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Abstract:
neurotransmitter that regulates a variety of physiological functions of the central nervous system. Thus, dopamine is used for

Dopamine is the precursor of a variety of natural antioxidant compounds. In the body, dopamine acts as a

the clinical treatment of various types of shock. Dopamine could be produced by engineered microbes, but with low efficiency.
In this study, DOPA decarboxylase gene from Sus scrofa (Ssddc) was cloned into plasmids with different copy numbers, and
transformed into a previously developed L-DOPA producing strain Escherichia coli T0O04. The resulted strain was capable of
producing dopamine from glucose directly. To further improve the production of dopamine, a sequence-based homology
alignment mining (SHAM) strategy was applied to screen more efficient DOPA decarboxylases, and five DOPA decarboxylase
genes were selected from 100 candidates. In shake-flask fermentation, the DOPA decarboxylase gene from Homo sapiens
(Hsddc) showed the highest dopamine production (3.33 g/L), while the DOPA decarboxylase gene from Drosophila
Melanogaster (Dmddc) showed the least residual L-DOPA concentration (0.02 g/L). In 5 L fed-batch fermentations, production
of dopamine by the two engineered strains reached 13.3 g/L and 16.2 g/L, respectively. The residual concentrations of
L-DOPA were 0.45 g/L and 0.23 g/L, respectively. Finally, the Ssddc and Dmddc genes were integrated into the genome of
E. coli TO04 to obtain genetically stable dopamine-producing strains. In 5 L fed-batch fermentation, 17.7 g/L of dopamine was
produced, which records the highest titer reported to date.

Keywords: Escherichia coli, metabolic engineering, L-DOPA, dopamine, DOPA decarboxylase
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WEAE R O BE IR | R B 21 3% K 55 vmn BN EL
A2 it & TR, 52 3 TSR BT 2 1 5 .
Das Z5UHRE T A K HF 1 Escherichia coli
DH50 #£ik 4-FEIKLFR-3-HNA R (HpaBC)
FEFRE Sus scrofa WZENREE (DDC) ZWhd Ik
, VAT S BN ) , $5 & 9 15 3% 24 h, L-DOPA
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(215 g/L) MZENE, FEREALRN 3.8%. EH
JIr e 5T 2E i A3 o 0 SR A Y galP glk pgi

B: cjb@im.ac.cn



4268 ISSN 1000-3061 CN 11-1998/Q A#) T.#22%4 Chin J Biotech
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P A R 3 M AR R TR R WI060M 7, ' ‘

T RRBAE S L & B W b LA 000 R B U, & 1 AR5 %
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Fig. 1 The biosynthetic pathway of dopamine in E. coli. The “red” indicates that the genes are enhanced. The “—”
indicates that the genes are deleted. The gray arrows indicate that the pathway is extended. PTS: phosphotransferase
system; TCA: tricarboxylic acid cycle; PPP: pentose phosphate pathway; pgi: glucosephosphate isomerase gene; E4P:
D-erythrose 4-phosphate; PEP: phosphoenolpyruvate; DAHP: 3-deoxy-arabino-heptulonate 7-phosphate; DHS:
3-dehydroshikimate; CHA: chorismate; Tyr: L-tyrosine; DOPAC: 3,4-dihydroxy phenylacetic acid; #yrd: CHA
mutase/prephenate dehydrogenase gene; aroE: dehydroshikimate reductase gene; hpaBC: 4-hydroxyphenylacetate
3-hydroxylase gene; galP: galactose permease gene; glk: glucokinase gene; tktA4: transketolase [ gene; pykAF: pyruvate
kinase I /Il gene; aroF: DAHP synthase gene; tyrR: tyrosine repressor; ddc: DOPA decarboxylase gene; dbh: dopamine
fhydroxylase; #yo: tyramine oxidase gene; feaB: phenylacetaldehyde dehydrogenase gene; adh: alcohol dehydrogenase gene.
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1.1.3  BEFRE

