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Abstract: Thymidine, as a crucial precursor of anti-AIDS drugs (e.g., zidovudine and
stavudine), has wide application potential in the pharmaceutical industry. In this study, we
introduced the thymidine biosynthesis pathway into the wild-type Escherichia coli MG1655 by
systems metabolic engineering to improve the thymidine production in E. coli. Firstly, deoA,
tdk, udp, rihA, rihB, and rihC were successively deleted to block the thymidine degradation
pathway and salvage pathway in the wild-type E. coli MG1655. Then, the pyrimidine nucleoside
operons from Bacillus subtilis F126 were introduced to enlarge the metabolic flux of the
uridylic acid synthesis pathway. Finally, the expression of uridylate kinase, ribonucleoside
diphosphate reductase, thymidine synthase, and 5’-nucleotidase in the thymidine biosynthesis
pathway was optimized to enhance the metabolic flux from uridylic acid to thymidine. The
engineered THY6-2 strain produced 11.10 g/L thymidine in a 5 L bioreactor with a yield of
0.04 g/g glucose and productivity of 0.23 g/(L-h). In this study, we constructed a strain that
used glucose as the only carbon source for efficient production of thymidine and did not harbor
plasmids, which provided a reference for the research on other pyrimidine nucleosides.
Keywords: thymidine; Escherichia coli; metabolic engineering; de novo biosynthesis pathway

P A Sy — ol el 2- i AR W R
B R RIRZAY , R HE 25 ) B R
R b R € ¥ SCRERT ARt . HAT, BT e
R A ik sl A e o (B2, B AR L
EATAERHT PRIk PRI 15 ™ F R A 7 A 1y
RS R, R, IF R B L AL B A
7 W I A B T S SRR OB B R AT
U TR 5B A A BRI LR, T
Tl A 0 A T 0 T W A 7 T 2 By A A SR g 4
FEGE . Hoh, MR AR E A A A
M TR RSk 2B A TR L o

TERUEDI R, WEREAZ T I & R e T 2OA P
Fe — A FRANE . RIS K A O e
BRI, PO Ea12(de novo pathway);

&: 010-64807509

Ti— SRR A A I R IR s R | A
KRR R T B 2 i A AL . R fh A v g
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DA 5 B AR TP PR BRI A% A —
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0.04 g/g %M. 0.23 g/(L-h).

P

B R F0 B AL
ABIEFE I I RS BORLAN R 1 R

1.1

ISR AR me e b A e T, i
S, MEYKHE deoA. tdk. udp. rihA. rihB. rihC
p
Glucose UMP
OMP
G6P —»» PRPP s
& Oroti;;acid

— —— —»UMP _™Uridine -=>¢» Uracil

Dihydro ortate

Acetyl-CoA
| dUTP <+——dCTP -<«—— dCDP
' : dut,,
OAA Citrate Carbamoyl aspartate tdk udp
: - dUMP == dUDR e><» Uracil
r— Aspartate > A deo
' Carbamoyl phosphate | ik
Succinyl-C%___(x/—ketog]utarate oA dlABS A dTMP <«—» dTDP ----- » DNA
i i L, !dk% TMPase
Heo:2 v deod ;
Glutamate » Glutamine [hymidine —<— Thymine
rihA/B/C
Precursors synthesis UMP synthesis Thymidine synthesis

