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HhmZE| T2 kiE, AAGET D-BRBNG T EMGELEZHERK. RASFFEA. HTHB
BX—P B, KRBT ERXIATE PHENEE A ERAZ%, FIT 2 m@IE 5 A ILE A R,
D-2A&HE . L-I7T £ 1A 4% 5+ M) B (L-arabinose isomerase, L-Al) & & 4 & & i F 1L F U8 - M A0 A K,
D-%AAE ) X4 B, KRR A ABEIAN TR KRR L-Al #4/7Hik, LAKRRTAEATE
(Lactobacillus fermentum) CGMCC 2921 #9 L-Al B-A 42 4F 694 AL 68 . 38 i st LIAT #4722 M4 4%t
AT AR RAR D39OV/V4A6SL, £RIE40°CHEM T, AFRBIEKE 72h, BEIRZ T 36.68%.
MJE, vA pET28a A&k, @B THAA, HRMEZHAKRE (LfaraAP VvV Fa K IHATH &
B G B-F SLAE B 2k R (EclacZ) & X M 4T & (Escherichia coli) BL21(DE3) ¥ % B2 & ik, i & R #1%
KAemigik %, ke, BRSO ENRIKRZ, £ 5L KBHEGRLEM(pH 7.0. BE 50 °C.
2.5 mmol/L Mn*")TF, ¥A 500 g/L Utz 4 KA 4514 48 h 3RAF 115.21 g/L D-3%5A4%4E, 44 F 4 23.09%.
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One-step whole-cell synthesis of D-tagatose from lactose catalyzed by
recombinant Escherichia coli

LIU Yun'?, QIAO Zhina'*, ZHANG Hengwei'?, ZHANG Xian'?, RAO Zhiming"*"

1 Key Laboratory of Industrial Biotechnology of Ministry of Education, Jiangnan University, Wuxi 214122,
Jiangsu, China
2 School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: D-tagatose, a functional rare sugar, has garnered increasing attention because of its low
calories, blood glucose-lowering, anti-caries, and intestinal flora-improving properties. The existing
methods of producing D-tagatose still have problems of low production efficiency and high costs. In
this study, we achieved whole-cell catalytic synthesis of D-tagatose from lactose by constructing a
dual-enzyme efficient expression system in Escherichia coli. L-arabinose isomerase (L-Al) is a key
enzyme for the isomerization of galactose to D-tagatose in biosynthesis. In this study, we screened
the L-Als from different sources and found that the L-AI from Lactobacillus fermentum CGMCC
2921 had better catalytic ability. The optimal mutant D390V/V468L was obtained by rational
design of LfAL Its half-life was extended to 72 h, and the enzyme activity was increased by 36.68%
under the optimum temperature of 40 °C. Then, with pET28a as a vector, the optimal mutant gene
(LfaraAP3%0V/V468Ly and the B-galactosidase gene from E. coli (EclacZ) were co-expressed in E. coli
BL21(DE3) through promoter optimization. Finally, after optimization of the catalytic system,
115.21 g/L D-tagatose was obtained after fermentation under the optimal conditions (pH 7.0, 50 °C,
and 2.5 mmol/L Mn?") in a 5 L fermenter with 500 g/L lactose as the substrate for 48 h, with a
conversion rate of 23.09%. This study has a good industrial application value in the one-step
whole-cell catalytic synthesis of D-tagatose from lactose.

Keywords: L-arabinose isomerase; D-tagatose; thermostability; promoter; whole-cell catalysis
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isomerase, L-AD)Xf > ZL0E 5 44 16 R 35 4% b5 R
F. BHAET, ZFCRIER L-AT g0 H TS S
BTG o Seo ST BE TT i Hh 28 F04F 7
(Bacillus thermoglucosidasius) 25 L-F i
WS E R i rh i T 73R, KAl
W 1E A S5 F (IR 40 °C. pH 7.0) K AI¥f 36 g/L
D-2PFLMEfEAL N 16.42 o/L D-E5HEBE, Li 2500
W SR R T G R G 4R 2 96 T TR (Anoxybacillus
flavithermus)f) L-AT 7E KT b 4T IR 3
NPT IR G BRI, SRR, R
TS N7 it JBE ARSI Rk e i A A e F DR FLbE
] D-ESAS B A6k . Guo 20 1o 25 4 36 1
7~ B8 AKS 48 FLFT T (Lactobacillus brevis) PC16
RVEH L-AL il J'é /s 76 A 5 2F fi 4 18 (Bacillus
subtilis) DB403 ZEf 1A, A A E A ZF ML
125 g/L FELEE, D-IEAR ML AL 20T DLk 3
79.7%, W7k B R H 8 2 AR v e e 1
P, Bl TR ERAR, BRI TH Tk bk
. BBTEL, XTF L-AL FIBFST H 25 k3, fHEL
ZN AR It e A e A R R A, (L
T NREAS P, b T A HbIE N Tk AR, 4
2 A P e b T A A, (BT A A T Y A
R P2 . AR DL SR S o 45 ) A
SR, BT DA ZUBE A IS B AR 7 BUAR 3¢
=, VPR Z 3R 000, f 2
BERNARZR, DISEEL D-IERHEI S0 E . -
- ZLH T il (B-galactosidase,, B-GAL)REMS [ FLA
PRS2, AL K LR R TR
TEEAAFRAY B-21 ZLAH T B0 1) T A FLbE Y
T, AEURERCEFLIETL MkIE T R
T B-FFLWE T B A R K s Pk, S
] T4 ZUBE 2l A A A Lk . FLBEZ: B-
e UBH il K i 8 A LR, T LB AT
B L-AL SR B AR, 38 A EE N R A R
gt, LA E AL BIEAR B 0 — 20 G . KB
FLEEINE 3 LK1 T E. coli K12 i B-GAL
L-AL, DI RO, FLBENIRY), @
AL, KITERIL A (pH 7.0, 50 °C)
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A 100 g/L FUBEFE IR, D-HEHS B A B b2
ATLLAE] 21%. JTeedE, XTI — kG
PEARSBE R RIESEBM kB, Zhan S5y T IR
K B2 U T AR ATz A S A il 5 22 A )
HAML, 7E34°C, pH 6.5, fREL . 10 mmol/L
Fe* fil 1 mmol/L Mn* FJ 14T, 95%L) E g FLA
ALK AR, [FIRREE 43%0) D-2E R LR D-
BEASBE . BRULLASN, MTERS A ZPRIRG 5 &,
WRESCIL D-¥EASMHAAE ™ . ITERY &, dlad
Z BEMEAL TE R A2 RO RR AL S 1) , 1T i i 22 1)
SRS AL, FTLAAE AL D-SEAEBE, SO
W e Z R SRR AT 1 FE LA B, Han
LN o) #) 13 HILAE MY 4% (organosilica network,
OSN) AN T5e)z, B A7 SO i 4= 4 M 64 7 4k
M, M T — M AR R N T T
(semiartificial cell factory, SACF), Hn] % Zifiifk
7 AN, BEASHEr AT 40.7%. MTER &
A2y D-IERSBE, CEEE HAA 2GR, (B R Z
PP PR SR, FEZR BT DT TRHAT PR o

