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FIARMKE, FEERIT 41%; b, BRAMAR 5L R BER KA B R kg8 E st —
#IE 5.02 U/mL, SAEHMAKFRIT 1.09 45; fsbhah ERA & miefEuik 2 247 NMNH £ 44
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Abstract: [Objective] As an important coenzyme in human body, coenzyme I (nicotinamide
adenine dinucleotide, NAD") plays an important role in maintaining cell growth,
differentiation, and energy metabolism and protecting cells. Reduced nicotinamide
mononucleotide (NMNH), an effective NAD" enhancer, can efficiently elevate the levels of
NAD" in tissues. NADH pyrophosphatase can transform reduced nicotinamide adenine
dinucleotide (NADH) into NMNH to promote the regeneration of NAD". The purpose of this
study is to construct a NADH pyrophosphatase expression system in Bacillus subtilis and
realize the synthesis of NMNH by biotransformation. [Methods] NADH pyrophosphatase was
successfully expressed in B. subtilis WB600 by vector screening, and promoter engineering
was employed to improve the enzyme activity. Furthermore, the industrial application potential
of the recombinant enzyme was further investigated by medium optimization and amplified
fermentation in a 5 L fermenter. On this basis, the whole cell catalytic system was used for
biotransformation to synthesize NMNH. [Results] The initial activity of NADH
pyrophosphatase and the yield of NMNH were 1.70 U/mL and 135 mg/L, respectively. After
promoter engineering, the enzyme activity was improved by 41%. In addition, the enzyme
activity was increased to 5.02 U/mL after optimization of the culture medium and amplified
fermentation in a 5 L fermenter, which was 1.09 times higher than that in a shake flask. On this
basis, the whole-cell catalytic system was used for biotransformation, and the yield of NMNH
reached 1.20 g/L, which was 7.75 times higher than the initial yield. [Conclusion] We built an
efficient expression system of NADH pyrophosphatase in B. subtilis and realized the efficient
transformation from NADH to NMNH by whole-cell catalysis, providing a new idea for the
biosynthesis of NMNH.

Keywords: reduced nicotinamide mononucleotide; promoter engineering; fermentation
optimization; whole-cell catalysis; Bacillus subtilis

W% 1 (nicotinamide adenine dinucleotide, WV . SR, FEE MR, KN NAD'
NADZ 5 = RERIEIA | B ARG AR N EEEAT T2 REAG, DT S B — B ph 2R T TP 0 1
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AN NAD RS B B — R BRIk A Y
JEERRAE T 30 D R 08 9 M 5 A% 1 R (reduced
nicotinamide mononucleotide, NMNH)J&—fi A
R NAD AR, 5 R WK NMNH DR [R]#k
JET I E) /N BUH- A, R AR TR T4 A N
NAD /K-, e T NAD" E I+,
HAj, FERMMEI7:4 M NMNH, F)
FH — A AL 5 IR (thiourea dioxide, TDO)H] DL 4
Mk % 5 #% 4 B2 (nicotinamide mononucleotide,
NMN)if 5l NMNH, {HJ& TDO HA B, Xf
IR T BT e 1) [R) B 25 2 7 A 3 D 2 g ) T
SER A, A WA A AT AR B R N SRR,
1 NADH £ R BRKs 18 )5 RYAH B 1 (nicotinamide
adenine dinucleotide, NADH)#% {k "y NMNH F1H#.
W% 2 i 1 (adenosine monophosphate, AMP) (4]
1), BHEREAET 2R AEWIRE, WP IT
(Arabidopsis thaliana) . 4 4> ki T W@
(Mycobacterium bovis) BCG . %5 #% 43 £ FT I
(Mycobacterium tuberculosis) H37Rv? ", NADH

