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H B =L NMNBE#EE BUNREY S -1 H BL B
ER TR

X2, FR2 ERRE, WEET, kRN

TR R A R A R B, R AT 210014; 2R AW RL S B RUR SRS AR B R BEFURT, #EAT 210014

WE  PERPZERNMN) R A TUSMPiE 25 582 AYEM. BYPNMNS 218, PR EET 2R mNMNS &
HIERTTE, TAE Y NMNFE AR 2 M A TE T . ACFIAR H ¥ (Brassica oleracea var. acephala)H 7ol 2|8/~ 5'-1% H FR B %
BEIEDR, X H AR A=Y AT A YE B0, P RGH ERIE RGAED . REKE SR, 8- HRREEAY IR
SPAETE, BOR TR R E AW Pl e R EEAEA . 8 RN R B BT T X L5 A% R R K Ak B, &5 SRk,
PIRH W P 5% FFRIFBOIN2 .. BoIN5-X1f1BoINGHE M AL NMN 4 fif AE Ble I Bk A% 5% (NR) . 041, BoIN2. BoIN5F1BoING
I BEE AU ER AL IR . VRS RN A ROK R, R BB ZHEWIERN M. AR T P H W 5" 4% 1 R iy )
e, Sl B R NMNG R R g2, ki ) 1 iR NMINB S P B 0 T 25 58 17 24l

KR CHARHE, AN PR, S REE, DhAliE

X%, ZERH, BEIRER, M, AR (2025). H W A ALNMNFE A SINR 5% F B2 ik D4 o B R D Re 20 AT, R4 %

& 60, 363-376.

P4 H ¥ (Brassica oleracea var. acephala)/&
TR EEREAEY), BT E X T e, &t
Tt BRI B — PR W& A 20 KRR,
U R Bk B B % T R (nicotinamide  mononucleotide,
NMN). Z8. 4eE R MRHY MR, BAEBENZ
MHE, GfEbUE. PiEe. oGE Bt &R TR
ZF(Lugic et al., 2023; T HEE, 2023). Kk, AT
B FPIARH W B R AR AR R AR, X T g
Hoam it BAHEE L

NMNE —Fi R SR 4E A4 =B3ATAEY) . HLLafiB
IR SRR A AE, Hor Bk A 2 i PR 20
1 Ay ARk iz i ves v4 — 4% 1 B2 (nicotinamide  adenine
dinucleotide, NAD" )R &4 /5, NMNZ: 5 4= #1414
400% A= FAR T 2 % (Hong et al., 2020). iF 5t & 9,
NMNEA JuE 23, & H T8 57 B 5] & B4R
WHPERR . APZRIBAT PEZOR (AT RN S, 2022)LL k2
P B 35455 A1 FF 45147 (He et al., 2001; Zong et al.,
2021), &R R AE )R B (Zheng et al., 2024), HT

Woke H 39: 2024-09-09; 252 H #1: 2024-12-14
BEWH: YT R LS8 = T H (No.BM2022008-02)

F775GCOVID-19 (Jiang et al., 2022), J-fsks igiE
Tike(Tang et al., 2024). FRZ53FE 445, NMNIL AT 5
SEAE 0T 22 P i B 4840 71 (Sidiq et al., 2021). —
BB EESEAUK B E S NMN, 35K 5 (Glycine max)-.
H W 25ER3 . # /N (Cucumis sativus). & 7li(Solanum
lycopersicum). & %% (Agaricus campestris) il fi 42
(Persea americana) (Mills et al., 2016). J#Eit X o] &
FIPIAC H 85 R NMNAR I A2 1R AT o, E— P 4
FENMNE &, 008 B2 v 140 o 5T A e 38 1 2 A7 B

YEANAD" [ 1T 44 43 1, NMN & il K B8 i 5
NAD" 1% 1 % U A ¢ . 7E 0L IF (Arabidopsis tha-
liana) ', NMN p1 NAD £ fif B2 1k i i 1, NAD" 7= 2
(Ogawa et al., 2005). Yao%:(2024)[F i #iENAD*
B BB AN LR, KR A TRYENMNE B
T 2-3f% . FHWrFEfF 2 2R mNMN S &1 5 —FF
o7 Y NMNR R @ e FE2A 2%, —/H
S TS Jig B A% 1R i % % B (nicotinamide  mononu-