Jet 2y 2 B TR S K R 45 TP A W] ek Y oo
ff, B TEMEENFI R G HM T FiFX
) —BeREE DNA X, 22D RE 2 45 il Bk R
ISR AR I ) AN E AR EE RO ARk, Rl
HP R AL R KR, XA ST RIBEFE
WAs 7 i kP FER A R R G,
Ja gl LAgr s B SR 0K A 3l 5 s S B 5k
BEgT, WG RRIKETmE 1
7N o Hor T7 J3 3 AR PR B I Rk v B 42
SRAYRINRIE, HAA WS IPTG, LT
R RUR3h 1, AMEUS 37 R E sh BRI R
KRAA RSN, BEFEEA— RUTERH
FikiRik, M THBAREZ T, SR
TAEVE AN 1 30807 TR B B4 i 0
PEo TERRE MG BUREE T, ARl 5L 75 2
FIARRERRL, A BB B R
Hio SR, FFXEAEER, AR E 301
HAAFER R R, Fi, SRS SR E
FER R B TARAT



NE F | EAXBHITELAE—SEELIAES K p-E18HE
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Table 1 Sources and induction methods of

different promoters

Promoter  Source Induction method

lac UV5  Lactose operon Lactose/IPTG

Trp Tryptophan operon Tryptophan/

3-indolacrylic acid

T7 T7 RNA polymerase Lactose/IPTG

TS T5 phage Lactose/IPTG

Tac Trp’s =35 zone and lac Lactose/IPTG
UV5’s —10 zone

pBAD Arabinose operon Arabinose

ANV VTR £ T RS RSORE S U E 4R
WitFTR , 7€ pH 8.0, JLEE 50 °C. ¥/ 5 mmol/L
Mn**. 0.5 mol/L B2 F1 0.1%2H a8 75 71+ %t
FLAR FR Bl (sodium dodecyl sulfate, SDS)FJ &1
T, g4k 90 h, AT 4L 500 g/L iKY FLG
A 83.8 /L D-BEARAE . BE RS G L R TE
AR R IMA T HE & S 9 SRz & SDS H %
FR AR A I, PR, ASHIF 9 £ HT AT 5%
OBEAT b, ARSLIZ AR S AR s ROCHE NG
] Inf S 5 | AJE RS R BT, AR S AL TH]
DU T3 20 & A Hok 00 T p-BE s i
KB A 7= S o A 5% 308 2o X6 AN [R] S J5 1)
L-Al #4760 R0 U o, 3k 9% & AL AT A
(Lactobacillus fermentum) CGMCC 2921 >R i)
LEAT JEAT AR E MRk, 5 E. coli K12 Sk IR
B-F- FLBH Y g £ CAE BURL 24K pET28a | 3Rk,
IfiE k3 s T s, SRR Rk . TR
Sefih b, X g SRR T, JRTE S L
R EREACETIORAE P, DI SEI D-S5 A% 9
BE Mo

1S

1.1 #R
1.1.1 R, EFS|49
Hi#k E. coli K12, E. coli BL21(DE3)F1Fk:

Ak pET28a Y ASLIERAE, i kli T
%% % 71 4T 14 (Lactobacillus fermentum) CGMCC
2921 F1 W A5 A M ZF A AT TH (Geobacillus

Z&: 010-64807509

thermodenitrificans)i) L-AI fJFE[H LfaraA Fi
GtaraA $ 52 i 75 M 4 MER AE W A BR A ml
TN TA B ARSI WA T AY T
(DA R AR AR, L 2,
1.1.2 ExEE

LB ¥i3e3t: 5¢/L BEERRY, 10 g/L HE MR,
10 g/L SAb4H . LB [ A3% 53 L AE st it s
1.8% I B IEH0 o

TY KRB Fed. 8 o/ LRk, 12 g/L
JEE AN, 10 g/L Hil, 4 o/L BEBR =41, 3 g/L
A, 2.5 g/L BilREL, 2.1 g/L — KGR,
0.5 g/L L/AKBREREE, 0.3 o/L APtk ; Mk
Rige 3k . 400 /L Hih, 50 g/L ELFEERE, 25 g/L
B2 11 R o
1.1.3 X5

Bl 1 P9 DI I A A TR (ORGE ) B BR
Aw], BISHREERE DNA FEGRH & . EfE
DNA &7 . ClonExpress [F] i 5 41 vo fE i 57
YN A RS R R YR I R T
ANE R R G G B db s 2 XS A H A
AIRA W FUBEF D-85 ks A iR T
HEALBHEE B R 7], D-21 FUBE AT A 3 57
P B 1 245 4 A AL 2E R A BR A #
1.2 EHREE. ZEFJIENEN G E
1.2.1 EHHKREE

