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A O AR WS O, T S s R T
Ye ¥ 3 R G 0, 4 B LR A A AR

175 W B TR I 21 2K [ ( Vitreoscilla Hemoglobin,
VHb) J2 th i B B0 A 1R 4 S8 40 1 T 5 U — Fif
AL R A A A Ok RS A
o R SRR S EAZ AR R 4L H B TR
VRPERARLEE " . VHD 55845486158, RERR K5
B (7 A, e RS A R K
VHb S A FIF S R RS IS | e S e 1 &
Xt 0, WA fEdk A=K . AT, 4% VHb
14325 W B 1 I 21 4 1 2 A ( Vitreoscilla: Hemoglobin
Gene ,vgh) B4 s B AN 21, 7% 22 B 53 4 2
IR . VHD B SR R A T R bt
R EE A HLIR, 2 S 2 R H bR W
U T R R AR A K AT
SRS, PR VHD 19 3R 3K 7K 3 5 A 4l A [A]
fEY e EIEATIRAE . BT, X VHb 23k MR
TR WA 45 ] B DXL DL K A8 DUBCRIE 3l
SREEY

22 IR A= W A A v 110 G B ) B G e S
PPN [ Pl A 2 18 7K - LA £ 22 b il 22 [1] 2 kK
P2 PR ROV R BT, FER 2
G4 200 JHL A4 A 50 I, R SR P 22 b S s By 0] il ) 3R
S (VW = I R R = % N TR R i A
( Ribosome Binding Site, RBS) | 1#1 4% 3 K 5 DI %4 | o
ARSEFHEB T A TR AT B R e 5, A
WIS AT B 27 i 8 B 2 ) 4 2 A A AR A A
HNE R ( Phenylalanine, PHE ) &8 T PLA , {HiZ
AR O, f il KB ™ HFRE] T PLA B4 SR,
WA KW, 0, BERLA RN PLA A4
BRI EERNER,

BT AT AU A e PR 3K VHD X R
JorFF i A R DR S e, I 5  BA I3 2 07 1t
HH A 3R 3k X R 3 R A & 1§ ( L-amino Acid
Deaminase ,1-AAD ) FIFLE M (i Lactate Dehydrogenase
LDH) & B PLA B8 BRI LA 1270 SRk 23
VHb L-AAD Al LDH, DL R R O, B9 K
HEALA L PLA (977 6 5 1 X Z2 B (IR & h VHD
(92215 (L& VHD IYRIKIUT \RBS B 178 5 5 A%

DUEO) AT H SR, 383 PLA (7 i i e 44y i —
ol 1 e 25k 2 M K = 240 M AR AL 50, O AR AR L Y
A SOV R R LR — D4R w4 & A PLA
076 A, B0k 4 B A A AR E A, LUK O
A EAT BN T AR T PR T 7, LU S g ot 22 il £
WK A 20 MO AL R LA AL & A PLA JHAT AR Wy it
2%,

1 Me5IHE

1.1 FEMPRSIKH

L-PLA (4% =99%) . KN R ( PPA, 4 =
99%) IR (i) (W RE (@iEg) , LT
LT ARy A RR S A L-PHE (46 =99%) |
FNEE-B-D - T ACEFLBEH (IPTG) | RIAF % R
(Kana) JEHEH#y . Avrll tRYJEG  SanTaq PCR Mix il
TR F PR E PCR Mix TRR R, R 78 T 4% v b ik
g, BiA T A Y TR A A PR 7 ; PrimeSeript
RT reagent Kit i) &, Jb 505 H BEAEYHEARA R
] ; Plasmid Mini Kit {7 £ | Cycle Pure Kit =71 £ |
Gel Extraction Kit i3] & \Bacterial RNA Kit i85 £,
% Omega Bio-Tek 22 F]; B2 1 i | e )2 L) |
BENEWE , e [E Oxoid 23 ] s NaCl  H i, REEH VLR AL
THAB A 2 7] K, HPO, [ KH, PO, \Na,HPO, |
KCI, dbat B B AR W H R R |, e e gk v
B, HoA iR 12 R o3 Bt
1.2 FENFEEES

SPX~-1000 B AE AL 35 T4, bW AG 25 Bl 2 AU AR
ABRAF] LIT B IR IR G A 3 SR 58 IR VLT3
BIAEYIR A BR S W) HH-6 AU #8016 5 K 7
Ty, N R BT R R 5120 L AL 0% ) 2807
K, UF 1 % ok 5 B2 97 B8 A BR 2>\ 5 Minispin
Plus fii: = 3 &5 0 ML, 2 [E Eppendorf 23 7] 5321 #l
HL 0 A R F, b 1 3 RO 2 A3 A BR A
Thermo VeritiPro 96 BJEHH 144 , NanoDrop One %!
i UV=Vis 4366, 38 [E Thermo Fisher 23] ;
Sub—Cell GT #Y7K V- #% R Hi Uk 1 . SYSTEM GelDoc
XR Y BE B 8 & B8, 9% E Bio-Rad /2 H; Agilent
1260 Infinity %Y /& %0 AH €4 3% ( HPLC) 4%, 3£ [H
Agilent /A ]
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1.3 Bk RAAS 5
S8 T K AT 1 ( Escherichia coli) T Bk 5 5t
KL 1, 515 3% 2,

