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Cloning and expression of a novel (—)y-lactamase gene from
Bacillus thuringiensis
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Abstract: [Background] y-lactam is an important pharmaceutical intermediate and its chiral property
makes against drug synthesis. The preparation of optically pure y-lactam can be realized by y-lactamases’
selective resolution. [Objective] To explore the gene of y-lactamase from Bacillus thuringiensis and the
technology of optically pure y-lactam preparation. [Methods] The genome sequence of Bacillus
thuringiensis was searched by the key words “acetamidase/formamidase”, two sequences were selected
and heterologously expressed. The degradation of y-lactam by recombinant bacteria was monitored by
HPLC method to determine whether the cloned gene was a y-lactamase gene. The application of 5 L
fermentation, substrate separation and product recovery were also performed using the constructed
recombinant bacteria. [Results] The skA2 recombinant strain had activity of (—)y-lactamase and showed
good performance in small scale production. [Conclusion] The A gene is an unreported new
(—)y-lactamase gene, which enriches producers’ enzyme toolbox. The skA2 strain can meet the need of
industrial production of (+)y-lactam and lay a solid foundation for the preparation of optically pure drugs.
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y- P Tk M i FBE I BE(BC 3.5.1.4) g — b2,

H T LB BB Pk R Tl B Y (2 )y- PN I (2- A 2%
TIR-[2.2.1]-BEkE-5--3- , CAS:49805-30-3),
M4 A y- N EE(E 1) (£)y-I TR 2 —
FIAT LA BB R 259 i = 2 v LA, Wiy 7 3
o 1R BT B 55 LA R 9 FR R R AR ok 5 BT -
PIEIE T 375 >R B (B (£)y-IN eI B B 22 S
JE A, A () PR OB R B . (h)y- N T R
[(1S,4R)-2- & Z% X ¥f [2.2.1] BF -5- J& -3- i ,

CAS:130931-83-8]L J2 (—)y- N BEIZ[(1R,4S)-2- A%
WIR[2.2.1]5¢-5-0F-3-H, CAS:79200-56-9]. F|H]
SN TR GBI T 254 BUAE A B s , 2> B0l ply 3L
A R 2 WA AT Bk 10T 25 A7 AEAS ) X i
AR RGBSV E . W 20 42 60 4
R, AEERZGVD I I (thalidomide, X 44 < W {557)
LRI AMNETERIE R BT, S5R51 % T
FL AR, B PRTE V0 R RE e ) (RS A LA
R AR NI, T (S) R A — ik ) S
FIU e 28 A i R b 7 B — A A AT
GrabEL, WS RIIN y- N B A BX — 20 S B
ST e 287 91 v = SN 1197 N w11 0 s S A2
G PE MR IR T (BT R, FmRE TAEEA]
) HOGERBIUETE T 4248 (+)y- I et |, 1R

(—)y- P B

(—)y-lactamase

\—iNH

(H)y- P B
(+)y-lactam

(+yy- I B

(+)y-lactamase

B 1 y-BRREEIE R PR )y- N Bt T B E

O,
N

(H)y- I TBE R BT 0 () y- N T, DTS 31D 27 4l Y
()y-PI LR LA 2B Pt B0 HSZBR E(H)y-P
P Jrig th, P Dl e A A P S A 2R B | B A T
BRI 20 05 ), DRI (—)y- PN IR A T
M - E TR B A {E

A S0 = M N R EE TR A T — Bk
(+)y- PN PBE R Tt ) TR AR ——— 7 = 4 2T B8 (Bacillus
thuringiensis)'"), TEJ5 L2520 v & BZ MR AL (—)y-
N BRI o ()y- PN IR B A7 T — B AT L ) 1 T
AU AR AT R (Microbacterium
hydrocarbonoxydans)§JL5C G 8% & BLr= (+)y- N BE G
(=) y- P Bt e ) B A4 B ) Pt 0 75 () y- PR T i
AFITFA =T, 53 W ER B — y- N B
g BE R A 7 SR PRI DARR ey W S R e e . 3R
10T SCERIRIE A LR y-INIBERG I R, Horh &
J y- PRI PRI L LR g S s T A 3 A1, (1) gl
FERISCPRTE B TN - DAY Tt P Tt T B A TR
[RIZH BEAILT T /N BOR R BRI I, Pt &
T O 1B RO P AR, XS AT S T
Wy BAS 2] y- e BESE . (2) L. M
CL AT y- PN T Pl Tt A P S 2 TR Ak s y- PN R
BEEE A, PRI A I S5y e iR A (H
HTEP AR ARR A . SR E

