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azidothymidine. Biosynthesis of thymidine by Escherichia coli BL21 (DE3) was studied using metabolic engineering
methods. The deoA, tdk and udp of the salvage pathway were disrupted from E. coli BL21 to construct BS03 that produced
21.6 mg thymidine per liter. Additional deletion of pgi and pyrL increased the supply of thymidine precursors and the
resulting strain BSO5 produced 90.5 mg thymidine/L. At last, ushA, thyA, dut, ndk, nrdA and nrdB of thymidine biosynthetic
pathway were overexpressed, and the resulting strain BSO8 produced 272 mg thymidine/L. In fed-batch fermentation, BS08

accumulated 1 248.8 mg thymidine/L. Metabolically engineered strain E. coli has potential applications for thymidine

production.

Keywords: metabolic engineering, thymidine, de novo pyrimidine biosynthetic pathway
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Fig. 1 Thymidine biosynthetic pathway. Genes and their corresponding enzymes were shown as follows: carAB,
carbamoylphosphate synthetase; pyrBl, aspartate carbamoyl transferase; pyrC, dihydroorotase; pyrD, dihydroorotate
oxidase; pyrE, orotate phosphoribosyltransferase; pyrF, OMP decarboxylase; pyrG, CTP synthetase; pyrH,
nucleoside phosphate kinase; nrd, nucleotide diphosphate reductase; ndk, nucleoside diphosphate kinase; dut,
deoxyribonucleotide triphosphatase; thyA, thymidylate synthase; ushA, 5’-deoxyribonucleotidase; deoA, thymidine
phosphorylase; tdk, thymidine kinase; udp, uridine phosphorylase. The overexpressed genes in this study are
indicated by the bold arrows. This figure is consulted with the figure of Lee et al'*.

1 MBE7E
1.1 H#RFARAL

(Agilent 188 Technologies, USA)

1.3 XREEESR

1 Escherichia. coli BL21 10 g/L 5¢/L
(DE3) E. 5g/L 10 g/L
coli DH5a 5 g/L 5 g/L
12 FE5E 0.1 mol/L 3- (MOPS) 10 g/L
15 g/L 10 g/L
DNA POR 5g/L 0.4 g/L MgSO4-7H,0, 20 g/L
454.5 g/l 22.7 g/L
DNA Fast pfu
T4 DNA 50 pg/mL 20 pg/mL
Fermentas -80 C
50 mL LB 37 °C 220 r/min
TU1901 oD ODgop  0.05
( ) BLBIO-5GJ 100 mL 37 C
( ) SBA40E 220 r/min ODgoo 0.4
( ) HP 1100 LC 0.5 mmol/L IPTG
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Table 1 Strains and plasmids

Strain or plasmid

Description

Source or reference

Stains
E. coli DH5a Invitrogen
BL21 (DE3) Wild type Lab collection
BSO01 WTAdeoA This study
BS02 WTAdeoAAtdk This study
BS03 WTAdeoAAtdkAudp This study
BS04 WTAdeoAAtdkAudpApgi This study
BSO05 WTAdeoAAtdkAudpApgiApyrL This study
BS06 BSO05 containing pLS4 This study
BS07 BSO05 containing pLM2 This study
BS08 BSO05 containing pLS4 and pLM2 This study
Plasmids
pTKS/CS pl5A replication, Cmr, Tetr, [-Sce I restriction sites [18]
pSC101 replication, temperature sensitive replication origin,
pTKRED Sper, ParaBAD-driven [-Sce [ gene, Red recombinase expression [18]
plasmid, lac-inducible expression
p5C Expression vector, pSC101 replication, Ptrc, Ampr Lab collection
pTRC99A Expression vector, pPBR322 replication, Ptrc, Tetr Lab collection
pLS4 p5C-synRBS-ushA-synRBS-thyA-synRBS-dut-synRBS-ndk This study
pLM2 pTRC99A-synRBS-nrdA-synRBS-nrdB This study
Ampr: ampicillin resistance; Sper: spectinomycin resistance; Tetr: tetracycline resistance.
F D  300-500 bp 30 bp
5% 25 L 5L pTKS/CS [Scel
37 C ODgoo tetA PCR
0.6-0.8 IPTG F-tet-D!'”! F-tet-D pTKRED
0.5 mmol/L
20%-30% , 1 vvm tetA 20]
10% NH,OH pH I-Sce I F-tet-D
7.0 5¢g/L 110 mL ISce I
DNA 30 bp
250 g 29-30L PCR
14 HEHKB o
2 PCR 42 °C pTKRED

