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B E: X PAXMATHE BL21(DE3) A& £, MAERMAS A RE T ABRPEBE (LDH, KRB FIOAFE) TR
PBLEEE (FDH, RBKAZTHE) R RBMMLAM (LDH, RIBRMHEAHFFIOATE)ELAM (ADH, RRLKE)NE
20 K AT .8 B I A FY ) NADH B A 4R &, VA L- 757 BB A AL 46 BoAt, #I R 5 A BABLASE (L-TD) 5 LDH-FDH
& LDH-ADH —4%:5 4% L-2-8 A T8, 2 LDH-FDH ¥ 4= LDH-ADH T ¥ #t47t kit LDH-FDH Z¥#)
RIER M pH 4 7.5, RERMBEH 35°C, @ith A 50 g/l FE4:. 0.3 /L NAD'. 10% LDH-FDH #18:% (V/IV)
F2 7500 U/L 49 L-TD B&i&, * L-% RELHAT o dbdbm, VA4 4) 2-T BRERRE N F 159/L, B 28 h, AT L-2-
HA T B = FH 161.8 g/L, &% 97%. LDH-ADH L% #9353 pH # 8.0, Ri&E R A& E 4 35 °C, il idmA 0.3 g/L
NAD*. 10% LDH-ADH #88:%& (VIV) A 7500 U/L 49 L-TD B8%, St L-FREA 12 2EREF R, DfE
Feh) 2-TERBRE T 15 g/lL, HA4A Mm% 40 g/l #) L-2-RA T, #HATERA, R 24 h, FIT L-2-8
ETERGZEH 11969/, &% 98%. X P RAN TEALERT A L-2-RA TR TR E—F 8 5 FIRSE.
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Abstract: In this study, Escherichia coli BL21 (DE3) was used as the host to construct 2 recombinant E. coli strains that
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co-expressed leucine dehydrogenase (LDH, Bacillus cereus)/formate dehydrogenase (FDH, Ancylobacter aquaticus), or
leucine dehydrogenase (LDH, Bacillus cereus)/alcohol dehydrogenase (ADH, Rhodococcus), respectively. L-2-aminobutyric
acid was then synthesized by L-threonine deaminase (L-TD) with LDH-FDH or LDH-ADH by coupling with two different
NADH regeneration systems. LDH-FDH process and LDH-ADH process were optimized and compared with each other. The
optimum reaction pH of LDH-FDH process was 7.5, and the optimum reaction temperature was 35 °C. After 28 h, the
concentration of L-2-aminobutyric acid was 161.8 g/L with a yield of 97%, when adding L-threonine in batches for controlling
2-ketobutyric acid concentration less than 15 g/L and using 50 g/L ammonium formate, 0.3 g/L NAD*, 10% LDH-FDH crude
enzyme solution (V/V) and 7 500 U/L L-TD. The optimum reaction pH of LDH-ADH process was 8.0, and the optimum
reaction temperature was 35 °C. After 24 h, the concentration of L-2-aminobutyric acid was 119.6 g/L with a yield of 98%,
when adding L-threonine and isopropanol (1.2 times of L-threonine) in batches for controlling 2-ketobutyric acid
concentration less than 15 g/L, removing acetone in time and using 0.3 g/L NAD", 10% LDH-ADH crude enzyme solution
(V/V) and 7 500 U/L L-TD. The process and results used in this paper provide a reference for the industrialization of

L-2-aminobutyric acid.
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SEANT AR 225 B AL 38 . (e i 240 AR i —
FhAERIR TR, M —FhEEM TR
rh a4, X R i R A T AT P T S A
B2 Ehme 2 0 T BN, o ml o o P A £ ) 45 i
W24 42 P PE R AT B BT, L-2-
R TRIA N7 G AR i A2k
AR LE AR i . TR SR . IR,
Rk 2B U N A5 R Z0 . B A R = AT T
FEYL . RIS ESRIE . SR REMEZE | Tl AR
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Fig. 1 Enzyme catalysis L-2-aminobutyric acigittn