NN HO,C NH,

(+)y- P B i (VKT
(+)y-lactam (—)Hydrolyzed product

)

NH noc, N,

N ‘. @.a

(- BERR (V) KEETH)
(—)y-lactam (+)Hydrolyzed product

Figure 1 Schematic diagram of selective degradation of (x)y-lactam by y-lactamase
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SEE , B R R AR, A R R,
Q) fFEIZIEL:: FIHCHGER v- BRI 51
APARIME LT, BCE R P BERE G . CBERENESS ¢
BRI TR DY, SHETERY H 8 S T T R R
ik BEREIIE, W REACHE L y- NG SN . A
WS RS =ik, A y-IN IR GRS 1
Ihn A AR T A R 40 B, 38 5 “acetamidase/
formamidase” IR RIE7E H 19751, SRR
BT, R A RSB FSRIC, XE
M3 AT T bk . &g R RV wpERAn
A JPHVEA ()y- BRI TE Y, R —BOR &SR Er)

*1 CiRER y-AEtRREs

Table 1 Previously reported y-lactamases

(- REIE N . 85T 5 LAY & B K4 [l
WSt , RIMELHEE skA2 HA A ELi(+)y-IN
R, FH TS 7 o
1 e
1.1 #8
1.1.1  EHRFA AL

519y e o3 A TR AE IR IR A R W B (R
2); Jiki pMD19-T W F EAY) T RO ) A B F 5
JFki pET-28a. E. coli TOP10., E. coli BL21 HRiEK
Rl SRR B R AL AL s 5 s
4 FFAUFF R (Bacillus thuringiensis) A SIS S RAT

A R PR

Year Strain origin

piEES s

Selectivity

VS WIRFS

Discovery method

27 3k

References

1999 Comamonas acidovorans 4

2004 Sulfolobus solfataricus s

2010 Thermoanaerobacter tengcongensis

2012 Aeropyrum pernix

2012 Bradyrhizobium japonicum s

2014 Bradyrhizobium japonicum -

2014 Microbacterium hydrocarbonoxydans ==

2014 Microbacterium hydrocarbonoxydans -

2014 Pseudomonas putida s

2014 Streptomyces aureofaciens +

2014 Nocardia farcinica =

2014 Rhodococcus globerulus =

2014 Escherichia coli +

2015 Delftia +

2018 Rhodococcus erythropolis +

2019 Microbacterium testaceum E=

FEPRI SR

Gene library method
(EISEFR TS
Information mining
Unknown [14]

{5 Bz L [15-16]
Information mining

{5 Bz L [1,17]
Information mining

Unknown [18]

HELRI TR [9,19]
Gene library method

G {ERUIE(R7S

Protein counter-inference
(EISERR TS (23]
Information mining

(EISERE TS [23]
Information mining

(EISERE S [23]
Information mining

(EISERE TS [23]
Information mining

(EISERE TS [24]
Information mining
R Bz
Information mining
R Bz [27]
Information mining

R Bz [28]

Information mining

[10-11]

[12-13]

[9,20-22]

[25-26]
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Table 2 Primers used in the experiment

51455 527

Primers name Sequence (5'—3")

AF ACGCGTCGACATGGGTAGTAGTGGAAGTATGGTAAAGC

AR CCGCTCGAGCTAAGAATGAATCGTTTTTTTTACTGGA

BF ACGCGTCGACATGTCACCAGAAAATAAGCCGT

BR CCGCTCGAGCTATTTAATATGAAATTTACTAAAAATAAATCCT

VE: BTSRRI R M SR A
Note: The underlined are restriction enzymes cutting sites.
1.1.2 EFE

TERE TR (g/L): BERER A 0.1, N-CE-L-2R
&R 2.0, NH4C1 2.0, Na,HPO, 0.1, NaH,P0,0.1,
MgS0,40.1, 75 pH 7.0

FERE IR (/L) BERRR NG 5.0, AR 5.0,
KH,PO, 7.0, NaHPO,2.0, MgS0,0.4, FeS040.02,
CaCl,0.02, NH,CI5.0, ¥#75 pH 7.0,

LB ¥ififk(g/L): BEMAM 10.0, BELREHZHK
5.0, NaCl10.0, V497 pH 7.2 Brikifisemt g ime
WeRE R 50 pg/mL %N H 8 R 8 30 pg/mL 1R
MWER.

