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HEAT B VAR & R A Bl 0 Bl TE BAS AT 3 ROA R L-2-RAA T B, 183t 2 RERBLABR 60 T 30 A FAE AT
A&#Kk % (Root mean square fluctuation, RMSF) 4&, *+ &k zh3F % ) 249 Loop X3R4T AFF 2| LB 4R & 69 2,
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Rational design of the C-terminal Loop region of leucine
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acid

Jiajie Chen, Meijuan Xu, Taowei Yang, Xian Zhang, Minglong Shao, Huazhong Li, and
Zhiming Rao
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Abstract:
(L-2-ABA). In this study, we modified the C-terminal Loop region of this enzyme to improve the specific enzyme activity and

Leucine dehydrogenase (LDH) is the key rate-limiting enzyme in the production of L-2-aminobutyric acid

stability for efficient synthesis of L-2-ABA. Using molecular dynamics simulation of LDH, we analyzed the change of root
mean square fluctuation (RMSF), rationally designed the Loop region with greatly fluctuated RMSF, and obtained a mutant
EsLDHp, with a specific enzyme activity 23.2% higher than that of the wild type. Since the rate of the threonine
deaminase-catalyzed reaction converting L-threonine into 2-ketobutyrate was so fast, the multi-enzyme cascade catalysis
system became unbalanced. Therefore, the LDH and the formate dehydrogenase were double copied in a new construct E. coli
BL21/pACYCDuet-RM. Compared with E. coli BL21/pACYCDuet-RO, the molar conversion rate of L-2-ABA increased by
74.6%. The whole cell biotransformation conditions were optimized and the optimal pH, temperature and substrate
concentration were 7.5, 35 °C and 80 g/L, respectively. Under these conditions, the molar conversion rate was higher than
99%. Finally, 80 g and 40 g L-threonine were consecutively fed into a 1 L reaction mixture under the optimal conversion
conditions, producing 97.9 g L-2-ABA. Thus, this strategy provides a green and efficient synthesis of L-2-ABA, and has great
industrial application potential.

Keywords: leucine dehydrogenase, L-2-aminobutyric acid, Loop region, multi-enzyme cascade catalysis, whole cell

transformation
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LU0V PRI 2 BF Saccharomyces cerevisiae VE
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T ¥ FF R (Nicotinamide adenine dinucleotide,
NADH) R4l 74l o B2 438 i e Ak 5= 4
TSP AR L AE S KRR Tl Ak A
7, FI T AR R AR A R i 25, i,
L-BEE AR L-2-ABAM | (S)-1-FR P E-2-H1 45
FZ U FERGIE SR, R IR T 2R AT
Bacillus"™ | W& % 2F i )\ B K # Sporosarcina
psychrophila® | AR WATH Exiguobacterium
sibiricum™ . Alcanivorax dieselolei'™ % Laceyella
sacchari™ ) LDHs © 29k vale 321591 H W21k
P SEE, RIHEAER Tk E, Bk
i Exiguobacterium sibiricum B LDH 7E o-fii iR
(I e A R B = TS P HAE 60 CTR Y
PR, REMHR B RFHEAR TREA
X 24 HE R i A A AT 3 ek, {2 LDH /R k)
12 Tl AR R FH A DG SR PR il el e A X 5
b Zhu OV T AL R LDH SO, Hh e
R A4V I TR A P AR E K YE s Xu
L0V Y — Ao B B LDH, 5 5 M A
AEAFR] R head K B2 T 44.5 1519 Q358N AL
Mo G, VBN L-2-ABA Az ™ Hp ) S 0 R i il
PR T LDH £y oA 1E v A 2 il
ERAEAL ) A MR AR M Erh 2 8

ARG RIET E. sibiricum B)55 2R A
B S5 2-1d TR (2-ketobutyric acid, 2-OBA)
X, PRI 378 1 AR BT S i, B
2R kS (Root mean square fluctuation,
RMSF) {E7E 361-373 {24 38 2 [ W 213 50,
Rl XT 1% Loop X3k B 11 | 38 24 #8460 X 8 17
KB, ARG T — bk LB S SR 0w M 315 2 el g 1)
RAKE, FKHEHE L-2-ABA ALYl &
AR, BT L-2-ABA il £ 2 #8 rb o g2 R MG 2 it £
b - BRI % 2-OBA [ Rt 530 2-OBA
MR, (fifF LDH i 76 & W 2-OBA f71E T
g Em A E, R B FDH #8244 f 4 R
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JNASSF-fir, PR X% 0 LDH & FDH AJ DL fi
2 Wi Ak SR 2, K 22 T K A Ak 09 BRL 2 Jif
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IKBTRL pET28a (+) HIA S % Ol ; HE 20 Bk
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S
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1
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Schematic diagram of preparing L-2-aminobutyric acid by multi-enzyme cascade biosynthesis.
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Table 1 Primers used in this study
Primer names Primer sequences (5'-3")