1.4 FEEFE
LB 855755 (1 L) . R 10 g BEREREH
Y5 g NaCl 10 g, 121 C i K& 20 min, LB & {4

k1 EHhERE
Table 1  Strains and plasmids
25 EAS FRHAE R
KIAFFH DHS« TERERE & PR EIS
RIFF# BL21(DE3) FikmgE T2 % PR
BEkE KIGF-E BL21( pRSFDuet-1) a3 3 ki pRSFDuet , KanR S 3 (R
KIHFFE BL21( pRSFDuet-aad-Idh ) JFRL pRSFDuet #54F aad F1 Idh 3£, KanR SR PR
KIHFFH BL21( pRSFDuet-vhb) kL pRSFDuet #5745 vhb F2 , KanR S FE AR
pRSFDuet-aad-vhb-ldh vhb 5 aad 30 T7 RBT EN Y
pRSFDuet-aad-Idh-vhb vhb 5 ldh 31 T7 B3+ AT GG
pRSFDuet-aad-Idh-T7-vhb vhb B Hh T7 B3h T ENIS A apE
ok pRSFDuet-aad-Ildh-T7-rbs1-vhb ths1 JH#% AW
e pRSFDuet-aad-ldh-T7-rbs2-vhb rhs2 ¥ NI AR
pRSFDuet-aad-ldh-T7-rbs3-vhb rbs3 P LN AR
pRSFDuet-aad-ldh-T7-rbs2-2vhb vhb ¥ DLECH 2 AW
pRSFDuet-aad-ldh-T7-rbs2-3vhb vhb ¥ V1K 3 ABF Y
&2 3455
Table 2 Primer sequences
519 il
D-A-R CCGCAAGCTTTTACTTCTTAAAACGATCCAAACTAAACGGCG
D-A-F CCGCATAATGCTTAAGTCGAACAGAAAGTAATCGTATTGTACACGG
F-A-V AGTAAAAGCTTGCGGCCTAGGATGCTGGATCAGCAGACCATC
R-A-V TTAAGCATTATGCGGCCTAGGTTATTCAACGGCCTGGGCG
D-L-R CCTAGGTTAATTAAGCTGCGCTAGTAGACGAGTCCATGTG
D-L-F CTGCTGCCACCGCTGAGCAATAACTAGCAT
F-L-V AGCTTAATTAACCTAGGATGCTGGATCAGCAGACCATC
R-L-V TCAGCGGTGGCAGCAGCCTAGGTTATTCAACGGCCTGGGCG
F-T7 AACCTAGGAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCC
R-T7 CATTGTTTAGATGTGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATT
F-V CACATCTAAACAATGGAATTCATGCTGGATCAGCAGACCATC
R-V TCAGTAACGTTAAGTGGATCCTTATTCAACGGCCTGGGC
D-R-R GGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTCCTAG
D-R-F CCTAGGCTGCTGCCACCGCTGAGCAATAA
F-r1-v GCGGATAACAATTCCTCAAAAACCAACTAGGACCTCAGTACCATGCTGGATCAGCAGACCATC
F-r2-v GCGGATAACAATTCCTTCAATAAGAGAGCAATTACATGCTGGATCAGCAGACCATC
F-r3-V GCGGATAACAATTCCAAGGAGATATACATATGCATGCTGGATCAGCAGACCATC
R-r-V TGGCAGCAGCCTAGGTTATTCAACGGCCTGGGCGT
F-1V GCTTAATTAACCTAGGAATACGACTCACTATAGGGGAA
R-1V GATCCAGCATAGGGGTTCCGTTATTCAAC
F-2V GCCGTTGAATAACGGAACCCCTATGCTGGATCAGCAGACCA
R-2V GTGGCAGCAGCCTAGGTTATTCAACGGCCTGGGC
D-V-R AGCGGTGGCAGCAGCCTAGGTTATTCAA
D-V-F GAGCAATAACTAGCATAACCCCTTGGGGCCT
F-2v CCTAGGCTGCTGCCACCGCTATGCTGGATCAGCAGACCATC
R-2v CCAGCATAGCCGCTTATTTATTCAACGGCCTGGGCGTACAGATCGG
F-3v CAGGCCGTTGAATAAATAAGCGGCTATGCTGGATCAGCAGACCATC
R-3v GGGGTTATGCTAGTTATTGCTCCCTAGGTTATTCAACGGCCTGGGC
vhb-F CACATCTAAACAATGGAATTCATGCTGGATCAGCAGACCATC
vhb-R TCAGTAACGTTAAGTGGATCCTTATTCAACGGCCTGGGC

i T RIS AR R ) RBS J741,
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BFREAUHTRAE LB Ji g2 E s im 15 o/L B9 B By
J&i, 121 C K & 20 min,

2)TB 35 (1 L) o ALREE IR 12 o B RH4
By 24 o Hil 5 g, 42 900 mL; B: KH,PO,
2.31 g K,HPO, 12.54 g, '€ & & 100 mL; ¥ 4
121 C =K H 20 min, JoR 20 6 A 5 B #7ik
UL 9« LIRAJEHH,

3)PBS ZZ i (1 L), NaCl 8 g KC1 0.2 g,
Na,HPO, 1.44 ¢ KH,PO, 0.24 ¢, i pH H & 7.4,
121 C &R KE 20 min,
1.5 ZWHE
1.5.1 EREFREFAE 1) RH 5 BUE
FET =80 C &M T IR R, RS, 76 LB [ K 8%
FREEPRL, T 37 CHM T HEFR 16 hy PHURTE
M TRAIBREFER(SEEKRIEN
50 wg/mL A4 Kana) B 5 mL $% H & F, T 37 €,
220 r/min S FE 3% 12 h, ARS8 i, I8 %%
PRI B

)P RIESR BT IR DL 2% B EE R i AT
%64 100 mL TB ¥iFR B HEIE D, 7R Kana 4
JRERE N 50 peg/mL, T 37 °C 220 v/min /4T
R SRR 0D gy

3)IFEFRIFE Y 0Dy, 55 0.4~0.6 W, 7
IPTG EAWKIE N 1 mmol/L, F 30 °C 220 r/min 4%
PFRiESRBRIE 12 h 5, B0 # B3, mH
PBS ¢ vl i 12T ULIE, B0 5 BVEWL B UE 3 K
S, AR 4 A R A b R 1Y) 7 SR B R VR UOUE , IR A
B 0Dy, o
1.5.2 R FMEHEKBE 1)k pRSFDuet-
aad-vhb-ldh F1 pRSFDuet-aad-Idh-vhb % LLJTRE
pRSFDuet-aad-ldh HFRR, 735 LA 514 D-A-R . D-A-F
M D-L-R,D-L-F & I | N5 ¥ #4717 PCR 4"
4 1S BNA AL BURE 5 DL BURL pRSFDuet-vhb SRR,
Iy HILABIY F-A-V R-A-V Hl F-L-V R-L-V N E F
WG it AT PCR 9738, 4lifb D75 2 L ogh I
TUERNE R B RVRE LIS, IR AT R TR