* BIRE#E . E-mail: 17812067912@126.com; zhbl2248@hotmail.com
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cleotide adenylyltransferase, NMNAT)/# £, NMN4:
KNAD" (Hashida et al., 2007); 5 —i&1% /& HINMN
B fift £ B BE % (nicotinamide, NAM). Wagner £l
Wagner (1985)F A [Fl {7 % 7~ E£ % 7E 5 (Nicotiana
tabacum) = A5 I 21 0% B oK B S 1, HE DA A R
NMNZE % NAME 1 iZ B AL H)— 28 M. Ashihara
HDeng (2012)F] A [RIAE ) J7 UHED i 42 w] g i i
S5-I H R AL EERER, 2 Wb OV 5 R, Bl
NMNZGB& A2 NR, AR BINAM, SR 1T AR 3547 56
Eo PRI, NMNZERE 1 B A2 75 A 15 e 1

5'-1% 1 BR g o2 AU A% 1 B IR 25 o R A I 1 15
S M A A% T R AR KO R OB, TIZARE T AR
& (Hunsucker et al., 2005). 7£ X% 4T i (Esche-
richia coli), HAD#E % F1SurE X i 2 K A 5 5'-1%
HRRBETE 1, A 08 fhe 10 RS AN IE A% 1 IR /K fif (Tera-
kawa et al., 2016). fERRTE%EE(Saccharomyces ce-
revisiae)d, 5-1%FFEREESAt FlIsn1 AL AT DLk e
WA T g A IR 25 WE TR A, I8 BB 7K AR Tt BE A% H R
NMN F1 4 2 5. #% F /R (nicotinic acid mononucleo-
tide, NaMN), 87 BA 2 (1 B 1% (Bogan
et al., 2009). HHYIH A K5 -1% 1 BE 1 g i 25 K] R A
F . 7E D% 2 (Solanum tuberosum). 3% (Beta
vulgaris). K E %1 5 (Pisum sativum)d 214873 5 3|
5K R o RSN 5 SEU0 3R IH L AR fE AL IR I AL IR
/K fi# (Bideon, 1975; Eastwell and Stumpf, 1982;
Christensen and Jochimsen, 1983). Hlj & #E3¢ 5.
(Phaseolus vulgaris)H b [ 31145 1% 1 BR i 2w i =
KIPVNTD1, fA &1~ 5256 45 & W PYNTD 14 FEE IS
MTwEs E A% H 2 Y51 H A i AL 7% 7 (Cabello-Diaz et al.,
2015). (HEATR A A IEIE 2 5 FENMNFTNaMN i
A I ARIE .

AHIE 5T AT B RIAR H W o B B8 ANB - H R
RN, R KA i ik R Gnt Hlb AT iR ik I
ai Ay g, A A A S I 8 AR 5T 5% 1 IR Il ) 44
PeRE I, DL [ BINMNTE 3% b i R g 12, JF A
B = NMN E 5 1 H B P o B4 e B Bl

1 MR5FHE
1.1 SLBHE R

JJ4<H i (Brassica oleracea var. acephala L. f. tri-

color Hort.)Ff 7 1 F YLF LR A PR A F . NMN,
NaMN. 5-fRH — iR (UMP). 5l — 2 (CMP).
5. — R (AMP). 5-5H — R (GMP). NR.
THER 1205 (NaR). JRIEE % H (Uridine). Mm% ng #% 5
(Cytidine). J# "% ¥4 1% 1 (Adenosine) Fl & 1 w4 2% 1
(Guanosine)y B FigJEH AV H ARG RA A .