DF AGCAAATGGGTCGCGGATCCATGGTGGAAACCAATGTGGAAG
DI R TCGAGTGCGGCCGCAAGCTTTTAACTGCGGGCGCTACC
D2 R TCGAGTGCGGCCGCAAGCTTTTACAGAAACTGACTGCGGGC
D3 R TCGAGTGCGGCCGCAAGCTTTTAAATGTTCTTATCGCGACGCAGA
ESF ATCACCACAGCCAGGATCCAATGGTGGAAACCAATGTGGAAG
ES-FDH R AATTCCCCTATAGTGAGTCGTATTATTACAGAAACTGACTGCGGGC
ES-FDH F CCCGCAGTCAGTTTCTGTAATAATACGACTCACTATAGGGGAATTGTG
FDH-TD R CCCTATAGTGAGTCGTATTATTATTTCTTATCGTGTTTACCGTAAGCTTT
FDH-TD F GTAAACACGATAAGAAATAATAATACGACTCACTATAGGGGAATTGTG
TD R CATTATGCGGCCGCAAGCTTCTAACCCGCCAAAAAGAACCT
pACYCDuet-MCS1 F AAGCTTGCGGCCGCATAA
pACYCDuet-MCS1 R TGGATCCTGGCTGTGGTG
pACYCDuet-MCS2 F CTCGAGTCTGGTAAAGAAACCG
pACYCDuet-MCS2 R GGTACCGACGTCAGCGATC

Restriction sites are shown in underlined parts.

ClonExpress® 1l  One Step Cloning Kit .
2xPhanta® Max Master Mix. DNA Marker Il F F4
U MERE L MR BRZA 7] s BamH 1 F1 Hind 111
SERR N IR B 52 H EAEHEAR dbs)
ABRAH; L-2-ABA, 2-OBA, EEHHE . K%
R A EERTRL T AR BR A

1.2 EFFE

LB ¥ (BMAM 10 g/L, BERHEERY
5 /L, 5 k4N 10 g/L,pH 7.0); KB TY B35 (8%
BERIY) 8 g/L, BRI 12 g/L, K3PO4 4 g/L,
NaCl 3 g/L, —/KEHEIR 2.1 g/L, gk
0.3 g/L, Huh 10 g/L, (NH4),80, 2.5 g/L,
MgSO,47H,0 0.5 g/L, pH 7.0), #MEHEFEHE (Hmh
400 g/L, BERFEEEUY) 50 g/L, BE A 25 g/L)
TS L KRB R
1.3 RETKEIHEE

i 1 519 . VL pET28a-Esldh JFkL JREAR
PR B, B IHE SRR pET28a |, IF
W 4 k5L E] E. coli BL21(DE3) W, 23l
J¥ K BRI ) 35 Uy S8 AR 4K E. coli/pET28a-
Esldhpy .

. 010-64807509

14 ZEEEMTIESDAL
Y EHWE E. coli BL21/pET28a-Esldhpy, HEA

F7% 50 pg/mL RAREE A LB W IARKE =, F
37 °C. 200 r/min #RZ K57 10-12 h 5, Fh4e. 1
F£E ODgoo N 0.6-0.8, NIAZIKEH 0.5 mmol/L
#5793 -B-p- i A8 2 FLBE 1T (Isopropyl-B-D-
thiogalactoside, IPTG), F 25 CiFFHisk)5,4 C.
8 000 r/min .0 A, ] 0.1 mol/L PBS %
MW (pH 7.4) VEBRR K, TR R TR KT R
%, 4 °C. 8 000 r/min B5.0oHX_byE AT R Mt
JEEIE LUK (SDS-PAGE)PY,

F AR B 7 26 2 AR a4k P il 1 g 48
AR AR VeI, SDS-PAGE 40 #fr, H4xal
it FH T — 2D T 0 B Wt R SO 9T, AR I
W HF ] BSA SytnifE s . Bradford v5E 8 H
e g,
1.5 B7E NEOME