2) Fiki pRSFDuet-aad-Idh-T7-vhb ¥4 8 43 5
LS9 F-T7 R-T7 2 b [R5 # 47 PCR ¥4
HE, B8 E T7 a7 10 b R RNE A B DU

K pRSFDuet-vhb N, 433 LA 514 F-V R-V Ry
LRSI HEAT PCR B3, 4l o] i 15 21 3L
vgb b FUEFIE R B FIH OE-PCR 7354 2 Ik
PCR =¥k A7 3% 42 , gk A 8] T7-vhb FEH
B A Avrll HRAO) S BURE pRSFDuet-aad-1dh 5
it V) , 4l Ak In] e 75 3] 28 P Ak R 5 8 T7-vhb JE
F BRI 2 vk Ak SR AT [ R A, 3R A5 X N

3) ik pRSFDuet-aad-Idh-T7-rbs1-vhb .pRSFDuet-
aad-ldh-T7-rbs2-vhb FI pRSFDuet-aad-ldh-T7-rbs3-vhb
¥, LAk pRSFDuet-aad-Idh-T7-vhb A5, 43
BILAS¥ D-R-R.D-R-F A & F 5| 9 #6475 1wl
PCR 4" 34, 4li 1k [l g #5 31 26 14 Ak 5 okz; DA G R
pRSFDuet-vhb AR, 43 5 A5 ¥ F-r1-V F-r2-V |
F-r3-V 2 LW#519, B LG9 Rr-V R FU#51 9,
PCR ¥ g 4lifb I A5 2L vgb | T UERIE A B,
R EE AL, ARA% X Lk,

4) Jii K. pRSFDuet-aad-Idh-T7-rbs2-20hb ¥4 #
LA T7-vhb JE K v BRI, 3 5 A5 19 F-1V (R-1V
M F-2V R-2V Ry I FUESI#E1T 2 ¥K PCR 9714,
AL TSR B LA vgb b Tl [RE A B R OE-
PCR #"35 2 X PCR =Wk A7 4% , Al fb [a i 5]
X8 DU vgb F B R Avell PR Y) B 4 TR
pRSFDuet-aad-Idh PRV, 4k [\ W5 75 2 26 4 1k o
WL FE U8 DU SE D wgb R B A Ak ks 447 [
FYL, ARAGR L TR

5) 5 ki pRSFDuet-aad-Idh-T7-rbs2-3vhb ¥ #
PLJFRL pRSFDuet-aad-ldh-T7-rbs2-vhb HHERR, 43 5]
LA5 ¥ D-V-R \D-V-F N I FUi#5 1447 5 17 PCR
P8 sk s AS BN P TR DL T7-0hb £ R 7
BEMARR, 70 W LG8 F-2v R-2v fl F-3v R-3v Ny
b RIS AT 2 Yk PCR 478 4tk w75 5
vgb b FUEIRNE A B R OE-PCR ¥ 354 2 Ik
PCR F=yiffA 73 #2 , aliAk a1 A5 280 DI ogh
R B 5 g Gtk Ak TR, AR DL vgh B BEiHEAT W)
DRE 2, ARAT X TR

6) F A B MR A, F AL TR L B Ak B K
FFI DHS o JEAZ A5 4L 38 3 Kana Hot A AT
7% PCR i %6 FHAE 6 AL 7, PRER PP A 7 25 A 7 45 1R
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FEFRITPRIUTORL 8 o SR SR AT 2 IR S
A K B Lb X I B 04 TR L Ak A K I AR R
BL21(DE3) B2 41 v Al FE il id Kana $TPEF
B ¥ PCR SRR U A T XU 30 UE 5 36 46, 4R
5 BARE A Rk
1.5.3 ¥ EEFHHFR AR (Reverse
Transcription Polymerase Chain Reaction, RT-PCR)
i Bacterial RNA Kit 355 & 320 RNA FEA i H
PrimeScript RT reagent Kit 7] & 7547 RNA 1% 5%,
DI 1 pg cDNA MR HEFT PCR 738, 5190°4 vhb-F
F1 vhb-R; PCR J*YITE 1% BEBEWHEERL Hh iE 4T HL VK 53
B A HIBER SR R GE kAT 25 HT
1.5.4 VHb Rkttt @ b KT I BL21
( pRSFDuet-aad-Ildh ) .BL21 ( pRSFDuet-aad-vhb-ldh ) |
BL21 ( pRSFDuet-aad-Iidh-vhb ) 1 BL21 ( pRSFDuet-
aad-1dh-T7-vhb) 254 41 J AL SO B F PLA 1Y 7
o AR, FE L3R b JE— 25 SO B bR
J K IBFFE BL21 ( pRSFDuet-aad-1dh-T7-rbs1-vhb) |
BI21(pRSFDuet-aad-Idh-T7-rbs2-vhb ) F1 BL21( pRSFDuet-
aad-ldh-T7-rbs3-vhb) , 75 PR35 H A4 AF 26 A28 1Y
LR, Ak RBS BHIESREE, K5, 2028 B AR K
% FF B BL21 ( pRSFDuet-aad-Idh-T7-rhs2-vhb) \BL21
( pRSFDuet-aad-Idh-T7-rbs2-2vhb ) F1 BL21 ( pRSFDuet-
aad-ldh-T7-rbs2-3vhb ) , T HABFRAE 25 A4 AL 1 175
L A DL
1.5.5 &M R SR 2 a I
NARZR N 50 mL, 44 LA AR BT Bk B2 20 o/L,
Y PHE BTk EH 60 o/L, Horh, A 4nff b
Jo R P A 1 41 i T 8 ( Dry Cell Weight, DCW) it
Tit s, Ak DCW = 0.388 9X - 0.610 0, X
N ODgy 5

SR RN AR AT PBS G2 i ) 250 mL
HEE M th 2R AT, BN 4R 1 e PBS G2 b R VR B
0.01 mol/L pH {H 7 & 35 °C . %4 # 220 r/min,
RN e, BRI RE 2 h BURE 1ok, RN FREE 12 h )5
P51k, T AR S0 JE B T R, B Al K A
B, 0.22 wm KR IERLG , R HPLC AGHATHE
Kl 5 4347