O:i_OH NADH pyrophosphatase
O=p-OH
6\:
3y
N Sy
N// / N OH
VAP
N
H,N
NADH

E 1 NMNH §95%188% & M
Figure 1 Enzymatic synthesis of NMNH.
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FERER B R R R, KRBT B= A %L
MRS B LR, M AN B R, ARIT
WIVE R £ i s 2 i TR THAE IR N ) NAD'
K- M ZEAT I (Bacillus subtilis)f&—Fi A=
Wy 4 4= (generally regarded as safe, GRAS)H
WU, REAEEF i, T 2mE
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AWF5E 223 7E B. subtilis WB600 k4T
NADH fE#ERREEE ) iRk ;. iR A HR
A, IR TE B. subtilis 168 K& 41 H A [ i
B IRYE S 3% Rk R G HE T B FIE
ALY HE— 2B 255 55 3R S Ak R R
Br 3% k8 NADH fERERR G &IV 1, R Tk
A= B Sl e, SR Ak T2k
7 NMNH WY A AU o 3515 7
NADH £ 9% i 70 Al 55 25 PR AT TR 28 T4 ) S T
ik, i NMNH 0BG AR it 1o g

1 MRETE

1.1 R
1.1.1  EPRFABRAL
5 F 14 B. subtilis WB600, 5%k pMAS

pADI123. pHTO1 #1 pWB980, NADH £ #a
FE EcNude, SE30 & B IR A7
112 EEZRFIREFE

Bl I QuickCut™ Ndel. MIuT, Sal I,
Xba I #1 BamH I, TaKaRa /Y #]; 2xPhanta Max
Master Mix, Fg 5% ik MEREAE W RHE I A FR A
F]; FuniCut™ Dpnl, MolPure Plasmid Mini Kit
ok /N R BGA ] & . MolPure Gel Extraction
Kit BIRHEER M on &, B4Rk
MWy A RA A BREA M. Bk,
ThermoFisher Scientific /A F]; NaCl, BifgH) .
MgCl,. KH,PO,. K,HPO, Flnt-ifi 80, [E254: 4
AR BR A A s RIREE R, 4B AW TR (E
A A R
113 EENHF

fER IR &8 MSC-100, fl R & A
e FEM 2 1Y, ThermoFisher Scientific 2\ ) ; PCR
1 C1000™ Thermal Cycler. #ZMRHLIKIL . HE
HLUKAY, Bio-Rad 23w #EATRLIEIL, THT 2
AR A BR A 5 5 28K, B
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JZIIMERA R A A 3R, Bilg—ER)
FAUERABR/A 5 pH 31, METTLER TOLEDO
oSwly 5 L OREERE, A RAEY TR i) A R
N ERORAREIEAL, R A BR A
1.2 EcNudc By5fESFRIX

LS 28 (54 () EcNudc JE DH Fr B R B
Wit F 1 hg Y%t NADH &Rl 5L 174
B, IR kA Bk A, pMAS 1Y
I 250 Miu T, Nde I, pADI23 FyF§HIA s
5y BamH I, Xba 1,pHTO1 AR % BamH T,
Xba I, pWB980 I ik Sal 1. Xba L. i
1 Ligation Kit fiff B (3R 58Uk I Brik s, 435
FAFELH Tkl pMAS-EcNude, pAD123-EcNudc,
pHTO1-EcNudc F1 pWB980-EcNudc.

A2 A D B4 FURE pMAS-EcNudc,
pADI123-EcNudc Dk J¢ pHTO1-EcNudc #% A
Escherichia coli IM109 J&ZAH, R THHER
(ampicillin, Amp)HitEFR BREFE, FRECEHR E
BT VR TR T B0 UE K M, K B0 UE TE B 1 TR A
B. subtilis WB600 Jg&=2 25 4 il . 4 5 40 ok
pWB980-EcNudc % A B. subtilis WB600 J#5Z 7%
Yifrh, 7E-RAB%EE R (kanamycin, Kan)fith-F-4k
RESR, RO b B TR S S
1.3 BRI 9 R A & 14

RWELER G, 4°C. 8000 r/min #.0> 10 min
AR, {8 Tris-HCli5YE 2 3@, 1524007
MR ZR (S0 uL): Tris-HCI (0.1 mol/L, pH
8.0) 27 uL, MgCl, (0.05 mol/L) 5 uL, NADH
(0.5 mol/L) 2.5 uL, ZMIM 15.5 pL. 7E 37 °CH
S 15 min, SO S ST BRI 250 pL EDTA
(0.004 mol/L, pH 8.0)2X[[J i, TERF IR AE
o, MBSO R AL A AR R, AN
[ ZAMTET, PR A R . 85 mROR
AHETEHPLC)IE =4 NMNH (%4 5%, ] C18
F(250 mmx4.6 mm, 5 pm)FEF TR, R shAH
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Table 1 Primers used in this study