1.1.3  EFZERLFFLEE

ApR LA R BULF & . IPTG, A TAY T
(BB A BRA s ok U & . SR EE
R & . BRI N DI . Tag . T4 DNA
RN, EAEY TRE)V AR A 2-F 48R
[2.2.1]B-5-45-3-1 , |96 22 stk A= Ak B A R
Al CISHSFNEE. ONE . IETEE, KETRHERR
AR R A D

BEEE PCRAX, FEBR CHE/RBHE A A 5 BERSS
R4, BHABRSAE; RRKER, RTES
POkt WO ERHY, BEAn; AS-H THE
TERE, KR S AN AL, TR 2
AR AR A BR A ] 5 Tt Z8 KA, TKA R,
HR%ETHL, Labconco Ar); 5 L ARERE, FiEH
CHYRHEA R A
1.2 A
1.2.1 HMRE A LK B B3 18

VA Bacillus thuringiensis %5 2H %4 (GenBank

5. CM000759.1) 82 %, i@ id “acetamidase/
formamidase” JCHETRIRIZ ) 2 SRIEAERY H W F 4
E, 2% A F¥l(protein_id: EEN01695.1)
F1 B J¥51(protein_id: EEN02965.1)44%, %3435
Bt T AU Sal 11 Xho T BRI N VIBEHAL S 195 9
(32 2)o Fic HE 20 B 356 DR 4 4 B 5] 6 1 FH 08 I A
28 °C. 150 r/min ¥ 3233 09 Bacillus thuringiensis
PRI SR I R R 4

PCR WA Z (25 pL): ddH,O 16 pL, 5xSF buffer
5 uL, dNTPs (10 mmol/L) 0.5 pL, F. FiE5|4
(10 pmol/L) #5 1 L, ZMEFEHY] DNA 1 uL, Tag
fifi(5 U/uL) 0.5 uL. PCR JZJ 444: 95 °C 3 min;
95°C30s, 64°C45s,72°C30s, 35 PMiEHR; 72 °C
10 min; 18 °C 2 min, ¥ 34 WF 1% HEEE
VKOS HEE A [T iR £ Tl i
1.2.2 TA RREHEEE

BHSS ) PCR =90 polyA &, kR
(50 uL): ddH,O 8 pL, 10xTag buffer 5 uL, dATP
(10 mmol/L) 1 pL, [MI™#) 35 uL, Taq F§(5 U/uL)
1L, WA 72 °C 15 min, RSP 1%35
PR I FL YK 4 225 B A R 1 A7) 6 Il
A= HIF T4 DNA % H: pMD19-T 044,
BiJ 5% 4L E. coli TOP10 JR3Z AN, F b5
BISJIRAGTE S 50 pg/mL 2N H &R 1 LB Hitk-Fik
k., 37 °C fBI'E 3% 12-16 h, BEBUARETZH] 5 mL
FaRFHERR A LB B33 37 °C. 200 r/min £%
TR, PRI A BT Sal UXho 1 YIS IE
4 56 UF A% ) 1) T 2 SORL i 4% F pMD19-T-skA |
pMD19-T-skB, 2Z 4 T A9 TR (i) e fn A R
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o alHmA T B T .
1.2.3 FJiEHKiE