KR R IR B AT &AL, B e

XS PBS G2 il ik B2 pH B IR BE A b iy 1
A HAIRAE SRS,
1.5.6 PLA .PPA fil PHE &/ ZM# Y. Hou
UL R RS M8 B, il HPLC {0 T
PLA PPA fil PHE B9 & &, @550 M i H Agilent
SB-C18 (it , 6 4 30 °C, #EEEE N 10 pL, i
A 1 mL/min, A0 854 VWD, 3K 210 nm,, i
M A( =R OR/BEEK =0.5 ¢/L) F1 B( =9
LM/ MEE=0.5 ¢/L) A, Ve F W F.0~
20 min, i3 AH B & o 10% 7+ & 100%; 20 ~
23 min, s B (5 R 100% ;23 ~25 min, i shAH
B i it 100% %% 10%,
1.5.7 EAFEMWRRREMET f A 0 52 R
WY RIGFE, S HmmEEBL 1 11RE,
IrRVRAE RO B 1 AT BR B AU AR Al
MY KRIEFE, H5 H MR a1 1 IRA %
17, 060555 2 R PR, IR E S U5
10 1, K& AR TR R AE B 0 25 18 R AT 4 40 e fie
FE I, A HPLC ARG I 3 9 5) 4% AR B8 ik 6
PLA W72 4, DLBA A B — QTR R B i BE 1 1Y
25,
1.6 EHiELE

A S ¥ B 3 K, R SnapGene 4.2.4
AT T FT ST X, R Excel 2019 i
17808 A 21 5 52 3t 40 B, 4 Origin 2021 # 47
TER,

2 RS0

2.1 VHb MBEERBHEEKBRNZ G
T

15 ERGATE ARG A 1 iR,
la) ATAT, KBTI BL21(pRSFDuet-1) EE5 5% 4.5 h )5
AHEARTECE K, i KA 3 BL21 (pRSFDuet-vhb )
FEREFE 3 h S BVHE A BB K 1, B VHD figfin
KIAATF B A K B KA FT T BL21 ( pRSFDuet-1)
7E 10 h I} 0D, iABNEKAE, 4 1. 513, T KA AT
BL21( pRSFDuet-vhb ) 7 12 h I} 0D, ik 5| K (H,
4 2.508, K] VHb BEHE = KIAAT I i e R A= Wi
HI Il 1b) AT AL, ZE - AR [R5, R T i BL21
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Fig. 1

( pRSFDuet-vhb ) 1) OD ., 191 5 55 T KA FT 1 BL21
(pRSFDuet-1) ; 7E35 S 12 h Ji, IR HR 1 0D, 34
ik B & KA, H I K% #F % BL21 ( pRSFDuet-
vhb) 1) 0D, 7& KW T BL21 ( pRSFDuet-1) Y
1.46 5, LI EZ5 SRR BRIk VHD BB &
KIGFFEXT 0, WA I JfF i KA KE R
RRAY R, ZEER G R EE Y RE R —
e, HAF 5T 3% W] 098 7 5 U A SR AR AR
T, 7E TB 55 5 S 335 VHD B REHE = I K
AP, FE T FRES A0 FI W, VHD fig i i
WU KM FF TR 00 A G $2 5 4 20 LA 16 & B PLA
7 i
2.2 EHABEHKHEER VHb RiZEIELE RS
DIA K B FT B BL21 ( pRSFDuet-aad-vhb-Idh)
SR, FA TR R 1) F e B B S R S 2 AL, A
PGSR, kL pRSFDuet-aad-vhb-Idh ¥4 % K 78 K
P h I8 WK 2 fros, K ikiE M o Marker,
VKIE 1 0 2 Ry BFIPEXS BB UKGE 3 R 4 Sy B X B
FH Il 2a) AT, B 55 KN IESf, A 441 bp, A
2b) AT, vgb FERIAERAFF A BL21 sl ph ik
2.3 VHb RiERUERS
2.3.1 VHb WRZARIEF VHb T A= B E
K 3 froas, 2ot oa) A pRSFDuet-aad-ldh , b) 4
pRSFDuet-aad-vhb-ldh , ¢ ) & pRSFDuet-aad-Idh-vhb ,
d) N pRSFDuet-aad-ldh-T7-vhb, i F 446 JG PLA

Growth status of host E. coli

1000 bp
750 bp
500 bp
250 bp

ayvgb¥ 3% i B B UE

1 2 3 4
vgb _
b) R RR Y E BRT-PCR
A 2 S pRSFDuet-aad-vhb-ldh #)3
B AL K IDATH F 09 £ A

Fig. 2 Construction of plasmid pRSFDuet-aad-vhb-Ildh

and its expression in E. coli

77 8 M PLA WA= 906 G A2 43 0 an 181 4 FEl s
fiiw, M 3—E S w4 24 VHb 5 L-AAD | LDH
17 B 7, sURA Bk 17 JEBh T, i 25k
RIAE 3R 3K B, AH b K W #F 3 BL21 ( pRSFDuet-aad-
ldh) 1 PLA 7= 3L 58 VHD ¥ A 80R THa 41
AL G I PLA (975 . KA BL21 (pRSFDuet-
aad-vhb-ldh) 5 K AF B BL21 ( pRSFDuet-aad-Idh-
vhb) 1Y PLA J7 8 22 S B/, 5 K PLA 72543 1 Ry
36.7 /L f137.5 g/ L, F B —F AR Ty B4z
HEHEL T )= PPA Y 2B, 00 A 5 25 i Ak
FLIRAGATEC, Sl G 7R 2 Y B g o
WA, A AT A4S 2 22 WD Ak S I A R )
B, T LaPPR il GDH iX 2 A~ 8 2 7] 1Y 5% 1k



TR, % FRRE VA M2 % 8%

G R AR A LA R

e S T .75 .

BT, F B =) PPA K R, X —BR
BB TN K0 T L-PLA Bk &, M2 T,
KW ¥F B BL21 ( pRSFDuet-aad-Idh-T7-vhb ) B 5 K
PLA J7 524 40. 7 g/L, HA B[R4 PPA ) 2
P W2 TR AR 118 B Iy 388 T A o 7 I il | A %
k.