Primer names

Primer sequences (5'—3")

pMAS5-EcNudc-F
pMAS5-EcNudc-R
pAD123-EcNudc-F
pADI123-EcNudc-R
pHTO1-EcNudc-F
pHTO1-EcNudc-R
pWB980-EcNudc-F
pWB980-EcNudc-R
VpMAS-F
VpMAS5-R

Pyea-F

PR

P4s-F

Ps;-R

P F

Popr-R

Pypr-F

Pyp-R

P,5-F

PR

Popn-F

Pps-R

Pyyia-F

PR

P,-F

PR

Ping-F

Pimg-R

Pp-F

PR

Pox-F

Pgigx-R

Pyapa-F

Pyapa-R

taaaaaggagcgatttacatatg ATGGACCGTATCATTGAGAAAC
gaatttcgacctctagaacgcgtTTAatgatgatgatgatgatg TTCATATTCAGCGCG
ttcgagetecggtacccggggatcc ATGGACCGTATCATTGAGAA
tgtatatctccttcttaaatctagaTTAatgatgatgatgatgat
tcccaattaaaggaggaaggatcc ATGGACCGTATCATTGAGAA
tgeeeeggggacgtegactctagaT TAatgatgatgatgatgat
GCTCGGTACCCGGGGATCCTCTAGAATGGACCGTATCATTGA
CTAGCTTGCATGCCTGCAGGTCGACTTAatgatgatgatgatgat
aaaggagcgatttacatatgATGG

actcaaaaaatctccaccttta

tttaaaggtggagattttttgagt AATGTTTAGTGGAAATGATTG
CATcatatgtaaatcgctccttt ATTGTCATACCTCCCCTAATC
aaaggtggagattttttgagt CGGTTGATTTAATAACTGACAA
CATcatatgtaaatcgetcctttGTGTACATTCCTCTCTTACC
aaaggtggagattttttgagt TTAGCGGATTACACTGTTGAAGGAT
CATcatatgtaaatcgetccttt TTTGTCATCTCCCTCCTTTAGTGTCAAC
aaaaggtggagattttttgagt TCGATTTTGTCCTTTTTTGTTTTTCTCTTC
CATcatatgtaaatcgctccttt TTTCATCCCCCTTTTTCAACATGCTT
Aaggtggagattttttgagt CGATAATATCCATTGTTCTCACGGAAGC
ATcatatgtaaatcgctccttt TCTTTACCCTCTCCTTTTAAAAAAATTCA
Aaggtggagattttttgagt CATATGGAGCAGGGGTTATTATTTATGTC
CATcatatgtaaatcgctccttt AACACCACATCCTTCCTATTTTGG
Aaggtggagattttttgagt GGCTTGCTCGTTGTCAAATCTGCGTA
CATcatatgtaaatcgcetecttt TTCCTAAATCCTCCTTGGTACAAGTTTACA
Aaggtggagattttttgagt AGGATAATTCCGTCACGCAAAGCGCTGAGA
ATcatatgtaaatcgctccttt GATTCATCTCCTTTTTCTATGATGTTTGA
Aaggtggagattttttgagt GAGAATAAATGTCATACGCTCTTTCCCCGC
CATcatatgtaaatcgctccttt ATATAGACTGCGTTATGAGAACGTCAGCAC
AaggtggagattttttgagtGAAAAAACTTTTCCAGATAGTGCCGGTT
CATcatatgtaaatcgetectttTTTGAATTCCTCCTTTAATTGGTGTTGGTT
Aaggtggagattttttgagt CAAAGACTCCGGGTCTGGCATACCGGAAGA
CATcatatgtaaatcgctccttt TTGAAACCCCTCCGTTCACTTTTTTGTCGT
Aaggtggagattttttgagt ATTTCAATCATTGTATTTCTCGACCCCGCT
tagtattttttgagaagatc TTCCTCTCTCCTTTTGTAATAAAAGTAAT

