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TSR R SRS T WA A AR AT R 4
PRIRFD . @7 R A R R . BT R
SR S AL FURE A A A s A B, (R
AR B FUBEA R85 127 | BT A b 5
P Tl AR S P AR R - A AR (AR A 1) 2 1 3k
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Rt 48 h, EILMERIREREE LN
85%%!s Lee ZEXIMEWR T Bacillus halodurans . W&
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The biosynthetic pathway of tagatose with lactose as substrate.
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PEF A2 SRS BE , 2019 4E, Liu 25 H] F AW I 5
Tit 12 LA T I 0 1 A3 D B N e IR T S
P A B B B 38 T 2 A BR L LA FL RS N R W A
37.69 g/L (SRS IR, BNV HH 35 4 B A F ZLBE 1Y
FBil sk 9:1, AHVFLAR AR & ACHA JEU i 1) K 2%
iy, BNt B A FUBE R AR R
FHAZ & AR S8 7 b Ak 3 75 67 5 S g 1F 1 747 4
e, 2020 4E, Zhang ZEAERDI AL B-2F LR
B Lactobacillus plantarum {5 ) 5 4 fHifA
Wl S AL O AR A TR, R B B 1 [R] B Ak
FIAE Y% Ak (SSBY M FLIE B AE W & LS # i , 96 h
JE SRR A 51.5 g/L, #E4LE N 36.8% (LIFL
WETE) , ARZBIEIE 72 58 B BB A K 8 T
PR JCBERE i 1 A 7 i AR

BIFFRFG E. coli K-12 SRUEHY B--ZLARTT I
HI TR S B LE E. coli BL21(DE3)H kA7 7
ALk 0 4 A M A At B ) pH R
Mn®" B3 A0 240 6 3 3 R S A R R AR, S
BT CARRMN LB MY, DA dn ik, —
VLA BB RSB . ASBIESE O A A LA AR T 2
At e ST A R BRI AL D e MEARHR S T %

1 ARR®

L1 R, BURL. BE5REE KA

E. coli K-12(DE3). E. coli BL21(DE3)., ik
AR pET28a-1 HHSEH 2 ORI, 51YRFCIMN 4
MER AE DR BR A Fl G . Y3 arad 5
K594 F1 (5'-ATGGGTCGCGGATCCGAATT

CATGACGATTTTTGATAATTATG-3")#1 F2 (5'-CT

CGAGTGCGGCCGCAAGCTTTTAGCGACGAAA
TCCGTAATA-3"); ¥4 lacZ FERWEIYIN F3

(5'-GGGTCGCGGATCCGAATTCTGACCATGATT

ACGGATTCACTGG-3")F1 F4 (5'-GGTGGTGCTCGA
GTGCGGCCGCAAGCTTTTATTTTTGACACCA-3"),
LB B3, FEAM 10 g/L, NaCl 10 g/L,
BEM S g/l [BREEFRILE NN 2% 305 . DNA 43
TEARE  HE TR A A AR
% TaKaRa 23 Fl o BUIRHESERE DNA [ i)
& /NEFURIRBGR & . AR DNA JE[A 4%
B G BCA 3 e B2 I %) @0 T L6
eI A TRARA T ; " IRE DNA RGH 2x
Phanta® Max Master Mix ., ClonExpress” Ultra One
Step Cloning Kit T 21 v B i 77 £ S5 W F /e 5t i M
B DIRHATIR A ] o BEROBARMEAL I F - Sigma
) HoAty o B AR S 1 B FE 24 4R Ak~ sl
AR H
1.2 bR