2.3.2 VHb Ky RBS #i¥3BE  VHb ¥ RBS i1k
AEEWE 6 iR, Hitf a) & pRSFDuet-aad-ldh-
T7-vhb, b ) N pRSFDuet-aad-ldh-T7-ths1-vhb, ¢ ) &

a) T7 r;s_. T7 I—R:s_@__
b) T7 ERBS = T7 Eﬂs @
U e e

d) T7r|!:s T7|_n;sﬂ T7|_R:s_._

A3 VHb 6 A AL+ & B
Fig.3 Schematic diagram of VHb

sequence optimization

50

[ laad-ldh

[l aad-vhb-ldh
B aad-Idh-vhb

40 - I cad-1dh-T7-vhb

(V%)
(e
T
H_|
}_}_{
=

PLAP=E/(gL)
o
(=)
T
}_|.|
H_|

0 2 4 6 8 10 12

fifal/h

B4 RS PLA 8 =&
Fig. 4 Yield of PLA after sequence optimization

w OH L-AAD W OH | py ©/\fi
PHE

FAD  F FADH, PPA NAD  NAD*

B5 PLA #£HhE Mtz
Fig.5 Biosynthetic pathway of PLA

pRSFDuet-aad-ldh-T7-rbs2-vhb ,d) & pRSFDuet-aad-
ldh-T7-rbs3-vhb, H11E 6 AT, AN 5] i (1) B PR
A :ths1 <RBS<rbs2<rbs3, RBS {1k )5 i) PLA 7= 4
K7 s, B 7 A Bk A4k RBS 1 #H
PR A XA A R PLA (72 B AT MO8 . K
FF# BL21 ( pRSFDuet-aad-ldh-T7-tbs1-vhb ) 1E £ 4~
BB B PLA (7 52 35 R e, RIS RBS #H1E
SR TR/ T 1 R GR K P L BE 2 A R IR T
BL21 ( pRSFDuet-aad-ldh-T7-rbs3-vhb ) & i PLA
KN 420 oL, i K B FF BI121
( pRSFDuet-aad-ldh-T7-rbs2-vhb) FIHEAL BE J1 Bk,
A PLA Byt K771 42. 7 ¢/L, WG %k
JEAE RBS BYHH 300 B E [, Horb rhs2 (9 945
VRIS, K A LS i -4k 22 pitl

2.3.3 VHb By¥ENE  VHb A DB LR B

a TI> TmTr—> _ TI—

RBS . Res fdh

by 7> 7> 7>

os@ad | ws b | s b

c) TI* 7> T7

| res (aad Res /dh

d T TT—> 17
ros (aad | ras leh

K6 VHb# RBS AL T&EH
Fig. 6 Schematic diagram of RBS
optimization of VHb

[ laad-1dh-T7-vhb
50+ [ ] aad-1dh-T7-rbs1-vhb
B aad-1dh-T7-rbs2-vhb
Bl cad-ldh-T7-rbs3-vhb
401 - = &
w3l [
]
by
< 20t
(=™
10
0 2 4 6 8 10 12
A fEl/h

B 7 RBS{EALJE 4 PLA =%
Fig. 7 Yield of PLA after RBS optimization



- 76 ¢

Ba50 202642 A 415511

WnE 8 s, Hvh a) & pRSFDuet-aad-ldh-T7-rbs2-
vhb, b)) A pRSFDuet-aad-ldh-T7-rbs2-20hb, ¢ ) A
pRSFDuet-aad-ldh-T7-rbs2-3vhb, ¥4 KAL) PLA
A= e 9 Frn, 8 IR 9l ik - 1
f& VHb #8 DLEOG 46 & B PLA 7 5 114 5% i) 58 B
. K #F # BL21 ( pRSFDuet-aad-ldh-T7-rbs2-
2vhb) AL B PLA 1™ 5 Fifi 5 5 I Fisf (1] 384 o i 2%
T AERN 2~10 h B PLA F-8 B % 5 1k 4 /)
A 1.32 o/L, 24/ W & 12 h Bf, PLA f K=& ik
49.4 ¢/L, M # T KW #F B BL21 ( pRSFDuet-aad-
ldh-T7-ths2-vhb) , H: PLA f K= E4RTH T 6.7 o/L,
BN 13. 6% , R WIFE DUECH 2 B, BE U] W 48 T4
PRI AL 8 1. X F KB #F i BL21 ( pRSFDuet-
aad-1dh-T7-rbs2-3vhb) ,7E 2~4 h N, PLA g K=&
H45.9 /L, A GE R E A R/ 3.45 o/ Ly (HAE
4~6 h B, PLA & i FFEZE 40.0 ¢/L; 7 6~12 h

a) T7 RHS.T7|—R;M' T7|—m;~l

b) T7|_’—’T7|—’ =

©)
"o (oo " otee®
B8 VHb s9# Nt =EH

Fig. 8 Schematic diagram of copy number

@

optimization of VHb

(o)
(=]

[ aad-ldh
[ laad-ldh-T7-rbs2-vhb
I aad-1dh-T7-rbs2-2vhb
501 N aad-ldh-T7-1bs2-3vhb
~—~40-
=
=0
ﬂ?{ 301 1 1 L
<
i
& 201
10
0 2 4 6 8 10 12
B E]/h

B9 #HNKMALE PLA 697> =
Fig. 9  Yield of PLA after copy number optimization

I, PLA PERECEI THE 44.4 o/L J5 X 2 PR
39.9 /L, FWAHE DIECH 3 B, 1T BE TR AR A9 1R 15 6 o
it BBTRL AN FR E  HE 0T R I PLA Y G Rk
R, RIIGAE TN Y BB 5T A iRGE
IS T 248 DL SRIB AT & B, 2 45 DUECh 7
B, AR Rhv3 BRI & TR #HED W] ge &t 2
MEZIFI FEOL A Z M EA T FEREA, E
A RE S B Dy i 22 (] IR 1 G T R T 0t A

WA e 7 AN A, SRR AR A KRS
WAl . B AW IR T — hoRT B Y £ il
A I 4= 210 i i 4L 57 K W #F B BL21 ( pRSFDuet-
aad-ldh-T7-rbs2-2vhb) ,
2.4 EHRECRNEEFGRCERST

