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Inducible heterologous expression and carbon catabolite repression
of f-amylase from Bacillus megaterium in Bacillus subtilis

GUO Rui'? LI You-Ran'? WANG Jun-Hua'? SHI Gui-Yang'*

(1. National Engineering Laboratory for Cereal Fermentation Technology, Jiangnan University, Wuxi, Jiangsu 214122, China)
(2. School of Biotechnology, Jiangnan University, Wuxi, Jiangsu 214122, China)

Abstract: [Background] B-Amylases have been widely used in food and medical fields. Most
industrial B-amylases are extracted from plants, hampering the application of B-amylase due to high
costs. Microbial production of B-amylase has been reported before but has not been industrialized
because of the low yields. [Objective] To achieve an efficient inducible expression of a f-amylase
from Bacillus megaterium in Bacillus subtilis, relieve carbon catabolite repression (CCR) exerted on
the expression of recombinant B-amylase and characterize the recombinant enzyme. [Methods] A
xylose-induced vector was constructed to mediate the expression of the amyM gene from Bacillus
megaterium 1514 encoding a -amylase in Bacillus subtilis. CCR of the recombinant f-amylase was
studied by site-directed mutagenesis of the catabolite responsive element (CRE) located within the
signal peptide-encoding region of amyM. [Results] The recombinant Bacillus subtilis that
inductively expressed the P-amylase was obtained. The yield of the recombinant enzyme was
significantly improved by silent mutagenesis of conserved nucleotide within amyM-CRE. The
recombinant B-amylase had a molecular size of 57 kD and hydrolyzed soluble starch to yield 72%
maltose and a little glucose. The enzyme was optimally active at pH 6.0 and 50 °C. Co*" and Ca®"
increased the efficiency of enzymatic hydrolysis. [Conclusion] Highly efficient expression of
B-amylase was achieved to provide experimental support for the industrial production of B-amylase
from fermentation.

Keywords: Bacillus subtilis, Xylose promoter, B-amylase, Carbon catabolite repression, Catabolite
responsive element, Enzymatic properties

B- (B-amylase) a-1,4- -4- B-
(a-1,4-D-glucan maltohydrolase EC (Carbon catabolite repression CCR)
3.2.1.2)
o-1,4- B ( )
51 g
[10] G+C mol%
(61 B- CCR
(Catabolite control
protein A CcpA)'! DNA
(71 (Catabolite
(Bacillus subtilis) responsive element CRE)!' 14 bp

(CRE consensus sequence)
TGWNANCGNTNWCA (W A/T N A/G/C/T)
CcpA HPr-Ser46-P
(891 CPr-Ser46-P CRE
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(13 HPr-Ser46-P (CICIM)
CPr-Ser46-P A610 WB600 amyE
14 CRE
CRE CCR 1
[15-16] 2
Primer Premier 5.0
B- amyM ()
12 EFE. ERRAFIFMNEE
amyM-CRE LB (g/L) 5.0 10.0
CCR NaCl 10.0 100 mg/L
p- 30 mg/L
1 MBS HisTrap 20 mmol/L
1.1 E#. FRRFIS|4 Na,HPO4-NaH,PO, (pH 7.4) 0.5 mol/L NaCl
(Bacillus megaterium) 1514 20 mmol/L 20 mmol/L Na,HPOy4-
(Bacillus subtilis) WB600 NaH,PO,4 (pH 7.4) 0.5 mol/L NaCl 150 mmol/L
(Escherichia coli) IM109 - 1 mL/min
pHY300-PLK DNA T4 DNA (
1 KEEBREIERL
Table 1 Strains and plasmids used in this study
Strains and plasmids Characteristics Sources
Strains
B. subtilis A610 B. subtilis WB600(AamyE) Laboratory stock
BAX B. subtilis A610 harboring pX This study
BAXMHO B. subtilis A610 harboring pXMHO This study
BAXMHI1 B. subtilis A610 harboring pXMHI1 This study
BAXMH?2 B. subtilis A610 harboring pXMH?2 This study
BAXMH3 B. subtilis A610 harboring pXMH3 This study
BAXMH4 B. subtilis A610 harboring pXMH4 This study
Plasmids
pHY300-plk Shuttle vector for E. coli and B. subtilis Laboratory stock
pX pHY300-PLK carrying XylR-Pyy of B. subtilis This study
pXMHO pX carrying amyM-6*His fusion gene This study
pXMH1 pXMHO mutation in amyM-CRE(7C—T) This study
pXMH2 pXMH]1 mutation in amyM-CRE(10T—C) This study
pXMH3 pXMH2 mutation in amyM-CRE(13C—T) This study
pXMH4 pXMH3 mutation in amyM-CRE(1T—C) This study
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Table 2 List of primers in this study