LB 575 (1L0): 5 g BERHERY, 10 g &
W, 10 g NaCl, [EAFHREI 15-20 g BiAgk
FEME LB H597 5k (1 L): 5 g BEREEI, 10 g &R
FI¥R, 100 g BEME , BIAF-HRES I 15-20 g BRAEH o
NBS ¥5##% (1 L): #i4iHH 20 g, KH,PO43.5 g,
K,HPO,3H,0 6.5 g, (NH4),HPO, 3.5 g, MgSO,-7H,0
0.25 g, CaCl,-2H,0 15 mg, FeCl;-6H,0 1.6 mg,
CoCly6H,0 0.2 mg, CuCl,2H,0 0.1 mg, ZnCl,
0.2 mg, Na;Mo0O42H,0 0.2 mg, H3;BO;5 0.05 mg,
KW THFR AL (11): K,HPO, 5.6 g, (NH4),S0,
1.2 g, MgSO47H,0 1.6 g, MR =4 — /K&
1.6 g, FeSO,7H,0 2.8 mg, FFEHERWI 1 g &
BERETCHLER B 983 (3 L): K,HPO,-3H,022.5 ¢,

=1 KA F E AR R

(NH4),SO04 4.8 g, MgSO47H,0 6 g, BELHREY)
2 g, FeSO47H,0 0.233 g, # M 6 g.

1.2 A&
1.2.1 HEEAHmE

LA E. coli TO04 Sy i K Ta#k , FIH] Red P2 [+]
IR E 20 O M PR R R LB H NS &
KIGFFEE L L P US # 5L cat-sacB B Jp
#, FeaB-cat-sacB-F #ll FeaB-cat-sacB-R N5 |¥1§"
W — R EH R B, A BHT cat-sacB i
PEbRIC B R B e I A B A feaB. DhRIGH
ATCC8739 JENZ itk , FeaB500U-F A
FeaB500U-93-R N5 ¥4 1 v B As LA-& ALY
B & Sus scrofa KR W) Ssdde K[ AR Hg ,P93-F
Ml SsDDC-R 2459147 8 i B B-1; LLRIGAT

Table 1 Plasmids and strains used in this study
Names Relevant characteristics Sources

Plasmids
pKD46 A-Red recombinant genes under ParaBAD promoter, temperature sensitive origin [16]
pET30a (+) Kan®, medium copyplasmid (~15/cell) Lab collection
pACYC184 CmR, low copy plasmid (1-5/cell) Lab collection
pACYC184-SsDDC pACYC184 derivative with Py;_93-Ssddc gene This work
pET30a-SsDDC pET30a derivative with Py g3-Ssddc gene This work
pET30a-EcDDC pET30a derivative with Py g3-Ecddc gene This work
pET30a-HsDDC pET30a derivative with Py g3-Hsddc gene This work
pET30a-MmDDC  pET30a derivative with Py g3-Mmddc gene This work
pET30a-DrDDC pET30a derivative with Py g3-Drddc gene This work
pET30a-DmDDC pET30a derivative with Py _93-Dmddc gene This work

Strains
T004 E. coli DSM 1576, PM1_37—ar0Fﬂ’r, AtYrR, Py 1-galP, Py os-glk, Aptsi, [15]

Prr1-1-PYKA™, Pagi 12-pyKE™, Pigy 12-pgi™*, Pagsgs-arok, PM1.93'fy’”A/br’ Pyri-95-hpaBC

TDO1 E. coli T004, Pyy.93-Ssddc This work
TDO03 E. coli T004, Pyy.93-Dmddc This work
TLDO02 E. coli T004 harboring pET30a (+) This work
TDAO1 E. coli T004 harboring pACYC184-SsDDC This work
TDAO02 E. coli T004 harboring pET30a-SsDDC This work
TDAO3 E. coli T004 harboring pET30a-EcDDC This work
TDAO04 E. coli T004 harboring pET30a-HsDDC This work
TDAOS E. coli T004 harboring pET30a-MmDDC This work
TDAO06 E. coli T004 harboring pET30a-DrDDC This work
TDAO7 E. coli T004 harboring pET30a-DmDDC This work