1 MRE5FE

1.1 RuS5EK

KGFFH E. coli DH5a., E. coli BL21(DE3).
Ji ki pET28a(+)-1dh, pET28a(+)-adh. pET28a(+)-
fdh . pRSFDuet-1 5 L-TD (GenBank % 3% 5
APK04219.1) i (BTS2 000 U/mL) 4
K20 A b0 4 1 L S MR IR AF

1.2 EFHE

Kl HEAE 109/L, BEREE 5 9/L,
NaCl5g/L. 75 pH & 7.2, 121 CKE 20 min,
I TR i AR 455 35 2 Hh s in = S T 1 B — a2 VR R 2ot
TR BR AR AR 2R, L2 T R vk B ol 50 pg/mL.

AR AL AR 10 9/L, BERER 59/L,
NaCl 5 g/L, Bifig 20 g/L, #75 pH &= 7.2, 121 C
K& 20 ming [ K B i 45 55 5 rh s n = S e
B — 7 W B A DR BR A R AR A 2R, LTk
& 4 50 pg/mL.
1.3 EERKF

B M 9 U0 A% R B . Tag DNA 3R 4 i
PrimeSTAR DNA A T4 DNA % HRGE T
TaKaRa; JEFEAIFRBOAM & . FoR R BGAR &
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)L ADH

2-ketobutyric acid \ / L 2-am1nobutyrlc acid

FDH

-——

NH,COOH
or Ammonium formate

OH

PN

CH, H,C CH,
Isopropanol

——

DNA Bz IR & . DNA iR & T4
TAY TR (B BROARAE; L-97& iR .
2- IR . W iRER . L-2-2 3L T R FFrhr 1 5 4
Tk e IR IEEnS — R iR (i T, NAD') T2y
AL G IR w5 oAt BLR 24 T
S ati

14 FEHZBEKFRFRIE
1.41 HEHABRAKBEARE

HRHE NCBI il b2 2 i i i 2L H Idh
¥4 (GenBank &35 CP034551.1). W%l &
ADH J¥%1 (GenBank #:%%5 KDE12735.1) LK
H iz a3 A fdh J$%] (GenBank &%
AB091484.1) &it5|4), Wk 1 Fon. 55U
¥ pET28a(+)-1dh . pET28a(+)-adh . pET28a(+)-fdh
R, R 1 RXI RSP T PCR, 43l
P1i35) Idh, adh, fdh JER B, B iR =
DNA F Bt & B e WE eI [l is , A 7 14 B il 1
N DI TR Y) , BEJSfEHH DNA 35 i &
JE4T DNA 2lifb 3R /Y] =¥ . fdh 5% adh JEH A
Bt 5 24 [R R O D) 4 BE A 2R P ik pRSFDuet-1
1R5), 1 T4 DNA %4 16 Cil &, K&
20 JF ki 54 E] E. coli DH5a A2 25408, %A%
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F1 ALEAZSY

Table 1 Primers used in this experiment

Primer name Primer sequences (5'-3") Size (bp)
LDH-P1 CATGCCATGGCAGGAACATTAGAAATCTTCGAATA (Nco 1) 35
LDH-R1 TTGCGGCCGCTTAGCGACGGCTAATAATATCGTG (Not I) 34
FDH-P2 GGAATTCCATATGGCGAAAGTACTCTGCGTTCTCTACG (Nde I ) 38
FDH-R2 GATCTCGAGTCAGCCGGCTTTTTTGAATTTACCCGCC (Xho 1) 37
ADH-P2 CGCCATATGAAAGCAGTCCAGTACACCGA (Nde 1) 29
ADH-R2 CCGCTCGAGTCACGGAACCACGACACCACG (Xho 1) 30

The underlined sequences are restriction enzyme sites.