Primers Sequences (5'—3") Size (bp)
Xyl-F* CCCAAGCTTTTACATTGTAATCATGTCCA 29
Xyl-R GCCAGATCTGTGATTTCCCCCTTAAAAAT 29
MHO-F GCCAGATCTATGAAACAGCTATGTAAAAA 29
MHO-R®  CGCGTCGACTTAATGGTGATGGTGATGATGCCAATTATCTGTATAAGTCGT 51
MHI-F®  GCTTTCGTTTTGATGTTCATTTT|TGTTAATGCTTTCAJTTTTGAATCCACTTA 52
MHI-R TAAGTGGATTCAAAATGAAAGCATTAACAAAAATGAACATCAAAACGAAAGC 52
MH2-F GATTGGCTTTCGTTTTGATGTTCATTTTITGTTAATGCCTTCA[TTTTGAATCCACTT 56
MH2-R AAGTGGATTCAAAATGAAGGCATTAACAAAAATGAACATCAAAACGAAAGCCAATC 56
MH3-F ATGTTCATTTT|TGTTAATGCCTTTA|TTTTGAATCCACTTAACGGAGC 47
MH3-R GCTCCGTTAAGTGGATTCAAAATAAAGGCATTAACAAAAATGAACAT 47
MH4-F GGATTGGCTTTCGTTTTGATGTTCATTTTICGTTAATGCCTTTA|TTTTGAAT 51
MH4-R ATTCAAAATAAAGGCATTAACGAAAATGAACATCAAAACGAAAGCCAATCC 51

a b

CRE.

Note: * Underlined texts indicate restriction sites; P His tag is indicated in italics; ©: Modified CREs are indicated in rectangular boxes.

) Fermentas

HITACHI Thermo
Bio-Rad
Dionex
1.3 E[F4E DNA HYIREL
WB600 1514
DNA Wilson [17]

14 AKREEFFHAF pX HIHE

NCBI PCR
Xyl-F/Xyl-R WB600

Pfu DNA

(HPLC)

95°C 10min 94°C30s 55°C50s 72 °C2 min
29 72°C 10 min 4 °C PCR

(100 L) (25 umol/L) 1 puL
1 pL  Pfu DNA (0.01 U/uL) 48.5 L
ddH,0 48.5 uL Hind Il Bgl II
pHY300-PLK
IM109
pX
1.5 amyM-6*His B & EF R T IE R EH R
pXMHO H#3E
NCBI B-
MHO0-F/MH0-R
1514 B-
amyM-6*His PCR
1.4 PCR pX
IM109
pXMHO amyM