: 010-64807509 B: cjb@im.ac.cn
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ATCC8739 Jt [ 4 i % #i , FeaB500D-F Al
FeaB500D-R 5|9 B C; A Bt AL B-1
1 C AL, FeaB500U-F F1 FeaB500D-R A 5|4
Prgf s AR EH B D-1, A BRES
W24 A oo R B M1-93 LA Ssdde, FHT
B —F 5 W cat-sacB B, BB, LU
P93-F Al DmDDC-R K5I ¥¥ ¥4 K Bt B-11; LA
hB A, B-Il#1 C J#ithk, FeaB500U-F Fl
FeaB500D-R A5 |4 1445 255 — 2[Rl d 240 F
B D-T, ZhBoE GG oot Br M1-93 4%
WS Dmdde, FT 30— 51 cat-sacB [
Bt. 514 FeaB500U-F Al FeaB500D-R []H1E M55
TR E A RS ) . ARSI ET S [P0 2.
1.2.2 JEkRifyEe

LI BT J% Sk U5 A9 SsDDC & K R P 4
(XP_020919589.1) A#Hy , 76 NCBI HH5 /& (www.
ncbinlm.nih.gov) #1775l XF, RKAGF X
DDC 4. EL A 5 4% dde HIEBRIF S, 718
K FF o 2w dr etk e i A 7 2 S A o
XS FE 51 43 5ok H ¥ H Equus caballus . N2

*k2 AWMRETASY
Table 2 Primers used in this study

Homo sapiens . K R Mus musculus . 354 Danio
rerio . W Drosophila melanogaster. 1£ NCBI [
HER 55435 XP_001498371.1, NP_000781.2.,
NP _001177377.1, NP_998507.1, NP_724163.1,
BAFE Y FRIEN dde, i B8 T0 4% v R &
T o ) 4 &= pET30a (P 5 D) B
pACYC184 (fR#5 D1) #ilk |, 315 ddc FEHFik
BqIE (F D).

1.2.3  REER IS5

PR : WIS T 3 mL SHAER
) LB K538, 37 CHiFRi . BL 200 pL 2% Ff
T 10 mL &35 4 HrE R NBS H5 55k, 37 C
250 r/min ¥53% 48 h,

5 LORWEEAREE: PRECATR %% 3 mL LB
BRI R, 30 °C L 250 r/min £53% 12-14 h,
PeHe® 200 mL KRR FIESR AP RS 18 h &
ODgoo TE 4 ity , AWM 1.8 LI
WIHRIR TR TS SR 5500 5 L R REREIR Y . 5573
AT [ R SR P I IR RARE R 2 50 pg/mL,
FHEMIAESHB) 5.0 L XBE&R %4 BIOTECH-5BG

Primer names

Primer sequences (5'-3")

GCCGTTTTTTACTTATGAGCGAACAAGATTAACTCTTAATTTCTGCTTTGCCTTCTTCC
GCCGTTTTTTACTTATGAGCGAACAAGATTACTGTTCCTGTTCCATTTCATCTGCG

GTCAACACCGCCAGAGATAACACTTTTCCTTATTATTTACCCAGTGTGAT

P93-F TTATCTCTGGCGGTGTTG

SsDDC-R

DmDDC-R

FeaB500U-F GACGCTCATCCTGCTCCATT
FeaB500U-93-R

FeaB500D-F TCTTGTTCGCTCATAAGTAAAAAACGGC
FeaB500D-R TCCGGGCACGATTCGTCTGTTGAG

FeaB-cat-sacB-F
FeaB-cat-sacB-R
Nde 1 -promoter -F
Xho | -DDC(Sus)-R
Xho | -DDC-a-184-F
Nde 1 -promoter-184-R
Xho | -EcDDC-R
Xho 1 -HsDDC-R
Xho | -MmDDC-R
Xho | -DrDDC-R
Xho | -DmDDC-R

GTACACTGAAATCACACTGGGTAAATAATAAGGAAAAGTGGTGACGGAAGATCACTTC
ACGGCACCAGGTGCCGTTTTTTACTTATGAGCGAACAAGAATCAAAGGGAAAACTGTC
GATACATATGTTATCTCTGGCGGTGTTG
GATACTCGAGTTAACTCTTAATTTCTGCTTTGCC
GCAGAAATTAAGAGTTAACTCGAGTATCCCTCGACCTGAATGGAAG
CAACACCGCCAGAGATAACATATGTATCCGATGATAAGCTGTCAAAC
GATACTCGAGTTATTCTTTTTCTGCTTTCAGCAGTTC
GATACTCGAGTTATTCACGTTCTGCACGCAG
GATACTCGAGTTATTCTTTTTCTGCACGCAGAACG
GATACTCGAGTTAATGCAGCAGCTCTTGCAG
GATACTCGAGTTACTGTTCCTGTTCCATTTCATCTG