udp

rihA/B/C

<

vf‘.‘w ;
UD ndk

mrdABC,.*

UTP —» CTP

|

CDP

|

~

dUDP
ndk,,.,

* Gene knockout —» Feedback inhibition

A\

m Homologous expression m Heterologous expression

1 i TR s A DA AT B4 = Bt

Figure I Metabolic engineering of Escherichia coli fo

r thymidine production. Genes and their corresponding

enzymes were shown as follows: pyrAA/AB: Carbamoylphosphate synthetase; pyrB: Aspartate carbamoyl
transferase; pyrC: Dihydroorotase; pyrD/K: Dihydroorotate dehydrogenase; pyrE: Orotate phosphoribosyltransferase;
pyrF: OMP decarboxylase; pyrH: Nucleoside phosphate kinase; nrd: Nucleotide diphosphate reductase; ndk:
Nucleoside diphosphate kinase; dut: Deoxyribonucleotide triphosphatase; thyA: Thymidylate synthase;
TMPase: PBS TMP phosphohydrolase; deoA: Thymidine phosphorylase; tdk: Thymidine kinase; udp: Uridine
phosphorylase; udk: Uridine/cytidine kinase; tmk: dTMP kinase. Abbreviations: G6P: Glucose 6-phosphate;
OAA: Oxaloacetate; OMP: Orotidylic acid; UMP: Uridylic acid; UDP: Uridine 5'-diphosphated; dUDP:
2'-deoxyuridine 5’-diphosphate; UTP: Uridine triphosphate; dUTP: 2'-deoxyuridine triphosphate; CTP:
Cytidine triphosphate; dCTP: Deoxycytidine triphosphate; CDP: Cytidine diphosphate; dCDP: 2'-deoxycytidine

diphosphate; dUMP: Deoxyuridylic acid; dTMP:

Thymidylic acid; dUDR: Deoxyuridine; dTDP:

Deoxythymidine 5'-diphosphate; eco: Escherichia coli; bsu: Bacillus subtilis.
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Table 1  Strains and plasmids used in this study

Strains/Plasmids Characteristics Sources

Strains
Escherichia coli DH5a  Host for cloning Lab store
Bacillus subtilisF126 ~ Donor of pyrimidine operon genes [11]
E. coli MG1655 Wild type, starting strain Lab store
THY1 E. coli MG1655, AdeoA, Atdk, Audp, ArihA, ArihB, ArihC This study
THY2 THY 1, yghX::Py.-pyr BCAAAB*KDFEpg, This study
THY3-1 THY2, ybeM::Pyc-pyrHP* g, This study
THY3-2 THY2, ybeM::Py-pyrHP® This study
THY3-3 THY2, ybeM::P,-pyrHP®A This study
THY3-4 THY3-1, ygaY::Pyc-pyrHP®A, This study
THY4-1 THY3-4, yciQ::Py-nrdABCqy4 This study
THY4-2 THY3-4, yciQ::Py-NrdABCeqco This study
THY4-3 THY4-2, gapC::Py-NrdABCeqo This study
THY4-4 THY4-3, yjgX::Pye-NdKeco This study
THY4-5 THY4-4, ycgH::Py-dutes, This study
THYS5-1 THY4-5, iIVG::Py-tdry This study
THYS5-2 THY4-5, iIVG::Py-CDC21g, This study
THYS5-3 THY4-5, iIVG::Py-thyAug, This study
THY5-4 THY4-5, iIVG::Pyc-thyAus, This study
THY6-1 THY5-3, mbhA::Pyc-UshAec, This study
THY6-2 THY5-3, mbhA::P,-TMPase This study
THY6-3 THY6-2, yeeP::Py-TMPase This study

Plasmids
pREDCas9 Spe', Cas9 and A Red recombinase expression vector [12]
pGRB Amp’, gRNA expression vector [12]

Amp": Ampicillin resistance; Spe": Spectinomycin resistance.

1.2 EHHEERE
$ﬂ%“%cmww@wﬁﬁ%ﬁﬁ*m
ST #EF R E. coli MG1655 #FATALi o
W@%ﬁIﬁﬁ%oCMWR%%mp@BEﬁ
$i. pREDCas9 fiki. DNA BEH A B 3 oot
L[ e R Bt . Horp pGRB BURLAL 7
JA BT . gRNA EA4A XML LT, #a
RN HHEEHMEGO pg/mL, 37 °CHEFH);
pREDCas9 it ki RED B4 . Cas9 &1L
KMBIRARSESH pGRB FUkiHE RS0, #ar
AR RSO pg/mL, 32 °CHigR). FEETEA
I FEH pGRB Uk AR FM: gRNA 51 H

&: 010-64807509

FLR 415 pREDCas9 ik k1Y Cas9 2

L [F A TSI P AN RS HEDDE, BEJS7E RED
FABER T DNA F BELAE E 4 A9 5 =
XOIRIO AT R, B e RURIE BRI AN T
B, RAFICRORL TAREGE o ASBIE 9T 70 5L DK 4 i ot
ARSI S gRNA F41)C 3258 2 FE &M
A= R 2E R s 0 (G SRS - NMDCX0000277)
1.3 ITiIEEMARE

#F T By 9% JE (g/L) : Yeast Extract 5.0,
Tryptone 10.0, NaCl 5.0, 4R 10.0, #EH
5.0, BitfEkr 20.0.