WIS EI514, LLE. coli K12 KN4 K
Btk , B RGFHEORIE L-AL /9 4 5% 3%
EcaraA il B-F 2L 1T B 4n i 2L lacZ; LI AY
F14) 242 T LT 87 A 1052 R I A 50 2 2 AT T R DA
B L-Al ZRhS 5L iR, sopEl LfaraA #l
GtaraA [ B, A [ 5 o 20 iy i 18 R Be
Oy R TR pET28a FURL(HEYIAL S 2
2% EcoR 1 il Hind III) |, &=k 3
E. coli BL21(DE3)/g3z A4l , k7 sl ik
E. coli BL21/pET28a-lacZ .E. coli BL21/pET28a-
EcaraA. E. coli BL21/pET28a-LfaraA Fil E. coli
BL21/pET28a-GtaraA.
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*2 DNA RERY¥ 1854
Table 2 Primers used for the amplification of DNA fragments

Primer name

Primer sequences (5'—3")

28a-F
28a-R
EcaraA-F
EcaraA-R
GtaraA-F
GtaraA-R
LfaraA-F
LfaraA-R
lacZ-F
lacZ-R
LfaraA (lacZ)-R
lacZ (LfaraA)-F
lacZ (gfp)-R
ofp-F
ofp-R
Mut-F
Mut-R
D390V
E364V
D45Pp
H165R
D227T
D397G
D187N
H339P
T93L
G4041
V761
A229L
E158K
N8&8M
V468L
AS5TP
K43N
A433Y
V481
Ql164M

AAGCTTGCGGCCGCACTC

GAATTCGGATCCGCGACCCA
TGGGTCGCGGATCCGAATTCATGACGATTTTTGATAATTA
GAGTGCGGCCGCAAGCTTTTAGCGACGAAACCCGTAAT
TGGGTCGCGGATCCGAATTCATGATGCTTTCACTTAGACC
GAGTGCGGCCGCAAGCTTTTATCTTCCACGCCAGAACA
GCAAATGGGTCGCGGATCCGAATTCATGCGTAAAATGCAGGACTACAAATTCT
CTCGAGTGCGGCCGCAAGCTTTTATTTGATGTTGATGAAGTCAACTTTGAACAGAC
CGCGGATCCGAATTCATGACCATGATTACG
TGCGGCCGCAAGCTTTTATTTTTGACACCA
CCGTAATCATGGTCATGGTATATCTCCTTCTTATTTGATGTTGAT
ACATCAAATAAGAAGGAGATATACCATGACCATGATTACGGATTC
TTCTCCCTTACCCATTTTTTGACACCAGACCAACT
GTCTGGTGTCAAAAAATGGGTAAGGGAGAAGAACT
TGCGGCCGCAAGCTTTTATTTGTATAGTTCATCCA
AGATCTCGATCCCGCGAAATTAANNNNNNTCACTATAGG
TGCGGCCGCAAGCTTTTATTTGTATAGTTC
GAAGGTAAAGGTTATGTTATCACCCTGTCTTAC
GACAAACCGCGTGTTGTGGTTCACCCGCTGGGT
GAAGGTGGTAAACTGCCATACCCGGTTGAATTT
ATCGCAGACTGGCAGCGTGTTGCGGTAGCGTAC
TACGACGCGTTCACCACGAACATCCAGGACCTG
ACCCTGTCTTACTTCGGTGACGGCTACAAATTC
GGTGACACCGCACGTAACGTGGCCGTTACCGAA
ACCCTGGATCTGCGCCCGGGCCACGAAGCGATC
AACTGGATCCGTGGTCTAGAACTGCTGCAGAAA
GGCTACAAATTCATCATTTACCCGGTTGACTGC
GACAACGTGGCTGGTATAATCACCTGGATGCAC
GACGAAATCGACGCGCTATACAAAGACCTGGAA
GACGCGGATGTTCAGAAACAGATCGCAGACTGG
TTCAGCCCGGCGAAAATGTGGATCCGTGGTACC
GCGCGTCTGTTCAAACTAGACTTCATCAACATC
CTGGTTGCTACCACCCCGGACAGCATCACCAAA
CTGAACGAAGGTGGTAATCTGGACTACCCGGTT
CCGGAAATCGGTCTGTACGAAGGTGCGAAACAG
AAACTGGACTACCCGATCGAATTTAAACTGGTT
CAGATCGCAGACTGGATGCATGTTGCGGTAGCG

Sequences corresponding to the mutated residues are underlined.

RALFMRIIE . AR RAZ R HRH A E. coli BL21, ¥AufER N TP
RAEGY), VUBHEABR pET28a-LfaraA itk P b, PRHEEAL T 21T R IR IR R URORL L 2
#EFT PCR AUk E ;S8 48, PCR W4 Dpn 1 JRM & MER AL MR A BRA w17, 50 3iE 58 4%

http://journals.im.ac.cn/cjben
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R
1.2.2 EBRERSGK

AN B B AR A T I Bk s, AT
MG AL . BTG AL 1 A B AR 3R T 10 mL LB
WA 2 3y, 37 °C 200 r/min B354 12 h,
DL 1% 2R E 50 mL LB IRE; 35
H1, 37 °C . 200 r/min 1537 & ODeoo ZJ 4 0.6-1.0,
IMALHE N 0.4 mmol/L HIIFEFH IPTG, T
25°C. 200 r/min kE2855529 1012 h, #H7EH
WRRIA BFE M EA I8 000 r/min,
5min)J5, A 50 mmol/L. pH 7.0 ¥ Tris-HCI 2%
MW E 2 W, mEKBEEZFET 5 mL
Tris-HC1 Z& by . HEE 5 B9 B A R R 7 4 i
WA RE(CTAE 1 s, 151E 3 s) 15 min J5,
12 000 r/min &5.0> 15 min, Y& B35 (BD A
BEWO)MUTTE, FIF SDS-PAGE WIZE7E H#1k
00 MBI & R M2 A T alifh
1o B B A= 70U il % 2 78 4R 11 2o T P 2 P
1.2.3 &7 E