5 FH A BE T i 340 nm A AW 2510,
LDH G EMAZ . 0.9 mol/L NH,CI-NH;3-H,0 2%
M (pH 9.0), 10 mmol/L 2-OBA, 0.3 mmol/L
NADH FliE 4>, §HG 5 e SN . 78 Bk 4k

B: cjb@im.ac.cn
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T, 443804 FE 1 pmol NADH i B2 i il 5
SR —ANE AL (1 U)
1.6 EBFMRBMAR

fiff 1) foe 3 S v pH BT - OR 5% LI
pH (Tris-HCI, pH 6.0-7.0; NH4CI-NH;-H,0, pH
7.0-10.0, &AM 1), W& HKiE pH; AR
JE (30 'C.35 'C.40 ‘C.45 C.50 C.55 C.
60 ‘C. 70 C) TN fcidi e, DAds ey s o
XA 100%.

TR E HENIESY - K S T A [ I 1)
ZEvhil (30 T, 35 C. 40 C. 45 C. 50 C.
55 °C. 60 C) Hr, Fb— BB EIE B S . LA
0 h AHXT IS E N 100%.

B SRS . SURIEPIRE (0 h
05. 1.2, 4, 6. 8 mmol/L), M:EMIES. LA
Hill 7558 V=Viax(So)/(Ky+Sy) FEATLRIEAS .

1.7 S FahAFEH

SWISS-MODEL Workspace HJ T il = 4tk
B BY BT B AR MD B L A
GROMACS F1 GROMOS96 43A1 AMBER force
field*!, ffi F§ AUTODOCK Vina ¥ Jic# 2-OBA 4}
T EE ARG PP, i EAET T
TR IS B, IR RE R R/ ME, 7E
JE Ul B SR ST IREE - NVT AR R IR
L, B 30 ns, K 2 fs, KpFEALN
spe216, HFIAIRL R B =
1.8 ZERIKEMMAIIIE

DL it k. pET28a-Esldh . pET28a-ilvA .
pET28a-fdh AR MMM & T7 J8 8 F 11
Esldh. iviA. fdh 2, {fi HESEM PCR #g
ZWFRER N E A TR . J0K Esldh-fdh-iviA WK
By . PHS . 53RIKFOR pACYCDuet 55—
2 i [ o o5 3% 12 LA AR 19 F 41 it ki pACYCDuet-
Esldh-fdh-iviA, pACYCDuet-Esldhp,-fdh-ivIA, ¥

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

530 () 2 ok 5% 16 3] E. coli BL21(DE3) H, 15
FHEHEM E coli BL21/pACYCDuet-RO #il
E. coli BL21/pACYCDuet-RT . ¥ il & J5 (4 A Bt
Esldhpy~fdh ¥ 3 , % 45 2\ 04 i 4 0% 8 40 o0k 1Y)
WA AL, GBI EA R E. coli
BL21/pACYCDuet-RM (A 2),

1.9 2L EI & L-2-ABA FHMRKL

KW R E M W MR E coli BL2U/
pACYCDuet-RM, .l WA IR+ 240 i
1k FEALIRZR N 200 mL, AUHG L-FR &R . FF IR L
WA K PB 22 #hii (100 mmol/L).

AR pH RYARAL  FE 0 SN IR BE S 30 °C
L-A 2R 100 g/L. HREL 60 g/L, HEK ODgoo N
60, ¥t pH 435k 7.0, 7.5, 8.0, 8.5, 9.0 AY%
T AT A EFE AL RN, FHLAARTES] pH iYE;
25T B

AR EEDLAL . #RIRIAG N pH 7.5, U
T4y 25 °C .30 'C L35 'C.40 'C.45 C,
50 CHyZAF T UEAT A i i AL RN o

td

Ty~
40'”,

pACYCDuet-RM
10 464 bp

L
Q
£
]
5
g
=
7
31
A
-1
%
%
ES

2 pACYCDuet-RM & By [E i
Fig. 2 Map of the plasmid pACYCDuet-RM.
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YR EE A R NVIRE 35 °C, B
pH 7.5, Zr il & L- 93 2BV R 40 g/L. 60 g/L .
80 g/L. 100 g/L. 120 g/L #4744 %1k

