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Abstract: Coenzyme Q;(CoQyo) is a lipophilic antioxidant that improves human immunity, delays senility and enhances
the vitality of the human body and has wide applications in pharmaceutical and cosmetic industries. Microbial fermentation
is a sustainable way to produce CoQ;g, and attracts increased interest. In this work, the native CoQg synthetic pathway of
Escherichia coli was replaced by the CoQjq synthetic pathway through integrating decaprenyl diphosphate synthase gene
(dps) from Rhodobacter sphaeroides into chromosome of E. coli ATCC 8739, followed by deletion of the native octaprenyl
diphosphate synthase gene (ispB). The resulting strain GD-14 produced 0.68 mg/L CoQ; with a yield of 0.54 mg/g DCW.
Modulation of dxs and idi genes of the MEP pathway and ubiCA genes in combination led to 2.46-fold increase of CoQiq
production (from 0.54 to 1.87 mg/g DCW). Recruiting glucose facilitator protein of Zymomonas mobilis to replace the native
phosphoenolpyruvate: carbohydrate phosphotransferase systems (PTS) further led to a 16% increase of CoQq yield. Finally,
fed-batch fermentation of the best strain GD-51 was performed, which produced 433 mg/L CoQ,, with a yield of 11.7 mg/g

DCW. To the best of our knowledge, this was the highest CoQq titer and yield obtained for engineered E. coli.

Keywords: CoQ,,, homologus recombination, modulation of gene expression, Escherichia coli

il Q (CoQ), B 2,3-—HI A JE-5-H J-6-
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R AF W BAT BAL S M . BORIRAE R
B IEA RS BEFIL R, AR LA TR
B F L, TR A0 3 K
W] LG A Qs, HAZ ARG B AR FI AR A
T EY), i, 20 2R R T AT
B RIGHF AR i Quoo  WRKRAARI AT 18T
JBt AR EK B
Paracoccus denitrificans!>! 1 #4 42 B2 5 iy
Sphingomonas baekryungensis! 45 1t 1 5% 5 i —
I FEWRIR & RESE A (dps), TE R RIh Rk,
Y T Quo B9 TRETA K
XHRIERH R (pHBA) FI-T 5 gk
W2 (DPP) JEHIME Qio A MU PN EE 2 AT A
o JITA B2 5 8 R N B H 3R] 05 R L
S SRR (IPP) MBI FMIA H N
MAELEBEIR (DMAPP) & . HHTC HIA P
B IPP FI DMAPP (&% : —HMg H RN R
(Mevalonate, MVA) &4, J5—Fp 2-C-H1 Jk-
D-FREEWERE-4-TE R (MEP) 4%, MVA &+
BAFTE Tl AR A L T R ) A R P o A
b MBS A, FEAA MEP BEKE
Ji%, IPP Fl DMAPP . Zhao 55 ] /1> [] 5 B A T
PHEEICIEXT MEP iR LA T R, K
B 1-J5EL-D- AR -5-BE R 5 B EE D (dxs) AN
S IR S LA (idi) 2 PR UL,
P X AL R B TR R BT, - PR R
E3E, Kim Sl TR B AL TR
W Qo A, Kok A MR R E
Pseudomonas aeruginosa [ dxs 3 & LLJg kR ) 1
Aad ik, KGN Qo i im 2 5.

Agrobacterium tumefaciens!'* |
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TERIAFF T, FR 53 SR - DA i R 284 Tl
(ubiC) Zai fith 1) 43 & 18 - DAY il 12 284 fe ity 4 Ak
WAL R pHBA, SHEEE Qio A IR IO
SERRTRIE ; SR R - 7 I IR
SED (ubiA) G A i 6f 3 S OR R - 3R S N
RN pHBA 5RSFIL I EBRN % &
JEAEATH Q A L B i . Zhang %51 L BURE
T2 3k ubiCA SE R 4 Qo it 42 55 5 £
SR AEFIE ubiCA JEAIAT DL 42 S AR Qo 1Y
PR

W R W AR BRI R N R = Bk AL &
VISR SRR 5 (PTS) B KA FF I A 5 1
PTS R4t , Al LA/ B m e N B2 (PEP) 1Y
TAE, NI T AR %5 L PEP 1R A AR A5
FEPEA PO Tang 545 5 2 LS 1k
(GalP) Fliz s & I H M E Zymomonas mobilis 1
GIf ¥i2 81 (h glf ZEHEgaf) BRI
PTS RSl T R 543 BT 20% A1 41%%2,
PEP 24l Q A ML T5 MRTIAY T, 4 KAt i
TE LA 5B S ME— B U5 10 AL B 35 Sk rh AR
KN, PTS BG4 1HAE 50%7] FfY PEP.