L-Al G0 5E 7 1 mL (SR & A &
A 100 g/L D-KEFLBE . 200 pL K A1 50 mmol/L
Tris-HC1 (pH 7.0), JIAZWE A 1 mmol/L
Mn?", TEHGEIRE T W 30 min, #KIBZ L
W o Z 5 R @ RO €63 (HPL C) X sz I 4
RS A5 B B T E .

o RNV A B A I AR SR R AR
1260 #AHZ S, CarboPac Ca*" (6 um, 300 mmx
8.0 mm) it A ARSI, JiE 0.5 mL/min,
PEFESE 20 pL, AE¥E 80 °C, ffi FH/R 22460 2%,
FEMERE 40 °C. L-Al B#E 2 X 4 min i1k
A 1 pmol D-YE BRI 5 14 il
1.3 I EHEIES LIAI AR EM

BRI, L-AT 15 Tl 8% 4k 0w FH 451
TAT I 2 A R A L TG P A AP RT B O 1 A
ZERIMERL . BET o, 7 AT T AN ) >f 5 ) it 2
Tk fa , PR AR 0 A T R E T
Mo, DIWTEESE N T Ak A |,

Z&: 010-64807509

PDB 4 ¢ FF k15 T LFAT (PDB % 5% %5 :4LQL)
AR . AR5, A FoldX i#H47 i #lit
MZEAE . FoldX REREIHIA M2 RE A2 1L,
T R T 5 AR 5 7 A T BE i (ddG) AR
AR A BT R e TR S B R AT 4
%E % (position-specific score matrix, PSSM)Jt T
A= e 9 B R SFYE RN AR S, P S AR B
PELCXS AR B, B 20 R B 1 R 19 DR ST AR B
BLEAEAE M, AT DR R YA B
R b5 B Wik, FMAZFPIIHT
XFH PSSM [, HEBRAHXTPRSF AL e,
K H45 8 /1% (molecular dynamics, MD)f4]
Jrk, TR A AR A R s 8,
TEJE 7K bR AER R A O AL, DU b R
SIS AL AN . 7E MD RS SR S A
o, A ¥ Jr R 3 (root mean  square
fluctuation, RMSF){HIE—E2ifbsk L, LIEH
RIEFR A B RAG ATAR R0 R 55 B L BT
g M EE R, PR M AT AT AR AL A .
14 Bl FRILESERIEKE

XL it 20 JK 52 I Az — ol B 2 %) 2B K SO0
AR, BRI 2 TSR] B R AR R 58 U
FAE AL R o 8 SCHR AR R w3 3 B2
KIHFEE R B-21: ZUME T Bl (%) 7K fif 26 7T LLIA
BN 99%, il 2E — LML IR A IS A% b
1) D B g Ry BT 7 AP W S A Tl 3 o 8 1 o T
P L-ALBES S, 2E#F LfaraA MR8 281k,
A SD (Shine-Dalgarno) /¥ 516 H: 5 lacz 47
Rk, WEEHEH E. coli BL21/pET28a-
LfaraAP?OVVisl |acz,, TEXEE R IR G, A~
[i) 35 AT %) R T8 2 R A R b 52 Wi 25 4 2400 Y 4 £ b 1Y)
B, I, AT 20 A sh T R
AR DU S G b R A OC BRI ) ik o TE AR
g, —35 KRI-10 X BB 7 51 B A & Y
PRAFE, eI Ta] A 1) s DX o 2 g A 25
B E s i R AR, R AR e
A5 S i) FLAR ) (%) 35 R 3 3R I BT T7 I3 8)
TR PR e I BGR A s, X

>: cjb@im.ac.cn
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PEATHOE HE AR — 2 REARAS T AR, [ Nie
RS T iR SR R 2R C BEALES(cephalosporin C
acylase, CCA)TE RIAAF g Rk &, X T7 |5
BT 1Y 8 A T 5 A8 F0 0 0 I 45 3 () 5 3 B Bl
FAlffi CCA Wikt m 1.3 f5, X s
HET ARG BB o ST UL, ASHIF SR 38 2 X
T7 Ja 8T [ b K3 HE PR AT 3 51 4 7 B AL 258
s, KT R ST O0F

PLUBRL pET28a-LfaraAP¥0VV4ssl_|acz Skt
W4T BB LR PEAL , W (5L E 1T GFP
H Bt AT RN lacZ Z2 )5, i ) 6 5 40 %
b FRZASMMPZd, WEFEHK E coli
BL21/pET28a-LfaraAP¥V/V46sL_|acz-gfp. #fiiAH
PREEME KB KR E A Z )G, IRIEUIEAKL pET28a-
LfaraAP3OV/V4ssL_|acz-gfp, (#5149 Mut-F (1
Ja shth & A 548 1) 7 41) F Mut-R #£47 PCR,
PG E EEHLR A S A DNA H B, F5-54 Bgl 1T
1 Eag 1 etk i B b 4734 45, Ak BIRZ 3
E. coli BL21., &5 A, WA F&AME IPTG
() LB BASE# b, BT 37 oCHE 3540 vhid s B
Fto PREBUHA D REE T 96 fLtkh, 7
37 °CHAF R SR 2h J5, A 0.4 mmol/L IPTG
TE 25 °C I HE R4 16 h, fi HEEFR{GHET 728 600
JE RGN
1.5 Mg SEMmK

R E s AL, A Y B 4 B R
VE R adnffafiEfb s, b —L i 2L
AR HER 25, B 9E, WRAFIRYZLMRE
XF D-IEREMEA B . RARIR RN 10 mL, B
& ODgo=60, 50 mmol/L Tris-HCI (pH 7.0), 5 mmol/L
Mn*", JIAA [ B2 B FLB% (100600 g/L), &
T 40 °CJ . 48 ho A5G, HURE i 285 DA
2 bWl SN, RS FH s OB AH (335 (HPLC) A
WA 2 rp A FOs 0 & & . SRARIRER 7L, lad
et pas g, XA OD, pH. ¥, &EE T
R R AL BT 1) 3 25 AR A A o
1.6 5L ABRERY Ki5HFREL

