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A Dual-Bacterial Coupled Fermentation Strategy for Nicotinamide Mononucleotide Synthesis

SUN Ting', ZHANG Hongtao"*, YANG Feng’, CHAI Wengang®, XUE Haoyang’, TAN Shuyin®
(1. Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology,
Jiangnan University, Wuxi 214122, China; 2. Department of Inorganic Chemistry, School of Pharmacy,
Second Military Medical University, Shanghai 200433, China;
3. Glycosciences Laboratory, Faculty of Medicine, Imperial College London, London =~ HA13UJ, UK;
4. School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, China)

Abstract: In this study, a dual-bacterial coupled fermentation system containing nicotinamide nucleoside kinase (NRK)
and polyphosphatase (PPK) was constructed, and the application of PPK-based ATP regeneration system in NMN
production was achieved. First, engineering strains expressing NRK] and NRK2 were constructed, and the highly active
Escherichia coli BL21 (DE3)-pET28a-NRK was selected, with NMN yield and productivity of 5.17 g/L and 77.4%,
respectively. Then, the induced expression conditions of NRK1 were optimized, and a low temperature of 16 C, an isopropyl-f-
D-thiogalactopyranoside (IPTG) concentration of 0.7 mmol/L, an inoculation amount of 3% and an induction duration of 22 h
were found to be optimal the soluble expression of NRK1 protein. The optimal synthesis conditions of NMN by E. coli
BL21 (DE3)-pET28a-NRK! were explored. It was found that after 12 h culture at 18 ‘C at an initial cell concentration of
100 g/L and a ratio of ATP to NR of 1:1.5, the highest yield of NMN of 5.73 g/L. was obtained with a productivity of
85.78%. Finally, the optimal conditions that provided maximal NMN production (11.81 g/L) by coupled fermentation with
E. coli BL21 (DE3) pET28a-PPK and E. coli BL21 (DE3)-pET28a-NRK! were determined as 1:3.5, 1:2 and 16 h for

ATP to NR ratio, initial cell concentration and fermentation time, respectively. The high-density dual-bacterial coupled
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fermentation strategy established in this study opens up a new pathway for high-efficiency, low-cost and large-scale
production of NMN.

Keywords: nicotinamide mononucleotide; nicotinamide nucleoside kinase; polyphosphate kinase; ATP regeneration;
coupled fermentation
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Fig. 1

Synthesis route of NMN by coupled fermentation with two strains
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T2 R ERRE (polyphosphate kinase, PPK) AL CHL
% BEMERREL (inorganic polyphosphate, Poly-P) FTATPZ [i]
MIBEIR Th AT FE4L, SEBIATPIIEA AR, Mok iZ R4
FIANMNI &R R, HULSCHLADPEIATPH L .

ARSI T RIGAT 8 (Escherichia coli) BL21
(DE3) -pET28a-NRK. E. coli BL21 (DE3) -pET28a-
PPKI A4 AR & KA R (D, SEILEET %
W E. coli BL21 (DE3) -pET28a-PPKHIATPF.A: REGiAE
E. coli BL21 (DE3) -pET28a-NRK# HNMN H 1] ] .
P ) B AR & R % A 4t i) LLl it ATP P A SEILATPHF
SRen, PRAREANSREHA R4 A, SRHINREINMN
IELEAL & B

1 MHS5HEk

L1 MRS R
LL1 RS BOR

E. coli BL21 (DE3)  FRAMRAEMFHL (EHD HIR
ANE] FIEARPET28a biL H1 A 5256 % (48
1.1.2 Ry

LBI; 3L [ AI510.0 g/L, BEEERS.0 g/L, &4k
5910.0 g/L, A¥ipH 7.0, 121 ‘C K20 min; [E A 775
INE R 2% . ¥ TR EEMBILBEE-FHR L, 37 C
B#12 ho
1.1.3 )

KIBF & (kanamycin, Kan) . DNA Marker 7 &
HMarker BEAEYRH (EE BREHFRAA;
JRE B O R . IR EIYE A VIEE . Taqls. T4 DNA
TR ATAEMTE (B RGARAR; NMNiR
M BEEERFRRANEIGIE: NR. ADP, ATP
PrdEan BN AR ARAIR A 5 5-p-D-if
A HEL IR REEF (isopropyl-f-D-thiogalactopyranoside,
IPTG) AR PRI A IR A F] ;s 4-32 LFEIRE 4
%2 (4-(2-hydroxyethyl)-1-piperazineethanesulfonicaci,