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



REER F/RERESEHABREREXFGTENLERSER

HHEAT A LA R R . R IR T T R R
TR PUE AN AR A, A R O R
P S b S B sl AR 0-5 g/L. R5 %3k pH {EE
I AEEIMEAK (25%, Wiw) FEHITE 6.8, IR)E
FEHIAE 37 "Co LA 1T vwm il AZSR, HEFEHEE N
300-800 r/min, PAPREFEMA (DO) KF-AE 30 %o
MR AR RS, BT RRNE, iR A
B BETE 0-5 @/L, DACRAF B AE < 31 BT 55 1 48
R, KRB EERE 4 b Bk, R
ROBAH TSI B h 2 B . A2 B R &
L, A A% Iy B AR I A A 5 =, A
A I EE TSI R AR %% B (ODgoo) o
1.2.4 HROEAEAIE S

% BERARE A A A 0.5 mmol/L 1Y HCL % B 2 15
MIEE G 0.1-1.0 g/L) J5, 12 000 r/min
B0 10 min, A 0.22 pm 7K R IEME BE IS AT
FHE TS5 BT o SRR (L { (EHEMR 1260 R F1)
B4 Innoval C18 3%+ (4.6 mmx250 mm, 5 pm)
H1 DAD 284NN 2% o Kl 4514 W shAH 100% H
B 1% RTA =20 80, ik 0.8 mL/min, FEif
30 'C, B4R 10 pL, A4y 220 nm 1 280 nm.

2 HER5040

2.1 A[Edde BN NE BRREF~

PEaE , ok BB 0 2 BRI T DL S
s L-DOPA ¥k hZ B, |z T2 Ek
A F gt S B EE I ST AR I 2 4
M@ T Y L-DOPA 1Y 1.7 vk K g 41
T004"™) FEMCIERN b, T 52 £ B iy s A
Y&, o IAEAREE UK pACYC184 Filrp 4548
DUk pET30a |2 AR 363K Y 1) 22 5L I3t 48 iy
FEH Ssdde. F RIS TR 4 B A KA B
T004 1, ARG KMHFFH TDAOL Al TDAO2 B #k -
R R BN, IR =48 DUURL R 3K Ssddce
) TDAO2 B bk 2 L™ 5 ik %) 2.18 g/L, B3
= TR DLk 2655 Ssdde # TDAOT B AR K

. 010-64807509

Feim, {HJE: TDAO2 F#EAY L-DOPA FE A4y {35R ik
1 1.26 g/L (&l 2), X BB Pk T0O04 F1 TDAOL Pk
B R Y 52 L-DOPA, HAWN ENZE
A B 145 B DDC i1k L-DOPA 31| & L%
149 B N 2 PR A0 R, 3 e 14 DR 4 DL Ok 2
Ssddc W) FihH, MM DDC WY E G 1A 1)
FRME RN Z B, WA, ZBE=PH AR
HRKEM L-DOPA ¥ 4%, WiR#E L-DOPA iR
I RRATI A AR Y i T 25 [
22 fFESM DDC RS EREE

T Hg5E L-DOPA | 2 B i i) i fb 5% 1L
71, FEH IR HAD S A0 DDC. FIH C E
i) SsDDC #& 1741 it , 76 NCBI 2 1 £ 48 1%
rpEAT R IR L, R4S 100 45 R IEPE SR = 9 DDC
P81, KBRELITH], I 45 KT RS
REMDH . T MEGA6.0 %4 LLAK I AH 1 12
(Neighbor joining, NJ) WEHRFE L EFH, FH
Bootstrap #E1 Tk IR H 1 E R ER{E 1 000 1K, itk
J¥%1 SsDDC i FROEAIARES (Kl 3). ik 45 5%
DDC J7 415352k A AR, 35BS BAR 741 Y
[R] VR M 5 2 O B T Equus caballus K5 ) EcDDC
VER I — 25 &P 51 . LR BEEL 4 FlAS [A] 2 7Y

4
OL-DOPA  ODopamine
~ 3 B
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:é;ﬂ 'L Aok
=l
2 2F
i3]
=
=
e
=k
*
0 L
TO003 TDAO1 TDAO2

2 BB ARE Ssddc ¥ N ERBIZIL R BT
Fig. 2 Dopamine production and cell growth of
engineered E. coli TDAOl and TDAO2 with
pACYC184-SsDDC and pET30a-SsDDC, respectively.
Data are X +s (n=3). Statistics were performed by the
two-tailed Student’s #-test. *: P<0.05; ***: P<0.001.
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Fig. 3 Phylogenetic analysis of DDC homologs from different organisms.