1.2 RWHE
121 5-BHEBRBEFREERRE
X K AT B R 7T R B, HADFISUrE R A X ik B
5'-1% F R B A1 55 Th B . M InterPro [’ i (https://
www.ebi.ac.uk/interpro/) 4% Z | HAD #1 SurE &
Z G I PFAM 5 43 5l A PF05761 fIPF01975 . FI|
HMMER 3.0% {48 % 4 i HAD A SurE {6 326 £: 4] o
I8 3 InterPro I CDD I ik F- I 36 UF 25 11 OR 57 45 F 35k
FH TransZol Up Plus RNA Kit (TransGen, Jt
)R B HRBCH K H S RNA. 2 HiScript 11 Q
RT SuperMix for gPCR (+gDNA wiper) (i#ME%%,
FO)IRF & ik I 54 HicDNA.  PLH 5 (Brassica olera-
cea) ik 5 K 2% 74, FlHSnapGene 6.0.2
A B 51 90(F1). LeDNANEERR, F 2% Phanta
Max Master Mix DNA (i#%ME#E, 5 50) R A By 193
B .

122 S5-BEBRMERARKEYERZIMN
XFPIARH W  #UF IR (Arabidopsis thaliana) 5% (Bra-
ssica napus). 7K#%(Oryza sativa). /N3 (Triticum
aestivum). TK(Zea mays). K&E. FHHiffIHADE
F AN SUrE X k512 B BR B L R HEAT 23 A1 o Bl AEY)
H & [ 7 41 >k B NCBI i (https://www.ncbi.nim.
nih.gov/).

FIHExPasy (http://web.expasy.org/protpa-
ram/){E 2 B0 6" A% T IR Bt 1 51 ) B AL 1 o ik
179341. FIWoLF PSORT (http://www.genscript.
com/wolf-psort.htmI){E 2 R AF 34T W40 E A, 8
IISOPMA (https://npsa.lyon.inserm.fr/cgibin/npsa_
automat.pl?page=/NPSA/npsa_sopma.html){E
LR TS A% BRI AR A ) g . HIWISS-
MODEL (https://swissmodel.expasy.org)ft £& {4
T = 2 g5t . fF FHIMUSCLER 31T 2 /7 51 L
Xf, HFHIMEGA 7.0% 3 T4 #2% (neighbor-join-
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Table 1 Sequence of primers

Primer name

Sequences (5'-3")