7 8% 3% 3L (g/L) . Yeast Extract 5.0,

B<: cjb@im.ac.cn
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Tryptone 3.0, KH,PO, 5.0, FeSO,7H,0 0.01,
MnSO4H,O 0.01, Vgi. Ves. Vs, Veia. Vi
% 0.001,

K& W b5 3% Bk (g/L) : Yeast Extract 4.0,
Tryptone 5.0, KH,PO, 7.0, #71IR 2.0, HHi%
iz 1.0, FeSO47H,0 0.01, MnSO4H,O 0.01,
Vii. V3. Ves. Ve, Vu45 0.001,

1.3.1 EREE

Wtk BRI R AR 12 h e, B
R 30 mL FrFEEFRIER) 500 mL HEIE L,
220 r/min., 37 °C}%% 8-10 h, F#E K ODgo
K 4ZEAEE, DL 10%A 3R i (3 mL) B 235
26 mL 1Y 500 mL Pt ks, I HAMN
1 mL #ZH560%, FBrsfAFRL), 220 r/min, 37 °C
MRS R 24 ho K EETRRE A A2k
(25%, RFRLL)RYEFRFREAR pH 7E 7.0 224, M
AR A A K S M A ™
1.3.2 AEEARE

AR TR RS R BTG IS, FIJCRK
% S T R ol N i I W= e o 2 |
BA 3 L R0 S L RIERE I T8 K5
3%, T ODgoo 155 10-16 B}, 2 15%AHER
18450 mLYBE AR 3 L KRR 5L & el
RIS, WG KBRS A 2 10 g/L,
Wit @ SN &K dERy pH £ 7.0 £ 4, &
FEIEE PRFFTE 35 °C, WA EEHITE 25%-35%.
2 P B R AR R, DL — S R R 2
WE80%, BTitiRFALL), A 75 rh ok BA w2 A
W HEHEAE 0.1-3.0 g/Ls
1.4 SHAE

At K RRINRE SRR RE RS, R
FHEE AN 366 FEALAE 600 nm (ODgo0)Ah A6 M W'
JEfH

B BE - A DA ot 0 B MV
K SBA Az WA B SRS 2 TRV v 3% B i e A
W
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W I A R AN+ Al R 28O A €3 A
Thermo U3000; @4} Titank C18 #1:(250 mmx
4.6 mm, 5 um); WA O SR R IK=
5:0.05:94.5; FEE 30 °C; K 1 mL/min; 254b
R4 260 nm; PEFER 20 ul.

BllRgiit=orir: KERER 3 APk
TSt B ShniEZE . R t RIS R S AR
R TH ) Jr 255007, 2 0.01<P<0.05 Hif
e tion, FonEdR2ZRE3%; 4 P<0.01 B
COOBN, RNEHEZE R

2 BRS04

2.1 KE S RRIR1E R EFMEERIPEER

KGR, K EEE(H rinA/B/C 3
DR i) EL A A 43+t Ay M B i e 14y ),
REL W7 B 7 4 7 3 A% 2 S B M 1 B R 10 R i
—o BRILZAN, BT RERERZTT AL, K
FF TR A7 A 224 Tl o] LA JR) oA b B 5 HL A%
T Z AR, Hrb, B sz bR deoA
SE DR G i A B 5 B Rt s i 7 R 3 A Ak s
TR (F tdk 3 DR 4 A0 4 AL i 3 5 i 1 R
(thymidylic acid; dTMP) A i%54k; JRIFHERR
AR (F udp FH P5 GifiTh)  [i] B A b bR 0 M 24
itk A R L ) W T (3 80 AR - 1- B IR o SETT Y
W R, MR deoA. tdk. udp W] LIAG %L
b R AR M A A% 2 IR A L FE A, T4
[ REREOEAY--S A