HEH pET-28a JEkI A T Sal 1/Xho 1 UGV, i
YIE 0 BURL 1 %S B ERE I FEL UK 43 25 RN BB b e
o I 7o = 1 QS B 5 % S W Pl £
PMD19-T-skA . pMD19-T-skB b [ 2 (A B bk 24 75
BRI, 05T O] . 1 %S A AR i Ha Yk AT g
JiEH e e el 3 Rl B 457 . DI S 9
pET-28a vk S HE) NI skA L skB F BeiE 2 S i%
fLE E. coli BL21 B2 54 IR ATFES 30 pg/mL
RIS RN LB $itE P b, 37 °C B 12—
16 ho PREAEETES] 5 mL FIRFTIERIRAR LB 555
JE 37 °C. 200 r/min ¥5FRRE, SRICGRA R T
Sal 1/Xho 1 XU EGYISGIE , K90 UE R0 BTk% A T
AW T AR A A FR A w14 T H 9 R Bl 7 .
1.24 BEHFEHIFESFRIE

XA 1A B e 51 B AL KR RERL TR )
DEAREHTIE TR, B ROE R 1%
PR EAEFE] 100 mL RAREE R DU LB Kigrdk,
37 °C. 200 r/min FEIRIEFR, FEREFRIE ODegoo (55
0.6—0.8 i}, JIA IPTG ZZHSE 0.1 mmol/L, 7%
2NN IPTG, 37 °C 4k4L3E5% 5-6 h 5 HE
8 000 r/min Z.0> 10 min, YTIEMH 10 mL 0.05 mol/L
BEIR AN S ph i EE R, VKA T HEAT M R A AR Ah B
(10 min, 200 W, #7/ 3 s, [AIBES s), AEESEEe)n
10 000 r/min #4.0> 10 min, HIE#47T SDS-PAGE HLIK -
1.2.5 EgIERM

B 2 mL, 8000 t/min &5.0> 5 min B ULHE,
10 g/L By ()y-NBERE T 1.5 mL, FEoMES,
25 °C IR 1 ho SCH BUE S ERE 3 2 mL,
JIA 0.5 mL 50 g/L f)()y-IN B IR, FooHRS,
25 °C IR 1 he T4 S0 & 8 000 r/min 250>
Smin, BCET 0.75 mL, MIEERFIE T 5 & 6 5]
TRAIBIK, 8000 r/min B5.0> S min, TEFHESIIR FIZ,
LA SE T8 EAES o (AR RORAR S T
YIRS OGN, SR AS-H FrE@iss:, b
RENEFHEE 91 (R, SIEA 0.6 mL/min,
230 nm FERAGI, FFEELE B4 10 uL.

1.2.6 2ZHEEMEL A RIRAK

i 5 L R BARESR LB Bk, Bk araln
AINA 5 L KBERE, IKZEL 4.5 L CRE AR
2 k), FPEERIEEER I ERHERT 2 100 °C, JF
RV REAR R T T REATRL e R 7E 121 °C, KA
30 min, HIZEIRIERER] . ZEHFERIEITT, &
28R AR, A SRR R, PR R K
AR NSRBI T 37 °Co 44 3% Rl e fh
AW, FFHW ODgoo [HIRE] 0.6-0.8 Bf, JIALH
FE S o/L WFLHE. 37 °C 4¥£ER55% 6 h J5 8 000 r/min
240 30 min WORIAIR, MIAEH 50 g/L (£)y-MEERE
19 1L R, ROV, 28 HAS RV 8 000 r/min
B0 30 min, B3 500 mL IF T EEAEHL, (e
RRAT I, PRS0k, IR ERT
BT . BUD VR TP FIE TEE, 1 045 pm
BRI, 38 2 RO E A AR
2 ZR545W
2.1 A. BERE/Y 1

VAR Bacillus thuringiensis Ta Ak 3 K 41
DNA Syt , R B 5 sy 3 T H iR
BL(F 2), HIUKSEIREI, A FH5 1919 H B3R K
/NFE 1000 bp 2247, B IFHI514 H A SE R R/ IVE
900 bp ZeAy, STRBIAHST

bp M 1 2

2000

1 000
750

500

250
100

2 A. BEHE PCR # &= ry IR BEHE BEAL FR Ik 52 4
Figure 2 Agarose gel electrophoresis analysis of PCR
amplification products of A and B genes

#: M: DL2000 DNA Marker; 1: A §34)¥51; 2. B ¥ 3741
Note: M: DL2000 DNA Marker; 1: PCR product of A; 2: PCR
product of B.
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22 A. BHRE®MRE