1.10 HPLC ##i7%

W) L- AR A=) L-2-ABA B il 3 &
FE AL LC1260 -5 (% w5 20 A 2 3% (High
performance liquid chromatography, HPLC) F# %t
HEATIE , FLAG I 7 vk 2 E 22 OPA FMOC 7E£ATT
AbSRE, HPLC @igacifh: C18 ikt
WA 1 mL/min, FEiE 40 °C, P 338 nm 194
HMRTINER TR, G ShAH A Fh A 5 AT LA Bk
B, HAKT %27 SCER[10]

e =Y 2-OBA J& FAHLER, FIFHLH®
LC1260 #Y-5 1 /5y R AH 38 R ge ke . K
HPLC {43 24 9 : Aminex HPX-87H 4 HLER /3 Hr
FE, WA 0.5 mL/min, #1335 °C, 3K 210 nm
Qb ()58 ARSI 2% T R, SR BAE R 0.272% 1 H i
PR IK VR

2 HERE50
21 EEBRFESBEEXEMNEERERT
N vAEES

XFF EsLDH [, #1508 J1 2 x4
M/ T2 5930 RMSF 97284k, %% EsLDH
e RAG X, 1% X 3T B T 8O U AR
o UK 3 Fis, 7255 361-374 £ Z AR Loop
I EE SRR B 5l , Hrh 2R 361-364 fif
f) RMSF {ERIZ1TH i, 364-370 fiif) RMSF {E %1
IAK, 370-374 fiiff) RMSF {5 X 2 FFh, M
2 DX IR FEANRS 2 o L, M Bk Loop X 355 RMSF
EAH K B EERR G 361-374 i1, 364-374 {if .
370-374 {44 H 445 EsLDHp; . EsLDHp, .
EsLDHp;.

¥ PCR 7" S: A E. coli BL21(DE3) 15 &
W, IR TP AR . Pk B Ak T 8 R B U
b7 YIRS UE, BRESS R AN 4 FR,

. 010-64807509

&=
h
T

2
~
T

RMSF (nm)

I
38}
T

(=]
W
T
e 1 o s

e
—_
T

0.0

0 100 200 300 400
Residue

3 %42 EsLDH #J RMSF {&

Fig. 3 The RMSF value of the wild-type EsLDH. The

part framed by the red dashed line indicates the area
where the RMSF value fluctuates the most.

bp M 1 2 3 4 5 6
[(_)/ 888 > pET28a-Esidh
L pET28a

1 000 < Lsldh

4 BERETHREE

Fig. 4 Construction of truncated mutants. Single and
double restriction digestion verification of plasmid
pET28a-Esidh gene. M: DL10 000 marker; lane 1-2:
Esldhp,; lane 3—4: Esldhp,; lane 5-6: Esldhp;.

FE 1 000-2 000 bp Z[HA s, fFH Esldh
KRR/, 7E 4 000-7 000 bp =2 84 B 25 44,
54 pET28a Fl pET28a-Esldh L&AV K EE K
N, MERRZER I A E. coli BL21 o H4 5
TE B (4 5 A8 R 7
22 HERRRTANERARERAEK

F 87 A=A ESLDH S 2848 /& EsLDHp, .
EsLDHp, . EsLDHp; & B 3G 75 . H8 75 I % 5 B
i

i3 Ni-NTA 2% # 2 Hr bk 4l b il & M,
SDS-PAGE tullzlifb 455K . &l 5 i, B
HHAYTE 44.3 kDa A4 . — HIGM &40, 5
IR —3
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kDa M1

200.0~—
116.0 —
97.2—
66.4— =

2 3 4 56 738

“ |

43— B WS e PW g = = —440kDa

29.0—

5 F4A ESLDH RRTIREL L

Fig. 5 Purification of the wild-type EsLDH and its
mutants. M: protein marker; lane 1-2: EsLDHp,; lane
3—4: EsLDHp,; lane 5-6: ESLDHp;; lane 7-8: EsLDH.

2.3 LEEEIERINE REBFHERA S
2.3.1 B4 EsLDH 55828k i FE % HE B 1%
LB AR RSk B, I TR) 45 2 11 R R 1) )
FE AR UG, 45 R U 6 FrR, DABFA IR
1 EsLDH FY LRI N 100%, #4281k D2 1)
AR HU TR A (123.2%), AR AR IR
MG Y96 T RA, 0 5h 39.9% 1 74.8%. X4
SERULII#A Loop Ab 2 MR AR SE AT LK IR 52
WS 7, T H 364-374 o 28 LR i A )
PEE T LR IE o X% 5 AR A — 2 1) il 2 1 I
PIBFIE

140

120

100 =

80

60

Relative activity (%)

40 =

20

0
WT D1 D2 D3

6 ¥4 EsLDH R RTINS LLEGIE

Fig. 6 Relative enzyme activity of the wild-type
EsLDH and its mutants. The error bars show standard
deviations calculated for three replicate experiments.