BALFEWE . Tsht A ZHEE . K. VKESER 1 umol NMNH FIr s By g5 1
DL T HRE AL 5(3:96:0.6:0.4), s B 1.4 BEEARIEIEFLEN

100% M i, PeFR)F: 0 min, 100% A; 5 min,

B % % IE B P E 4 SR AL N B. subtilis

100% A ; 25 min, 40% A; 30 min, 20% A; 40 min, ~ WB600, 7£ 37 °CE; 24015 5% 12 h, PREBCATEVE,
100% A, #1779 NMNH A4 4E il s FEATH 1% RIRE R M LB ;3R A 7E 37 °C.
NADH SRR IS E . 78 RN AT, 220 o/min 5 FEESR 12 h, DL 1% Heph i e 1
1 ANEEE 100 (U)E XN B b (min) P2 24 BEA 1% RIS R B9 A 17 15 5% B (terrific
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broth, TB)H', 7E 37 °C. 220 r/min 5c1F N Hi %%

KEELE RS, 4 °C . 8 000 r/min 250> 10 min,
A3 AR AR 5 e B A R IR T AR,
Tris-HC1 3538 2 i, AR E R , ITA 14 mg/mL
VR IE I TR R IR . RSB IR, MR
WEEH 5%, 43 B Bl 12%, B 30 pL [
5 10 pL 4xProtein Loading Buffer {84, 100 °C
48 10 min;

g 28 4 0 B RS TR UK AE R, A
Running buffer i2H 8 11, A1 Marker F1
Feah, ROEH KT : 15 80 VizafT 30 min,
SRJG 120 V 3217 60 min. HLIKEE A5 , PrREVERHR
2% e VS AL 8 2 h, TR €2
HEH & BEMKEW,

1.5 BaiFEmR MR

Pl B. subtilis 168 FE[RZ] Jyith, R 1+
{4 5 el S PN T 2 B R e i R L Bl T
PRIEA T v, ad ) PCR ik ikZe Ak, [A]
5 20 AR Sy B ol b e b o A
FORLEE A KA IM 109 822850, 1R8N
B R PUE AR B3R, PRECE Al b iR VR 1 TR
7% PCR %7E, FRHREIN 3 1E 4 1) J5TR R4 7 0k
VG0 20 JooRr A2 75 1 A o R B0 L A ) SR

2 LRHKEERREHER

A AE AR AR B ZEIFT TR WB600, 153
12 MRE A H (K 2).
1.6 FHEgphZRAYNE

# BSE00 £ BSE09 LA TB ;35 5:7E 37 °C,
220 r/min 504 N IEFTRESR 36 h, ARG 3 h BURE
FE WS B ODgoo fH, 21l A5 -l T 1l 2k -
1.7 B§FEMR

RWELER G, 4°C. 8000 r/min &[> 10 min
WeAE AR, (R Tris-HCI %Wv% 2 i, HEiikE
B, A 14 mg/mL ¥ 1 B 204 TP AR
BRI T 4 °C.. 8 000 r/min 250> 10 min, W2k
Y VR T TR A S5
171 HRERMERE

ST E W P TR, F R 1.3 Pl
TR Tk, #E pH 8.0 RS, MELE 25,
30, 33. 40, 42, 45, 50 Jz 55 °C&AM4: T W
TEPE, IRHR IS 4 B =5 NADH 45 W iR e v M 1%
FE N 100%.
1.7.2 &iERE pH

J T I EREE A pH, 208 1.3 PRSI
W5, 637 °CRYSE T, MIETE pH 6.0, 7.0,
8.0, 9.0, 10.0, 11.0 & 12.0 &/ FAUREEIEM:,
BI04 I =5 NADH AEBRERIR G M E R 100%.

Table 2 12 recombinant strains and their description

Strains Description

BSEO00 (control) EcNudc was expressed in WB600 with the pMAS5 constitutive promoter Ppipq
BSEO1 EcNudc was expressed in WB600 with the constitutive promoter P,3
BSE02 EcNudc was expressed in WB600 with the constitutive promoter Py,
BSE03 EcNudc was expressed in WB600 with the constitutive promoter Py,
BSE04 EcNudc was expressed in WB600 with an auto inducible promoter Py e
BSEO05 EcNudc was expressed in WB600 with the constitutive promoter Ppyg
BSE06 EcNudc was expressed in WB600 with the constitutive promoter Pygia
BSEO07 EcNudc was expressed in WB600 with the constitutive promoter Pey
BSE08 EcNudc was expressed in WB600 with the constitutive promoter Pyng
BSE09 EcNudc was expressed in WB600 with an auto inducible promoter Pgga
BSE10 EcNudc was expressed in WB600 with the constitutive promoter Pggg
BSE11 EcNudc was expressed in WB600 with the constitutive promoter Pggx
BSE12 EcNudc was expressed in WB600 with the constitutive promoter Pyapa