B0 Bl e i, EH:E pMDI19-T
AR, TEHALE E. coli Topl0, FIHAEHHE
PUPER LB Rk A A . PR EE AL ok,
AT YIS E(E 3). BB 3 AL, A T1, A_T2,
A T3, A T4, B T5. B T6. B T7 ¥ItT HASK
W, R B_TS REGVIH BRI, ERER
W, XERUEEVISEIE RGN B 7 AFESREL IR,
550 A TPAIE 4 RESRINP SR —3, B RSN
3AKEMTR B_TS 5 B T6. B_T7 MF45RA—4
BRAL Y2250 . T BRI 1 ok iy A P81 51k
IR 2% 8 A FF5(protein_id: EEN01695.1)
25 MEIEA—Z, PSRN B PSS
Yt %% 1) B J¥ 4 (protein_id: EEN02965.1)47
29 MSEA—E, BEFIFAES RS E 2, &
A T Sy AR S 30 7 6 DR 1Y) 9 = 4 2R AR R 5
VESH IR 54 2R AT IBL 4222 (GenBank % 5%
5. CMO000759.1)4 41225 .
23 A. B RIEHMKGE

XA T1.B_Té B4k pMD19-T-A .pMD19-
T-B #EATWEEY), [N H R B, 50U Y
pET-28a #iAEH:, #AIL=E E. coli BL21, FIF-RHK
R PUME LB RE R0 Ve B 41T o 3R B 4 B ok,
FEHEAT USR] 4), 42 skA2 YJH T HI A
B skA2 EEMF, skA2 MIFFEEHES TA FElEm

10 11 12 M

El 4 =46 pET-28a-skA. pET-28a-skB JRAI W EF I8 IE

bp 1 234 M356 78

3 &6 pMDI19-T-A. pMDI19-T-B RHI N EGHILNIE
Figure 3 Dual enzyme digestion of recombinant
pMD19-T-A and pMD19-T-B plasmids

T 1o AT XUBY=H; 2: A T2 WEEYITH); 3: A T3 XL
BV 45 4: A T4 XUEEYI™ 45 M: DL2000 DNA Marker; 5:
B_T5 MHFYIF=4; 6: B_T6 AEFVI=Hy; 7: B_T7 WEFII =
8: B T8 XTI 4).

Note: 1: Dual enzyme digestion of A_T1; 2: Dual enzyme
digestion of A T2; 3: Dual enzyme digestion of A T3; 4: Dual
enzyme digestion of A T4; M: DL2000 DNA Marker; 5: Dual
enzyme digestion of B_TS5; 6: Dual enzyme digestion of B_T6; 7:

Dual enzyme digestion of B_T7; 8: Dual enzyme digestion of
B_TS.

e R —a.
24 SkA2 WNFSRERERLTE

skA2 1 23R )T B O BRI R, i b
1T SDS-PAGE HLVk(E 5), W0, 37 kD &b 4%y
FeIR BRI, AL S T A JPEIRIEN

13 14 15 16 17 18 19 20 21 22 M bp

4 000
3000

2000

1000

Figure 4 Dual enzyme digestion of recombinant pET-28a-skA and pET-28a-skB plasmids

TE: 1-12: skAl % skA12 FA M FRDME Y9 ; M: 1kb DNA Ladder; 13-22: skB1 % skB10 54 i (1 TR XU 4.
Note: 1-12: Dual enzyme digestion of plasmid from skA1 to skA12; M: 1 kb DNA Ladder; 13—22: Dual enzyme digestion of plasmid from

skB1 to skB10.
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A FRAEY B gt R, BT &RY)
S HkEG , H R IR S His S S itm &
Rt JCik i Ni-NTA ERZErksifb. b 17 uEm
ZHEEMIEE A BRI EN, Bz,
P EI RS A YRR B R A TR SR
YRS HT . SRS R RS E BRI T
Bacillus thuringiensis [] Formamidase, A FER7ER
WAFF R s R Rk . W3R 3 R, A 4 550K
B R BB EIHT AR S, Mascot 11403 20
RISASH AT 5E, BEIIAS YRR 4 45 R A .
2.5 BEEIERN