W5 R RS E G ASMNE dps JE
PR, I P T\ RS I3 s B W R 5 e i R
(ispB), WAL ERARE A= 4l Qo 1Y TR BRI AK
SRIG, TEY A RAKOE R R B i N s
XTHG Qo A BRI — R 5 G R A T 2
(& 1), Hz2iXH Z. mobilis 1 GIf ¥z & U E:
KIHFFE A J 1 PTS RGO INAE Qi M7=
i, RS TR TR Qo ik,
R KL R T Qo M S TR TR TR B Ak
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Fig. 1 Construction of CoQ,, synthetic pathway in

E. coli by integrating heterologous dps gene.

1 MRE57®
1.1 #i#d
111 EEEH

AR E®RR. AFR. MR FREEWA L
WA TAEY) TARA IR AL Bk N PR R Gt
F £ [ 3E E Axygen 23 7] ; DNA [l &
H 2% [ Biomiga /A 1l ; PrimeSTAR HS DNA R &
fif, DNA marker trans2K plus g H K& =AY T
A BREMENYINE SacT . Smal . Dpnl .

Pmel . Pacl . T4 DNA 4. g, T4
ZREATTRMEEA A NEB AF]; HHiRE Qo brdh
W H 2 Sigma 2y F] (Cat. No. €9538); HiAthix
RN 3 el
112 UAS5RE

AT WA SEOL BT, Shimadzu UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan);
PCR §#41%, Eppendorf Mastercycler gradient;
4 A BB IR RS, Alphalmager HP; H1FE{Y
MicroPulser; 5 =0 & # 2,081, Eppendorf 5415D;
B R EOHL, Thermo Sorvall Evolution RC;
ERGR A 431, Agilent Technologies Series 1200
B 4E1L, Labconco CentriVap 79840-11; 7 L
B , Labfors 4 (Infors Bio-technoligy Co. Ltd).
1.1.3  BRRFIBURL

AT ILZE 1, AR5 ET Rk
W 2,
1.2 A
121 BFRERIEF I

LB Hi7Rdk: 1 L HFRE s 10 g BRER
5 g BERHEIY) . 5 g RALIN; AN EER, A%
RO RIERLWE SN 100, 34,
50 pg/mL. LB [E{&REFRIEE 1.5%M35E

TCER TR R 1 L R 10 g iR
PR 5 g BRI 10% AT . JCEhREmE
B ARRE SRR 1.5%89305 .

SrHbAEE R RS SRS 1 L KRS 10 g
Hil. 1.7 ¢ #rERR . 10.5 g KH,PO,43H,0.
6 ¢ (NH,),HPO, . 3.44 ¢ MgSO,-7TH,0. 10 mL {4
HICRIEW . MEITCREWA LS : 1 Lisih
410 g FeSO4+7TH,0. 5.25 g ZnSO4+7TH,0. 3.0 g
CuSO4-5H,0. 0.5 g MnSO44H,0., 0.23 ¢
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x1 FARATABEK
Table 1  Strains used in this study