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

2.3.2 HfA R EsLDH 5 R A5 R B #5018 B A pH
H & 7A AIH, 2878 {K EsLDHp, 5% A= )
BIEWRE N 55 C. 1E 30-55 CHYTLRMA, WS
JIBEIR BT oS, AR 55 °C Z A S 1T
TRREAR, REE 60 CHE, fALTEERE T
K. & 7B Al%n, RASK EsLDHp, 58 AR
HiE pH o 9.0, 1] HAE A PERIRE S5 00 A AE X
PEACTE PR W TR AT . Y 2% v S A P st
Pt 145 7 3 O 1 50 D 32 T 7 B P B 5%
2.3.3 B4R EsLDH 522k f e & i

Kl 7C BAEARIRE THEE 12 h )5, AR
FZRAZI& EsLDHp, W ARG 7 o Bl I 5 i
PN TE i, BR AR BT A BT R AR . Y AR IR 7
30-55 CHFE 12 h 5 B9FR AR Bl 5 5 0 s T
BYAEARL, {H 6 CHYAXTEEIE (LR 18.7%, AHXT
it 135 7T B 28 S ) RS 1 — 22 5F Ay i ) B Ay g )
gl I 7D RA, B AERERGERIE TR
W 8 h, RASK EsLDHp, F2 28 A8 B 21
TR T 2.4 h, 4 10.4 ho  F RN AR A 5 10
Loop XA A F LU G 982 =, [RIES 4 s 1 #4
FaEE o
2.3.4 B4R EsLDH 5 ZMKK 3 1 %35

L 2-OBA M Jic i B A= 7 LDH Je L AR
K E 12280 (R 2). 455K W], EsLDHp Y
Ko (B FC P A RUMIGEE 8.2 %, o/ Kin T LB 22 TR 155
4 f%, UiH] EsLDHp, & 25 1 4T IEY) 2-0BA
25 R0 T FVEAR R

24 SFEAhFEER

MR P X b 75 (https://zhanglab.ccmb.med.
umich.edu/), ESLDH #Y 4 N6 040518 GS1
K77, K89 Fl D124, #R¥EHIIAY LDH [ 2-OBA
4530, ] AUTODOCK Vina ¥ iKY 2-OBA
Oy F XTI R AE R, GRS M S e TR
M X 7EE 8A B R, i GROMACS
BT T8 J12F R . RMSD BUSETRERT, RAA
HILS AR T HF AR AU RS E ; RMSF (B 5 B A A
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120 -
——WT
D2

100 | ——EsLDH
80 -
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40|

Relative activity (%)
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30 40 50 60 70
Temperature (°C)

140
120 f i\i\{x\
100 F
80 |
60
40}

Relative activity (%)

—=—WT

20 f ——EsLDH,,

0 L L 1 L L 1 L

30 35 40 45 50 55 60
Temperature (°C)

7 H4Z2 ESLDH RETIRMEEFIERAR

120

100

80

40

Relative activity (%)
N
<

20

6.0 6.5 70 7.5 8.0 85 9.0 9.510.0
pH

o

120

100

80

60

Relative activity (%)

40 ——WT
—e—EsLDH,,

0="2 4 6 8§ 10 12
7 (h)

Fig. 7 Enzymatic properties of the wild-type EsLDH and its mutants. (A) The optimal temperature. (B) The optimal
pH. (C) Residual activity after incubated for 12 h at different temperatures. (D) Residual activity incubated at 60 °C.
The error bars show standard deviations calculated for three replicate experiments.

*2 HEBRRTEWMHNFESH
Table 2 Kinetic parameters of the wild-type LDH
and its mutant

WT EsLDHp,
Ky (mmol/L) 0.905+0.090  0.110+0.029
ke (s 0.296+0.024  0.147+0.027
ke K (L/(mmol-s))  0.327 1.336
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R ZR S A B HHE R —6.28 keal/mol, X 7
RN T RAERNEAS IR GE, AUF
TIRAT A