HEPES) b H\ RERHAERAA .
12 5%

C1000 Touch™ % & fifFt L N (polymerase chain
reaction, PCR) {X. Mini-PROTEAN Tetrazg [ HL 3K {X
% [EBio-Rad A Al; = 80 AH i AX H A By A #]
ERARBLONL EESigmayFl; = PO
TG B CRI A IRA T BB AL
TR Z AR R A
1.3 ik
1.3.1  TREWBRIIAEE

B MIGNRK I K H 5% (Gene ID: 54981) . NRK2
R4 (Gene ID: 6787) . PPKHEF41 (Gene ID:
VLKRO01000001.1) 34T K AT o - 14 2 65 ik, i

RIEW AT AR, FAFELAFRPET28a-NRKI (2a) |
pET28a-NRK2 (J&2b) FIpET28a-PPK (E2c) , ARG )
FALFIE. coli BL21 (DE3) JEZA41Ma, J+F FKanik
PEVERSIRIE, 37 CHEFR12h, ikt BIVESORE . Wit 5
NRKI-F. NRKI-R, NRK2-F. NRK2-RFIPPK-F. PPK-R (%
D, PRECREE T EVEPCRIGIE, HARFAED AT %
RN IERR AL T HEAT I I0IE o

b
NRK2
||
Xho1|Nde 1
Xho 1| Nde 1
NRK2
kan

pET28a-NRK?
5987 bp

PPK
 e— |
Nde 1
/L PPK
kan 1

pET28a-PPK
6125 bp

ori lacl

a. NRKITE A FRIMIE; b, NRK2EH R ; ¢ PPKEAFRIE .
K2 EARRIE

Fig.2 Recombinant plasmid construction

#1 PCR5IIFSI

Table 1  Primer sequences used for PCR in this study
EIRE Al (503
NRKI-F GGTGGTGCTCGAGTTTAAGCGGTT
NRKI-R CGCGGCAGCCATATGAAGACGTTT
NRK2-F GTGGTGGTGCTCGAGTTTACATGCTA
NRK2-R CGCGGCAGCCATATGAAACTGATT
PPK-F CTCGAATTCGGATCCTTACGGAGCAA
PPK-R GCGCGGCAGCCATATGGCGAAACAG

e FRIBONBEYIL R
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132 HEAHAEAMRIE

43 B BREL TAE R ARE. coli BL21 (DE3) -pET28a-
NRKI. E. coli BL21 (DE3) -pET28a-NRK2HIE. coli
BL21 (DE3) -pET28a-PPKI{IHE & H:N10 mL&H
20 pg/mL Kanf LB 1E F2 5k, 37 'C. 200 r/min$%
M FR12 he FLA2%4EM B E S 150 mL LB AR
FeHrh, 37 C. 200 r/mindE iR FE 0Dy 4 90.7
JE MANZRE0.1 mmol/LIIPTG, 16 C. 200 r/min
¥ PR SRR, 8 000 r/minE 05 min, Y
LW AR, AT T b R AN - 5K TR M T
e LYK (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, SDS-PAGE) &l 8% (A 21k 15«
1.3.3  NMNWZEYA R S5 e

NMN4 ik % : 20 mmol/L HEPES (pH 7.2) .
5 mmol/L f-3i%: 2. 5 mmol/L MgCl,. 100 mmol/L
NaCl, 20 mmol/L NR, 40 mmol/L ATP, NRKR & F &k
F£100 g/L, 18 °C. 100 r/min/Z M 12 h.