Reference gene

BoIN1-F AAGAAGGAGATATACATATGAATCTATGCGCCCATCAG Bo7g089730
BoIN1-R GTGGTGGTGGTGGTGCTCGAGGTTTTCCATAGCCACATCAG

BoIN2-F AAGAAGGAGATATACATATGCTCCTGTGCGGAGATATG B02g150410
BoIN2-R GTGGTGGTGGTGGTGCTCGAGGTTTTCCATAGCCGCATCAG

BoIN3-F AAGAAGGAGATATACATATGGTTAGAGGCTTGGAGCTAGA Bo6g086480
BoIN3-R GTGGTGGTGGTGGTGCTCGAGGGTTTTGAAAAGGCTTGAAGCC

BoIN4-F AAGAAGGAGATATACATATGACATCATCTCGCCGTCTT Bo4g154010
BoIN4-R GTGGTGGTGGTGGTGCTCGAGATGGCATCCTTGGGCAGC

BoIN5-X1.2-F AAGAAGGAGATATACATATGACCTCGAAGAACAACAGCTT B02g079140
BoIN5-X3.4-F AAGAAGGAGATATACATATGACCTCGAATCTCCAGGAC

BoIN5-R GTGGTGGTGGTGGTGCTCGAGTTGATCAGCATTAAGGGCTT

BolN6-F AAGAAGGAGATATACATATGGCGATTAACGGCGAAGATCG Bo8g039400
BoIN6-R GTGGTGGTGGTGGTGCTCGAGCAAGGATGAAGAAATCTTGGG

BoIN7-F AAGAAGGAGATATACATATGGCGATTAACGGCGAAGATCG Bo6g116340
BoIN7-R GTGGTGGTGGTGGTGCTCGAGTTGATCAGAGTTAAGGGCTTTGG

BoIN8-F AAGAAGGAGATATACATATGACCTCAAAAAACAACGGCTTG Bo6g089210
BoIN8-R GTGGTGGTGGTGGTGCTCGAGTTGATCAGCGTTGAGGTATTTGT

BoIN9-F AAGAAGGAGATATACATATGCTTCTCAACAAGCGTCATTT B06g119360
BoIN9-R GTGGTGGTGGTGGTGCTCGAGAAGGGGGAGAAGGTGGAA

BoIN10-F AAGAAGGAGATATACATATGAATCTATGCGCCCATCAG Bo6g099860
BoIN10-R GTGGTGGTGGTGGTGCTCGAGGTTTTCCATAGCCACATCAG

pET29a-F TGATGTCGGCGATATAGGCG -
pET29a-R GCTTAATGCGCCGCTACA -

ing) B RGLK B W, R XKEL N1 000 (F R
& 2017).

1.2.3 S5-ZEHEREERNFEZRIE

1.2.3.1 EHARNIEE

%8 ClonExpress Il One Step Cloning Kit-C112 (i#
MEFE, FE )T G Ul B K pET-29a (+) (FINdel#
Xhol WG V))EAk 5 B B 5L fr Boddz, 42 DH5a
KA B S A b, IR AT AE LB ] 4 55 77 2 (%
50 ug-mLRARE ) . BRECR TR, FIFpET29a-
FIPET29a-R5|¥)(FR1) AT W I PCRYE /&, i ik FH 14
obE, FFEEATAY TR ERAFNT.
W Py 1E A ) = 2H TR i 44 ApET29a-BoINL (2454 5%
7 43 5l fir 4 N pET29a-BolN1-X1 A1 pET29a-BolN1-
X2). pET29a-BoIN2. pET29a-BoIN3. pET29a-BoIN-

4. pET29a-BoIN5 (4% 5k 4 43 Jill fiw 4 N pET29a-
BoIN5-X1. pET29a-BoIN5-X2. pET29a-BoIN5-X3
HIpET29a-BoIN5-X4). pET29a-BoIN6 . pET29a-BoIN-
7HpET29a-BoIN8 (#%2).

1232 BHREAMRIE

PABOIN1-X1 4451 Uit B 5256 D 3% . K pET29a-BoIN1-
X1HE A JF kL 2 KA #BL21 (DE3)E 2441
di, WATELBE AR 773 (550 pg-mL RIER)
I, 37°CE 160 . FREUR I V5 A I3 mL LB
TRIEFRE(E50 ugrmL RIRER)th, RAS7°CRRIK
IR B LA:100 (viv)if LA in 25 LB 14 5%
FREER PRI FR, AR S5 T 4k 415 9% 2 ODegoo fH N
0.6-0.8, MO SN E-B-T A ANEH (IPTG, £k
J90.3 mmol-L™")i% & A%k, 16°C. 180 rrmin”
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F2 WML
Table 2 Strains and plasmids

Strains or plasmids Characteristics Sources

Escherichia coli
DH5a General cloning host Tsingke
BL21 (DE3) Host strain for protein expression Tsingke

Plasmids
pET29a Kan', protein expression vector Laboratory preservation
pET29a-BoIN1-X1 Kan', pET29a derivative for the expression of BoIN1-X1 gene This study
pET29a-BoIN1-X2 Kan', pET29a derivative for the expression of BoIN1-X2 gene This study
pET29a-BoIN2 Kan', pET29a derivative for the expression of BoIN2 gene This study
pET29a-BoIN3 Kan', pET29a derivative for the expression of BoIN3 gene This study
pET29a-BoIN4 Kan', pET29a derivative for the expression of BoIN4 gene This study
pET29a-BoIN5-X1 Kan', pET29a derivative for the expression of BoIN5-X1 gene This study
pET29a-BoIN5-X2 Kan', pET29a derivative for the expression of BoIN5-X2 gene This study
pET29a-BoIN5-X3 Kan', pET29a derivative for the expression of BoIN5-X3 gene This study
pET29a-BoIN5-X4 Kan', pET29a derivative for the expression of BoIN5-X4 gene This study
pET29a-BoIN6 Kan', pET29a derivative for the expression of BoIN6 gene This study
pET29a-BoIN7 Kan', pET29a derivative for the expression of BoIN7 gene This study
pET29a-BoIN8 Kan', pET29a derivative for the expression of BoIN8 gene This study