AU AR S B AR AR S R AN 10 s, =
PR/ NG PR RR A B EEZES (P<0.05), H
Pl 10a) AT AT, 4= 40 B ALK 3R A Rl PBS 28 ik
FEN 0.010 mol/L; 24 PBS 2% wh i Wk JE TH 7 &
0. 020 mol/L i}, PLA 7= &t i 3 T [% , iX AT fE /& Hh i
[ PBS 22 M vk i 2 1 0 TR AR 4 3 2 A P L
H & 10b) AT %0, pH {E 4 7.0 B, PLA =i K, %
W) 22 AR K A 1 285 SR A v PR R85 P e £ s pH (O
6.0 5 8. 0 I}, PLA /& T [, X Al BB/ fh i PR B
i P A 2 3% AT 1 A 0 P T 38 Fhrﬁl 10¢) 7]
AR R EGE TR 37 C L it — Tt
% 39 C,PLA Fﬂiﬁk—ﬁ?ﬁ%,k?aﬁ%mmma
W IR 22 WA I A Ak b 3 — FP G AU RS e e s, &
YRAEIL T B 1Y O, , 7 15 ¥ Sl A 0GB ik
PR P BEUL BTRCR AR, T AR SRAS 115 A A 5
O3 A BRI RAL . R 10d) AT B
BEEHAIE AN, PLA (97 2 o Bl 2 38, >4 5% 3y
250 r/min [ PLA P58, 0 53. 7 g/L; 1M1 2555 3
ARSEHE R A 280 r/min B, PLA F= i 3E AR 32
S AR AL A R 9 B3 E 40 250 o/ min, BB B35
ZHEE A7 A R
2.5 EHEAEKBEEMSHT

AR BUS 4 20 fL AL & 1 PLA /Y77 &
wE 11 proR, Ko w o IR AR 9 PLA 77
(53.7 ¢/L) . HE 11 o7, E S AL 4R 3 KA, L3



« 77 .

TR, REREZRIAF N E AL RERBRG 2R ENLS R EILR T EHTR

Z\
0.015

7\
0.010

PBSZ: Wil BE/(mol L")
YPBSZE M iE

4 bm JOABRAC B A 45 R

B 10
ults

Fig. 10  Optimization res

t

nditions

ction co

of the whole-cell catalytic rea

BRI T

3

it

PRIk VHD XHg = K Fr @

GO T 5

ES TR

EN

OLISZNR B0 A, T VHD 7E 20 AL &

B AR, R H R R CAR T Bk 3Rk T VHDb,

L-AAD #1 LDH, R W25 4k PHE 550 1 PLA,
30 g Tl Ol i 174) 9 K R s SR W A A T — e B

22 TR IEC 22 40 L A 750 K o T

1T 2 3 4 5 6 7 8 9 10

(- T8/ EHLVd

P& BL21 ( pRSFDuet-

AR B
R R HE At LA A%, PLA #) %

IE g B
e
E -
RN #
[
"

&
._M

aad-ldh-T7-rhs2-2vhb) ,FTHE T 4= 40 oA ALKk 2R

it AP EC PLA 7 A2 FRAY )
PRI AL 1 4 2 A Ak S

via whole-cell

different passages

Fig. 11  Yield of PLA production
catalsis after
4 W Mk K 1 #F i BL21 ( pRSFDuet-aad-Idh-T7-

A 11

4= 4 MO fE AL B L AR ZR . PBS & i ik

37 °C % 250 v/min,

mol/L .pH {H 7. 0 &2

=)

yua

=1
Ito

SHICE ARG 22

LEAEAR A 6 YK, PLA =ik AR X4 T, 3 7T A

ths2-20hb) B PLA F= &

M, ¥ E 4 E KB AT E BL21I
FDuet-aad-ldh-T7-rbs2-2vhb ) i PLA % K=&

.7 g/L, BLAb, ELSALARSL R I E T % 4

PRAGERE T RLAF 1 2 AR 10 K, B —UR Bk PLA

jaN. |

1E 1

)]

(pR:

HELAL

10 U BEAR PLA 72 BB R BN T 5%, %% NS

S FH T PR A A% A A v o7 1 49 i o 2
Iz B L ik 1 AsUE P R4, B O Tolk Ak

on



<78 -

Ba50 202642 A 415511

PRI R BN T 5% , BA RO Tl A6 B Bk i
W1, AdKE— L Wy EAL B bR RIS VHD $2 5
HEAES I PLA (1R FRALE, B AN 2 5 & i AR gt
AR WF ST T A B AR A PLA (9 i RS2 56, 40
POAHSE R T 22550, LA hy 22 e 6 4 40 A4 A
FIMFEE PLA SHATA DI A RS % |

S

[1] MARTINS F C O L,SENTANIN M A, DE SOUZA D.
Analytical methods in food additives determination;
Compounds with functional applications [ J ]. Food
Chemistry,2019,272.732-750.

(2] 2, A% 2HEE, ¥ XIARARLRETH
RRARR[]]. A% TA,2022,43(15) :129-136.
LI B,ZHENG K X,HUANGFU L L,et al. Application and
research progress of phenyllactic acid in food preservation
[J]. Packaging Engineering,2022,43(15) ;129-136.

(3] ZH . BE32. B0, £ ARNaAB5HEENAHE

BERELER D-FEILR[J]. 2R 5ABIT L,
2019,45(7) :22-28.
LUO X, YANG Z F,ZANG Y, et al. Synthesis of D-
phenyllactic acid catalyzed by coupled lactate dehydrogenase
and glucose dehydrogenase [ J ]. Food and Fermentation
Industries ,2019,45(7) :22-28.

[4] WU H, GUANG C E, ZHANG W L, et al. Recent
development of phenyllactic acid: Physicochemical
properties, biotechnological production strategies and
applications[ J ]. Critical Reviews in Biotechnology,2023,
43(2),293-308.

[5] TEOLEF, 470, Mk, % RIARE DNA B 1E/

BAEWENSFRLI]. & &5 KBTI, 2024,50
(5):67-75.
JIA'Y Z,SHU Q X,CONG R T,et al. Interaction between
phenyllactic acid and DNA and its antibacterial
mechanism[ J]. Food and Fermentation Industries 2024,
50(5) :67-175.