25 SEREBEHFERNEE

# €5 2-OBA 1 NADH X} H 45 55k,
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Fig. 8 Three-dimensional structure simulation of the ESLDH and molecular dynamics simulation analysis of parameter
changes. (A) Three-dimensional structure simulation of EsSLDH and partial enlargement of key areas. ESLDH (right) was
shown in different colors, with helixs in blue, sheets in purple, and Loops in magenta. A partial enlarged view of key
sites was shown on the left, with substrate in yellow, active centers and the truncated Loop areas by red sticks. (B)
Analysis of ESLDH and its mutant D2 after docking 2-OBA by molecular dynamics simulation about RMSD, RMSF and

Rg between wild type and its mutant.
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1 FDH 75 M 2-OBA %] L-2-ABA W4k ; [F]Af
LR ZRIER G, EEHAMEAR, £
AR, B, % ivid SLEFEA Esldh F fdh
ZJELIHISS TD MFRiE. Kl i b Y 20 TR bk
E. coli BL21/pACYCDuet-RO . E. coli BL21/
pACYCDuet-RT, E. coli BL21/pACYCDuet-RM 4}
MR WEEFE . MR ARAS A, e M A TD.

LDH. FDH (BT ; [RIEFH 3 BRI AR R IR . I
LR IAH T b fil % L-2-ABA, HPLC il
JE L-2-ABA J 2-OBA WYL, W3R 3 /I, @
¥k E. coli BL21/pACYCDuet-RM AH#¢ T J5L i B Fl
T3 WiAR FE 2 B LA B e, B R AL A
T E. coli BL21/pACYCDuet-RO. E. coli BL21/
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pACYCDuet-RT &5 T 74.6%H1 39.0%.

26 ZEPHEHLEFKRDSHMMEIE L-2-ABA
£HMk

H1 L 9A WIAT, 5 i A A M A% AT EE Sl 30 °C L
Y L- 9 Z R AR A 100 g/L | S5 EE IR B S )
H R . 74k ODgoo 4 60, il %5 L-2-ABA By IE
pH Ky 7.5, WHFE 4 H E. colilpACYCDuet-RM #%
A7 1) B 7 e IR B B R AE oA ] 774 2-OBA (1)
ER/ADTF 10 g/L, BB 59.3 g/L, 7Kk
70%. & 9B "I, &l pH R 7.5, fEH
SRS DL T, Hil% L-2-ABA HHRIE
MR 35 °C L LI E A E. colilpACYCDuet-RM
AL IR IR B R KM 68.4 g/L, HETY)
2-OBA WL B 13 g/L, B 7 3k 80.5%.
H & 9C FIAT, #EdilE64k pH o 7.5, SALIRE N
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HALMIRY) L- A AR IRE, HEEIRYIRIE N
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Table 3 Comparison of parameters of different recombinant strains

Strains TD LDH FDH L-2-ABA 2-OBA Molar conversion
(U/mL) (U/mL) (U/mL) (g/L) (g/L) rate (%)
E. coli BL21/pACYCDuet 4.6+0.5 1.7+£0.2 n/a n/a 0.2 n/a
E. coli BL21/pACYCDuet-RO 62.0+6.4 39.1+£5.4 0.4+0.2 33.5 433 39.4
E. coli BL21/pACYCDuet-RT 57.8+5.1 48.8+6.1 0.4+0.2 42.1 39.8 49.5
E. coli BL21/pACYCDuet-RM 56.2+8.2 70.4+5.7 0.7+0.1 58.5 12.5 68.8
n/a means not detected.
[ 11-2-ABA [11-2-ABA [_11-2-ABA
A 20 . mEma2oBa |0 B 70 EH2-0Ba 160 € EEI2-O0BA 160
% 50 1405 70 1405 5 50} 140 2
< 40 1302z = 40 1302 = 40 30 =
2 30 2 2 30 0= 35 30 <
< {1200 < 200 % 9
20 Ao 20 & o 20 <
~ 10 "‘ 10 = 1o 10 = 10
0 0 0 0 0 0
25 30 35 40 45 50 Control 7.0 7.5 8.0 8.5 9.0 40 60 80 100 120
Temperature (°C) pH Substrate concentration (g/L)

9 LU FEMIL
Fig. 9 Optimization of the whole cell biotransformation. (A) The optimal temperature. (B) The optimal pH. (C) The
optimal substrate concentration. The error bars show standard deviations calculated for three replicate experiments.
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10 5L ZBEGES AR ILH & 1-2-ABA

Fig. 10 Whole-cell biotransformation in 5 L fermenter for
the production of L-2-ABA. The error bars show standard
deviations calculated for three replicate experiments.
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