WRIEBETHRIGIH, LLE. coli K-12 JER4 N
B, 5l p-EEL M g S BN lacZ
BT Hr AR A GRS FE ] arad. FIF EcoR 1
Hind TIT BRI YT X 635 38014 pET28a- 1 1 i
YIAEFE B lacZ T arad FE R R BEF FH ClonExpress®
Ultra One Step Cloning Kit i ZH v [ i85 &5 43 7l
BRIk K pET28a-1 i EcoR 1l Hind 1II
PRI UI 7 s 2 8], 1) A2 785 At i A A vk 5 AL 3
E. coli BL21(DE3), 4riltyidkik lacZ M arad
MEHE E. coli BL21/pET28a-lacZ Fl E. coli
BL21/pET28a-arad . #5144 15 H b a4
SD-AS F4(GAAGGAGATATACCE NiE T
WIS lacZ Fl araA J5 , %453 358044 pET28a-1
[ EcoR 11 Hind I ARG YI0L S 2Z 18], 5440 E. coli
BL21(DE3)&AZ A5 40, g b XU D] H I A6
ANEEIEF A ELHE E. coli BL21/pET28a-araA-
lacZ #1 E. coli BL21/pET28a-lacZ-araA .
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1.3 lacZ M araA BHERWRE . BEENLL

W AL ETE L5 HAF 10 mL LB WA 57
Jerf, 37°C, 180 r/min £53% 12 h J5 LA 1%4% Rl
4T 50 mL LB A IR 3L, 37 °C. 180 r/min
B2 E ODgoo HZ 0.6 AR, MALRUSE K
0.5 mmol/L fJiF S5 IPTG, 25 °C £53% 10 h,
8000 r/min &Z5.0> 5 min YA BAA, FA BER K PEIA
A 2 WK, K AR TR T pH 8.0 ) Na,HPO,-F745
MRz v

PR B B R IAR 2R A B TR AL L, H Scientz-11
D ALE A B Y (20 MHz, 65%fRiE, TAE 1 s,
15 3 s)B%HE 15 min J5, 10000 r/min .0> 20 min,
W BB L) AT, SDS-PAGE 43t
EAFRBIEI . RS AZ AR B T T
alifk, B AKTA Prime 2 140 ACRAHLBRRR T 4
TSP (%) HisTrap FF crude Fi4:(0.7 cmx2.5 cm),
A 0-200 mmol/L PRI [ 6 I 22 th il it A 7 2k
PERREEVERL, VERRSE PR A 0.1 mL/min, #)
FH 280 nm B Y 58 SMNEAG TN A -5 W IR GG HE A
R EA SR, WEBRED, ¥HEREAER
#E4T SDS-PAGE 434 o AR5 A 2t FH T i 5 00 o
1.4 FEENE

BETG I 5 S VAR (1 mL): A NaHPO,-#7
BEBR 2% i (0.2 mol/L, pH 7.0) it & FE R AN ¥
T, AERNARZR F RN 500 uL ¥ A 200 g/L Ay
JRYIET . 200 uL BRI 300 uL Na,HPO4-F145
12 2% 113402 mol/L,pH 7.0),37 °C K SZJi 20 min,
WAGR LN, BRI BCA Ak
W R &, DA T R O bR E R
Mo B-PFLBH T BB IS 2 LR P51 N (pH
7.0.37 °C)LAFLEE MY , B 43 Ak A2 A 1 pmol
7 2 A T R R — RS B TR
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SEAE BTS2 OO0« bRifESRAE T (pH 7.0, 37 °C)
PIAEZURE R Y, B AP AL A2 i 1 pmol F= 98
R ST 5 il i A — S BTG A

A HPLC J7 ik RE S os i 2 2 &
i, HAKRZAM M. Carbomix-Ca-NP {44t , # 4k
KAFEIA, Wi 0.4 mL/min, #:E 80 °C, =
ZREIMZE, KRR 50 °C, MEAEE 20 pl.
1.5 EH A ERAELTE T MRIE

KA ZR (1 mL): A NaHPO,-#7 168 2 28 i
(0.2 mol/L, pH 8.0)Ac & K& MW W, 78
FAR Z H I 500 pL ¥R 200 g/L YA
. 200 pL LB AN 300 pL NayHPO,-F7 15 ik 2%
M (0.2 mol/L, pH 8.0), 50 °C £/ F R
20 min, WAKHEZ RN . A HPLC i 55 4%
WA R, AR BEE o A I SN AR R Y
filt b ML RIS itk pH., IR B &+
{14 S5 I FFIREL VR A L £ Tl 5 A 0 %) S
1.6 REIBHWESHMELINES BEBE
AL