AR SR L, 37 ‘CHEF% 18 h, it 7% PCR #47
TEBAPE e b 45 A KBS 3 kv, 37 °C | 150 r/min
§53% 8 h, A R A GRS R BUTORL, X EE 4
R Nde T AT Xho T 47 WAGYIRAE, $RAFAY
4] iUk pRSFDuet-fdh 5 pRSFDuet-adh i Nco 1
A Not T AT WY, Ze4lifb )55 2 Rk WD)
ARFRAY Idh R R BOR AT, B EIRERAE S RIER
5 # 41 fi % pRSFDuet-ldh-fdh F1 pRSFDuet-
Idh-adh, JFf#E4700 7 gk .
1.4.2 BB PERRE T B K &

¥ LR EH ki A E. coli BL21(DE3) /%
AU, 43 H3R15: E. coli BL21(DE3)/pRSFDuet-
Idh-fdh 1 E. coli BL21(DE3)/pRSFDuet-ldh-adh.
W I AR VO B 2 R B o A AR SR B AT, 37 °C
Fi% 12 h, FRIGRHE A ; FIJCRKBE T B Ry
AR B ACEE AR AT 100 mL & R 355579 500 mL
=i, 37 °C. 150 r/min 5535 6-8 h J&, IPTG
5 4 0.3 mmol/L, 25 °C. 150 r/min i RE5E
10-12 h., ¥5 & B0 (8 000 r/min, 10 min) Y
EVTIERR, 100 mmol/L BB 2% ik (pH
7.0) EVREMA, MR IAZ R N 200 g/L, &
PR (VKT , PR 400 W, TAESSs, ARG 5 s)
20 min, 4 °C. 6 000 r/min .0> 25 min, {#8 &
535175 %] LDH-FDH #i! LDH-ADH i
1.5 BEgIENE

A 33 T AR K R 38 4K 45 LDH-FDH 2%
LDH-ADH, # 8] LDH, FDH. ADH [ % A
HACERM:, g RIRRIAE YRR, DL L-2-20 0
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TR AR N Sy M AR A S B

LDH-FDH il 1% W 7« J2 B K &R A 4 -
100 mmol/L 2- T fid & , 0.2 mmol/L NAD",
120 mmol/L B &%%, 100 mmol/L NH3/NH,Cl 2%
W% (pH 7.5), 1 mL LDH-FDH MG, ik
310 mL, 35 CE ¥ 10 min, SBERZK 1KY, W
AHRTI L-2-20 56 T RRAE it . WG 8 . BRI
BMET, 1 min 742 1 pmol L-2-Z 5 T MR
Al SO L ANBERE AL, B 1 U,

LDH-ADH g 3% W 5 = o b A& R A 4 -
100 mmol/L 2- T fii % , 0.2 mmol/L NAD",
120 mmol/L SN ®E, 100 mmol/L HEEE# 2% thik
(pH 8.0),1 mL LDH-ADH & , B A& 10 mL.
35 ‘CJzhii 10 min, SRERZCIESN , WAHKI L-2-%
BT WA . WG S BIR ROV AE T, 1 min
77 1 pmol L-2-2 3% T R s i il it e Sk 14>
fig g s, BP 1 U
1.6 fERMFHRKL

R T IRBEMEAL SN B B R SO S5 4 e L-2-
BAAETmR R, SRR 1.2 (LDH-FDH T.
) ME S T2, (LDH-ADH T.2) &k
itk .
1.6.1 L-pEBR—RESRMELER

LDH-FDH 500 mL fi# L& & . 40 g/L L-75
%R, 15 g/L H k%%, 0.3 g/L NAD", F&/KIATT
K% pH % 7.5, 1A 10% LDH-FDH K& (V/V)
F1 7500 U/L ) L-TD B, DS o S0 451 -
35 °C, 150 r/min, )it 72 A 40%H R 4+ pH
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7.5 25, ORI S 2ok 7R