FEA WL TGS, SRR IE R T

http://journals.im.ac.cn/cjben

10 mL LB AR IR 50 pg/mL RIARE )
R SR IS , H% 2.5% R R EET 120 mL
LB P REGFLA 7The i TY Kigi3k, 7E 5L
R TEENT A MR TG IR, RS, EEENE
JE37°C. pH7.0. #G%%#E 300 r/min, R4
OD ik #| 2 e A7, SR FH 18] B F- e i 1) T =K
F% 0.5 h #£F+ 50 r/min H % 600 r/min. [a] B W
E K ODgoo, ODgoo Ky 7-9 B, FFIRE] I n#b
B TR ODgoo A 1520 I, 5575 5% T BE AR
h 25 °C, MMAZYEE R 0.4 mmol/L IPTG #47
PR 212 h)g, WWEK OD, KR
f& OD R )a, bkl BOWERKE.
B R ARE AR, S Lk
PR v R AT il 25 R I KAk .

2 ZRE5M

2.1 EHHERAERIEN L-Al Ebi
Uiiprd

P E. coli K-12 FEHR A it , §734 i EcaraA
(1 503 bp)Fil lacZ (3 075 bp) LA, [l i LA Al 1
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1 SDS-PAGE S i FREIRIRE L-Al EBAMFIE  A: AEEFLFERI L-AL (LFADE F &KX
SDS-PAGE 43#7. ki M: 1 marker; ¥Ki 1: E. coli BL21/pET28a Kl ; Jkif 2: E. coli
BL21/pET28a-LfaraA 4 i #FILTE; kil 3: E. coli BL21/pET28a-LfaraA 4i i i Fi&. B: KW
FI T (ECAT) Il R 44 40 b 25 400 FT 77 (GLAT) R U L-AT %5 11435 SDS-PAGE 43 #7 o ki M : [ marker;
VKiE 4: E. coli BL21/pET28a-EcaraA 4 fflfili i -3 ; JkiH 5: E. coli BL21/pET28a-EcaraA i fufik
PEULTE; VKiE 6: E. coli BL21/pET28a-GtaraA 4l igfli i I35 ; ¥ki& 7: E. coli BL21/pET28a-GtaraA
20 N AR TTE

Figure 1 SDS-PAGE analysis of L-Al protein expression from different sources. A: SDS-PAGE
analysis of L-Al protein expression from Lactobacillus fermentum (LfAI). Lane M: Protein marker; Lane
1: E. coli BL21/pET28a crude enzyme solution; Lane 2: E. coli BL21/pET28a-LfaraA cell fragmentation
precipitation; Lane 3: E. coli BL21/pET28a-LfaraA cell crushing supernatant. B: SDS-PAGE analysis of
L-Al protein expression from Escherichia coli (ECAI) and Geobacillus thermodenitrificans (GtAI). Lane
M: Protein marker; Lane 4: E. coli BL21/pET28a-EcaraA cell crushing supernatant; Lane 5: E. coli

BL21/pET28a-EcaraA cell fragmentation precipitation; Lane 6: E. coli BL21/pET28a-GtaraA cell
crushing supernatant; Lane 7: E. coli BL21/pET28a-GtaraA cell breakdown precipitation.
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Figure 2  Enzymatic properties and transformation ability of the L-arabinose isomerase from
Escherichia coli (EcAI), Lactobacillus fermentum (LfAI) and Geobacillus thermodenitrificans (GtATI).
A: The optimal temperature; B: The optimal pH; C: The optimal metal ion species; D: The conversion

capacity and D-tagatose concentration of L-arabinose isomerase from different sources under their
respective optimum conditions.
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Figure 3 Computer aided design selection of mutation points. A: Multiple amino acid sequence alignment
of araA from various organisms. The alignment includes araA from Bacillus subtilis, Geobacillus
thermodenitrificans, Escherichia coli and Lactobacillus fermentum. B: Evolvable residues based on the
PSSM score to allow mutations. The more conserved amino acids scored higher at this position. C: The ddG
value of the virtual saturation mutation of LfaraA. The colored circles represent the energy change after
virtual mutation, and the part where ddG is positive is not shown.
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Figure 4 Analysis of enzyme activity and thermostability of wild-type enzymes and mutants. A: Relative
enzyme activity of the wild-type and its single-point mutants; B: Relative enzyme activity of wild type and
its single-point mutants at different time, indicating thermostability; C: Relative enzyme activity of the
wild-type and its double-point mutants; D: Relative enzyme activity of wild type and its double-point mutants
at different time, indicating enzyme activity stability; E: Relative enzyme activities of double mutants M1

and M2 at different temperatures; F: Comparison of D-tagatose concentration and conversion rate of
wild-type enzyme, double mutant M1 and M2 in whole cell transformation under the same conditions.
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FLIE TR 53) SRR E) PSSM 43 . B: V468 i/ s MEAR I8 J5 75 21 ddG BE & 28 fh(Z B0 1E & 43 ) B A 1
f) PSSM 143, C: WT. D390V, V468L Fl D390V/V468L A4 & MI4% 5 1Y RMSF i, Horf| 41,
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Figure 5 Molecular dynamics analysis of wild type and mutant M2. A: The energy change (ddG) obtained
after virtual saturation mutation at site D390 (with the positive part discarded) and the corresponding PSSM