2 240 A Ak S AR R VAR 10 mL: A
0.2 mol/L pH 8.0 i Na,HPO,-F7 1 R 1F 1y 2% i
i 52 A ZR HP LB 2R MR BE A 100 g/L, s il 40 i vk
J& ODgoo h 40, 50 °C 2544 F [ i 48 h, /K
LAk o A HPLC X S i Bl o0 B 7 itk
PRI o A S A4 2R 8 Sty B DA T 4 A0 i AL

LS5 AR AR S

2 GRFH
2.1 BHEBMWER lacZ Ml arad EWFRIX . itk
I g5 D <

PLE. coli K-12 FERZH MM, mLshy 44 H
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1500 bp ZE 47 1) arad FEF 1 3000 bp £ 471 lacZ
A, K lacZ T arad B R B i)iE 5 3R A
A& pET28a-1 b WIS araA Fil lacZ H[H]
Ui SD-AS P9I B 51 W LAY 3 arad Fl lacZ FE

B PR R e 8 R IR 41k pET28a-1 |, FA
E. coli BL21(DE3)/& 32541, 245 R iA
lacZ F1 araA WE A E. coli BL21/pET28a-lacZ
F E. coli BL21/pET28a-arad . M IEH LR KT
W E. coli BL21/pET28a-araA-lacZ Ml E. coli BL21/
pET28a-lacZ-arad. EHREHATHS . FF A
MR B O, X R I BT R CREL RO AL
JEHEAT SDS-PAGE 407, 4R ANI&l 2-A-D Fiw,
£ 116 kDa #1 55 kDa &b HBUBI 4548, 209 5
- L il AR {1 AR S A Tl ) R O 1 FE )

G PR B A RIFRN LacZ, FIHiAAbE S
PR (AR L-Al), arad F lacZ WiT-3ER1E
BEHH E. coli BL21/pET28a-lacZ. E. coli BL21/
pET28a-arad. E. coli BL21/pET28a-araA-lacZ Fl
E. coli BL21/pET28a-lacZ-araA WP ¥ 5CPL T 323k,
HFZ R EERE, A T A b g
2N B AN AR T UE RS A T L TR A

F AR AE S RUZMTIEXT HALE E. coli BL21/
pET28a-lacZ # E. coli BL21/pET28a-araA K1
WHEAT T 7 BS54k, SDS-PAGE %5 (/& 2-E) B,
ARG HL UK 2 -2 L 1 it R0 B A7 W S A Tl
(2t . AT 2R VA T RS, B- LY
Tt R BT 7 A AR S5 ) Tl 1 LU IS 43 5914 135.5 U/mg
F1 34.54 U/mg. E. coli BL21/pET28a-arad-lacZ

(D)

~lacZ | 116 0/'

LAl 664

443 —.

29.0 —w—

[ 2.
The SDS-PAGE analysis of LacZ and L-Al expression in E. coli and purification. A: expression of

Figure 2.

(E)
11 kbDa M 12 13
150.0—

140.0—
95.0—
70.0—

50.0—
40.0—

~lacZ
|

<L-Al L-Al

30.0—

LacZ #1 L-Al @B RIX 54 1L SDS-PAGE &

LacZ and L-Al in E. coli BL21/pET28a-lacZ; B: E. coli BL21/pET28a-araA; C: E. coli BL21/pET28a-araA-lacZ,
D: E. coli BL21/pET28a-lacZ-arad; E: purified enzyme LacZ and L-Al. M: protein marker; 1, 4, 7: the crude