LDH-ADH 500 mL b4k % H: 40 g/L L7
MR, 4% AR (VIV), 0.3 g/L NAD", Wil
ZE P (100 mmol/L, pH 8.0). FHZ/KIE K
pH % 8.0, I A 10% LDH-ADH H ik (VIV) K&
7500 U/L (% L-TD B, PUBEERE. S 560
35 °C. 150 r/min, JEAH MM 2 0 i 2
1.6.2 L-oFEBRAaMBmAE AR

LDH-FDH 500 mL f#fb& & k. 10 g/L L-F5
MR, 50 g/L HERE%, 0.3 g/L NAD", FHZ/KFTY
U pH & 7.5, 1A 10% LDH-FDH #LEG& (V/IV)
17500 U/L /) L-TD B, UM, J5 Lm0
20-40 min M 10 g/l L-93R&R, MR R D 2-T
Tl R 5k B8 et R RE L- o S R AN I B TRl ) B, (AR
2- THARR M /NT 15 g/l R & 35 T,
150 r/min, i FEH A 40%H R 4Eds pH 7.5 A&
A, R WS s 2t R

LDH-ADH 500 mL f#fk{& &4 10 g/L L-75
IR, 0.8%5FNEE (VIV), 0.3g/LNADY, FHZ /K
PN pH = 8.0, JiA 10% LDH-ADH i
(VIV) K% 7500 U/L () L-TD B, PLBSEEE, 5
2L 5EPE 20-40 min £M 10 g/L L-JRg R M 1.2 £
FEIR e SN, AR AR 2-T HiRR 4% B e A A
L-JR 2 B AN ] R B, SRR 2- T MR vk /N
F 15 g/, R &fF: 35 °C. 150 r/min, FH4ZUK
Hr+E pH 8.0 Aoy, WRAH M B2 Ry R R
1.7 SHAE

L-FRG IR | 2- T BER TN L-2-8 3L T IR & 1y
H HPLC %, L-7pEMR. L-2-Z 5 TPk
. WEhAE R 0.05 mmol/L BEFRGNARE © =
7 1 3, %K 1.0 mL/min, &0 48 AR K A 334 nm,
FEIE A 30 °C, #ERERN 10 uL, ik Agilent
XDB-C8 (150 mmx4.6 mm),

PERERTRE A5, AR EC ] - FRER 0.343 ¢
878 — HIEEFN 0.147 g N-Z e ER , & T 50 mL
ZEafi, ins mL Jo/KZEE, F 0.1 mmol/L FiR

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

ZEPW (pH 9.5) EF . 2- TEIBR AT 451 WshH
47 6 mmol/L BRFR¥ W, Tk K 0.55 mL/min, #5ill
AN R 202 nm AR A 35 °C L #ERERSR 10 WL,
{3 H A Aminex HPX-87H (300 mmx7.8 mm).

2 HER5AW

2.1 EEMERIFRIEKREEFERD

2 Jfi ki pRSFDuet-ldh-fdh il pRSFDuet-ldh-
adh £ FP 3 Jo 28742 , 43|54 A E. coli BL21(DE3)
Hhi I8 1.4.2 J7 356 % LDH-FDH 1 LDH-ADH #i
R AILE E. coli MsiBin] sk ik, 45K 2
fli7k . SDS-PAGE [+ LDH., FDH il ADH {3
W98 39.4, 43.9 A1 35.2 kDa, S5
BRI e —3, RIEA R IE R PR
1k LDH-FDH H1 LDH-ADH % 1.5 J5 ¥ & B
LDH-FDH #H i i i 7% >4 72.8 U/mL, LDH-ADH
FEL 6 TG 4 65.1 U/mL
2.2 pH XFELL 5 L &2 0w

P 2 5t S it R e . Sl L 2 4 [ s B 3
ity , DRI A X AL SO Y Jc i pH AT IR R .

kDa M 1 2 3

97.2— .