score. B: The energy change (ddG) obtained after virtual saturation mutation at site V468 (with the positive
part discarded) and the corresponding PSSM score. C: RMSF values of the side-chain atoms for the WT,
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D390, V468L and D390V/V468L systems. The black, red, blue and green lines represent the results of the
WT, D390, V468L and D390V/V468L systems, respectively. D: RMSD values of the side-chain atoms for the
WT, D390, V468L and D390V/V468L systems. The black, red, blue and green lines represent the results of
the WT, D390, V468L and D390V/V468L systems, respectively. E: The protein structure and mutation sites
of LfAI The protein has 6 side chains, with different colors representing different chains. D390 and V468 are
shown in green before the mutation, and V390 and L468 are shown in red after the mutation. Images were

generated with PyMOL.
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Figure 6 Construction and screening of promoter library. A: Preliminary screening of promoter libraries.
The strains containing random promoter sequences and the original strains were cultured on 96-well plates,
and their fluorescence intensity and microbial biomass (ODgog) were detected by microplate reader. The
purple box line represents the original reference to the original promoter sequence. B: Rescreening of
promoter library. Among them, T7 represents the strain containing the original promoter, and strains 43—48
are the strains whose relative fluorescence intensity is superior to that of the original promoter in the initial
screening. C: Comparison of D-tagatose concentration and conversion rate in whole cell transformation of
strains containing different promoters. Among them, T7 represents the strain regulated by the original
promoter, and SP1, SP2 and SP3 were the strains regulated by the corresponding promoters P1, P2 and P3 in
the rescreening, respectively.
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Table 3 Sequence and relative strength of different
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P1 TAATACGTCTCACTATAG  1.054 KIS L AR RN EHERETHIR. 18 h
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P3 TAATAAGTCTCACTATAG 1.159 JLTFRaE , &) & O U E A M i T 4 g i ds 1k .
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Figure 7 Optimization of whole cell transformation conditions of recombinant strains. A: The optimal
substrate lactose concentration; B: The optimal pH for conversion; C: The optimal Mn?" concentration; D:
The optimal conversion temperature; E: The optimal microbial biomass (ODeoo); F: The concentration of
D-tagatose and conversion rate of transformation system at different conversion times.
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Figure 8 Transformation amplification of
recombinant strains in a 5 L fermenter. The
conversion rate is calculated by the formula
w=C/Cy, where C represents the concentration of
D-tagatose and Co represents the concentration of all
sugar substances in the system.
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Table 4 Comparison of different biological methods for D-tagatose production

Source of L-Al Expression host Lactose

Reaction condition

Time Conversion rate Reference

concentration (g/L) (h) (%)
Lactobacillus Escherichia coli 140 50 °C, pH 6.5, 5 mmol/L 96 36.70 [1]
plantarum Mn?*
Escherichia coli  Escherichia coli 500 50 °C, pH 8.0, 5 mmol/L 96 16.76 [23]
Mn?*, 0.5 mol/L borate,
0.1% SDS
Lactobacillus Bacillus subtilis 400 55°C,pH 6.0, 1.4 mg/mL 60 22.80 [36]
fermentum enzyme, | mmol/L Mn?*,
1 mmol/L Co**
Lactobacillus Lactiplantibacillus 175 65°C,pH 7.5 56 33.00 [38]
casei plantarum
Escherichiacoli  Bacillus subtilis 500 50 °C, pH 8.0, 3 mmol/L 90 19.36 [39]
Mn?*, 0.1% Triton X-100
Lactobacillus Escherichia coli 500 50 °C, pH 7.0, 2.5 mmol/L 48 23.09 This
fermentum Mn?* study

o G A A S B G . OB R A T A
DL R A A e A S AL, SR8 T ZEAS S ]
BRI G OL N M s A . BT, 18 (b
PS8 28 52 Q1 SEB T FEAE 20 0] FH A [R] sp 2
B EAE RV o Hong 810D 3 15 37 Bl ik 20 4
#4174 (Thermotoga neapolitana) L-Al F) K7+
TR 240 0 T TRV S FR A R, FE 70 °CiE LM
WEER, BRI A S N #R7E 12 h 43I
180 g/L #1190 g/L D-2Y-FLBEH ™A= 49 /L F138 g/L
D-S5A 0, e AR AL TR B . TEADESY
e, CHERR I IVERCE A TR T, (HAER
WAL R IR AR AR, T — a5
W a0 4 4 A0 R AR A 7 D Tl RN R R A
o L mE S, DU — D3R S A
Y& & FTwk =

Xz Jrgeueit SERARE . BuRE L. VIl
R FRENEN: Bt FRFE g ke
JrEwt. AT . PRAEAIRL RS
T BB WEBHES . AR 28RS
Y& A 25 0 AT E W

V3 75 BB AT AnT AT BB 23 5% e AR SR e 15
TAERE & TR 22 53 AL R

Z&: 010-64807509

REFERENCES

[1] ZHANG GY, ZABED HM, YUN JH, YUAN J,
ZHANG YF, WANG Y, QI XH. Two-stage biosynthesis
of D-tagatose from milk whey powder by an engineered
Escherichia coli strain expressing L-arabinose
isomerase from Lactobacillus plantarum[J].
Bioresource Technology, 2020, 305: 123010.

DAI YW, LI ML, JIANG B, ZHANG T, CHEN JJ.
Whole-cell  biosynthesis of  D-tagatose  from
maltodextrin by engineered Escherichia coli with
multi-enzyme co-expression system[J]. Enzyme and
Microbial Technology, 2021, 145: 109747.
O’CHAROEN S, HAYAKAWA S, MATSUMOTO Y,
OGAWA M. Effect of D-psicose used as sucrose
replacer on the characteristics of meringue[J]. Journal
of Food Science, 2014, 79(12): E2463-E2469.

LIU JJ, ZHANG GC, KWAK S, OH EJ, YUN EJ,
CHOMVONG K, CATE JHD, JIN YS. Overcoming the
thermodynamic equilibrium of an isomerization
reaction through oxidoreductive reactions for
biotransformation[J]. Nature Communications, 2019,
10(1): 1356.

BN, WOLHE, RN, PRI, RIS p-BE AR
W) A B 1 B A W A ST SRR (D], £ R A
A2, 2023, 41(6): 20-28.