Kan": #ikA#HXHEE  Kan": Anti-kanamycin gene

}:3:12-16/M . BoIN1-X2., BoIN2. BoIN3. BoIN4.
BoIN5. BoIN6. BolN7 f1BoIN8[#] 3% ik 52 I 45 I 5
BoIN1-X14H [

1.2.3.3 EHREAWNELREEDH
FHFEARIKE, HREEFREAE4°C. 12 000 xgEsL,
W AR . 1% PBSHER 2 M (pH7 .4) E 2 F A 5
R, O FIEW, RUONKLESR . BRI S
0.22 umyEMEIEJEfE, Nz FOFH 5 I Co™ SE FZ T
¥E(His GraviTrap TALON, Cytiva), Z B34, 7
A°C AT A 2lifh o BT e S B R -5 79 4 15k
iz Bk Jiz WLk (SDS-PAGE) #ll 2 (1 4lifh 2 . B F
BCAVER I & AR FE I e il R & (4 TAM TR A
BRAT, Lig)ileE A s E.

1.2.4  {KSNEEZE R L

A S N AEARFR 500 Lt &9k T . IREM &
450 mmol-L™" PBSZE . 10 mmol-L™" MgCl,.
1 mmol-L™" — B 77 KEEE (DTT). 0.1 mmol-L™" NMN (5
NaMN. UMP. CMP. AMPHIGMP)FI5 umol-L™"%&
Mo CAEBRRIEIE A /E N . RS TE

30°CF ML/, AN SRR = G0 be 2% 1 g fie S
Rio X MEEYIFE12 000 xg N E057 8, Witk BE
IKAEAT IR £ HT

1.2.5 HPLCHILC-MS/MS##7
FI FlWaters 2695 1 &4 A € 385 4306 B2 S B4
BT HT . Al 2e 55 yWaters 2998 — #5471 B4 I
2%, (i % 0 ZORBAX SB Aq C18 {114 (4.6 mm x
250 mm, 5 um, Agilent), F:iE25°C, a5 NA
(0.1% F R /K I8 FBAH (V%) i 90.5 mL-min™",
HEFERE 950 plo BB eI 2% 11 024341, 1% AL 99%
B; 2-25434, 1%—-30% A. 99%-70% B; 25-357} 4,
30%—-100% A. 70%-0% B; 35-4073 %1, 0%—1% A.
100%-99% B. il & 254 nm.
LC-MS/MS /> #7f# FiWaters Xevo TQ=H [§%
A . i 7 B 4 fF: ACQUITY UPLC BEH
HSS T3#:(2.1 mm x 100 mm, 1.8 ym, Waters), ¥
125°C, B AR (0.1% F R /K 700 AT B AH (FF
%), ¥ 90.3 mL-min™', R N0.5 ul. BEEVE
i 41 0-673%1, 99% A. 1% B; 6.1-973 %k, 99%—
40% A. 1%—60% B; 9.1-134r%f, 40%-99% A.
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60%—1% B. i il 5 AR B H500°C, 29 5I1L
SARIE 900 L-HrT, WEE 2% )1 47.0 bar, B4
EHLE500 Voo 5 R IR F HEE 25 5 YR OE S
BQ(ESIHEHE, 2 B NE(MRM), NRT)
B Fmiz 257.3—123.0, NaR il Fm/z 256.2—
124.0, Adenosine ] 5l 2 Fm/z 268.2—136.1, Gu-
anosine /I B Fm/z 284.2—152.1, Cytidine il
B T miz 244.2—112.1, Uridine ) 15 I & ¥ m/z
245.2—113.0. frfa LR E R 3K . FFMassLynx
V4 25 34T HHiz b FRAN 44T

