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Abstract:  Shikimic acid (SA), as a hydroaromatic intermediate in the common pathway of aromatic amino acid
biosynthesis, is the starting material for the synthesis of neuraminidase inhibitors and other useful compounds. The
fermentative production of SA by metabolically engineered microorganisms is an excellent alternative to the extraction
from fruits of the /llicium plant. In this study, Escherichia coli was metabolically engineered by rational design and genetic
manipulation for fermentative production of SA. Firstly, blocking the aromatic amino acid pathway after the production of
SA was carried out by deletion of aroL and aroK genes encoding SA kinase. Secondly, the ptsG gene encoding protein
EIICB# were removed in the aroL/aroK mutant strain to make the phosphotransferase system (PTS) system default. In the
resulting strain, the phosphoenolpyruvate-dependent PTS pathway, a main pathway for glucose transport, were replaced by
ATP-dependent GalP (galactose permease). Thus, more PEP flux was used to produce SA as a critical precursor of SA.
Furthermore, ydiB gene (encoding quinic acid/SA dehydrogenase) was deleted to prevent SA precursors of 3-dehyroquinic
acid into the byproduct of quinic acid. Thus, the engineered strain with four genes deletion was constructed and 576 mg/L
SA was produced in the shake flask fermentation. Results show that SA produciton was increased 90 times compared to the
parent strain E. coli CICIM B0013.
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Fig. | Pathway of shikimic acid in E. coli.

b, X 3 A T 552 8] L-Bg 2R . LR
WA L€ 2 R 1 B B MO PEP Sk F1 B A i
e, WA ppsA F D5 Gt 0 B 1 A Mt P I R
G A AL IR RS (A5 5 thed T Rt i
FETRRG A JEBEIR IO R AR T AL K BAP Y SCBRE
DAHP %5 — 25 N Je Az A Rl e ] = 2
W2, JoAESR R IR E T A g RER-3 -
iz (S3P), JFmZAAI 3 POy HFHA IR . PEP
H E4P JEZE B A BT AR T, S A0 G ORI
TR HE e B IR RN A SRR ) o R SCHkER
B, TR A, R R D PR O R
PR = L, DT H A B i
RS A WA TR R — R AT 2 A 30

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

JrEth,

HT Red HAHRGAHEH MR H A Z R
JUAE R E PR 3R 17 4 A TR 58 i i F 7
%Z—. Red A RGN JF IR AR IA T A Wi A
K1 exo. bet. gam =/3PH ¥ ) ) B 2 O A
T, Jeffk DNA LIS HMELYE DNA Fr B
T Ao A e ) R T A e A A, (R
Et| RZCRCER T NI SN S o PR R N DD VAR e B 1
KU ARSI Red FLH R H0FERN L, K
WA F i B BT &A1) Xer A REREWIR D dif P
SR, 2 dif-dif FALRE 3R DR 7
[FIVRE E R, MM ARR T H A 5T B R bRIE
ABIFE b Y A R B S B 4N 18] 2 R o

R T A ROR TR W ¥ 1 28 R R i 4 I SF
IR, AR5 BT R TR 2 B R A 3T I 2% 1Y) L A

- H(;)};lology—l
Amp* N
Selectable

gene
dif
Homology-2
PCR
dif dif

7 N
Homology-1 Selectable gene Homology-2

I ——
Chromosome === j fosmen|
Chromosome j ]
Chromosome /—l N
Homology-1 Homology-2

2 EEMKRRRE

Fig. 2 Schemes of gene inactivation approach.
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b, BRI H Red-Xer A RGMIGR T ik
P IE R R A g L K aroL A1 aroK, MM
BELIT 1 2 8 1) 2 P - 3- W R I 1R B 1, 42 1m0
TIEERRM R, MRS ELICBgle
1) prsG HEHE /T BHWT T KIGAT R T PEP 1Y
HEIBE T BEIR L A B R AL (PTS), (14540 H 345
Wz = BT LR s i R gt A
N TR 2T IR (QA) HYLEML, HE— A
BR T ydiB BN, EZARAG R R GRS TR
P ZE B R R RN ) i e

YT H W3 2,
1.1.2  3EFREEF EEEGH

T FF TR 85 5% FH B 57 25 0 0K 58 % 5 Jk
LB (/L): 5g®Ebly, 10 g &M, 10 g NaCl;
] A 8% 5 L AR BE AL BRI 1.5%~2 % [ 3 g
o HifR AP N R R AR KGR LR
154 100 pg/mL F1 30 pg/mL.