AWK R BREF A7 E. coli MG1655
PRIER 1 deoA. tdk. udp. rihA. rihB. rihC
BN, MET THY 1 HERk R R BEAS R s,
PR E. coli MG1655 Bk PR M5 IE 7
0.09 g/L, A KMERIFFER, ODgopo HHM
55.5; THY1 Wtk ICRmEER R, (HRITFHER
ik F] 2,10 g/L, ODgoofEH A 52.3 (B12). KA
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Figure 2  Effect of blocking the degradation
pathway and salvage pathway on cell growth and
thymidine production. MG1655 indicates the
wild-type E. coli MG1655. The genotype of THY1
strain: MG1655, AdeoA, Atdk, Audp, ArihA, ArihB,
ArihC. ND: Not detected.

T3 2 1, BEL BT b I i 32 4 AR [T e ik A2 T A T R
PR AR K R A 3 B A5, &I ) R e E T
&, [FIRRINEI R R B, REEAE S IT
ARAGI N MR ER, Al RS i T HA R IT
K, HA BRSNS st R AL
e, SR G SR E A
2.2 EIRBIAY) UMP RO
TERGFFIA S, JRITER(UMP) 25 B
RHEETIAY), HAYE GERH 8 HHH(5r 5 H
carA/B. pyrB/l. pyrC. pyrD. pyrE. pyrF J:[H
i)t s N A, HAA RGR ARG a2 ™
M SR ALEIE R . Ho, pyrBl. pyrE il
pyrF #Y\TFHE5Z UMP 1R ; pyrC Al
pyrD EEY\ T 552 — BRI (cytidine triphosphate,
CTP)F1 = M5FR &1 (guanosine triphosphate, GTP)
Hy LR FE 5 carAB 454\ - 15 57 3 W E A%
FIAE 2 R i S [ A 2 1 e S mr ik gE v
Fan SR R 2R A4 7 (Bacillus subtilis) 168
R, R ARTP FEHLIZEARZE 5 5 i ot i %
WA B PR =7 2L BBk B. subtilis F126, %
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PR UMP A5 g A2 i it i 25 0
R T YESREEREAZTT RIS UMP 16 iR 12
Rt E, AUFEERIET B. subtilis F126
() pyr FEA T IER A 2= THY 1wk yghX {5
BRI, B Py FHEH, T THY2 H
PR FRIARES R B R 3), THY2 RWikH IR
Hr=Eh 5.60 g/L, XTI THY1 BT
166.7%; Myt 54 0.18 g/L. KEEEHERY],
1A S5 U WE A% T R O\ 3 IR AT DL G
UMP & sk, b = P i
B R A R A . BRILZ AL, THY?2 Rtk
Hp ) P (IR T RIS UMP 1775, R
UMP 2 g4 (1) A s A2 AT o 4055
Ik, Ak UMP 2 B3 (1 & s A2 a2 o
— D4 W S BRI DG
2.3 MESRIRFEXEENMKLTRIE
23.1 REBRIBRSEKERIE
RIS, IRIT R pyrH SEH 45
T AL R 5 82 (UMP) A &% — W 2 PR 1F (uridine
diphosphate, UDP), &R 1 & i o] g 11 & LR
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60 |
50 +
8° 40 |
30 +
20 +
10 +
0
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Figure 3  Effect of enhancing the supply of
precursor UMP on cell growth and thymidine
production. The genotype of strains were THY?2:
THY1, yghX::Pu-pyrBCAAAB*KDFE,y,; THYI,
MG1655, AdeoA, Atdk, Audp, ArihA, ArihB, ArihC.
ND: Not detected. The ** represents P<0.01.
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TR — B RN o PRIT R B TE %52 8] GTP
HY SRS A1 UTP By Rl . Aok,
FRIFIR I G2 A5 1R pyrHPOA AT LA i 055 UTP
fiok % 0 BRI ALEN U, BRIbZ AN, A 2R
T R oA 1 e A B4 0 A0 T AR U T TS R 4R
WEREAZ AR g, Sk A B. subtilis 168 ARG
FEF AT BEEL E. coli MG 1655 HoA B = Ak 16 o
P, AWFFE 23508 pyrHis 85 F1F 15 90 2K
KRR IS J N AR (DI0A), LATEAL &4 5 1
R R 5 it %ok o J P 5