LI ZJ, SHEN LQ, FEI KQ, ZHONGXI XS. Research
progress on physiological activity and biosynthesis of
D-tagatose[J]. Journal of Food Science and Technology,
2023, 41(6): 20-28 (in Chinese).

ORTIZ AC, FIDELES SOM, REIS CHB, PAGANI BT,
BUENO LMM, MOSCATEL MBM, BUCHAIM RL,
BUCHAIM DV. bD-tagatose: a rare sugar with
functional properties and antimicrobial potential
against oral species[J]. Nutrients, 2024, 16(12): 1943.
LIUY, LI S, XU H, WU LT, XU Z, LIU J, FENG XH.
Efficient production of D-tagatose using a food-grade
surface display system[J]. Journal of Agricultural and

>: cjb@im.ac.cn



1992 ISSN 1000-3061 CN 11-1998/Q A:# T #2~44k Chin J Biotech

(8]

[13]

[14]

[15]

[18]

[19]

Food Chemistry, 2014, 62(28): 6756-6762.

ZHENG ZJ, XIE JX, LIU P, LI X, OUYANG J. Elegant
and efficient biotransformation for dual production of
D-tagatose and bioethanol from cheese whey
powder[J]. Journal of Agricultural and Food
Chemistry, 2019, 67(3): 829-835.

SEO MI. Characterization of an L-arabinose isomerase
from Bacillus thermoglucosidasius for D-tagatose
production[J].  Bioscience, Biotechnology, and
Biochemistry, 2013, 77(2): 385-388.

LIYJ, ZHU YM, LIU AJ, SUN YX. Identification and
characterization of a novel L-arabinose isomerase from
Anoxybacillus flavithermus useful in D-tagatose
production[J]. Extremophiles, 2011, 15(3): 441-450.
GUO Q, AN YF, YUN JH, YANG MM, MAGOCHA
TA, ZHU JF, XUE YB, QI YL, HOSSAIN Z, SUN W],
QI XH. Enhanced D-tagatose production by spore
surface-displayed L-arabinose isomerase from isolated
Lactobacillus brevis PC16 and biotransformation[J].
Bioresource Technology, 2018, 247: 940-946.

ZHAO L, ZHOU YZ, QIN S, QIN PP, CHU JL, HE BF.
B-galactosidase BMG without galactose and glucose
inhibition: secretory expression in Bacillus subtilis and
for synthesis of oligosaccharide[J]. International
Journal of Biological Macromolecules, 2018, 120:
274-278.

FRE, A, AL VLIESR, FEYTME. FFTE 35
FIE B-2FFUNE O 1 5T b A5 IR A FLbE
MR H[I]. B dh BB R 240, 2023, 41(6): 29-38.
WANG JY, LI T, LI J, JIANG ZQ, YAN QI.
Characterization of GH family 35 B-galactosidase from
bacillales sp. and its application in synthesis of
galactooligosaccharides[J]. Journal of Food Science
and Technology, 2023, 41(6): 29-38 (in Chinese).
SKEAL, EIH, TR, B, WM, KEH, 8
BEHE. BEA B-PLBETTEG A L-Ba R (i s A i i
A D-EEMEBER DR SE D). Tl AR Y, 2012, 42(4):
48-53.

ZHANG LQ, WANG Y, DING QB, OU L, XU YM,
ZHANG CY, WEI XK. Enzymatic synthesis of
D-tagatose from lactose with the combination of

B-galactosidase = and  L-arabinose  isomerase[J].
Industrial Microbiology, 2012, 42(4): 48-53 (in
Chinese).

ZHANYJ, XU Z, L1 S, LIU XL, XU L, FENG XH, XU
H. Coexpression of p-D-galactosidase and L-arabinose
isomerase in the production of D-tagatose: a functional
sweetener[J]. Journal of Agricultural and Food
Chemistry, 2014, 62(11): 2412-2417.

WICHELECKI DJ. Enzymatic synthesis of D-tagatose:
US20180216146[P]. 2018-08-02.

AW, K, Kitth, skDE. (RSN 0GvBT):
A= 1 B T ET IR (J]. A BUAE W%, 2024, 5(6):
1437-1460.

SHI T, SONG Z, SONG SY, ZHANG YH. In vitro
BioTransformation (ivBT): a new frontier of industrial
biomanufacturing[J]. Synthetic Biology Journal, 2024,
5(6): 1437-1460 (in Chinese).

ZHANG YH, EVANS BR, MIELENZ JR, HOPKINS
RC, ADAMS MWW. High-yield hydrogen production
from starch and water by a synthetic enzymatic
pathway[J]. PLoS One, 2007, 2(5): e456.

HAN PP, WANG XY, LI YJ, WU H, SHI T, SHI JF.

http://journals.im.ac.cn/cjben

[21]

(22]

(23]

[24]

[25]

(26]

(28]

(29]

Synthesis of a healthy sweetener D-tagatose from
starch catalyzed by semiartificial cell factories[J].
Journal of Agricultural and Food Chemistry, 2023,
71(8): 3813-3820.

KANHERE A, BANSAL M. Structural properties of
promoters: similarities and differences between
prokaryotes and eukaryotes[J]. Nucleic Acids
Research, 2005, 33(10): 3165-3175.

TR, B, R, i, RAN. GRAEY
R P A Y S B TR RS J]. S Y
2021, 2(4): 598-611.

YU HM, ZHENG YK, DU Y, WANG MM, LIANG
YX. Microbial promoter engineering strategies in
synthetic biology[J]. Synthetic Biology Journal, 2021,
2(4): 598-611 (in Chinese).

R, BEE, ER, KE, B KT
JA BT SCPERITSEHERE[T]. WUAE A A, 2016, 43(1):
198-204.

YU JH, MA WW, WANG ZW, CHEN T, ZHAO XM.
Progress in synthetic promoter library[J]. Microbiology
China, 2016, 43(1): 198-204 (in Chinese).