KR FER (/L): 13 g Na,HPO4H,0, 3 g
KH,PO,, 0.5 g NaCl, 0.1 g NH,CI, 1.2 g MgSOy,,
0.7 g L-AENEMR, 0.35 g L-(ZMR, 0.7 g L-B8%
2,03 g FrisEmid, 2.1 g —/K-BHEEIR,0.01 g

1 #HEFE SHERRET R, 0.01 g SEIET R, 0.01 g
1.1 #E 2,3- RN, 15 g Wbk, 20 ¢ A

111 Btk JRLFIEY

KIGFFH Escherichia coli CICIM B0013
AU E . R E. coli IM109 A 04
Ji; JTRL pKD46 (R MR & 1, A BTHin
Wi JE 8 TR 1 gam . bet 1 exo £, Amp)
H AR s FORE pSK-EcdifGm (%A dif
{5, Amp', Gm') HAS 525 % 0 g I PR ;
pMD18-T-simple Il [1 TaKaRa (K& H), AR5
50 BT F B 00 K AT TR TR AR L3R 1, AR S5 BT FH B

x1 ALEMUENERR

Table 1 Escherichia coli strains used in this study

i, 25 g BT o

dNTPs. Tag DNA REEEW H _LIHERA
Al; PCR P=alifbialin & . Bokid o7 & LK
DNA J BepRst i [R5 A Jb s il 4
S AR A ARAT B R 5 BRI AZ R P9 VTl 2
T4 DNA FE3ERG [ TaKaRa (Ri#E) Aw); L-F
PAAMENS A Sigma A F] 5 51496 BN i i
A= A BB BRS w) 58 18 Hoar iR 42 =™
Ak

Strains Relevant genotype Reference
Escherichia coli IM109 Cloning host Our laboratory
CICIM B0013 Wild type Our laboratory
SA1 B0013, AaroL::dif This study
SA2 SA1, AaroK::dif This study
SA3 SA2, AptsG::dif This study
SA4 SA3, AydiB::dif This study
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Table 2 Primers used in this study

Primer name Sequences (5'-3") Size (bp)
aLup GAATTCATTCTCATGACACCGGCTTT 26
aLdw GAATTCACAATTGATCGTCTGTGCCA 26
Lverp AAGATTTACGGCCAACCTTAA 21
Lverdn CCGCGACCGTCATATTGAGC 20
Yal CGAAATTGTACTAGTTTGATGGTATG 26
aKup GAATTCCGCTTTGATCATCAGTACGA 26
aKdw GAATTCCTTGCAGCGACCAGATATG 25
Kverp GATAAACCCGCTTCGCTCAG 20
Kverdn CGTAACCGTCTTTCCGCTCGTG 22
YaK GTTGCTTTCCAGCATGTGAAT 21
pGup CCGGAATTCTCGGTAAATCGCTGATGCTGCC 31
pGdw CCGGAATTCCGGGTAATACATGCGTCGAGGTTAG 34
Gverup TGCAGTACCAGTGGCGCAAC 20
Gverdw TGTGGCTGTTCCCGATCGTC 20
YpG GTCAAAATGTGCAACTTCTCCAATG 25
yBup CTCGAATTCCTATCCTATCCGCCACAGT 28
yBdw CTCGAATTCACGCATTCAGTGACCAGA 27
yBverup CCGATTGTGTCGTCACGGT 20
yBverdw CATCAACATATTCACACGCCAG 22
YyB ATGGATGTTACCGCAA 16

1.2 #f Red-Xer EHARFMIFRER
AR Scik R s AT aroL
aroK ., ptsG Fl ydiB F&H IR o
1.2.1 FI/H Red-Xer EHRGMIBR arol FEH
HLUL aroL JEH EFEEIHGI4 aLup 1
aLdn " 3 K1 # 4L /K DNA /) aroL 51,
FBEK/NHR 575 bp, PCR F2¥) 5l A pMDI18-T-
simple #fkrf, FRIGHEL TR pMD-aroL, LAix
OB AR AR, 54 Lverp. Lverdn #4172
)] PCR §"4#%, PCR ¥ difGm Fy BLEHEAG 3]
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& 4 kL pMD-aroL’::difGm ., LA H 2H i ki
pMD-aroL"::difGm Atk , H%H—H 51 ik1T
PCR ¥ #4583 F B aroL'::difGm, B aroL FEK 1)

