAT1ZS 8 Grass P
FEIEFE T 5 T WL () 8-MOP, ‘B Fl s-59 AR +ME g
R AR, ESEADCHUER] . AW SRR, 7R
1 ug/mL ¥ FE (1) 8-MOP Fl 6 J/cm? 35 Ji il K 25 41l
1) PCT MEHIT, 2% 25 BETH B8 J1 14 1 JH 28 M AT PR
AP422 AuvrAB BSRAERFABIEM:, 155] T KBMA

TECAL AU B, R B DL LA
TG PR R R P B AT KR 5
HMIRSTI RN BER IS s OO R A i, Ak
g —#R 2 2 mL W, W ERE, FEmK
L HM BRI [R] A BE R FE AR TRV, X 2R i B S
AOUMERAPE 5 308 1 2 1Y 2 T VR 2538 3 X6 802 K A sf
ARENA 8-MOP, 8-MOP [ 3 15 52 i 1 A 9 1€
S A

XFAE PCT AE FH T 8 A% S 1 BB 18 06 1 1 A
2 A U0 S 0 Y R i, T A O S T Y I
ZEMIFF I 42384 PCT ik R EABe ), J T HBAE
6 Jem® RACHTA R KR, FrLAFRATERE T X R A0 2
MOFTH AP422 ik 8-MOP HyHJE (10 pg/mL).
8-MOP i i K 23X DR A B AR T P 7 2
T ARSI Lin P05 M 300 pg/mL 1)
8-MOP AbFHIE R, 455 AP422AuvrAB 1E 3 J/em® Y
SO E TR L TEARE S, B A A
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PEARMK . BES R TR EIIRE, BZ&HE TA
VSR S ﬁw,ﬁMEi%W&%Tﬁﬁﬁﬁ
YR %f B8, KBMA AP422AuvrAB FliTG i —FE, 7E 4 h
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