Strains Relative characteristics Sources
Rhodobacter sphaeroides ATCC 17023 DSMZ
E. coli ATCC 8739 Wild type Lab collection
Z. mobilis ZM4 ATCC 31821 Lab collection
GIf12 ATCC 8739, Aptsl::FRT::M1-12-glf, Agalp [22]
Ml1-12 ATCC 8739, FRT-Km-FRT::M1-12::lacZ [23]
M1-46 ATCC 8739, FRT-Km-FRT::M1-46::lacZ [23]
M1-37 ATCC 8739, FRT-Km-FRT::M1-37::lacZ [23]
M1-93 ATCC 8739, FRT-Km-FRT::M1-93::lacZ [23]
GD-13 ATCC 8739, ApflB::M1-12::rsdps This work
GD-14 ATCC 8739, ApfIB::M1-12::rsdps, AispB This work
DXS-37 GD-14, M1-37::dxs This work
GD-21 GD-14, M1-37::dxs, M1-46::idi This work
GD-22 GD-14, M1-46::ubiC This work
GD-23 GD-14, M1-37::ubiC This work
GD-24 GD-14, M1-93::ubiC This work
GD-31 GD-21, M1-46::ubiC This work
GD-32 GD-21, M1-37::ubiC This work
GD-33 GD-21, M1-93::ubiC This work
GD-43 GD-32, ApfiB::M1-37::rsdps This work
GD-44 GD-32, ApflB::M1-93::rsdps This work
GD-51 GD-44, Aptsl::M1-12::glf This work

F 2 KRBT R B RAL
Table 2 Plasmids used in this study

Plasmids Relative characteristics Sources
pXZ-CS bla; cat-sacB cassette [24]
pAYCA184-M2-P12 Replace lacl and Ptrc of pAYCA184-M2 with FRT-Km-FRT::M1-12 Lab collection

Dps from R. sphaeroides cloned into pAYCA184-M2-P12 at Pme I and Sac I .
pACYC184-rsdps-P12 This work
site
pXZ901 IspB from ATCC 8739(IspB-up/IspB-down) cloned into pEasy-Blunt This work
PXZ902 Cat-sacB cassette(Sma [-Sfo I fragment of pLOI4162) cloned into ispB site of This work
pXZ901(IspB-1/IspB-2)
pXZ903 Delete ispB of pXZ901(IspB-1/IspB-2) and self-ligated This work
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Na,B4010H,O . 2.0 g CaCl, . 0.1 g
(NHs)sMo07,0040 #MEFEEFRIE: 1 L BRI PE
500 g Hl . 15 g 2. 30 g BRI . 30 g
MgSO,-7H,0.

UGS KR T80 °C T FITE LB F
Mr BRI G, PR 5 AN B 15 mmx
100 mm i3 (% 4 mL LB ¥5373%) w, 37°C,
250 r/min KSR, 1% MR EEHEE] 100 mL
=AM (10 mL LB £:333%) o, 37 °C. 250 r/min
K537 24 ho WA RN T i Qo 35 1t o
1.2.2  FIKSMNE dps kA R R EE

DIZEERZL4HTE R. sphaeroides (.4 DNA JyfE
te, 5149 Rsdps-Sma I-up I Rsdps-Sac I-
down (5 3) ¥ 14 R. sphaeroides 1Y) dps J:[A F Bk
(rsdps). Kralifb )50y rsdps FEH A B Sma T Al
Sac I M FE Y, J& k. pACYC184-M2-P12 FH
Pme [ #1 Sac I XUJ§Y), #lifb/5H Quick ligase
DNA %, $51k trans10 B2 SAN0E, 76
FHBRFEIPE RN LB AR s 3E. ik
PATTRE D14 Km-F F1 Rsdps-349-r (3 3) i
17 PCR BriiE, Btk 6 (% 5 B & BUBTRN 7
1D P AE A ) JBURE A 44 24 pACY C184-rsdps-P12,
1.2.3 SN dps EE R gIf EE GRS

FA—AFEEHED], ¥ R. sphaeroides 1)
dps &K # A F| K ATCC 8739 (1) pflB 437 14
f# 5% pfiB-up-FRT F pflIB-down-ter, LAJFki
pACYCI184-rsdps-P12 AR, ¥ DNA H Bk
(B35 545 AL R 50 bp [FUEE | dps 3 [H
1 FRT-Km-FRT:M1-12 FBY), Brafifb)s iy i Bt
HLEE A B pKD46 1 ATCC 8739 F1)JESZ 25 41 il
O IES AR R R 1Y LB PR G 75