AT BT pyrH™® . pyrH?
B4 2 THY?2 BRI ybeM JERI7 55, I
PucJi T8, A 5IFE T THY3-1 1 THY3-2
PR R R S R o, SX IR THY2 FvEAH
ko, THY3-1 &bk ODgoo fELF2 R 4.4%, M7= &
031 g/L, B0 BREA £ (0.18 g/L)i& = T 72.2%.
BRICZ AN, THY3-1 Ak =8 R 0 = b
Il 7 90.7% (FH 5.60 g/L BN % 0.52 g/L) (Bl 4A).
THY3-2 PR R H ™8R 0.21 g/L, B AR
&I T 16.7%, IR 50 2.80 g/L, HBAHRE
FEAK T 50.0% (K1 4A). KEEGEERM, S5RGBT
PRATR A pyrHP™ oo M EL, VR T 5 2T 18]
(14 pyr HP% g, B 5 5 B A5 R

N T i — A IR pyrHP™ g, 3 K 1 5%
FEFIE  AWFIE R P 3 F ] pyrHP® g,
FKik, [FERKHES 2= THY2 FERRAY ybeM LA
i, WET THY3-3 HWivk. FEHARSE R
/N, 5 THY3-1 EARMEL, THY3-3 B Rk f T
PRI E AL 4A). BEE, N T
SRALSEIR pyrHP® g JE AR IE , BTG Pyc
Ja B TRl G pyrHP* e, JE 4 2 THY3-1 B
PRIER APy ygaY FEA 8, T THY3-4
Wbk, PRI ARS TR, 5 THY3-1 WM
o, THY3-4 BRI ™54 0.35 g/L, %t
WETRIBRIE R T 12.9%; IR &M 0.02 g/L,
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X B FRREAR T 96.2% (B 4A). KEEEIEFRI,
oAb S 5 R T Rt 38 T DL S S AR T B
AR, HIE, THY3-4 HRkTP AT R L
FRE (%) AT SIS, A0 AT 2 DABR T 21 B 47
FEAE AT AR 19 80, [FIB 3 AT 2 A,
ARy fn H AR b JE SRR T M1 B
I, #fk UDP % M4 sls 2 2 it —
P M LR Y G B
232 ZEEZE ZBERICREERMT L RE

T BEFR JR 17 (UDP) AT LA of 2 Fii 458 28 1
= W R i 4 JR 1 (deoxyuridine triphosphated,
UTP), HA# LM AMSE: —&2hEMEgTT
TRERR A DR (R nrd 3 DR 2 AD) FIAZ T B R
it (F1 ok 5 D8] G )38 e ot 6 i RNl R A 7 25 i
NiAERL dUTP; 75— 4502 B A% BRI (Fh
ndk JEH i) . CTP A E(FH pyrG JEH 4iht)
KRR T IR IA IR B nrd JE K1 4 A . dCTP
Ji i (F ded 35 PR G A )il aok 85 2% 1 i b 2 i
1k, Wl Tk 2= B R Tb A #2835 [ W A B dUTP,
JUEE 2 SR O RS, (HZEAARLN 70%-80%
) dUTP Bizigte A,

£ DNA A RSB N 2 —, 13RIk
nrdABC REAZ{H UDP B Z Hiu it il 11 & ik 12
AR A A G R . R T 0D B 3G 35 T
FE, AW FPRERIET T4 W (KWK T
AR P nrdABC £ 8 5] A THY3-4 B #RFE N 41
H yei Q JERALAL, i PSR S F11, 2051
FIEE T THY4-1 F THY4-2 Fikk, FEHL LS
BN, S5XTHE THY3-4 FREAH L, THY4-2 Fkk
h g FE PSRN 1.00 gL, B BIEET
185.7%,  FLA X B i A= 4 SR AU 18 Jsi AN ) 5 i (1]
4B). THY4-1 etk rp i ™ 800 B AR A L
K ULH B A(E 4B), %4595 e ar s
A—E, FTRER T T4 W B AR IR A2 W%
BRI S R AT TR R R SR RN ) 2% T
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5, KT i1k nrdABCeo SER Y FRIE, A8 HRAHLL, THY4-3 RN ™ &0 1.11 g/L, 84
WK Puc JH S FEEHIH) nrdABCeo ZEHEAE BRTRRIZTH T 11.0%, H ODgoo fE 4 70.8 (&l 4B).
THY4-2 RS 1 gapC LR &, M T RIEUE R, SR AN T i il R il 8
THY4-3 Fitk, RIEELERER, S THY4-2 /i 0L E 3R T & i %,