[6] THRARAMEERXRILAFMUHXNATEZRS £RBL

AERATE &8 e F A AR GB 2760—2024
[J]. Ao o B AR At , 2024,
National Health and Family Planning Commission of the
People’s Republic of China. National food safety
standard—standards for uses of food additives: GB 2760—
2024[ J]. Beijing : Standards Press of China,2024.

[7] WANG Y F, LUO X, SUN X L, et al. Lactate
dehydrogenase encapsulated in a metal-organic framework :
A novel stable and reusable biocatalyst for the synthesis of
D-phenyllactic acid [ J ]. Colloids and Surfaces B

[10]

[12]

[13]

[15]

( Biointerfaces ) ,2022,216.112604.

WU W Y, DENG G, LIU C J, et al. Optimization and
multiomic basis of phenyllactic acid overproduction by
Lactobacillus plantarum [ J]. Journal of Agricultural and
Food Chemistry,2020,68(6) :1741-1749.
EEATIE 23 P AR e SRR
WEwEHELEHEHGLEFFHEA)]. FEE
7 Tk 2 7% ,2022,53(1) :37-47.

CAO Y L,ZHU B F,SHI M X, et al. Structure and
function of Vitreoscilla hemoglobin and its application in
the production of biomedicines [ J ]. Chinese Journal of
Pharmaceuticals,2022,53(1) :37-47.

BAD ROE KEL, ¥ XX BATFTMIEZA
HEAMMEHFEKR AR ANA RSN EmT].
B E A TAE 2 ,2021,41(11) :32-39.

XUE Z Y, DAl H S, ZHANG X Y, et al. Effects of
Vitreoscilla hemoglobin gene on growth and intracellular
oxidation state of Saccharomyces cerevisiae [ J]. China
Biotechnology ,2021,41(11) ;32-39.

I E A IE AT & A 0 R A R
Bl kR LA FR[D]. K& FHARKF,2022.
SU J L. Directed evolution of Viireoscilla hemoglobin for
the synthesis of indolizines[ D]. Changchun: Jilin University,
2022.

JUAREZ M, LA LOSA C H G D, MEMUN E, et al.
Aerobic expression of Vitreoscilla hemoglobin improves the
growth performance of CHO-K1 cells [ J ]. Biotechnology
Journal ,2017,12(3) ;: 1600438.

WEBSTER D A,DIKSHIT K L,PAGILLA K R, et al. The
discovery of Vitreoscilla hemoglobin and early studies on
its biochemical functions,the control of its expression,and
its use in practical applications [ J ]. Microorganisms,
2021,9(8) :1637.

HE RME,EMIT, % MR psC EEEFE LA E
WU 4T B B AR Ok AT SHMT &[], & &
A 2020,41(2) :119-125.

HAN Q,XU X X,WANG R X, et al. Knockout of ptsG and
co-expression with Vitreoscilla hemoglobin enhance the
production of serine hydroxymethyltransferase in Escherichia
coli[ J]. Food Science,2020,41(2) :119-125.

TANG R H, WENG C H, PENG X W, et al. Metabolic
engineering of Cupriavidus necator H16 for improved
chemoautotrophic growth and PHB production under
oxygen-limiting conditions [ J ]. Metabolic Engineering,
2020,61:11-23.

LIU D, KE X, HU Z C, et al. Improvement of
pyrroloquinoline quinone-dependent D-sorbitol dehydrogenase
activity from Gluconobacter oxydans via expression of
Vitreoscilla hemoglobin and regulation of dissolved oxygen
tension for the biosynthesis of 6-( N-hydroxyethyl ) -amino-

6-deoxy-a-L-sorbofuranose[ J |. Journal of Bioscience and



TR, F: REXLENTA NI EAEERERERF2HMBENERKLRTENHR =79 -

(17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

Bioengineering,2021,131(5) :518-524.

ZHOU Q H, SU Z X, JIAO L C, et al. High-level
production of a thermostable mutant of Yarrowia lipolytica
lipase 2 in Pichia pastoris [ J]. International Journal of
Molecular Sciences,2020,21(1) :279.

MIRONCZUK A M, KOSIOROWSKA K E, BIEGALSKA
A
hemoglobin VHb improves erythritol biosynthesis by yeast

et al. Heterologous overexpression of bacterial

Yarrowia lipolytica[ J]. Microbial Cell Factories,2019,18
(1):176.

DA SILVA A J,DE SOUZA CUNHA J,HREHA T, et al.
Metabolic engineering of E. coli for pyocyanin production
[J]. Metabolic Engineering,2021,64:15-25.

YEJ R,LIU M M, HE M X, et al. Illustrating and
enhancing  the and

biosynthesis  of  astaxanthin

docosahexaenoic acid in Aurantiochytrium sp. SK4[ ] ].
Marine Drugs,2019,17(1) :45.

WANG X T,DING Y T,GAO X Y, et al. Promotion of the
growth and plant biomass degrading enzymes production in
solid-state cultures of Lentinula edodes expressing Vitreoscilla
hemoglobin gene [ J ]. Journal of Biotechnology, 2019,
302:42-47.

XUE S J, JIANG H, CHEN L, et al. Over-expression of
( VHb ) and flavohemoglobin
(FHb) genes greatly enhances pullulan production[ ] ].

Vitreoscilla  hemoglobin

International Journal of Biological Macromolecules, 2019,
132.701-709.

K=o, K w7 RS, % RR B S TR vgb X
HRrRExAdERERTENZ M. TR LH
% ,2025,54(4) :91-100.

ZHANG Y F, LIU X Y, WAN Z Y, et al. Effect of
heterologous expression of the vghb gene mediated by
different promoters on novonestmycin production [ J ].
Journal of Henan Agricultural Sciences, 2025, 54 (4)
91-100.

YU F,ZHAO X R,WANG Z W et al. Recent advances in
the physicochemical properties and biotechnological
application of Vitreoscilla hemoglobin[ J]. Microorganisms,,
2021,9(7) :1455.

Tk EACARANBEBER S HBABEUL
WS-#IEEAR[D]. B4 ILH k¥ ,2024.