¥ aroL FER 987 G e A & B0013/
pKD46 il J5 37 RIS AW A 1 mmol/L 1Y
L-BaT i {ABE A LB #5535 3%, 30 'C . 100 r/min
U FIEEFE 4~6 h, RIERGTHEARKER
BTrEFAR , RS9 YL, aLdn #475#% PCR
YR EM A W F I T HA AT
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TR R LB J gk 76 30 CHREFRAMT
ZUHAEALANG , RIZ 52 R I8 TPk R
REGRYUEZRMEAL T, JFH YL, aLdn 519
PEFT 7% PCR Kk
1.2.2  F|f Red-Xer BHRGEMER arok. ptsG
M ydiB R

5 MBR aroL FER 4 5 AR TR, 1 e 2 aroK
IR RA & LA aKup ., aKdn A5%), FIH Tag
DNA & M H KA #E 1 aroK JEH, PCR 7
YA pMDI18-T-simple A&, 345 H 4 i
Hi pMD-aroK ., LA b3R8 20 ki A A HH 51 4
Kverp fl Kverdn, #47/2I1 PCR ¥34, Jfrifs
A difGm F Bef5 2| & 41 ik pMD-aroK'::difGm,
PIF iRl pMD-aroK'::difGm AWMy, FH514)
aKup Fll aKdn i 17 PCR ¥ 3% 15 2| i B
aroK'::difGm, #fH E& aroK'::difGm Hi%4 A SAl
B H i T Red-Xer B4, SEHL aroK FEH EAE
ptsG F ydiB F& DM B B AR B[R] I o
1.3 $EER

W BRI AE—70 “CH 1/ b 14 T A ) 2 7 T
PR L, BT 37 CHEEMEESE 24 h 50
T WA LB 559756, 37 °C 200 t/min 5555 9 h
VERRIFEE R . PR B3R IO 38 R A
PLK R R B F RS 7E 37 C . 200 r/min FEES
I, BN 2 h BUREI ODgoo, 22 R AE KB o
FHAE WA AN £ i R h AT A W % B it AT
28 PR TS RE R AR IOI  T B 1 AR B AR
Tt HP R P PR A FR A% pHL 8 AE M TIT 520 B S )
AR, FTTERG SR RS IGE i A Bk PR S i AT R
o ABFTEh A RIS EE B0 3 IR, K
TS0 H BT A 164 753 #0T

14 EERRKEISH

2 if0 285 FH 2R AT LA BB BETHAE 600 nm
WARALDE, 4T E (DCW) J&fi DCW 5
ODgoo D7 FFRIE M IR 2], ASSLI AT IE
Pk CICIM BOO13 (W4l T8 (DCW) 5 0D X%
1 ODgpe=0.38 g/L DCW!') §5# 35 KL v i 75 %
W AE DAL (SBA40C) (IR RI#Be k)
WFFERT) A5 .

FRER . BT, WL . LK LR FFLIR
SEAA PR FH = A5O3 A o B 1.5 mL R
B E3EBOMA SRR 10% 0 =E ORIRE
5], 4 CHtE 2 h PUREARTE I (&M AA DL
TR ) 51 R AR P 0 4 A 440 L s e i 38 Ty i A 3
Z i 12 000 r/min &0 8 min, FiHRZ 0.45 um
PYRRIE U8, v SORE 1 0 s & A T 1
(AMZIVE7 R

ERGRAETE AT A BI%HESS Aminex
HPX-87H column (300 mmx7.8 mm; 9 um), i3l
A4 0.005 mol/L #ifiZ, ik 0.6 mL/min, %
HMGINH A 210 nm, #EIRSH 50 'C, HEFEEN
20 uL, A5 B E] A 20 min,

2 HR544
2.1 EEAMIK
2.1.1  aroL EHEKMRS L2
HAEH 120 /Y 07 i O B 4 BT
pMD-aroL'::difGm, R R/NK 4 057 bp, )
PRI - an &l 3A iR o 1% A Bk F BR i v A%
MR VI EcoR 1 HEATREVISAE, 2RAF 2.7 kb FI
1.3 kb 245 I S HL DK 4571, LA 3B,
PLE 4 JFkL pMD-aroL'::difGm “HH5#L , PCR
P W3R aroL FEWRAE G arol'::difGm, 440
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Fig. 3 Map of recombinant vector pMD-aroL'::difGm

(A) and identification by restriction enzyme (B). 1:
pMD-aroL’::difGm/EcoR 1; M: DNA marker.