ollAl 1Al vl 1Al LILl1o loo J S N S Y Y I
SUGRS oy o > oy’ W e
& & E FEEE S
> o o o o o o o o
S & & & & & & &
Strains Strains

B4 MUBESREENMEMEERKSREE R

Figure 4 Effect of optimization of the thymidine synthesis pathway on cell growth and thymidine production.
A: The effect of optimization uridine phosphatase on cell growth and thymidine production. The genotype of
strains were THY3-1: THY2, ybeM::Py-pyrHP*oq: THY3-2: THY2, ybeM::Pyc-pyrH ** «; THY3-3: THY2,
ybeM::PW—pyrHDgoAbsu; THY3-4: THY3-1, ygaY::Pt,c—pyrHDQOAbsu. B: The effect of optimization nucleotide
diphosphate reductase, nucleoside diphosphate kinase and deoxyribonucleotide triphosphatase on cell growth
and thymidine production. The genotype of strains were THY4-1: THY3-4 yciQ::Py-nrdABCry; THY4-2:
THY3-4, yCiQ::Pyc-NrdABCeco; THY4-3: THY4-2, gapC::Pyc-NrdABCeco; THY4-4: THY4-3, yjgX::Pyc-NdKeo;
THY4-5: THY4-4, ycgH::Pyc-duteeo. C: The effect of optimization thymidylate synthase on cell growth and
thymidine production. The genotype of strains were THY5-1: THY4-5, ilvG::Pyc-tdrs; THYS5-2: THY4-5,
iIVG::Pye-CDC21ge; THY5-3: THY4-5, ilVG::Py-thyApsy; THY5-4: THY4-5, iIVG::Pyce-thyAps,. D: The effect of
optimization of 5'-nucleotidase on cell growth and thymidine production. The genotype of strains were
THY6-1: THYS5-3, mbhA::Pyc-UshAey; THY6-2: THY5-3, mbhA::PyTMPase; THY6-3: THYS-3,
yeeP::Py-TMPase. The * represents 0.01<P<0.05, and the ** represents P<0.01.
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233 #&EZHERHEER dUTP ZiEEREERYSE
FRiE

RAF BRI nolk 5L 8] 4 5 ) i A T
P2 i %8 JR 1 (deoxyuridine pentaphosphate, dUDP)
Al hy =B RR IR E R AF (UTP), dUTP —BEIR N
(H1 dut ZER Gty Ak dUTP B4k h— e i 48
PRIF(AUMP) . 8 T 15 bR B T i A s 42 1 B
i, ¥ dUDP 4kl dUMP, ABFFEikttsnik
ndk Fl dut IFRIK: K Puc )i s FHEHI KA
BRI AS TR Y ndk S 3 4 2= THY 4-3 B RRIE R 2 1
VigX JERAT 5, A T THY4-4 kR ; dE—400
KIGFFE AR dut FER A 2 THY4-4 B
2 yegH FEFEN A, H Pyc i h T8I
ik, T THY4-5 Btk BB A lesh 1 s (B
4B), S5XFHE THY4-3 EHRAHEL, THY4-4 T4
Tr=moh 1.23 g/L, BT REEHEE S T 10.8%,
ARKFRMICEEZ, 5% THY4-4 HPRAMH
[, THY4-5 BRI ™ &R 1.30 g/L, AR
BMREEE T 5.7%, F ODgoo fH K 72.6, BNTHR
IR 3.2%. A, 5 THY4-3 WERAHLL,
THY4-4 AR BT ™ e B 48T T 17.1%. &
e B3 2R B 2 A o Ak 2R 8 T W TR R il A
dUTP —#EBREE Al LK dUDP %44k & dUMP,
EREE T T A RCR
234 MERSEERELRIE