2 f1E (thin-layer chromatography, TLC) #i
W RIFAIL4- e K &K S Il =4:2.5:3:2
V1V) -, 254 nmyE K LM (0

S SRR T Sl P NG W = S
H-ESI II probe; fif#:Waters ACQUITY UPLC HSS T3
(100 mmX2.1 mm, 1.8 um) ; A 0.2 mL/min;
FEHL35 C: MW K254 nm. WATHANFEE, W)
B NO0.1%H %, FEF: 0~2min, 0% A. 100% B;
2~6 min, 0%~90% A. 100%~10% B; 6~7.5 mim,
90% A. 10% B; 7.5~8 min, 90%~0% A.
10%~100% B; 8~11 min, 0% A. 100% B.
1.3.4  NMNFIE RS

fofie ANMNIRAEA WL 2+ 3+ 4. 5. 6 mg/mL,
T R RO S 6 NMIN R AR VA AT 2 =, BA
NMN b 7 fi 03 B SR il , 2 0l R V7 0 T R A 20
B, RO G 5 R BT R VERNE AT, S HINMN bR
HERNZR, AR AR Hh 2 v S B SR il BT B

AR B S Bk A A Unitary C o
(4.6 mm X250 mm, 5 um) ; M A0.1% &R
W WE0.6 mL/min: BEAEE10 pL; 5840 Il K
257 nm; FEIR30 °C; Pl 720 min.
1.3.5  ATPIAED A R % &

ATPJ L K % : 20 mmol/L HEPES (pH 7.2) .
5 mmol/L B-5i#k 2% . 5 mmol/L MgCl,. 100 mmol/L
NaCl. 20 mmol/L ADP. 20 mmol/L Poly-P. PPKE /K5
HEKJE100 g/L, 18 “C. 100 r/minz %12 h.

HE 5 A B WO A B H B TRAT IR TR 5T R ASORE B R
ATPHHT %58 . RAKRSAE PR, 2,5- ZRFERHR
YRGBT, 47 7 i &5 F 9470~600 Da.

13.6 G RIILAL
1.3.6.1  E. coli BL21 (DE3) -pET28a-NRKI)ifi GKiA
A

ERI KRS Y, REAREME (1%,
2% 3%+ 4%+ 5% 6%) . FHIHEK (8. 10, 12,
14, 16, 18, 20, 22, 24h) . FEFIEE (16, 20, 25,
28, 30, 37 C) MFSFAIPTGLIKE (0.1, 0.3, 0.5,
0.7, 0.9\ 1 mmol/L) KKBATHEFESLES, ARG H £
MHEHEH.
1.3.6.2  E. coli BL21 (DE3) -pET28a-NRKI4:W)& ¥,
NMN# ARk

B — TR E. coli BL21 (DE3) -pET28a-NRK!
A=) BONMN I A2 o 1 B A i IR FE (25, 50, 75,
100, 125, 150 g/L) . BJK (8. 10, 12, 14, 16, 18,
20h) . #RE (18, 30. 37°C) . JERHATP (20 mmol/L)
ENRWKEE (1:0.5. 1:0.75, 1:1, 1:1.25, 1:1.5,
1:2) #7Ak.

137 SUEASE R R @S Al

¥y TRHE. coli BL21 (DE3) -pET28a-NRKI1 X T.
FRHE. coli BL21 (DE3) -pET28a-PPKIH)4=4H It X i #l
EREARZR: 20 mmol/L HEPES (pH 7.2) . 5 mmol/L
-3 Z W, 5 mmol/L MgCl,. 100 mmol/L NaCl.
30 mmol/L NR., 20 mmol/L ATP, 40 mmol/L Poly-P,
100 g/L E. coli BL21 (DE3) -pET28a-NRKI. 100 g/L
E. coli BL21 (DE3) -pET28a-PPK, 18 ‘C. 100 r/minJx
M 12 h,

Xof X A R AR R MATP SNRIRFELL (1:1.5,
1:2.5, 1:3.5, 1:4.5, 1:55) . WA EREL (1:0.
1:20 1:1. 1:0.67. 1:0.5) KRB K (6. 8. 10
12, 14, 16, 18, 20, 22, 24h) #THAL, FEBEK
P (1 foe o 2 A