b5 AL S ATE F B B0013/pKD46 J& i T
PR B RPUE e A L, PR RS T8
PUrk) LB 8555 50t AR, eI
YL. aLdn #1717 PCR BilF, JFIAHHRIRTG
aroL FER (FBK/NA 575 bp), #4LT SAL
(aroL'::difGm) 344 Bt aroL'::difGm (K/\NH
1.3 kb Z247), HIRKRERPMEERN (Gm) Rk
&, HALT SAL (aroL'::dify RAEK/NH 365 bp

bp M I 2 3 4

B aroL'::dif Fr B (Kl 4). R aroL FEE 48
2.1.2 aroK. ptsG 1 ydiB F=F BIMIBR5 % E

FIFFLA SRR aroK JEDH . 15 et
aroK WIBR | Bt aroK'::difGm 0¥ H iU 5% A 18
SA1/pKD46 H Pk LTI, 5149 YK . aKdn

HATIEYE PCR P I850IE, LR SAL k1%

657 bp R/NHLUK IR ; 5%46F SAL (aroK::difGm)
AT 1.4 kb ZeA7 LI IEL G s HApA: otk A
ERIG, B+ SA2 345 356 bp K/NHLIKIE 1%
(& 4), BITERE SA1 B aroK T4y 5L © %% dif ¥
k=3

AL SR AT INER pisG FEH . B 5k
KRS FBE prsG:difGm FH-¥4 i sE AqE T
SA1/pKD46 11, A5 # YG 1 pGdn #4774 PCR
Bk, pisG HEE MK/ 1.4 kb, BEBIGENL
DNA [ ptsG'::difGm Bt K/NK 1.7 kb, £ dif
AL Gm FEF LT SA3 1 PCR 254
4 0.5 kb (ptsG':dif BIR/N), S HL KBS L
Kl 4, R ptsG B E LB

6 7 § 9 10 11 12

B4 KBpHFEEEMRE PCREE

Fig. 4 Identification of genes knockout in E. coli. by PCR M: DL2000 DNA marker; 1: PCR product of aroL gene; 2:

PCR product of aroL'::difGm; 3: PCR product of aroL'::dif; 4: PCR product of aroK gene; 5: PCR product of
aroK'::difGm; 6: PCR product of aroK'::dif; 7: PCR product of ptsG gene; 8: PCR product of ptsG'. :difGm; 9: PCR
product of ptsG'::dif; 10: PCR product of ydiB gene; 11: PCR product of ydiB'::difGm; 12: PCR product of ydiB': : dif.
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P T B ydiB SE R A SE I R A &
ydiB"::difGm 3 A SA3 4ifiL)5, FIHGIH YB.
yBdn #EfTHEIVE PCR Bk, ydiB FEH IR/
0.6 kb, ydiB FEF FEMHK/N 1.3 kb L4, &
dif-dif AL A% Gm I[N LT PCR 74K
/INF 0.3 kb ZEAT (vdiB::dif RN o %58 HL Ik R
UL 4, W ydiB F N B 2P BT R o

22 AEBILHRER
2.2.1 AR T A B 40 i A K FUR W R v e
P

Iy 9 % g2 & B0013 il & 41 58 A8 Bk
(SA1. SA2. SA3 Fll SA4) HyZRMI K . HiZibE
THFERZERLIR G UIE O

M 5 ATLLE L, TERBEVIIN 4 h iy, %
AR 56 R PE R 4)AE K A B X, (A
A9 T JE IR A A TR B ) %o B R
HEK, JFH SA3 F1 SA4 HEARH A, XU
KRR T 10 he FEF, 33 %P, REH LR
PRI LA R 5 AR TRk, (H M R TR R
M ERA R AEA Y A 2.84 g/L, WIRARTH
AR 4 BREEDN BRR G881k, Horh SA4 TR IR A=
Yrasee, kBT 571 g/l B, g
PR M, 2828 KR ) SAT. SA2 ., SA3 il SA4
SR AN AR Y B R B AR K T R R, 40
5% 3.45g/L., 3.94 g/L. 5.24 g/L Fi15.71 g/L (K
5, # 3). mULArL, FENBR G K T
PR AN A K RE, SR A A = T
BH 2 1 2