X YRR DDC, 558 N Homo sapiens
HsDDC. /NH B Mus musculus MmDDC ., B T £
Danio rerio DrDDC . 5 K W8 Drosophila
melanogaster #) DmDDC, SsDDC #E 1 H 486 |~
FIBMAM, FEN 54 kD', SsDDC 5
EcDDC W2 175 —8PEH 91.44%, 5 HsDDC
M —HE ol 89.12%, 5 MmDDC i) —E( 1k
86.43%, 5 DiDDC W —E N 73.26%, 5
DmDDC H)—EME R 59.49%. ek Bk 5 4%
DDC #1757 2e 5 B ot
4 3R 54 dde R 5351 1% 4% % pET30a 24k
b, FIHHAREIE I Puios WHEAHICHE A £
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ik o BlFERAEX SE TR S 55 AR 7™ L-DOPA T2 [H
T004 7, #45 TDAO03-TDAO7 bk, it H#e & i
437, TDAO3 Fll TDAO4 FFRIKZ B =388 T
TDAO2 B #k . HoH TDAO4 B Fk (1) 22 B 7= e de g
ikF) 333 g/L, HAEK N 266.51 mg/(L-OD),
AE T 2 AR 1 B8 R A% AE 3235 31 19.6%. TDAO4 I,
TDAO02 F kI 2 B w48 T 53%, H: L-DOPA
s b, (B8R E] 0.76 g/L (Kl 4A).
%45 W] HsDDC [t SsDDC HAT B & i AL 16
P, EHMTFZERNEYS K. Bk TDAOT
FRRAY 2 U - SR T TDAO2 Hikk, My 1.94 g/L,
{HJZFL L-DOPA 54 =4 0.02 g/L.
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Fig. 4 Production of dopamine by engineered strains.
(A) Dopamine production and cell growth of engineered
E. coli strains with different DDC. TLDO02 as control
strain; TDAO2 with Ssddc; TDAO3 with Ecddc; TDA04
with Hsddc; TDAO5 with Mmddc; TDAO6 with Drddc;
TDAO7 with Dmddc. Data are x +s (n=3). 5 L fed-batch
fermentation for dopamine production by strain TDA04
(B) and strain TDAO7 (C). The “downward arrow”
indicates when antibiotics are added during the
fermentation process.

. 010-64807509

R T HE— LY TR A 2 TR A R T AR T
e, EHEIGESREMARZ B /B &N
TDAO4 Fl L-DOPA FRR# /Y TDAOT kK, 43
SHEAT A AR R BEEAN . BIR 2 AR R R
34 h i, ZERTEYERHRKE (B 4B-C).
Hrp TDAO4 FHRAY ™ 5 13.3 g/L, Hi%HHAE
W 126.6 g/L, FALEN 12.35% (mol/mol);
TDAO7 AR R 16.2 ¢/L, HZEBEHFER A
157.7 g/L, ¥4k K 12.08% (mol/mol), TDAO4
FRE R R L-DOPA FRAiEik 0.45 g/L, i
TDAO7 HAR{UA /> 5 L-DOPA 584y, 7=l
0.23 /L. Z 45 BB WTEM XY 54T DmDDC B
iE G H T4 L-DOPA 4kl 2 1 i

T FdR TREE i pET30a Jiiki 215 4MNE
B dde, TE KBRS TR AAAE BURLS (% F2 8
PE2ZER IR, R, YR EESETTH] 24 h BEAMINGR
MR RIBEE 2R , TDAO04 KT H Y L-DOPA 7 & 1]
WA G R E AN I A: 3 AT A B T4
2t PN JBORE Y i AE AR e P, I R F dde 3L
FIfa e #ik, fEUERTIARY) L-DOPA #4k h Z L .