enzyme of E. coli BL21/pET28a; 2, 5, 8, 10: the crude enzyme of E. coli BL21/pET28a-lacZ, E. coli
BL21/pET28a-araAd, E. coli BL21/pET28a-araAd-lacZ, E. coli BL21/pET28a-lacZ-araA sepertately; 3, 6, 9, 11:
the precipitate of E. coli BL21/pET28a-lacZ, E. coli BL21/pET28a-araA, E. coli BL21/pET28a-araAd-lacZ,
E. coli BL21/pET28a-lacZ-araA sepertately; 12—13: the purified enzyme of LacZ and L-Al.
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FHL BV b B~ 20 W T Il R BT 7 A1) b S5 AL T 1Y
Wilf 35 43 )M 93.62 U/mL 1 23.41 U/mL, E. coli
BL21/pET28a-lacZ-arad MIEFH F B-2FFUH 1 B
R0 B AL S A0 8 14 TS 059104 107.36 U/mL Al
16.27 U/mL, A IEHHEAF E. coli BL21/pET28a-
lacZ-araA FE W BT R AVTRE S 440 1 16 05 AF X
B4 E E. coli BL21/pET28a-araA-lacZ HEFK +
F18) BT AP S ) il A T AT
2.2 EA MR AL TR RE

Xt E. coli BL21/pET28a-araA-lacZ Fl E. coli
BL21/pET28a-lacZ-araA 1R AE I L 1% A B35
MEBERRE Sy AT, [R) I LA [R) B 15 35 2 T
Xof T Ak 2 TR AT A SO A A 2 A B AT TR
4 LR BE — B (ODegoo=40) J5 Bl 7 25 .0 3R 15 4
i, BRG, BERNRREE b, SEACREEE PRIE RN A
FR v M A TR T 1) T RN — B IR
KEZBAE 10 mL, L 0.2 mol/L pH 8.0 [
Na,HPO,- AT IR Ry 2 P (S LM 2R B2 Ry 100 /L,
0N 2 mL LB, 50 °C 444 FUEAT O, 2
NHIEE 0, 6, 18, 24 h B 500 uL S ik 24k R
JE A HPLC 3 H B B0 B o3 B % o
K 3 i, B4 E. coli BL21/pET28a-arad-lacZ
REL TR R A T LW AR SRR R Y BRI A T E. coli
BL21/pET28a-lacZ-arad . RIS S B E. coli
BL21/pET28a-arad-lacZ MG AT N — A &K
X HARA A AT O AP AR R o

XTEELH W E. coli BL21/pET28a-araAd-lacZ
M fEfb s Ni ) pH, WE . &EE 1. HREE

PESEAEALTE AT TINRE ,, USSR B A A
FIWPHLBERR G PE R FE bR, IE T 4% 25 0F B AR XS
BB o
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— E. coli BL21/pET28a-araA-lacZ crude enzyme
------ E. coli BL21/pET28a-lacZ-araA crude enzyme

1009 - Lactose 30
-=— Galactose a
80 - 1% %
. \ —+— Tagatose =
= N 1l 420 3
D60F A\ g j <
% \\ ; 1 15 %D
S 40 102
5 10 &
20 - RS SR e P
____________ o |5 &)

----------- - .

[«=}

3. E. coli BL21/pET28a-araA-lacZ 1 E. coli
BL21/pET28a-lacZ-araA FABG M 1L HEE R IEIEHE
BERZ 2%

Figure 3. The crude enzyme of E. coli BL21/
pET28a-araAd-lacZ and E. coli BL21/pET28a-lacZ-
araA catalyzing lactose to tagatose.