E 2 EHEGHY SDS-PAGE 4 #f

Fig. 2 SDS-PAGE analysis of recombinant enzymes.
1: control of E. coli BL21(DE3)/pRSFDuet-ldh-fdh or
E. coli BL21(DE3)/pRSFDuet-ldh-adh which is not
induced; 2: E. coli BL21(DE3)/pRSFDuet-lIdh-adh after
induction; 3: E. coli BL21(DE3)/pRSFDuet-Idh-fdh after
induction; M: protein marker.
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BT L-TD fERAMI O LG, 76 pH
7.0-8.5 BRI B EE , MR,
A 7 BUAS T o BRI Iﬁtﬁjcaz%%m
pH XT LDH-FDH 71 LDH-ADH i 1% 81 . A 7] pH
T, Zr515%E LDH-FDH F1 LDH-ADH AR ,
Uﬂimﬁﬁ‘{ﬁjﬂ 100%, #5 4N 3 /R . LDH-FDH
B pH N 7.5, HAE pH 7.0-8.0 & [l PN AR X 5
¥ KTF 90%; LDH-ADH #%id& pH & 8.5, HYE pH
7.5-8.5 315 [ A AH XS 2K T 90%.

2.3 IREXHE L R B F2 0

L-TD 7E 30-40 ‘C ¥R I 45 B , IR tAs
S X LDH-FDH #1 LDH-ADH [ i%
M. T 2-T MR R R A AU . AR,
R T8 SO B AR, (] S A T E@iﬁvﬂl LRI
AP 2-THIRRMW R . AFERET, 2 50 E
LDH-FDH [ iE KAk & L-g‘aﬁtT@ﬁLﬁ 2- Tl
Mo, 45K 4A. B frs. LDH-FDH i
MBS 35 °C, B SN L-2-2 08 T BRI E

A 10

100F
90
80
70r
60 . L L . . |

20 25 30 35 40 45 50
Temperature (°C)

Relative activity (%)

110
100
90F
80r
70F

Relative activity (%)

60 L . . . . ,
20 25 30 35 40 45 50
Temperature (°C)

B4 REMNELRNARIE

72.8 mmol/L, 2-T FilfR¥k & h 25.1 mmol/L, Pkt
FEASTIE , 40-45 CHY, 2-77 Wi R ) 4y 50 /N T BS
FIaE, WHRIAVHE, FEH 35 CHEN
LDH-FDH fid ki B2 . AR ST LDH-ADH
PIBRTE SR R L-2- 0 TR 2- THIR & &, 25
JRAnE 4AC. D s, LDH-ADH i 40 C,

105

S 95+

2

Z

S 85|

o

N

=

& 75 ~e-LDH-FDH
——LDH-ADH

65 1 ] 1 1 1 1 ]
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
pH

B 3 pH &k 5 200
Fig. 3 Effect of pH on the reaction.

B
45 H 2-KBA
%) N L-ABA
40 i
L
5
£35 :
L
(=%
£30 |
[_4
25 1
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Concentration (mmol/L)
D
2-KBA
4 i W L-ABA
40 4
_|

(98]
(==

4

Temperature (°C)
(¥5)
wn

25 !
0 20 40 60 80 100 120 140 160
Concentration (mmol/L)

Fig. 4 Effect of pH on the reaction. (A) Effect of temperature on LDH-FDH activity. (B) L-ABA and 2-KBA
concentration in different temperature reaction systems of LDH-FDH. (C) Effect of temperature on LDH-ADH activity.
(D) L-ABA and 2-KBA concentration in different temperature reaction systems of LDH-ADH.
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BRI R L-2-% 3 T Rk E M 65.1 mmol/L,

2- T TR B R 21.9 mmol/L, RAGZIRE T L-2-
QT R B A s, A 2- T W R Wk E
21.9 mmol/L, #yk 2-T HifR ¥ T4 5 1 60%,
FEWNIRIRLE 2 30 2- 7T Bl R 7% 5 sl B = At w1 7
Yy, IR % T 35 “C Ay LDH-ADH s AT .