FFFER A BE(H thyA JE R 4 i) fit b — B R
JIi SR (dUMP) AT 5,10-3F. Y 35 o & i HR 31k
Az M T R (ATMP) I & MR o M7 R A i1
9 dUMP &, dTMP W SCHERE, 78 RIAF
HHNT A mRNA S EIELES, 20 S5
IR, KT E dUMP & dTMP /8
M, A SR FH AR AP0 2 A O St DA [ i
= 1 ) R A5 T R R A A b s rp oo i
5. NMDCX0000277). ¥ w55 A
M2, AW FOR R IR T 1 K (phage) T4,

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

Fii 7 /¥ £ (Saccharomyces cerevisiae) S288c .
B. subtilis 168 0l fi# J& #; 2F 1 ¥ B (Bacillus
amyloliquefaciens) TA208 T & o it i F R 45 il
5|\ THY4-5 BRER ilvG BER7 45, 31 Pec
¥l Al E T THYS-1. THYS-2.
THYS5-3 1 THY5-4 Wik, FEMLARESS REIR,
5 XTH. THY4-5 WkRAHLE, THYS-2 #il THYS-3
ERR A B P 5 1.57 g/L. 1.63 g/L, %
WEERR B4R T 20.7% . 25.4% (F 4C) It 4h,
5 XTI THY4-5 WRARAH L, THYS-1 Bk A B
PR LB AL, L ODggo fH 0 BRI RE T I
T 10.7%, #HEW AT RS2 A4 TC LRI R T A K
i ; THYS-4 Pk A BT 7 5 F1 ODgoo RN
MR IR T 4.6%F0 15.7%, AT fE
S U ) T P B e g R ] R R 1
TR ERAC B , PEELA A . AR
FH, FUR B. subtilis 17 fR & B9 28 0T LA
RUCHIL B o R AR B AL

23.5 S-IZEREBREARIE

5K AT T T2 A 0 o 7 R 7K S 2 s o 1 11
KEE . 25128 RN EF(H ushA. umpH .,
umpG. yfbR. jjG 3K gmfith) %t K £ i ms g mi;
MRS A% T 1 A BT B 8 ke 3 [R) A A Ak A
AT DAEAC R T R AR BRI PR AR Y, i
WU TR A VLA « BT IR AR MR 145 o (Rl
FRPIEE AR, X T BT B i1 2% .

N T VA AFSRIR G 5 -AZ% T R BT M
BB, A ISR 3 5K K AT AR R Y
ushA 3 PRI VRIA 55 25 4 FF B W B 4k PBS 1)
TMPase J: NP4 2 THYS-3 BRkIE A
mbhA FERIN L, FEHT Pec B S50, T
THY6-1 1 THY6-2 Wk, FEMLARESS RER,
5j%F B THY 5-3 TR e, THY6-2 F#E ) ODgoo
54 753, MOFrr a 1.80 g/L, Hoxt BB kM
P iETE10.4%, EYEETH7.9% (K 4D).
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THY6-1 F#EI1) ODgoo fH 73.5, Mt/ 1.64 g/L,
50 BT R G B 3 22 0] (] 4D) . RS R ER
B, R IAWERE AR PBS KIEK TMPase J&[A 1]
DU 2 8 s Mt G i . b T ift— i =
RS- BRERL, AT Puc o o FESH
i) 55 TMPase JE R4 4 2 THY6-2 TR R 4
) yeeP BRI AL, HET THY6-3 Wbk, &
Mgk R on, SXF I THY6-2 W Fk A kb,
THY6-3 Ktk ODgoo fH 70.2, HXF BRERRE TR T
6.7%; M7t R 1.50 g/L, BB T FE T
16.7% (&l 4D). & B4 2 W 5095 D1 TMPase S
PRI L RE A% T 2 Y TR AR R A B oK, 2
W TMPase Fik & B il
24 SitRMYAEEE PR E

J T kI THY6-2 T Bk 10 A4 7= 1k
RE, ABESRAE 5 L AW nias P aitts T4t eh
BRI IR B R pH . A
WA RFERBESE . KBS R DR,
THY6-2 FFRTE 10 h Je#E AP A K B BE, 28 h
Rk AR EE K, 40 h BAAEY AR
fHo KM 10h)5, Btrpsfls, AR 48 h iy
T 1110 g/L, EE L0 0.04 g/g 55
M, ArTSRIE R 0.23 g/(L-h) (B 5).