PR, 514 Km-F F1 Rsdps-349-r #E47
PCR HriiE, B0 1E6 %) s fEfr 447 GD-13-Km.,
M Datsenko iR 19 )7 451 2 (% GD-13-Km
f) FRT-Km-FRT, 33| #H 4 FE Pk GD-13,

K H Z. mobilis B4 M1-12 A LRIl
) glf JER R8-SR TP AE [RIRE A k. |
S, 1 519 ptsl-catsacB-up Fil ptsI-catsacB-down
PHG cat-sacB BRI B T, S5 — A0 Wi E
M, KEHAFE GD-44 By pts] K&K F Ky
cat-sacB LK. RJF, VIEAH R GIf12Pm
DNA Itk , #5149 ptsl-up Fl ptsl-down (&
3) U784 DNA B Il (fudi A AL [R) IR B
WA M1-12 N TIHEITIER olf BEH) #1756 =
HRIJEEH, ¥ cat-sacB K FE B i M A
M1-12 AN T ITm glf JEHE, 15 2 5k
GD-51,

1.2.4  JoJR R R RR K 2 R i 45

K FHWI P [l J5 S 27k, X R R 7 e o ]
¥, A5 R F A ik JChUAE R ELFD FRT 47
ﬁ%}[Zé—Zﬂo

K FH W 26 ) 15 o 2 9 v e B o A TR PR
GD-13 (17 ispB FEH P, 155 HLH Hkk GD-14.

il FAAS )3 B ) N TR e, SRTIH A [H)
IRE AR Iy, WA T YL e AR R .
LM M1-12, M1-46 . M1-37 Fl M1-93 ({38,
A3 e R IR S5 lacZ A s TRy 0.1, 1.7,
2.5 1 5 /52,

XF dxs FE R, G4 dxs-cat-up
dxs-sacB-down, L) pXZ-CSP**Lh#ikz, PCR 4 1%
i cat-sacB FEF R B T, glifb)5 k1158 —2 R4
A, B HE bk GD-14 (1 dxs ZER ARG 58 5h 78
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#3 AMRPAAMGIHY

Table 3  Primers used in this work

Primer name

Primer sequence (5'-3")

Rsdps-Sma I -up

GCATCCCGGGAAGGAGATATACC ATGGGATTGGACGAGGTTTC

Rsdps-Sac [ -down GCATGAGCTCTCAGGCGATGCGTTCGACCA

pflB-up-FRT

pflB-down-ter

Km-F
Rsdps-349-r
IspB-up
IspB-down
IspB-1
IspB-2

P-up

Cat-up

dxs-cat-up
dxs-sacB-down
dxs -381-down
dxs-up-P
dxs-RBS-down
idi-cat-up
idi-sacB-down
idi-483-down
idi-up-P
idi-RBS-down
ubiC-cat-up
ubiC-sacB-down
ubiC-p-up

ubiC-RBS-down

AAACGACCACCATTAATGGTTGTCGAAGTACGCAGTAAATAAAAAATCCAGTGTAGGCTGGAG
CTGCTTC
CGGTCCGAACGGCGCGCCAGCACGACGACCGTCTGGGGTGTTACCCGTTTAAGCTTGCATGCC
TGCAG

CCGTGATATTGCTGAAGAG
AGGATTTGTTGTCCCACAG
GACCGTGAGCAACAACTTC
CGGTTTAGTGTAGCTACGCA
TCAAGGATTG CCGCATTA
CGCACATCGCTGTTCAAC
TTATCTCTGGCGGTGTTGAC

ATGAAACCGCTGATTGCATCTA
ACTACATCATCCAGCGTAATAAATAAACAATAAGTATTAATAGGCCCCTG
TGTGACGGAAGATCACTTCGCA
GTGGAGTCGACCAGTGCCAGGGTCGGGTATTTGGCAATATCAAAACTCATTTATTTGTTAACTG
TTAATTGTCCT