<l actamicro@im.ac.cn, & 010-64807516



FEPE | AR, 2024, 64(7)

2425

1.7.3 £BEFXI NADH £ EE LS

WRAM 4B F(Ca™ . Cu®*, Fe*'| Fe'*,
Mg*, Mn*"| Zn*"Fll KX} NADH 5 iR 6
ARSI, X4 R B 14302k A CaCly, CuCl,
FeCl,, FeCl;, MgCl,, MnCl,, ZnCl, #1 KCI fi¢
BRI . 76 37 °C . pH 8.0 2514 F 20 51K+ 2.5 uL
(0.05 mol/L), 5 pL (0.05 mol/L)AY4: & &5 T )
FNARZR Y, 208 1.3 FTE AN 5 3200 5 BT o b
I 2H f 5 NADH SEBERREHG MERE R 100%.
1.8 AEERIULRI KiEH
1.8.1 EFEMML

FEARRG IR A M REEBECH 1%,
37 °C, 220 r/min §53% 36 h, Ll TB NRLAlREF
e, S niT AR R SR AL AR IR AN L WA, A
PEFRE . MeBE, DA A RIE BT T4k

PREF R SRR ER Y 25 AN | S AN ] Bk
PECH0 . ZLBE . AHE . BEbE . 22 ZPRERAT )
TERA 2 S AR IR AN IS Je , X s vk FE A T4
(4. 8. 12, 16, 20, 24, 28, 32, 36, 40, 44
148 g/L)o TEMAE B AEMRIRMR LSS, PRAFRR IR
AR, BEHEIRFR (R . R R B
¥ KEEAMK. MF . MR maE b,
TERE RIEFN ST, XA AR e Bl 1 T4k
(1:4, 1:3, 1:2, 1:1, 2:1, 3:1 1 4:1), 535&
FER AR LGS, YRR E T8,
24, 30, 36, 42, 48, 54, 60, 66 Fl1 72 g/L). Lk
RIELS R NADH SRR IR BG4 I ODgoo HFEHR
PRI KRG RIS R R T AR S Tl 52
1.8.2 X

¥ BSE09 HARTERIBE Ryt b —
X ALk, 37 °CHEFR 1L %, PRI 4k % 10 mL LB
Fegeserp, 37 °C. 220 r/min 5538 12 h, DK
BUMEC 1% R 8 B 2R TR 5L, 37 °C.
220 r/min 3557 12 ho SRJEHE RN FIG TR (FEPh
PRFR BN 5% R 5 L A ReRED , i 1y

e TRURISE S R A A KO, TR TR 3 0k
75% UK B B2 A1 2 mol/L NaOH W # #H pH
(7.0+0.1), KEEIRPEIE 3 h BOFE, MR ER
VUK IR BT AR R 72 (14 mL/h) .
1.9 £4paEC T ZMmu

XoF 4 T L A P T 178 2 T % 2 R B L Ak
PR R A 2 T84k o #E 45 °C. pH 10.0 A i)
AT, BRSO EE IR 80 XA AL FER
[E ], %E NMNH =iz .

2 ZR53b

21 EHEHIEE

¥ EcNudc A 7351 v b 22 KW A oA - il
AT R IR, pMAS . pADI123, pHTOI,
LKA S5 2T T OB, pWB9S0 H, 4 I3RS
20 Ji K. pMAS5-EcNudc . pADI23-EcNudc .
pHTO1-EcNudc 1 pWB980-EcNudc.