1.6 458 R amyM-CRE E4H Rkt E

Super Pfu DNA pXMHO
MHI1-F/MHI-R PCR

Dpn I IM109
1 amyM-CRE

pXMHI
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2-4  amyM-CRE
pXMH2 pXMH3 pXMH4 PCR 95°C
I0min 94°C30s 63°C30s 72°C4min 24
72 °C 10 min PCR (100 pL)
(25 umol/L) 1 pL 1 uL  Super Pfu
DNA (0.01 U/uL) 48.5 uL.  ddH,0 48.5 uL
1.7 EAHEFBRITENLE

pX pXMHO pXMHl pXMH?2
pXMH3  pXMH4 Bott  ['¥]
A610
BAX BAXMHO BAXMHI

BAXMH2 BAXMH3 BAXMH4
1.8 IS rAEIRME LR
BLAST (www.ncbi.nlm.nih.gov/
SnapGene 2.3.2
Signal-P 3.0 [19]
1.9 E4 p-EEERIFSRE KRS &
BAXMHO 15 mL LB
37 °C 200 r/min

BLAST/)

3% ( )
30 mL LB 37 °C 200 r/min
8h 1% 16 h
4 °C 12 000 r/min
10 min
1.10 B-EMERE NN, & B BN EFE K
SR
0.95 mL Na,HPO4-NaH;PO4
(0.2 mol/L pH 6.5) 1%
40 °C 50 uL B-
500 pL
540 nm

5 min
40 °C
1.5 mL DNS

30 min

5 min

DNS B-
V) 40°C pH6.5
1 pmol
11U

Bradford (20]

SDS-PAGE (21

1.11  E4H R EERY AL
HisTrap B-
SDS-PAGE

Schagger

1.12  EHER/KEE 6946
SUGAR SH1011
10 mmol/L

0.6 mL/min 50 °C

2 GR5WR
21 AKREBEFESBHTFH p-EHEERNEE
559
WB600 DNA
PCR 1.4 kb 1
NCBI

(GenBank A00033)

Xy| R—ny|
1514 DNA
PCR 1.6kb  p-

bp
2000

1 000
750
500

250
100

1 FEE xyIR-P,, F1 amyM-6*His TR B HE B2 Bk 43 4
Figure 1 Agarose gel electrophoresis of xylR-P,; and
amyM-6*His

M DNA marker 1 XylR-Py 2 amyM-6*His
Note: M: DNA marker; 1: PCR product of XylR-Py; 2: PCR
product of amyM-6*His.
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amyM-6*His( 1)

amyM-6*His 1 656 bp 551
61 kD
1-31 32-545
546551
B- 57 kD amyM
GenBank KY744244 BLAST
amyM
DSM319!"¢ (Bacillus cereus)™
B- 94%  72%
1514 B-
amyM CRE
TGTTAACGCTTTCA

TGWNANCGNTNWCA (W A/T N A/G/C/T)
22 KEFEFSFRIE B-EMEEELHFRN pXMHO
HIHE

Xyl R-Pyyi -
pHY300-PLK pX
amyM-6*His pX
B- pXMHO (  2A)
pXMHO Bgl Il Sall 6 252 bp
pX 1662bp amyM-6*His
( 2B
2.3 E4E pEHEEN L
pX
pXMHO
A610
BAX BAXMHO
BAX BAXMHO
1.9
BAX BAXMHO
BAXMHO

1514  B- amyM

SDS-PAGE 3
BAXMHO 57 kD
amyM
1514 37 °C 200 r/min 24 h
B- 0.22 U/mL
BAXMHO B-
10.32 U/mL 46
A
ori-177  Hind 111 (2)
\ xyIR
Amp — Promoters
L L— Bgl 11 (1 404)
pXMHO
7914 bp
~— amyM
-
ori-pAMal His tag
Sal1(3 066)
A Tet
B
bp M 1
7500 —
5000 —]
2500 —
1000 —
500 —

2 ELERN pXMHO IR
Figure 2 Construction of recombinant plasmid pXMHO0
M DNA marker 1 Bgl II +Sal I
pXMHO.
Note: M: DNA marker; 1: Recombinant plasmid pXMHO digested
by Bgl I and Sal 1.
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57

3 Ha5MEESE SDS-PAGE Hk[E
Figure 3 SDS-PAGE of the extracellular f-amylase

M Marker 1 BAX 2
BAXMHO 3 BAX
4 BAXMHO

Note: M: Protein marker; 1: BAX without induction; 2: BAXMHO
without induction; 3: BAX with induction; 4: BAXMHO with
induction.