Xof KL TR A WS s W B S . pHL 2 I
FIH 0.2 mol/L NazHPO4-7F?7i‘%<@3i(pH 2.2-8.0).
Tris-HCI (pH 8.0-9.0)%, NaOH-H 2 #2 (pH 9.0-10.0)
YE R G2 i 4y W1 7E pH 3.0, 4.0, 5.0, 6.0, 7.0,
8.0. 9.0, 10.0 &fFT 50 °C JZJif 20 min, LA
0.2 mol/L Na,HPO4-#7 45K (pH 8.0) A 2 il , 1E
30, 40, 50, 60, 70 °C FYEEE T I 5 kB fe o
RNIRE . ZERANE 4-A F1 4-B R, HARE
E. coli BL21/pET28a-araA-lacZ HLEGRAE AL LA
A IS B () e pH M 9.0 (Tris-HCL), HEFR
HEALZUBE A= BUB AR Y & IR R 50 °C. %ch
BRARIE , pH Ao i 23RBS () A RL 7 S
AT BER AR, HAE pH 8.0 Al pH 9.0 Hq‘,
R A ) AR X B A R I R TE 90% L) |, PRI
ME T Na;HPO,-#7 15 R (pH 8.0)F1 Tris-HC1 (pH
9.0) P il 2 i Y3 X REL VR A4 A LW A LB A% B 1Y)
SN o HORKONAR R F] 10 mL, AR A2 rh
AT S AR FR h FLBHZR FE S 100 /L, I ACKL G
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(A) 120
—e— Na,HPO,-citric acid
—— Tris-HCI
- 0 .
X ——NaOH-glycine
2
=
s 60
[0
2
=
&
30 -
0 1 1 1 1 )
2.0 4.0 6.0 8.0 10.0 12.0
pH
4.
Figure 4.

effect of temperature.

W 2 mL, 7€ 50 °C 55/ N AT RN, ZER NI 0,

6. 12. 18. 24 h Bt 500 pL /2 W #i#4F HPLC 4%
Bro W 5 PR, FERCK B ] i 4% 10 S H

Na,HPO,- #7452 (pH  8.0) 5 ] T B A Ml 114 26 1

PR I J5 2R Na,HPOL-#145 R (pH. 8.0)1E R 2%
WHEATHE AL SO . RIGFFTE E. coli K-12
WA B-21 FLWEFF B 00 faE ik pH Ry 7.2, K
WAKF IR E. coli K-12 2 U (14 B L AU S 4 il 3 1
pH 8.0, 224 Xty iy AL Jtg T =2 A Ak FLAE B L3
& WEI S pH N 8.0, 3 AT RE S K A SUREFE A 1k
FUWEAE IE MR R, BARANTE B-2FFLBE T
Wiy fc i ik pH, (HHAEAL IS HEAR AR = o B
DIFLBAR PRI T, ~RFLBERR R 5 FR),

YR AL L A2 BB AR ARG pH 8] T B h A
W S ARG G d5c 3T pHL S 2 G A 5 04 A B o

KIGFFIA E. coli K-12 U5 B->F-ZLHE T B4 Froid
HEALTREE R 40 °C™, KRIGFTFH E. coli K-12 TR
BT A b S AL Tl 1) B AR TRLEE Sy 40-50 °Cl,

TRLEETHET, BTRLAP AR S A A 1 1 P 300 A £ S
LA i) T XA WS G R 1), R I R £ Ak

B 120r
100 [

80

T

60

Relative activity/%

40

T

30 40 50 60 70 80
7/°C

20

pH FRE W ELHE ¥ E. coli BL21/pET28a-araA-lacZ FHEEHI 201
Effect of pH and temperature on crude enzyme catalyzing the synthesis of tagatose. A: effect of pH; B:

o R EEE R E MR RS OET  IREET E  AL A
R

R 1) B E 1 FE 7 Na, HPO4-F7 5 R 2%
M (pH 8.0) AT, 434 4. 30, 50 °C /K
5. 12, 24, 48, 72, 96. 120 h J5HX 200 pL itk
IIA B3R 1 mL BEE I E ROV AR &R, A B ™
Yrig , SR RLETE ) o 25 R a8l 6 firai, 50 °C

1006 — pH8.0 —e—Lactose 30
Na,HPO,-citric acid —= Galactose

80 [ \ - pH 9.0 Tris-HCI ~ —* Tagatose |23 &)

a bt
2 60 g
N <
g 40 2
— 2
3

20 =

]

15 18 21

12
t/h

B 5. FREEMiE*t E. coli BL21/pET28a-araA-lacZ
FARG R e L ZLME A BB R R RIS 1

Figure 5. Effect of different buffer on crude enzyme
of E. coli BL21/pET28a-araA-lacZ catalyzing lactose

to tagatose.
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[
2 40
<
E ——4°C
20 —=30°C
——50°C
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t/h

6. E4HE E. coli BL21/pET28a-araA-lacZ B AfEE
mEREM

Figure 6. The thermal stability of E. coli BL21/

pET28a-araA-lacZ crude enzyme.