GATGGAGGTTGATGAATGC

ACTACATCATCCAGCGTAATAAATAAACAATAAGTATTAATAGGCCCCTGTTATCTCTGGCGGTG
TTGAC

GTGGAGTCGACCAGTGCCAGGGTCGGGTATTTGGCAATATCAAAACTCATAGCTGTTTCCTGGTT

TCACTTGGTTAATCATTTCACTCTTCAATTATCTATAATGATGAGTGATCTGTGACGGAAGATCA
CTTCGCA
CCCGTGGGAACTCCCTGTGCATTCAATAAAATGACGTGTTCCGTTTGCATTTATTTGTTAACTGT
TAATTGTCCTTG

CGTGGCATCAATACCGTGTA
TCACTTGGTTAATCATTTCACTCTTCAATTATCTATAATGATGATGATCTTATCTCTGGCGGTGTT
GAC
CCCGTGGGAACTCCCTGTGCATTCAATAAAATGACGTGTTCCGTTTGCATAGCTGTTTCCTGGTT

GCCCCTACGGTTGCCCTCGCCAGCACGGGCATCGGTAAAGCGTAAGGTTCTGTGACGGAAGAT
CACTTCGCA
TCTTTAAAATAGCGCAGCGCACGCAGTTGCGTTAACGCGGGGTGTGACATTTATTTGTTAACTG
TTAATTGTCCT
GCCCCTACGGTTGCCCTCGCCAGCACGGGCATCGGTAAGCGTAAGGTTCTTATCTCTGGCGGTG
TTGAC

TCTTTAAAATAGCGCAGCGCACGCAGTTGCGTTAACGCGGGGTGTGACATAGCTGTTTCCTGGTT

http://journals.im.ac.cn/cjben
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i3 3

ubiC-365-r GATGTGAACAGATAGCGTCC

AAAACGACCACCATTAATGGTTGTCGAAGTACGCAGTAAATAAAAAATCCATGTGACGGAAGA

fIB-up-
piB-up-cat TCACTTCGCA

GGCTCAATTATATCAACGTTGTTATCTCTTGTCAACACCGCCAGAGATAATTATTTGTTAACTGTT

loisE
p-down-sac AATTGTCCT

AAACGACCACCATTAATGGTTGTCGAAGTACGCAGTAAATAAAAAATCCATTATCTCTGGCGGT

fIB-up-P
prB-tp GTTGAC

Rsdps-RBS-down

TCGGCCGACAGCCGGTCGAGCGGCTTGGAGACGTTTTCGTTCATGCCCATAGCTGTTTCCTGGTT

TGTGGTGAGCTTGCTGGCGATGAACGTGCTACACTTCTGTTGCTGGGGATTGTGACGGAAGAT

ptsI-catsacB-up CACTTCGCA

ATGATCTTCTCCTAAGCAGTAAATTGGGCCGCATCTCGTGGATTAGCAGA

ptsl-catsacB-down

CGCATTATGTTCCCGATGAT
GCCTTTCAGTTCAACGGTGT

ptsl-up

ptsl-down

TTATTTGTTAACTGTTAATTGTCCT

ik cat-sacB F:HFE. HH5IH dxs-up-p
dxs-RBS-down, L M1-37 HFRIKFLHZH DNA Ky
AR, PCR §18 H% M1-37 A LRI
DNA R B ID, #4758 2B RIETE 4, ¥ cat-sacB
LRI o N TIRFE T M1-37, 153 S
Pk DXS-37.

K EIRRIRER 5 3%t idi . ubiCA A1 dps 3
A TR

ARV TS AR 3 M AR LR 1
1.2.5 Eitk GD-51 Bya-Htabel & B

28 Zhao RS, K hHEE Qo i i
I E A KT GD-51 78 7 L & e JE1 753
HEAMRHE B . & BERE 37 °C, 25 ifi i 4 L/min,
VS I HIAE 30%. TERLIR R BERY BL, o T4
FEHITE 30%, il S Al HM7E 400-
1200 r/min Z [A)8 4k . FERS S (WIHRRK IR
HFESE) i —EIRFFTE 1200 r/min, RJ]
LIS BRI AMRL AT R i s 4 i
BHE A R W R H R R RRAE 0.5 g/L LU
T, M 5 mol/L Z/K¥s pH 5l 7E 7.0,