PN 5 1 ) SRR VR AR, 37 °C.
220 r/min 5% 12 h, $EEUTURFE L ARG R 2540
FE WB600, {fi ] TB 53 5:4E 37 °C.220 r/min
AT AT REE, W HETE & NMNH 74t
WA 2 Fios, MR R pMAS 1E Ry ik 2k
ff, NADH FEBEIREFAEHE &=, 4 1.70 U/mL,

160

B Enzyme activity
2.0 T =aNMNH

/L)

pADI23  pHTO1 pMAS  pWB980
Plasmid
B2 AERNAIARIAEER~E
Figure 2 Initial expression enzyme activity and

yield of different plasmids.
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NMNH {7558 135 mg/L X Al GEJ& i1 F pMAS
Tk F B BT Pupan S8 8 TR IR TR, 5
NG &= N TR -3 =ri R =K g AN . 1
Je S pMAS 1R ik aiAk .

€ B4 H BSE00 (WB600/pMA 5-EcNudc)
AR -EEE M2, 45BN 3A s, B
ODyoo fEFE 18 h B3k I fe ey, I ARE Y P9 Bl 9 36
F| 5 E{E 1.70 U/mL,

FERE 1.4 071, HeMIf s AU TRk B. subtilis
WB600/pMAS5-EcNudc, FfXTHMBEF . HH
1T SDS-PAGE 43#7, LA B. subtilis WB600/
pPMAS MBATEXT IR, 25K 3B s, 5&A
253 pMAS ki X IR AR EL, vkaE 3 b s B
— AR AEE AN, SFEAHN 30 kDa, 5§
EcNude &EAHHSFREAS, MikiE 1. 2 A4
M BIFARR BN, XKW, NADH fEBEIRHEG
FLRTE B. subtilis WB600 H IS T N Rk .
22 BEFERMRE

A R IR S R SR DT

o Ll | | Jo o |,

5 10 15 20 25 30 35 40
t/h

3 BSE00 94 K-B;ERH% S SDS-PAGE

K, A B R A R KPR DN A I 2 A
Az E B R OO, R T 5% NADH £E
WA il ik 12, [ ERF 3 4 DR 35S 5 A o - 35
A YE TN . 0 52 2% LA R 200 it i 5 ] A8
AR5 38 28 SCHER AU DA R ZE SRR B 3
PRI 21 HP e 5 1401 33 T e s B4 s 3h 12 Sk TE
IS INAFs R W 2 R B 1A A S AR B
(3R 2) XRUER BB T, I T 12 PR
AW, WE 4 Fros. D XTI G kA 45 58 AR
PRIGEETG , Frfsas & 5 Fros, W46 o ik
BSE00 (Phpan)FI G A 1.70 U/mL, b, BRT
BSE06 (Pyoia). BSEO8 (Pyng). BSE10 (Pysp)Hil
BSE1l (Psg)¥h, HARJA8h+5% 51 NADH £
Tt PR il 1 X 28X BE TR R BSEOO (P )R LA
$27F. BSEOl (Po)MIRURKGF, HEhi s ZE1
MR NI R A R S 3 F 22—, XPREH R
) NADH £ B ER B 16 P UK T BSE09 (Psia)o
HA W BSE09 FiiGifefm, i5%] 7T 2.40 U/mL,
Bt BRI R BSEOO (Prpan )R T T 41%.

—

Figure 3 Analysis of growth-enzyme activity curve and SDS-PAGE of BSE00. A: The growth enzyme
activity curve of BSE0O. B: SDS-PAGE analysis. Lane M: Protein Molecular Marker; Lane 1: The intracellular
control band of WB600; Lane 2: The extracellular control band of WB600; Lane 3: The intracellular band of

BSEO00; Lane 4: The extracellular band of BSE0O.
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Figure 4 Schematic diagram of different promoter-engineered strains.
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Figure 5 Enzyme activity of different promoter-
engineered strains.
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Figure 6 The growth-enzyme activity curves of BSEOO and BSE09. A: The growth curves of BSE0O and
BSEO09. B: The enzyme activity curves of BSEOO and BSE(9.
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Figure 7 Medium optimization. A: The optimization of carbon source type. B: The optimization of carbon
source concentration. C: The optimization of nitrogen source type. D: The optimization of composite nitrogen
source proportion. E: The optimization of composite nitrogen source concentration.
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Figure 8 The batch fermentation curves under fed
batch.
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Figure 10 Optimization of Tween 80 concentration and reaction time. A: The optimization of Tween 80
concentration. B: The optimization of Tween 80 treatment time for cells.
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