20 i 2
0 —o—Residual glucose 130 12
—o— 0Dy

3 16 | - Thymidine 1150 {10
o <
2 1120 _1{8 &

12 + g -
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E 190 S {6 5
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B 5 I#2E THY6-2 7E 5 L A B a o #HE4h#l
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Figure 5 Fed-batch fermentation profiles of the
engineered strain THY6-2 in 5 L bioreactor.
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3 WwE5&E#

mE E A% T M AT A A PUE Y Yo
BRI MR P, FEBER 251 1Lz
o BUBYEL, FF R BRM HL s i M A 7= 7
Sk 2L M T S R ) A KA o LA R
HERCR R . SR ST . R A A
B, SRR A E M A e T
RIEHEMAED . AR LDEAR E col
MG1655 F i R, RHRGEANAM TR
PEALM T Sk A B AR AR A, M T
R R A TR B R

TS, A ST BT T M R a4 0 [ kb
e, SR W B 1R A I A A2 T 7K At it T A AT 5B
AT ) ) e i e i A Ak 5 3 M R RT LABH
Wl B RR ALl dTMP; 23 R i IR AL T ]
LA ISEL DRI FR T 00 e ) A 1 P 1 i R I 40 ) A AR -
|- A2 . Fok, 3558 TR UMP fib),
F1A B. subtilisF126  pyr #2405 FE[N, f#BR S
TR, B T AT UMP & RGRARAC I
I, X BTG B 4 AN SCREBGIE TR IAR
b, RIKET B. subtilis iR TFRILIGI S A
A LA T A A5k PR 1 A T 1) B T 7
HEEZH; EFRIKE. coli A BRI
BREBR R R, B TR e AT IR AR BT
FE, RN T 2.7 %, B T T
RIS S T, e R ST Ak )
FEAR RN AT 22 0 PR ) TR S PR ki,
WEFIUE B. subtilis BRI TY R A B AT LS 2
PEHEMH R 25.4%; n, ABFEEIAK
VMG B ZE AT B A PBS B R /K e (v
TMPase J (K] 2 ity ) LA 5 A B 7 i Jd 38 e A b 2= s i
1, T RS 2 1.80 g/L.

ARG v ) o A SR AR TR AR AR
T AR R, YA 200 A PN AR YA A i A Bl
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K7k 7] R 2 il — 24 S M A ™ i ik, i
Wb — RS . TG BGs T, e
A Ak SN T FE 4 R F NADPH, RV - # g IR 1
(UDP) ik J5 >k — s 2 i 450 K 11 (AUDP) il — B iR
i A8 R (AUMP) 3 g 15 52 (A TMP) 4 F SL 95 36
AR ] DU R BRI AL E R TR R, W]
DAIE 3 ik B A T R A A, B RS A i A
(PntAB) 1 A] 75 11 % & (UdhA),, R 4EHF ML
NADH 1 NADPH 2 [a] (1) - , 4E R R G2
WY R A sz B . AR, SRk

R2 FREMEVES~RE

WL A2 FF NADP R 3 20 -6 12
Al (Zwf) . VsV R F-(stress response factors,
RpoS)FI K i FT B B AR 5246 11 A (PspA)
ik, A Bl U A 1 7 3RS o

55 1 0 M A T IR R A L (R 2),
THY6-2 BBk A BEE R 48 h, My 2L =5 i
0.23 g/(L-h), /& E. coli HLT026 H#km 1.1 %,
BB A B, A5 RIGT R
1o R BT B A AR P2 g PR TR R Y
I A AR

Table 2 Production of thymidine by different microorganisms

Microorganism Titer (g/L) Yield (g/g) Productivity (g/(L-h))  References
E. coli BSOS 1.25 12.50x10°* 0.02 [4]
E. coli HLT026 13.20 0.26x10°° 0.11 [6]
E. coli BLdtugRPA24 5.20 NA 0.08 [24]
E. coli THY6-2 11.10 40.30x10* 0.23 This study
NA: Not available.
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