1.2.6 FHEE Qo P E MR 1

Z: I8 Park 25 RIS, S AT BT Q1o
HEATHRIUR HPLC Al o R 4 mL K, 5
SRR, RN, FH I O e R IE TN B TR B
(PR 50 3) KBRS B O aR 10
AR, BB RREA, INATOK OB,
FH HPLC #r I 4HE Qo™ o U AAHEE Qo ANl
ot e, M EARE, TR AN Rk
PadEdn, SEATAIAR DRSS, 15 205 Qi 11l
BRI 60.4%, FRERIEGHEE Quo =2, HET
BAARINFS 55+ ODgoo BYEEFRMIH Y 0343 g T
YA, DS A T A M R R Qi 7 i

JFH e BB A I R Qo ™ L. AN 2%
4. DAD I 2% , Symmetry C18 3%+ (250 mm
x 4.6 mm, 5 um), WM NIGKOEE, WK
0.8 mL/min, #Hf 30 °C, MEAfHE 20 uL, FEmt
8] 20 min, FEMIPEK 275 nmo BEAFRNEE 5
A 3AEATRE, SEEREE R 3 A FATIF
. HWH Sigma 23 &) FIHIEE Qo AnUE S i 4
T Quo HUPRUERTZL
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2 GREAM

2.1 4ME dps EE BRI

KIGFF A B A G S Qo MRS, 1
S| ASMNE dps LS, KIAFF BT DUAE 7l
fifi Q0o Tl R. sphaeroides i dps K[, # & E
ki pACYC184-rsdps-P12, I IH4E A KT H
ATCC 8739 "1, K& U Qoo

TERE N UKL pACYC184-rsdps-P12 Kkt
R, RIS Qi AL, IS Qo 7 HEIA
# 1.24 mg/L, FAIANAELE &R 0.68 mg/g DCW
(#£ 4), VLW ER pACYC184-rsdps-P12
R. sphaeroides [ dps & [F T IR . AL S
ST Quo HYRE
22 FEEESINE dps EEFHERAIR
ispB £ &

H1 T BORE R I AT E , I BRI 5 25

—_ D W s D
oS O O o o O
T T T d

Absorbance at 275 nm (mAU)

o2, IR AMNE dps JE DR 34 210 R AT T
Lk b [FE R FF A F B ispB K ik,
DL AR WG Qs AR, Al ik 24
A Qo = H MY

# R. sphaeroides f¢) dps LK #43] ATCC
8739 Yefafk I, 13| ELA MKk GD-13. )5, il
BRNE ispB FEN, 1SR4 FEE GD-14, X
Pk GD-13 #1 GD-14 #47& 8, FHXTHITE Q)0 i
FFHREURN HPLC K6

73Hr HPLC fil (i &l (191 2), B4R
GD-13 BEA #IlE Qo A A, XA HIEE Qs AL
mE T N ispB R e, RAEIEE Qe , 5
AL R —3.

SAATEIEE Qo 771 (K 4), FIBR ispB A,
H Qo AT BEYE S, GD-14 WAL 4R
15 GD-13 M LR 135% 18 BH R I: ispB L[,
AT ABH LE 48 Qs 1A, AN T2 = AT Qo B

CoQy CoQy

30+

—_— [
(=] (=]
T T

Absorbance at 275 nm (mAU)

(=]

¢ (min)

|
<)
ok
~

2 §HE§ Qi By HPLC & &1L E

¢ (min)

Fig. 2 HPLC analysis of CoQo. (A) Recombinant E. coli GD-13. (B) Recombinant E. coli GD-14.
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x4 FREBEESINE dps EEREFRAIR ispB EF 5 QB8
Table 4 Production of CoQy by recombinant E. coli after expression of heterologous dps gene and deletion of

endogenous ispB gene

Strains® ODgoo Dry cell weight (g/L)  CoQy titer (mg/L)  CoQjqyield (mg/g DCW)
ATCC8739 5.63+0.11 1.93+0.09 0 0
?lTZC)CW HPACYCIBTsdps- 5 )40.13 1.8120.05 1.2440.07 0.68+0.06
GD-13 4.20+0.08 1.4440.05 0.33+0.06 0.23£0.07
GD-14 3.61+0.01 1.24+0.09 0.68+0.03 0.54+0.01

* Three repeats were performed for each strain, and the error bars represented standard deviation.