P H, KE, BB, KR B-2F LR BT
PAFLWH S 1 g L 32 08 — 20 VR A AL FLBE B B A6 1 1]
WAEFAR, 2021, 61(9): 2907-2920.

LI ZY, ZHANG X, RAO ZM, ZHANG RZ. One-step
synthesis of lactose to tagatose by co-expressing
B-galactosidase and arabinose isomerase[J]. Acta
Microbiologica Sinica, 2021, 61(9): 2907-2920 (in
Chinese).

SCHYMKOWITZ J, BORG J, STRICHER F, NYS R,
ROUSSEAU F, SERRANO L. The FoldX web server:
an online force field[J]. Nucleic Acids Research, 2005,
33(Web Server issue): W382-W388.

I ) W, 1 ROk T 2 R R B R AR R ) v AR
RIE TS 6 8 & TR S S A0 N5l
POl KA 4R (A AR IR), 2024, 45(2): 78-85.

Z0OU XH, FENG YE. Identification of binding sites of
protein associated with diseases and metal ion ligands
based on physicochemical characteristics of amino
acids[J]. Journal of Inner Mongolia Agricultural
University (Natural Science Edition), 2024, 45(2):
78-85 (in Chinese).

SUN ZT, LIU Q, QU G, FENG Y, REETZ MT. Utility
of B-factors in protein science: interpreting rigidity,

flexibility, and internal motion and engineering
thermostability[J]. Chemical Reviews, 2019, 119(3):
1626-1665.

VAR, WA, TR, X 88T suE e s
TE A YA TR T B BT (9], A= f Bk o, 2022,
34(7): 871-879.

XU Y, TANG LJ, ZHANG BC, LIU J. Application of
promoter optimization strategies in microbial
metabolic engineering[J]. Chinese Bulletin of Life
Sciences, 2022, 34(7): 871-879 (in Chinese).

NIE ZH, LUO H, LI JF, SUN HX, XIAO Y, JIA RQ,
LIU TJ, CHANG YH, YU HM, SHEN ZY.
High-throughput screening of T7 promoter mutants for
soluble expression of cephalosporin C acylase in E.
coli[J]. Applied Biochemistry and Biotechnology,
2020, 190(1): 293-304.

MEN Y, ZHU YM, ZHANG LL, KANG ZK,
IZUMORI K, SUN YX, MA YH. Enzymatic
conversion of D-galactose to D-tagatose: cloning,



=

% | BEAHHELME— 55 LS B o5

[31]

[32]

[34]

[35]

overexpression and characterization of L-arabinose
isomerase from Pediococcus pentosaceus PC-5[J].
Microbiological Research, 2014, 169(2/3): 171-178.

SALONEN N, NYYSSOLA A, SALONEN K,
TURUNEN O. Bifidobacterium longum L-arabinose

isomerase: overexpression in Lactococcus lactis,
purification, and  characterization[J]. = Applied
Biochemistry and Biotechnology, 2012, 168(2):
392-405.

FAN C, XU W, ZHANG T, ZHOU L, JIANG B, MU
WM. Engineering of Alicyclobacillus hesperidum
L-arabinose isomerase for improved catalytic activity
and reduced pH optimum using random and
site-directed mutagenesis[J]. Applied Biochemistry and
Biotechnology, 2015, 177(7): 1480-1492.

KATOH K, ROZEWICKI J, YAMADA KD. MAFFT
online service: multiple sequence alignment,
interactive sequence choice and visualization[J].
Briefings in Bioinformatics, 2019, 20(4): 1160-1166.
BAN XF, LIU YT, ZHANG YZ, GU ZB, LI CM,
CHENG L, HONG Y, DHOBLE AS, LI ZF
Thermostabilization of a thermophilic 1,4-a-glucan
branching enzyme through C-terminal truncation[J].
International Journal of Biological Macromolecules,
2018, 107: 1510-1518.

BUB O, RUDAT J, OCHSENREITHER K. FoldX as
protein engineering tool: better than random based
approaches|[J]. Computational and Structural
Biotechnology Journal, 2018, 16: 25-33.

GROMIHA MM, PATHAK MC, SARABOJI K,

Z&: 010-64807509

[36]

ORTLUND EA, GAUCHER EA. Hydrophobic
environment is a key factor for the stability of
thermophilic  proteins[J]. Proteins, 2013, 81(4):
715-721.

IR, REL MR, EAR KL RDRIE L-PHn
S A BRI T S AE D-3E A B AR 7 i N R (D).
) TRESRIR, 2023, 39(3): 1107-1118.

LI J, WU J, CHEN S, XIA W. Rational design of
L-arabinose isomerase from Lactobacillus fermentum
and its application in D-tagatose production[J]. Chinese
Journal of Biotechnology, 2023, 39(3): 1107-1118 (in
Chinese).

LIM BC, KIM HJ, OH DK. High production of
D-tagatose by the addition of boric acid[J].
Biotechnology Progress, 2007, 23(4): 824-828.
ZHANG SS, GUO TT, XIN YP, QIN LH, KONG J.
Biotechnological production of D-tagatose from lactose
using metabolically engineering Lactiplantibacillus
plantarum{J]. LWT, 2021, 142: 110995.

ZHANG X, LU RQ, WANG Q, HU MK, LI ZY, XU
MJ, YANG TW, ZHANG RZ, RAO ZM. Production of
D-tagatose by whole-cell conversion of recombinant
Bacillus subtilis in the absence of antibiotics[J].
Biology (Basel), 2021, 10(12): 1343.

HONG YH, LEE DW, LEE SJ, CHOE EA, KIM SB,
LEE YH, CHEIGH CI, PYUN YR. Production of
D-tagatose at high temperatures using immobilized
Escherichia coli cells expressing L-arabinose
isomerase from Thermotoga neapolitana[J].
Biotechnology Letters, 2007, 29(4): 569-574.

>: cjb@im.ac.cn