2.4 T amyM-CRE X EHEFI AR E KR A%
i3 Ob A

amyM-CRE
amyM-CRE
CRE
CCR
pXMHO
PCR 14  amyM-CRE
pXMHI pXMH2 pXMH3
pXMH4 4
A610 BAXMHI
BAXMH2 BAXMH3 BAXMH4
BAXMHO BAXMHI BAXMH2
BAXMH3  BAXMH4 (
) LB
1.9
LB
3

(W: A/T; N: A/G/C/T)

CRE of consensus? TGWNANCGNTNWCA

CRE in pXMH0" TTT GTT AAC GCT TTC ATT
CRE in pXMHI TTT GTT AATIGCT TTC ATT
CRE in pXMH2 TTT GTT AATIGAGTTC ATT
CRE in pXMH3 TTT GTT AATGAATTHATT
CRE in pXMH4 TTAGTT AATGCE TTIEATT

Amino acid sequence Phe Val Asn Ala Phe Ile

B 4 CRE #£FF%). FEiHE amyM-CRE FzIEH
amyM-CRE BJELER

Figure 4 Comparison of CRE consensus, wild-type
amyM-CRE and modified amyM-CREs
* CRE b )
Note: * All CREs are underlined; ®: Base substitutions are
highlighted.
LB B-
LB
( )
( )
amyM-CRE B-
amyM-CRE
amyM-CRE
Kraus %
CRE CRE
CRE
CRE
B_
BAXMH2
BAXMH3 BAXMH4
BAXMHI1
amyM-CRE 1
|3_
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Table 3 Catabolite repression of different carbon sources in various mutants during expression of f-amylase
. Enzyme activity (U/mL)
Carbon source BAXMHO BAXMHI BAXMH2 BAXMH3 BAXMH4
None (LB) 10.41+0.52 10.78+0.85 10.95+0.57 10.68+0.70 10.74+0.80
Glucose ND 0.45+0.05 0.65+0.22 0.68+0.14 0.66+0.12
Fructose ND 1.22+0.14 1.63+0.17 1.69+0.13 1.69+0.15
Sucrose 0.59+0.07 1.74+0.14 2.31+0.16 2.48+0.13 2.43+0.18
Maltose 21.96+0.86 39.04+1.86 50.89+1.60 51.82+1.72 51.93+1.17
Maltodextrin 24.06+1.14 67.13+3.80 78.45+1.14 80.47+2.13 79.69+3.11
Soluble starch 25.40+0.96 69.1443.44 82.08+2.36 83.97+1.77 85.10+1.73
Potato starch 30.29+1.34 79.16+3.19 96.93+1.38 96.30+2.80 97.16+2.94
! 1% ( ) ND .
Note: *: That is, added to the LB medium at a concentration of 1%; ND: not determined.
CRE BAXMH4 B-
2 97.16 U/mL amyM
CRE 1514 B- 440
2.5 B pEHEERLL
B_
amyM-CRE B- SDS-PAGE 57 kD
amyM-CRE B- )]
CCR
kD kD
amyM-CRE 170 —!
CCR 130 —
100 —
70 —
CCR 55 — 57
40 —
[15] : [24]
Singh 45
CcpA CCR
25 —

CCR

B 5 “L/EHES B-EXES SDS-PAGE K
Figure 5 SDS-PAGE of purified recombinant p-amylase