23 HREHEES ddc BHERHS BRIBESH
KT

h TR E R R R EE, S
Ssddc Fl Dmddc ¥4 %) T004 HARY feaB (IR L1
J S g 5 3 DR ) A R AT AR T R, RS
KIAFFE TDO1 F1 TDO3 BRi#k . 3o 8 A i 47
Mr, ¥4 Dmddc J () TDO3 B AR IK) 22 B rs B ik
#| 2.4 g/L (K] 5B), = T RURRIAM TDAOT BB
P (1.94 g/L), I HILPMMARF] L-DOPA %%
Ro AR EYIEEFUR KIS DmDDC B AL TS 1
& DL O L-DOPA Ak Z BB, K1, Hdk
3K Ssdde 1) TDO1 Rtk HAT 0.32 g/L Z R
#, K] SsDDC MfEALIGMEEAL, RATEZ N
PEUUT KRB A BABER 2 B S EE

N T L IAE TDO3 78R BER &1 T 1Y
Z UMY G IAET), EHE L ERIET 4t
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Fig. 5 Dopamine production and cell growth after
integrating the ddc genes. (A) Cell growth. (B)
Dopamine production. Data are X #s (n=3). Statistics
were performed by the two-tailed Student’s s-test. **:
P<0.01; ***: P<0.001.
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Fig. 6 5 L fed-batch fermentation for dopamine
production by strain TDO03.
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A U A AT A 0 i A A I 9 BEE T
BILA
3 Wik
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Ssdde R B FREIE"T, Wk, ABrsEdh
Ssddc H: [ AE pACYCI184 Jfi ki b A £ # Il
(1-5/40 ) B FRIRI S Y ke 5 | s
DB AETER Z2 B e I . M b 45 4% D
JF R pET30a-SsDDC (4 15/41fifd) Hitk TDAO2 i
b ¥ DVECH Wik — 2538 hn, i iE S A S R H
KALIGIN, Ssdde FE R 1 fe 24 32 355 T A A, AH Nz A
K, HALZEW RN 218 g/L, FEIRTHRAN
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DDC &kl P, (8 i 28 8 s 3 1 i i b 25
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B4 5 2R i [R5 AL 21 T004 124k b, T [R] U5 471
b X2 3 R A i Z B OR E, BRm 2R
vtk . Hrb TDAO7 BkRRY 2 B ™ & A1 ODeoo
¥ KT TDAO2 &k, 43%51K 1.94 g/L F1 9,
{Hi2& L-DOPA FRAREAUA 0.02 g/L, ZE5 RN
DmDDC #4R8 HA B m ik ig e, Hid sk
KA RE SN AR AR K . B T IR R Bk B SR
() 5+ W 2 1 DmDDC A %50k 5 TR LR,
P T 2R (8 4A). S L K BEREE Tt
FELR B, Z IR A 16.2 /L (B 4C),
G BRI FE AR B R KE (2015 g/L)! #
AL AR, LR ARSI K B R S I 1 7
K 4 h KRR PRGBS ER I, PRI
WRE A BER RN I, &= 16 h HIEEEH R
0.34 g/L, W57 B Bl 2% . SRMmAE T
ki Rk R G, SRS R TDO3, EH#A K
e 3k A e 35T LIRS IO ) AR o ) R SR TR T B 3R
XA REAE R TER XA R s S e, 7
Yy 5 BE A AN T i g 4, B BOR AR 2
T 25 RS 22 EL R 1 7 A, PR SR T T
Ykt sl . e, T A SR RE N
BB T AR, 5 25 3505 I i R 2R 4 340 T DI
ESR= PN
W7t Red [R) V5 E 4K 2 AR i
SsDDC. DmDDC 3 H #4521 T004 Hr, 75518t
R4 E I TDO1 1 TDO3 ., H:rh TDO3 A kb T
WL IAEE TDAO7, ZEM R E T 1%, A
REJE M T 2 U i o pl s AP AU U P B 4
AP R AR, Rtk TDO3 & 36 h J&,
KRR aEH AR, ZEE"ERBEZT
W18 55 % BBk TO04 AH LL , B4k TDO1 1 TDO3
B3 7 Z B -& iEE S, H TDO3 J& TDO1
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X 42 SR W 2 FH T R A 0 T 5 A Ak
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