24 L-AEERREXEX RS

IR 1.6.1 i, IRIFHAM SRS, WA
MR L-2R &2, N 24 h # L-2-%0 38 T iRk
B I 2- T TRFR AR B i, HER L IR R 8 X
b N5 . LDH-FDH i fb &k R 45 & 5A
B fin, BfA L-JnZMRMEERS N, L-2-2 5L TR
FERGHT T, 2- T HfRskE s 4 B, 4 L-
TR R EAE 40-60 g/L JE IR, 2- T H R vk BE
B, WEERYIREEG N, L-2-2 3L T R AR it
LR, PRI KT 95%., Y L-JR s Rk

A

xx O N
==
T T 1

60

Yield of L-ABA (%)
3

(y]
=
T

%40 60 80 100 120 140
Concentration of L-Thr (g/L)

[o.0]
[=}
T

4

40F

Yield of L-ABA (%)

[\
<

0 L L |

200 40 60 80 100 120 140
Concentration of L-Thr (g/L)

5 L-7&UBR K B X 48 1k S I 2 i

Hom# 80-120 g/L, 2-THAMRFI /&, M L-2-
RAETRARENRAV B, RIERPH
Z2-THIRR 25 LDH-FDH f43% 1. LDH-ADH
AR R 45 R 8 5C. D frzx, 5 LDH-FDH 45
SAEL. DA B mAp T2 A L-2-2 5 T MR A )
JEX/NT 60 g/L, H NADFI FH 41K
2.5 2-T FREZ K & X 6 4k I bz 52 1

PR 1.6.1 ik, dERR A SRR, KR
L-JR 2 MR 4 2- TR, Je i 1h, 5[k
& 2- T Hil iz % LDH-FDH K LDH-ADH 1k 5 5%
Wi, S5 5N 6 s 24 2-T MRk i 7E 5-15 g/L
JL I}, LDH-FDH 2 LDH-ADH % {bik &+ L-2-
BT R KT 99%, H L-2-2 5 TRk
Wi IR S et B TF, 2 2- T AR MR N
20 g/L, FRWMEEIREIRR, RHIE 2- T IRk
JEXGIN L-2-2 5T IR RN AL R BT

o]
®©
(=}

—-L-ABA
| =2-KBA
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Concentration (g/L)
N
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Fig. 5 Effect of the concentration of L-Thr on the reaction. (A) Effect of the concentration of L-Thr on the yield of L-ABA
in LDH-FDH process. (B) The concentration of L-ABA and 2-KBA with different concentrations of L-threonine after 24 h
reaction in LDH-FDH process. (C) Effect of the concentration of L-Thr on the yield of L-ABA in LDH-ADH process. (D) The
concentration of L-ABA and 2-KBA with different concentrations of L-threonine after 24 h reaction in LDH-ADH process.
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Rt SmmmmamEn naoH Braxan Lo-a2TE (D
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Fig. 6 Effect of the concentration of 2-KBA on the reaction. (A) Effect of the concentration of 2-KBA on the yield of
L-ABA in two processes. (B) The concentration of L-ABA with different concentrations of 2-KBA after 1 h reaction in

two process.
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Fig. 7 Reaction process of two processes. The concentration of L-threonine, 2-ketobutyric acid and L-2-aminobutyric
acid was determined by HPLC at different time points. (A) LDH-FDH process. (B) LDH-ADH process.
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Table 2 Effect of acetone concentration on
LDH-ADH activity
Acetone concentration (V/V)

Activity of LDH-ADH

(%) (U/mL)

0 65.1+0.6

1.0 63.5+£0.3

2.0 63.8+1.2

3.0 61.2+0.5

4.0 52.84£0.8

5.0 35.0£0.6

6.0 18.9+1.0
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Fig. 8 Reaction process of the reaction by optimizing
the process of LDH-ADH.
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