WANG B B. Engineering of recombinant tryptophan
hydroxylase and efficient multienzyme cascade synthesis
of 5-hydroxytryptophan[ D]. Wuxi: Jiangnan University ,
2024.

WAL TR S BRI R R SEIHE XA &
EAMID] RN AR k% ,2024.

SHEN C C. Development of multi-enzyme cascade system
for green synthesis of terpenes [ D ]. Wuhan: Huazhong
Agricultural University,2024.

HOU Y, GAO B, CUI J D, et al. Combination of multi-

[34]

enzyme expression fine-tuning and co-substrates addition
improves phenyllactic acid production with an Escherichia
coli whole-cell biocatalyst [ J ]. Bioresource Technology,
2019,287:121423.

X\ EH, EH AN EAERRIBR T RENFRL
PR ALLT]. Tk 32 47,2019,49(4) :8-15.

LIU Z P,WANG M. Optimization of culture conditions for
phenyllactic acid-producing engineering bacteria [ J ].
Industrial Microbiology,2019,49(4) :8-15.
KAWAGUCHI H, MIYAGAWA H, NAKAMURA-
TSURUTA S, et al. Enhanced phenyllactic acid production
in Escherichia coli via oxygen limitation and shikimate
pathway gene expression [ J ]. Biotechnology Journal,
2019,14(6) ;1800478.

WANG X T,HOU Y, LIU L, et al. A new approach for
efficient  synthesis  of  phenyllactic  acid  from
L-phenylalanine : Pathway design and cofactor engineering
[J]. Journal of Food Biochemistry,2018,42(5) :e12584.
HOU Y,ZHAO W Y,DING X C,et al. Co-production of
7-chloro-tryptophan and indole pyruvic acid based on an
efficient FAD/FADH2 regeneration system [ J ]. Applied
Microbiology and Biotechnology, 2023, 107 ( 15)
4873-4885.

BEREBF,FF B-HAEEREAATE ©
NEAERMAETHERE[I]. AW TRFHR,
2018,34(3) :379-388.

DENG F J,PAN Y,CHANG F,et al. Co-expression of 3-
glucosidase and Vitreoscilla hemoglobin in Escherichia coli
[J]. Chinese Journal of Biotechnology,2018,34(3) :
379-388.

W, KE R, S EARXTE 20 REMLE R
L- K[ &% 5 L8 T ,2021,47(14) :1-8.
SHAO Y, ZHANG X, HU M K, et al. Synthesis of
L-phenyllactic acid catalyzed by recombinant Escherichia
coli whole cell biotransformation[ J . Food and Fermentation
Industries,2021,47(14) .1-8.
FUW, 0 FE, e, % T 3A ARk FH L
HrmprEdkERxTalleEF[]]. 2858
B2 T v ,2023,49(16) :1-8.

WANG Y L, LIU X X, YANG Y K, et al. Efficient
production of Rhv3 using a multi-copy gene strategy based
on 3A assembly[ J]. Food and Fermentation Industries,
2023,49(16) ;1-8.

FTE HA MY S REZ_WHAEDERRESE
FREERSRBWARARI]. MEDFAR,
2025,52(11) :4914-4926.

WANG X,HAN W,LIU Y F,et al. Biosynthetic pathways
of triterpenoids in Ganoderma lingzhi and dissolved
oxygen control in liquid fermentation: A review [ J].

Microbiology China,2025,52(11) :4914-4926.
B, FEEE BB BREBRSE IV ERT DA R



- 80 - BaSd 202642 H %5415 %1 W

3 F A5 sgRNA % 3£ 87 CRISPR/Cas9 % W 45 5 % Cas9 gene editing system for type Il promoter-mediated
WMt []]. FF& T Ak F¥4,2024,38(6): sgRNA expression in industrial strains of Saccharomyces
24-32. cerevisiae[ J ]. Journal of Qilu University of Technology,
XU K,HOU Y H,ZHAO J Z. Optimization of a CRISPR/ 2024,38(6) :24-32.

Study on improving the yield of whole-cell catalytic production of phenyllactic
acid by heterologous expression of Vitreoscilla hemoglobin

combined with regulation strategy

DING Xincheng,SUN Ruijie, JIA Shiru, HOU Ying
School of Biological Engineering , Tianjin University of Science and Technology , Tianjin 300457, China

Abstract ; [ Objective ] This study aims to improve the oxygen (O,) utilization rate of strains in the whole-cell
catalytic reaction system and efficiently catalyze the synthesis of phenyllactic acid ( PLA) from phenylalanine
(PHE). [ Methods] Based on the effect of heterologous expression of Vitreoscilla hemoglobin ( VHb) on the growth
of host Escherichia coli, genetic engineering technology was used to construct a multi-enzyme coupled expression
system including VHb, L-amino acid deaminase (L.-AAD) and lactate dehydrogenase (LDH). Subsequently, the
expression regulation strategies of key enzymes were optimized, and the genetic stability of recombinant strains was
evaluated by continuous passage experiments. [ Results ] Heterologous expression of VHb could improve the oxygen
utilization rate of strains and significantly promote the growth rate and maximum biomass of host E. coli. In shake
flask culture, the time for the strain to enter the logarithmic growth phase during the scale-up culture stage was
shortened by 1.5 h, and the maximum biomass was increased by 46% when VHb expression was induced alone.
The dominant recombinant strain E. coli BL.21 ( pRSFDuet-aad-ldh-T7-rbs2-2vhb) was obtained by optimizing the
VHb expression regulation strategy. Furthermore, the whole-cell catalytic reaction system was optimized, and the
optimal reaction conditions were determined as follows: 0. 010 mol/L PBS buffer, pH 7. 0, temperature 37 °C , and
rotation speed 250 r/min. Under these conditions, the maximum PLA yield of the dominant recombinant strain was
53.7 g/L; The dominant recombinant strain had good stability; after 10 consecutive passages, the change rate of
PLA yield in each generation was less than 5%, showing potential to become an industrial strain. [ Conclusion ]
Heterologous co-expression of VHb can promote the growth of E. coli and improve the yield of PLA via whole-cell
catalysis.

Key words : multi-enzyme conjugation ; whole-cell catalysis ; Vitreoscilla hemoglobin ; phenyllactic acid ; recombinant

strain
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