2 ZR5H

21 TR SRE

# 4H FIA BRI pET28a-NRK 142 1 PCREGAIF 45 L L [&]3a
VKIEL, BEIM R BKES HRZERNRKT (610 bp)
K5, A FRipET28a-NRK2 [ PCREGIIE 45 5 L
Kl3alkiE2, 7330 BKE S HIWEERENRK2 (703 bp)
K/NHAE; X B4 kipET28a-PPK#E4TPCRIGIE, 45
R W E3avkiE3, /AWM BRKES HMWERPPK
(801 bp) R/hN—%. LW FFIRIUEIER), 15254 ik
pET28a-NRKI. pET28a-NRK2MIpET28a-PPK. ¥ & 4
JRRL S S NE. coli BL21 (DE3) 1, %453 T2
WHKE. coli BL21 (DE3) -pET28a-NRKI. E. coli BL21
(DE3) -pET28a-NRK2. E. coli BL21 (DE3) -pET28a-
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PPKi17SDS-PAGE S #7, &R aE3bFrR, #5520 h
(144l fa E25~35 kDads) B Kk %7, S5NRKI
HirEH (26 kDa) . NRK2HAREE (26 kDa) 2,
PPK HAREEH (29.7kDa) P RK/h—3, miThibs: T M
E. coli BL21 (DE3) -pET28a-NRKI. E.coli BL21 (DE3) -
pET28a-NRK2FIE. coli BL21 (DE3) -pET28a-PPK.

a M NRKI NRK2 PPK

10 000 bp—>,
6000 bp—>,
4000 bp—>,

2000 bp—>
1 500 bp—.

1 000 bp—|
750 bp—

500 bp—>,

250 bp—,
100 bp—>

b M NRKI NRK2 PPK

180 kDa —

60 kDa—|

|
35 kDa—
25 kDa—

15 kDa—
10 kDa—|

a A FRRIPCRY 4 E: M. 10000 DNA Marker; b. 525
HFiSDS-PAGE: M.Z HMarker (5520 hf44if)
B3 mETOR Ik

Fig.3  Electrophoretograms of recombinant plasmids

22 BRESRUTYINMNE)EE
22.1 E. coli BL21 (DE3) -pET28a-NRK/EW)& =4
NMNI# 347 % 5

ARG A INRK T FINRK 235 EA (AL NRFIATP 4
FNMNAE /7, ¥JE TE. coli BL21 (DE3) -pET28a-NRKI
FE. coli BL21 (DE3) -pET28a-NRK2 T2 ¥k, HEAT
NMNM & E . FTLCIENS KB AT R, 4553
TLE4a, KRIEES A 5 NMNERAE AR R RAE =94
B B FIWTA A PINMNAE 7o

RRE—PIAEFE ), R P REAT R B, AT
FERE- S 0T, ME4cE B 7T DUE B R A
—ANE TR, IR H1.95 min, 3B HriZig R
7mlz 334.95, Y ENMNARAE A A A o 8B 5 1 - i
I3 BT DLW AR B P2 NMN, - [RIEACNE. coli BL21
(DE3) -pET28a-NRKEL A7 & ENMNI# 5 7k .

A= FE /%
& 8

I 18] /min

100 -
S 80
60~
= 40

20

2 4 6 8 10
i [F] /min

334.90

200 400
mlz

334.95

200 400
mlz

a. TLCKZ &l b. NMNARAE it g AH €1 - 5 3% 7 i

c. NMNFE it VAR 22185 - 9 15 23 A 0 770

Bl d. NMNARAE S TS S e NMINFE G5 B .

Fig.4  Product identification of NMN synthesis by NRK

Kl 4 NRKEJENMNIG™ 55 b
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222 E. coli BL21 (DE3) -pET28a-PPKF4;"#)ATP
FR) 7 AT 4 5

LLADP. Poly-PNJK¥, TEE. coli BL21 (DE3) -
pET28a-PPKJ/EF N & MATP, TLCAS M4 5 Wi Pl 5a bt
N, M IIRAA 5 ATPERAE AR TR o X 7= 2R 4T FAR (2]
W, 1EAT EE BT A B IO AT HL B R AT IR TR s A I, &S
BUESb. i, ERAIATPEE 5 ATPRRHE 5 5 T i
HAAFE, WWIE. coli BL21 (DE3) -pET28a-PPKH] LLSZH
ATPI A=

& &
Nt

%,
SR

ATP

40004, 505875
3000 1
2000 1

1000

|II || AL '.l'l L - ||I
480 500 520 540 560 580 600
mlz

6000 ¢ 505.859
5000+
4000
= 3000
2000+
1000

|
480 500 520 540 560 580 600
mlz

a. TLCH Il b. ATPHE R o ATPERAE S E .
K5 PPKEIRATPH™ % bt
Fig. 5 Product identification of ATP synthesis by PPK