AbFE 120 h BHEALFLRE A2 RS RS BE 1 BE 145 )
A —2F, REMS PR UEIE AR BRI AR 2 A

P 4 08 4 R B 2 X B A W S A T 1
A 5100 S T B UEAS [R] 4 T B % XL
AL SN B 5 ), 7 4% S g 4 R I N 2k BE Ry
5 mmol/L ARl 4 )& B 1A : MnCl,. CoCl,.
FeCl,. CuCl,, ZnCl,, MgCl, 8 NiCl, &, %%
R 7 s, s Ccu*'. Zn® . NI

180
150 -
120 -
90 r

60

Relative activity/%

30r

0

Mn* Fe* Co* Cu* Zn** Mg? Ni* Control

7. AEE&REEBFX E. coli BL21/pET28a-araA-lacZ
HE B Y 200
Figure 7. Effect of different metal ions on crude
enzyme of E. coli BL21/pET28a-araA-lacZ catalyzing

lactose to tagatose.
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FHEARF TN AR, Mn®, Co™. Fe’'&
N TR B AR I EA A M A i, R 2 Mn®', (L
i 2] 55 A B8 10 5 AL AR ORI N 4 & B T
BET 15 £5,

2.3 HRBEBEHESHMBLSMERA

SRR AL AR L, a0 ik B PR
S SRR AR 7 I AR R s T, R AR
WAL T E4E E. coli BL21/pET28a-araA-lacZ
S L pH. BE . &JEEF Mo™ . MR .
24 L 308 55 ) S o A SR
2.3.1 HEBHFHEARSHMFE LRI ERE pH
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One-step synthesis of lactose to tagatose by co-expressing
B-galactosidase and arabinose isomerase
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Wuxi 214122, Jiangsu Province, China
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Abstract: [Objective] To achieve the high-efficiency synthesis of lactose to tagatose in one-step, we cloned
B-galactosidase gene (lacZ) and arabinose isomerase gene (araAd) from Escherichia coli K-12 genome and
co-expressed in E. coli BL21(DE3). [Methods] The arad and lacZ genes were amplified from the E. coli K-12
genome by PCR. The two genes with SD-AS sequence as a linker were cloned into the expression vector
pET28a-1 to get the recombinant plasmid pET28a-araAd-lacZ, which was transformed into the competent cells of
E. coli BL21(DE3) to obtain E. coli BL21/pET28a-araA-lacZ. The synthesis conditions of tagatose by whole
cells of E. coli BL21/pET28a-araA-lacZ were optimized and the process was scaled up. [Results] The arad and
lacZ genes were efficiently co-expressed in E. coli BL21 simultaneously. The optimal conditions for the
synthesis of tagatose by the whole cells of E. coli BL21/pET28a-araAd-lacZ were determined: pH 8.0, 50 °C,
5 mmol/L Mn**, 0.5 mol/L borate and 0.1% SDS as permeabilizing agent. Under these optimal conditions, the
highest yield of tagatose was 24.03+2.03 g/L with a molar conversion rate of 45.67 % using 100 g/L lactose as
substrate. The yield of tagatose was increased with the increasment of the substrate lactose concentration. The
yield of tagatose was 83.81+1.38 g/L with 500 g/L lactose as substrate. [Conclusion] The genes lacZ and arad
coding two target enzymes were co-expressed in E. coli BL21 to realize the efficient synthesis of high valued
rare sugar tagatose from the cheap substrate lactose in one step. This research has laid a good research foundation

for the preparation of low-energy functional sugars by biological methods.
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