, X5 Choi ZAymFsELs R —5,
2.3 A= MEP RiZHIXEER

DPP 24 Qo A M — N EHE R, A
MEP &4, AJLIHn IPP. DMAPP fE4s, M
TSN ] DPP 1A M. Zhao i BFST R
B, JE#E MEP 42 B B IE A dxs 1 idi, AT LA
R B R, MRS Qo MIEE S B-
AR N A AR R, BRI R ]
B dxs A idi JER PP YE, ATLAARGR
T Quo " o

% MEP 324214 dxs 1 idi K28 45 5 1595 &
Mtk GD-21, HAHE Qo™ N 0.68 mg/L, H
NSl 0.53 mg/g DCW, 5 GD-14 JLF—
FE (K 3), X5 Zhao ZERIMFFEA—2L"", HEmIA]
RES —HIAY) BT pHBA HEZ5AS R BRI T4l Qio
A, SCE dps SEPR SRR, BIEEZH P
LS IETAY) R IPP 1 DMAPP 7278, tARE
GRS Z 1K) DPP, M FRGIHEE Q1o G o

2.4 3= ubiCA EH

pHBA 24 Qo &AM H—HiKk, TEXW
FFETH, R ubiC J8 PR 2 s i 49 S - 1A Tl P 2 it
AL o ubIA SR G fidh i %o o B R H R - 2R

SN IR EEIL pHBA 53 5 Mk
R B4R e e Bl Q 5 LAY PR . JF H. ubiC
1 ubiA &b [F]— PRI F R, 2k ik ubiCA 7]
DU B PN Qi 77 "L I LA GD-14 Hi 2
3 AR TR (M1-46, M1-37 Fl
M1-93) X} ubiCA J K 47 4%, 15 2 &tk
GD-22. GD-23 fil GD-24,

UbiCA L[R5 , Bl Qo 77 HEIAT $E
BRI S RS GD-14 AL, 2R FIRE 105%.
91%F 117%, Hrhi#E s M1-93 Ktk GD-24
S Qo rm i, 1A% 1.41 mg/L, B 405
i M 1.17 mg/g DCW (K 3). 4% ubiCA LA,
AT LA 30 S Quo ro i, UiIH RIAFF S TE Qo
(AR A A 18 X 62K HY R A 3 45 DA B L
j DPP W46 2 B PR 20 TR
25 &S MEP 1250 ubiCA £E

ubiCA )5, MEP &% (%) IPP 1 DMAPP
M2 7T BE O AHIE Qo A UM BREA IR . o T
WEIX— 5, X MEP i&2: M1 ubiCA L T4 A
JE¥E . HEE GD-21 1 ubiCA W Rk A
FIREE R N IO M1-46 M1-37 il M1-93,
3w Pk GD-31, GD-32 #1 GD-33,
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MEP &£ A ubiCA LA AR )A, M
Quo W HIA W ESE R, P EEY GD-21
FHE AT AR 210% ., 217%F11 174%, 5 GD-22.,
GD-23 il GD-24 AHELA 54 1 50% . 64%F1 25%
(& 3). Btk GD-32 /= itdrm, A Qi 1™
4 1.94 mg/L, 1.70 mg/g DCW ., 18 ubiCA
¥£)5, IPP 1 DMAPP R {4t N %, 17 55—~ PRl
W, HAR ML ATAY G, 468
B Qo i B .
2.6 A% dps EH

TR A Ek RS T — 0
HA A AR FE R (M1-12) 7Y dps BEH
TR G TR G U A AT RE PR
it Qo AL AT PR Bl Qi /™ 1t
OB T IR M1-37 F1 M1-93 4445
Pk GD-32 19 dps KA, 153tk GD-43 Fll GD-44,

dps LR N M1-93 1Tk GD-44 il
Quo/ EfiEr, oIk 2.21 mg/L, HN A& &
ik 1.87 mg/g DCW, 5 GD-32 M 10% (%

2.50r
o CoQ,, titer

2.00¢

1.50}

CoQ,, titer (mg/L)