http://journals.im.ac.cn/cjben
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PTKS/CS
T E———y P B LR
1* PCR Wl et tet [l
F1 F3 B3 T2 B2
2 PCR E ]l et tet  [lewo.Do
34 PCR \tet/ ﬁ&
i deo:j‘ i_D_'
e B ] tizt F_D_'
=
—
_F_E_D_'
B2 HEERR
Fig. 2 Gene disruption.
1.5 JRAHIMEE 1.6 #IENE
Escherichia coli BL21 (DE3) 1) 600 nm
DNA ushA-F/ushA-B 3
ushA PCR ushA 2)
p5C SacI Smal
T4 DNA SBA40E 3)
pLS1
LB
Sacl Smal luna C18(2) (5 pum 150 mmx4.6 mm)
pLS1 vV ( )V ( ) V
thyA dut  ndk ( )=4 005 955 1 mL/min
pLS4 pLS4 ushA thyA dut 260 nm!"!  4) CTP  dUTP
ndk Pirc [22] Agilent
pTRC99A nrdA  nrdB ZORBAX SB-Aq (5 pm 250 mmx4.6 mm)
pLM2 pLM2 0.2 mol/L ( 10 mmol/L
nrdA nrdB ) =89.5 10.5
Purc 2 1 mL/min 254 nm"’!
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x2 SREEATY
Table 2 Oligonucleotides for gene overexpression

Primer Sequence (5'-3")

ushA-F CGAGCTCCATAGGATACTAGTCAAAGTAGAGGAAGACATGAAATTATTGCAGCGGGG
ushA-B  TCCCCCGGGTTACTGCCAGCTCACCTCAC
thyA-F CGCGGATCCTAAATAAAAAGACCCCCAATATACGGAGGAATCTATGAAACAGTATTTAGAACT

thyA-B  CTAGTICTAGATTAGATAGCCACCGGCGCTT

CTAGTCTAGACCGTCACCACGACGCTAAGGAGCACAATACATGAAAAAAATCGACGTTAAGATTCTG
G

dut-B ACGCGTCGACTTACTGACGACCAGAGTGAC

dut-F

ndk-F ACGCGTCGACATCCGAACAAAAACGCTAACCCTAAGGAGCTAATTATGGCTATTGAACGTACTTT
ndk-B CCCAAGCTTTTAACGGGTGCGCGGGCACA

nrdA-F CCGGAATTCCGACATTATAGGCCAGGAAGGAGGTTTAATATGAATCAGAATCTGCTGGT

nrdA-B GGCGAGCTCTCAGATCTTACATGCGCCGC

nrdB-F CCCCCGGGTCCACCGGACCACCGCAACCAGGAGGCGCAAATGGCATATACCACCTTTTC

nrdB-B GCTCTAGATCAGAGTTGGAAGTTACTCA

Bold face are protection bases; underline sequence are restriction enzyme cutting site; italics are the designed RBS sequences.

deocA tdk  udp
BSO1 (AdeoA) BS02 (AdecAAtdk) BS03

2 BREM

2.1 EEMMRERAIEE (AdeoAAtdkAudp) 3
F-tet-D BSO1
PCR 3A tetA BS02
PCR
3B PCR BS03 1.440"
42 C 9 h ODgoo 7.86 9h 10 g/L
pTKRED BSO1 22.8 mg/L 24 h
tdk udp pgi  pyrL 21.6 mg/L 4
2.2 MIEREAILES (deoA). BIENES (tdk) A 3
FREBERLES (udp) & [F &SR 3 & ok 7= i
=S EA Lee
BLdtu
3
dTMP 12 mg/L
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A bp bp B bp M bp 30 1100
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g -o-B4 Thymidine =z
6 000 g 5t :;:gi gh midine 120 =
0 ‘ a__ ~=-B5 0Dy, 0
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t (h)
3 3% PCR BiF 5 BS04 #0 BS05 % E# #h 2%
Fig. 3 Colony PCR verification. (A) The fragments Fig. 5 Fermentation using strains BS04 and BS05.
amplified by F1/T2 and T1/B3 were 1 350 bp and 1 201
bp. The T1 and T2 were internal primers of tetA. (B) NADPH
The fragment after tetA disrupted was about 650 bp. _5-
201 125 -5- NADPH
/‘ * 1,2 pgi EMP
15+ d B .
a —a- Glucose s g pai -6-
) -a— 0D 1 S
2 10 P e Thymidine E -6- -6-
S 110 £
= o\ o =
© st 5
> 15 g’ Hyeon Cheol Lee !
0 Ao = 0 BLdtug24 i
5 10 15 20 25 8 P
¢ (h) BLdtugp24 pH-stat
BLdtugp24 1.02 g/L
B 4 BSO03 % Ephzk 4 4
Fig. 4 Fermentation using strain BS03. BLdtug 86
2.3 pgi #A pyrL £ F &R x4 72 B E B S0 pyrB  pyrl
pyi
BS04 BS04 5 pyrB pyrL
0.53h”' 24h p
BS03 UTP 98%
BS04 63% o pyrL
(44h  ODgy=15.2) UTP  pyrBI (23]
78.7 mg/L BS03 pyrBl BS04
3.6 pyrL BSO05 5