PR iERE SR skA2 TWRE L, IR
N2 HPLC A (B 6), (+)y-INIER%FE 12 min
LA, (-)y-INBERETE 15 min 245 0%, HE 6
AT, skA2 B TPTG i T 41(-)y- N BERZ B R, ik
W] skA2 TE5 S5 A (—)y-INBEREI IS 1 5 skA2 Rifs
F#3 ERRILHENABKE TERER

180
130

100
70

55
40
35
25

15
10
B 5 skA2 ERRIER skA2 RiFSREMHELF
SDS-PAGE Hjk
Figure 5  SDS-PAGE electrophoresis of fragmented
supernatants of skA2 induced and skA2 uninduced
T 10 skA2 RIEGFRIBIIBAE 1 ; M: HH Ladder; 2: skA2
PRI I
Note: 1: The supernatant of uninduced skA2; M: Protein Ladder; 2:
The supernatant of induced skA2.

Table 3 Peptide matching detected by protein mass spectrometry

BBt BE eSSl BRiRsr R EAERALE Mascot §T4>  REUFSI
Observed Mr(expt) Mr(calc) Position Mascot score Peptide sequence
1 705.881 5 1704.874 2 1704.858 3 267-281 124 R.LGWGLENNIYNLGSR.G
1999.972 0 1998.964 7 1 998.946 9 188—204 132 R.ISGYSTOVSEOWMLTNR.S
2201.112 5 2200.1052  2200.0800  248-266 132 RNPWEIVTAEVYPELADQAR.L
2919.600 8 2918.593 5 29185576  2-29 120 M.GSSGSMVKPISGFLTALIQYPVPVVESR.A
— = 75
A 3 7 230 0m, dnm| © 2 230 nm, 4 nm
E 50} % 50 b
g 2
g 25 § 25
2 2
172}
200 : — 2 0o
00 25 50 75 10.0 125 15.0 17.5 0.0 25 50 75 100 125 150 175
t(min) () () t(min) (+)  (5)
cS87 230nm,4nm | p § 75 230 nm, 4 nm
<
E 50} £
3 8
<
g 25 g 25
2 g
2 0 n — S = 0 e e e e e —
00 25 50 75 100 125 150 175 00 25 50 75 100 125 150 175
t(min) (+) () t(min) (+) ()
B 6 skA2ES/ARIFSH skB5 iFS/ARIFSHIPERRIKY HPLC B

Figure 6 HPLC chart of substrate degradation by skA2 induced/uninduced and skBS induced/uninduced
TE: A: skA2 I IPTG R XRYIIER: B: skA2 AN IPTG i FXRMIMERT; C: 2534 skBS il IPTG W5 e i 1

J1; D: zZ5#dAk skB5 Rhn IPTG 5S4 M 1R .

Note: A: The effect of skA2 with IPTG on the substrate; B: The effect of skA2 without IPTG on the substrate; C: The effect of blank vector
skB5 with IPTG on the substrate; D: The effect of blank vector skB5 without IPTG on the substrate.
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SUAFAERG, TR LB 55383 b 198 (A R
T a A R LD, R T LR TR T
HHEAHE A S HIAFE K skBS Lig 2T IPTG 5%
HRICHETEG o LA S5 R ULHANET 51 A Fk i & i
STHAT (- I BEREEEE M, R —FloR & RE 1B
()y- PR TE e
2.6 HIKAK

5 L RMERERESE skA2, 1 L RVEHERTIEY 5
PRI SN, IS 7KV PP AL 5 (= )y- PR T B ) 7K i
PRI PR LR (Hyy- N BRI o A E T AR IR
(H)y-NBERE , BEFEZ8 AT, T —a |
K, R RT RS RIRE L ) . BUD R T
IR TIE TR, TR R0RAH GIg R . dlEl 7
AT e AT AR 83.2%, HA&A T
I A5
3 WihE4w

K S 3E 33t “acetamidase/formamidase” 5% £ 1) M\
Tz G 2 AT T A0 JE DR 4 ARG R VBT ) y- N R

FEPR, X LA T e RS SRS A o T R |
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Figure 7 HPLC analysis of end product
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