M Marker

1 B-

2 B-

Note: M: Protein marker; 1: Crude recombinant B-amylase; 2:
Purified recombinant f-amylase.
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2.6 Eif B-EMEBHVERE MR 100% -
2.6.1 E4H p-EMERRIKARM R 7B 45°C
1% 50 pL 50 °C 60 min 70%
40 °C pH 6.5 60 min
2.6.3 pH XIBEE R EGTRE MRS
6A 6B 40 °C pH
72% 28% 100% pH-
p- 7C pH
6.0 pH 35 pH 7.0
2.6.2 REXESENFIFEE AR 20 °C pH
PH6.5 B- 60 min
100% - D 7
1A pH 4.5-5.5 pH
>0°C >3°C 4.0 pH 60
60 min
A . 264 SEEBFEAMIEMHNZI
3 KCl MgCl,
F Maltose Glucose ZnCl, CaCl, MnCl, CuCl, CoCl, FeCl,
20 ;‘ FeCl; 1 mmol/L 10 mmol/L
S b 4 Ca®*  Co™*
= é B- Co
O: an+ an+ Cu2+ Fe% Fe3+
a 10 mmol/L  Cu**
<0 W TN TR T [N WY TN TN TN [N SN TN SN TN T TN TN TN T AN TN TN W
10 12 14
t (min) 2.6.5 E4H B-E M ERHIRMFERME
B . B- 50 uL 1%
- B-
WoF Maliose 40 °C pH 6.5
S E 30 min 1%
T OF Glucose 100% 5
of b
:_. PR T SN SN T SR NN T NN TN SN [T SN VT ST N S SN A AN} B- B-
10 12 14 B-
¢ (min)

El 6 ZEH -EMEKBEALAMEER =2
Figure 6 Product analysis of recombinant p-amylase
reaction with soluble starch p-
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A B
100 | [ ] 100 a—a_ g
S / 9 A
S y \ S 80+ g
£ S . z B
5 60r \ Z 60+
& x ]
o
2 40f /-/ \ 2 40¢
= = N
k] —_—
o | g L
20f = \'\- = 20 e
0 L L L I L L 0 I L L 1 L L
20 30 40 50 60 70 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
C D
100 | L _
/ 100 A-A A\
—_ i —_ ‘/ A
S 8o} y's S 80 \
Z - ) c A BN
Z 60+ \’ Z 60F / A aa
S ] S N
< \- < A A
2 40¢ u 2 4
E LN E
£ 20f - 2 0
[ ]
L L 1 1 L L L L 0 1 L L L L L L I
30 40 50 60 7.0 80 9.0 10.0 30 40 50 60 7.0 80 9.0 10.0
pH pH

7 R pH XEL B-EMERE HATEE RN
Figure 7 Effects of temperature and pH on activities and stabilities of recombinant f-amylase
| A A - B - C pH- D pH_

Note: m: Enzyme activity; A: Enzyme stability; A: Temperature-Enzyme activity; B: Temperature-Enzyme stability; C: pH-enzyme activity;
D: pH-enzyme stability.

*4 SEBFIEHB-EHEENNEN x5 EEp-EMERDESFMT
Table 4  Effect of metal ions on the stability of recombinant Table S Substrate specificity of recombinant p-amylase
p-amylase
Substrate Relative activity (%)
Relative activity (%) Soluble starch 100
Metal ions il VL 10 mmol/L Potato starch 40.79+1.60
N Amylopectin 38.60+0.67
K 99.75+2.20 98.74+1.81 .
Maltodextrin 70.31£2.25
Mg** 100.35+1.27 100.30+2.01 Glycogen 89.88+2 39
Zn** 79.72+2.73 64.04+2.25 B-Cyclodextrin 0
Ca*" 101.06+1.14 105.51£1.14 .
» 3 4k
Mn 94.03+2.73 67.83+2.74
cu™* 75.22+2.46 42.5543.22
- amyM
Co™ 127.870.96 128.17+2.37 b
amyM
Fe** 88.91+2.31 84.18+2.00
Fe'* 93.38+2.96 61.81+1.84
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B- 97.16 U/mL amyM
1514 B-
440 B-
57 kD 50 °C pH
6.0 Ca*" Co*" B-
Zn** Mn®" Cu*" Fe?'  Fe'
B_
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