= CoQ,, yield

5)odps B A 5 - IR BT, SR i H% Zhao
e, dxs A0 idi RS, B-81E b
K Ik 18.40 mg/g DCW, WG B-H1% b
KT IPP 1 DMAPP 43 Fl k& iU Q1.
IS V%A FNZ) 23.67 mg/g DCW, A fig H i
DPP I A2l Qo & MU IR KA, pHBA 1
HEZ5 AN 2 B T R PB4 8 42 1 il 2 B AN
SRR T4 Quo MG A

2.7 3l Z. mobilis #Y gIf EE

R T30 PEP A AE25 DA T B2 =5 4G Q10 )™
i, ¥R A Z. mobilis A M1-12 A T IT
414 glf FE R4 A FE 21 R R GD-44 1) pts / {7
M, MR KA A S0 PTS &%, /> PEP
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51 A Z. mobilis B A7 M1-12 N TiR¥ETT4E
) glf JEH, 520 E R GD-51, AT Qo BANL
LS GD-44 AN 16% (38 5). ULBHE
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Fig. 3 CoQ, production by recombinant E. coli strains after modulation of dxs, idi and ubiCA genes. Open bar

represents CoQ titer; filled bar represents CoQ;q yield.
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F5 BIE dps EEFASINIME oIf BEFEEHAXBHITEHEEE Q-2
Table 5 Production of CoQ,, in recombinant E. coli after modulation of dps gene and expression of heterologous
glf gene

Strains® ODg0 Dry cell weight (g/L) CoQ titer (mg/L) CoQy yield (mg/g DCW)
GD-32 3.35+0.09 1.15+0.03 1.9440.06 1.70+0.02
GD-43 3.33+0.07 1.144+0.02 1.75+0.13 1.54+0.10
GD-44 3.47+0.05 1.19+0.02 2.21+0.10 1.87+0.02
GD-51 3.58+0.06 1.16+0.02 2.52+0.09 2.18+0.05

* Three repeats were performed for each strain, and the error bars represented standard deviation.

28 Bk GD-51 B4 e % B PR CRIORE, KRR 60 h 2
AT O M AL GDoS1 g 7L % T8 h B ERHEREIGARETE (4 4).

ST TR R, RBFRBE 78 b, BiFH) ODe 2 118, T

e 5 A B | Y R 7E 30% A5 4 10 . ol 41.6 g/L, HlE Qlofﬁiﬂai; 433 mg/L,

VAR EE S, AU, TRl e k. o SANCAIHIANG Quo A ALK 11.7 mg/g DCW (& 5).

P, SRR EC N MRS, #MEE 3.5 h, 5080 K AR L ﬁa\%tmﬂﬁ;z@%fﬁﬁéﬂ%
AEHEFE RN (15.7-26.1 mL/h), UnRFRLeE GD-51 {#) ODgoo B HNZ 31 45, % E Q0 207 21l
Bomnseng, W osE SRt ), 77 A il i O T TRIREY 4.4 £, XU HERMNE R BE, BETT
oM AE Ko R, 13.5 h Z2J5 % 26.1 mL/h DA o 24 e 030 ] DS S 4T Qo 77 i NI
fo R R AR . AT AE 47 h ok ARRER, AT N, SEMSEEAR L, Stk B R AR b FE

120 1 140 -
100 ---- Dissolved oxygen 135 Q g
@ "\ —=— Glycerol concentration 130 0 =
‘°E’ 80| . Fed solution feeding rate 5 B
& \ \_I_' 25 % @
> ] = E
A L1 ! ] [P E=]
5 60} 4 208 B
E L 155 %
o i
S 40 S 2
4 [ DO 110 § =
8 2\ 777" S memmmmmmm—mmTT N
15 & 9
= aas s s anuu 0 P

4 SRR B2 GD-51 EhkiZ IR P HIEIKE . FEMMRLEET L
Fig. 4 Dissolved oxygen, fed solution feeding rate and glycerol concentration during fed-batch fermentation of strain

GD-51. Dotted line represents dissolved oxygen; square represents glycerol concentration; full line represents fed
solution feeding rate.
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