23 RS K E BINMNZ AL
23.1 NMNAgrE s

NMN AR i 4 e OB s R il (e, L
NMNK R AR, R €335 1 st o7 1 e i A Ay 0 Al
b, 25 HINMNFIARAERTZE, 226 1 [m] V5 s 13 2 br v ih 2%
FHRERIR’=0.995 4, i BINMNK 5 FNAH €0 1% 1B Hp i g
M RGP LR

X TR
8_
2 67
=
<4
i
# 2
O T T T T T 1

0 1 2 3 4 5 6
B 1] /min

Pel 6 NMVIN A it i 1 Wb )
Fig. 6 Chromatographic peak time of NMN standard

232 E. coli BL21 (DE3) -pET28a-NRKw %1 LA2H
PRI 2

TEN FLBh DR N A7 /5 B BNRKEENRK 1 FINRK2, 43
S FH Nmrk 1 FINmrk 2P F 5 R 4 i . NREKE Y ) 55 43
Mr & BANRKIEFTATE, MINRK2 BT 5 AL+,
R B 35 HL A AENR O N A2 IANMIN BE 7o S A &
R I HY R P NMINGY LR R MR, 4T3 ZANMN1 42 48
MBS R PR AT S SO B e B o dr, W TR
N, 3 HB LA BNMN, JHHE. coli BL21 (DE3) -
pET28a-NRK 1 )% v il HNMN 7 & 5t 5 N 5. 17 g/L, 7=
#77.4%, E. coli BL21 (DE3) -pET28a-NRK2 N
tifN1.12 g/L, E. coli BL21 (DE3) -pET28a-NRKI!'5
E. coli BL21 (DE3) -pET28a-NRK2 kIR & & Ntk
FEEN4.09 g/L. BRI TR E. coli BL21 (DE3) -
pET28a-NRK I AHAL A BINMN TR R, T 54X
WG KRS IR SRR R .

6
— | T
e
gt ==
& 3}
Lot
1 ]
0 1 1 J
NRK1 NRK2 NRK1-+NRK2

LS
Bl 7 AR NMING™ 10 55
Fig.7  Effects of different engineered bacteria on NMN yield

2.3.3 E. coli BL21 (DE3) -pET28a-NRKIi% S # ik
NRK 114140

FIF W T TRBE. coli BL21 (DE3) -
pET28a-NRK I A=W AL R B B AR T E. coli BL21
(DE3) -pET28a-NRK2, {HZE [ H vk & 8 K I
(E3) , HEFREFHFREKMNT, E. coli BL21
(DE3) -pET28a-NRKIMEAXZEWE DT
E. coli BL21 (DE3) -pET28a-NRK2. [t A4em TR E
E. coli BL21 (DE3) -pET28a-NRKIi 5% A NRK 1/ (1)
EHRIELE, NEMHE. BREE, FEREMESH
TR S5 £ B AT NRK 1 5 A 261 19404k
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s K G = AW RI =), A R
ol a2 3t /0N T 2 A5 200 P Ak FEE 3 R %, 3k T 3 B H B )
FEEBEAR. Rk, e WA R AR IA B s e AT
W, MR 3%, NRKIMEAELENE ST
HoAbZtE (E8a) o A TIEPEIAES FHIA, #5778 A
AN [R] 5 5 I )6 B RGBSR, B A 15 5 I DA Y A8
K, WAMWFEEZRHMN, %22 b5 S0
24 hWJER ARIBEM Y, HILik#22 hMENERERFSE
IREF IR CEI8b) 5 BTl At e B 2 3R 08 B 1 T A
WAR, FERIEERRC, MiFSIRE N6 CH, NRKI
wEEAREERE (K8) ; HFHFIPTGH MM A,
oI AN IR T S B R A 20k, MIPTGRLAR I 3 2>
SEBENE S RIEZIE, KRR TIPTGHNRKIF X
GRCME, MIPTGZ K E 0.7 mmol/LES, NRKIFIHEH
FikERem (B8 . Kk, WEE. coli BL21 (DE3) -
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Fig.8 Influence of different induction conditions on protein expression
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