BS04
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24 h pyrL

90.5 mg/L BS04
BS05 15%

2.4 33RiE ushA, thyA, dut, ndk, nrdA FA
nrdB X B EF 4 7= B 2

UDP
(nrdAB)
(ndk) dUTP  (dut) (thyA)
(ushA) BS05
pLS4 BS06 BS05
pLM2 BS07
pLS4  pLM2 BS05
BS08
BS06 BS07  BSO08
3
3 BS06 44h 100.7 mg/L
BSO05 11.3% 10.3 mg/(g glucose)
BS07 64 h 169.2 mg/L
BS05 1.87
18.6 mg/(g glucose) BS07
0.46 h™' 52h
6 BSO08 64 h
272 mg/L BS06 2.7  BS07
1.6 23.3 mg/(g glucose)
3 BS06 dUTP/CTP  BSO05
BS07 dUTP/CTP  BSO0S5
BS08 dUTP/CTP
6 UDP
uDP CTP
BS08
BS08 6
BS08 64h ODgoo 47.5
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80 h 1 248.8 mg/L
4.6 15.61 mg/(L-h)
12.5 mg/(g glucose) Lee (1e]

BLdtugp24 deoA tdk udp ung(

-DNA DNA

) pgi PBS2
TMPase T4
(nrdAB)

(nrdC) dCTP

(udk-dcd )

Lee [
ung
ung E. coli
pyrL
pyrBl
pH-stat BLdtugp24 64 h
1.02 g/L 15.8 mg/(L-h)
6.1 mg/(g glucose)!'"
BS08 BLdtugp24
22%
BLdtugp24  42.6%
IPTG
pH-stat
Koo
BLdtugRPA24 pgi
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Table 3 Effects of genes overexpression on thymidine production

Strains ODgy Thymidine Thymidine yield dUTP CTP dUTP/CTP
(mg/L) (mg/g glucose) (nmol/g DCW) (nmol/g DCW) Ratio (%)
BS05 13.8+0.5 90.5+3.0 9.3+0.3 7.6+0.5 41.9+2.2 18.1
BS06 15.140.3 100.74£5.1 10.3£0.5 2.7+£0.3 14.7+0.8 184
BS07 12.1+0.7 169.2+10.3 18.6+1.1 17.4+1.1 83.3+3.4 20.9
BS08 15.9+0.6 272+11.3 23.3+0.9 16.3+0.9 61.7+1.9 26.4

Notes: the data of BS05 and BS06 were obtained at 44 h; the data of BS07 and BS08 were obtained at 64 h; the data of intercellular

metabolites were obtained at mid-log phase. 1.0 ODgyy=0.45 g DCW/L.

sol 0D 11600 150

| e Thymidine e, 71400 375
40 | —— Glucose —" 112005, 1352
/// 11000 E | 30@
S 1800 2 1258
S 204 —aes_ 1600 F 1202
\ a0 z 1153

10+ PTG \ £ 110

o N 1200 T s

0 ia——e—e— . . —— ] 10

20 40 60 80

¢ (h)

El6 BS084 Ht#M & B2
Fig. 6 Fed-batch fermentation using strain BS08.

purR  pepA argR

carAB
pH-stat
5.2 g/L 21 BS08
3 &%
E. coli BL21
deoA tdk udp3
BS03 21.6 mg/L BS03
pgi BS04
78.7 mg/L pyrL
pyrBI BSO05
90.5 mg/L BS03 4.2

ushA thyA dut ndk

nrdA  nrdB BS08
272 mg/L

1 248.8 mg/L

15.61 mg/(L-h) 12.5 mg/(g glucose)
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