ik — 252 5T AR PR KO BR B AR IS
FHTESL, G550 6 FIER 3 fs o SRASMRAH L,
HH R DA P T SRR R e b, S5 S TR AR K

16

—a— B0013

4 b —o— B0013.SA1
—— B0013.SA2

—A— B0013.SA3

—0— B0013.SA4
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t (h)
El5 KEHE B0013 REERRKREHRAMEME
Kid#
Fig. 5 Growth curve of B0013 and its SA-producing
derivatives.
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PR GEAR BRAE I8 B AR KRR 3 D) S 7 4 0 T FE
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AFIFH5E #AGHE , MHAR 3 BRISERR I KRR
P AN R B (s A ke Ay, b SA3 TRIBRIY &
TR R A A B 5 o/L Ay . AR
TAEREMARIERERTLIE ), MERZEFRRIEA T
) aroK Fl aroL FERAE— & R BE L REAK T 40 Xt
A PERI MR, M prsG FE DA BN BR X ]
AR AR TR . s — T, K
i sk A v 200 L g R S A R R o 2 0 ) R R
Xof A AR A SR, O Hf S i
UKo RIS, AT T AN [ TR AR A R ) TR T T
MR EARAER), 2581 A K wEkh i s
R I PN A R A5 A ML IR 1) 5 B W I o A AR
WL, KRR pH AHRTEAR, T SA2 TR Y A& %
BRI KT 5.2 5 T SA3 Wbk, SA4 KR
Wrh oA — B EN CFR . FTLAMEN, A& Hpk
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SA-producing derivatives.

{14 v A R TR R A0 i A ) i 1T RE R PR TR R
AR E RS S B LR AR, i R
T YIS AER, T ptsG FER RN BR S 43 BEL
Wi T PEP {KHEIRIY PTS R4, 454000 %45
BEFHRCRREL, — R8T Wik A K S
1%, H—JFms> T PEP 2INERR 1541k
2.2.2  EHMBRXSFEERR K HE =) B R
G375 58T G A bk SOH: e TR RR I 2 LR
G RLRE T, H5 3% 48 h J5 R T I 2 R i i
=, AR E 7RISR 3 R . XREE R BO013 1Y
FERR G U B BUKIRAR, AT rh LT A
ANE, BRI IAAT B A2 B R A I 52 3] 200 g ™
MR . WA ER aroL FEDRFRAFHWT T 75 B iR
R TSRS, IR SAL ZRERR = i &
VA P B, 50 4 BELUBT 9% B R e S R (W
aroL 1 aroK F:H), SA2 KEER P ZEFIR & & ik
# 67 mg/L., PEP {ERZEFIRA AHTA, XF4H
ML ZE B R A oK TS R E R, B
(%) PEP HifAT] LA #EE m H 07 W16 BURITER
2 N%%E PEP 1 RN ZE IR IR, 7

Glucose consumption in B0013 and its
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aroL . aroK JEPIFERY it —DMER T pesG BEA
FEET PTS #BA3 6 k SR AR Rk | 122 58 A8 bk 2]
46 460 W P B8 1 R R 4 B 4 R Al PEP
HtReR MM A e R, ATLATTZ KR &R PEP
M TIERRRN G . KRR, APk SA3
MZE IR AR ) B P, R RBUKF-
iKE] 417 mg/L, AHLLT PHBIZE SRR S, 12
1 PEP Hij X 25 REIR & W AIFR SRAICR T ok B 2
FERAERE SA3 IFEREIE— L MR T 7% SR/ 2 7
PR B SL N (vdiB) , 3F B IR e 8 7 B 0K 3
576 mg/L, BUKWRIERIR N 6 mg/L §#
BT 90 £,

s, AFFE KRB ydiB FEDK A IHBRRES A 5L
W2 TR (QA) AAIFRR, KEELS A AT SA3
IR Z T T QA I & itk 128 mg/L, i AR
T ydiB JEH SA4 ZRASKEM QA WKL K
37 mg/L (3% 3). HI3 3 AL, A B BRI A
J 1) 5 A8 TR R B4 1 i TR R 1 400 i 2 ) 1 A0 4
1o, BIAE Y SA4 TE K BE P A B TR 3]

600

——

W
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Fig. 7 Comparision of shikimic acid production
comparison in different strains.
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Table 3 Comparison of parameters in shake-flask experiments

Average

Biomass specific Consumption SA SA vield Specific SA  Concentration
Strains P of glucose productivity y 3 productivity for QA
(g/L) growth rate . 3 (g/g glex107) 3
(wh) (g/L) (g/(L'h)x10”) P,(/hx10°) (mg/L)
B0013  2.84+0.23 0.83+0.01 25.02 0.67 0.06+0.03 0.014 ND
SAl  3.45+0.17 0.50+0.00 24.45 8.75 0.86+0.13 0.150 ND
SA2  3.94+0.22 0.54+0.01 22.45 27.92 2.98+0.42 0.470 45.45+5.09
SA3  5.24+0.14 0.38+0.01 20.75 173.75 20.10+0.50 2.390 128.17+8.22
SA4  5.71+0.19 0.47+0.02 22.50 236.67 25.24+1.48 3.090 37.62+6.17

ND: not detected; glc: glucose.
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