2 GERE55H

21 PREES-ZHERBERIE

I B 1 2% ] AR Y RN BLASTP S32:0 H 5 4 3 A
TR, 105 - REEFIEFER, Hp
J& THADZK KA 64, 437 B0o6g099860. Bo7g-
089730. B02g150410. Bo6g086480. Bo4g154010
LA K B0o6g119360; J& T-SurExR KM 44, 25N
B02g079140.B08g039400. Bo6g116340L) }2Bo6g-
089210, LAH#E1075"-1% H LB HE K N 2% 7 51,
MBI AR H W e B 21 84N JE ] (43 il iy 4 v BoIN1—-
BoIN8). BLAST/r#Ti7w, BOIN1AE{E2 AN EAR, 43
5l i 44 N BoIN1-X1f1BoIN1-X2, 5Bo7g0897301]
[ 98 1 43 51 N 96% F199%; BoIN2 5B02g150410 (1)
I Y6 1 4 99%; BoIN3 5 Bo6g086480 [ [] i 11
99%; BoIN45Bo4g154010(#) [FJ5 14 y98%; BoIN5
EAEAN LS, 43 34 4 WBoIN5-X1. BoIN5-X2,
BoIN5-X3 L) % BoIN5-X4, ‘& 1/15B02g079140 ] ]
JEE 7> B N 96% « 96% « 96% F1195%; BoING 5
Bo8g039400f¢] [A] i 14: ~99%; BoIN75Bo6g116340
1) [F) Y5 14 v 99%; BoIN8 5 Bo6g089210 1) [R] i 4 Ay
97%. bk g F 3R B MR H 36 o o 2 B IR A 1 5'-
K% R R A

22 PRHES-HEHERBEARFMERREZELSB
S

B AL T o B 5 R BoR (R 3), PIAKH S
R R FE R 7 51 K % 4307 (BolN6)—620 (BoIN1-
X2) aa; 4T HEANT33 476.79 (BoIN6)-70 585.80
(BoIN1-X1) Dax [fl; 45Hi gi(pl)45.01 (BoIN7)-7.71

(BoIN4). T4 K% B, BoIN3. BoIN4. BoIN6A
BoIN8HI A fa i R B T-40, NEaEEA, K484
S HFRMEAY A REEA. RN T
74.97-90.162 8], 1251 H F B 5 (1 T35 58 K
RECHTUE, ¥RsEKEEA.

HA T RTINS R B (R4), 12451
R 35 B a- 05 E A fu % A0 0 R0 5 it 3450 43
HRR, Lho-RRTe AN TC RN il e o S04 e A T
SHTRM, 5% RRE AP SA e T4k, 3
AERLF AU 24 e b F A 1A AL R
WL AN 8 A T B SR, 2R BH % SRR B T REAE A
FR A A, B R FEAE T o 2R 1R = 45 00 [R5 A T
M2 FEoR (K1), 1XEE AR S WA — 8 257,
PR EAVR TR A A FFThRe

9 B SR A H R 5 B R ) 5" A% T R T R R
RGERR, ET12MPIARHE . 5MUFEIT. 234
3. 6N KAE. 13NN EL 640 FK. 16 K EM8A
T i 5" 4% 1 BRI £ 1T ARG 2 R e 8 W (IR 4 Tk
& 2024). 450 EoR(E2), HADRISUrE X sy 24
433, HHHADZ % A] 4 NHAD-Classl. HAD-Classl|
LA K HAD-Classlll =MK%, 75518, 118118
ARG SUrEZ i AT 43 A SurE-ClassIF1SurE-Classll
PN R, 2R EE13R29 K R . EiR8Akh
[FIHAD FISUrEZE K 4 H BL7EIX 54N 5, 45 a2
HAD-Class|I #1SurE-Class| V. 5 Jz, H e #fhiy
AINEREE A, LRGSR R IR ST KR e
Vel Re B EEAEH, SRR I R
TREE T K. HbAh, WEE. BRI H I A+ 5
TERMEY), 53 e R e A HAD A1 SurE % [
Z SRS R ARTIT .

2.3 PREIES-XEHERERIGE RN FXRE

MBI B8 v B 2 124N 7 41 5 pET29ai% 12
(KEI3A), FF#:4k KT HBL21 (DE3). £ Kttt
%G %155, BoIN2. BoIN5-X1. BoIN5-X2. BoIN5-
X3. BoIN5-X4. BoIN6. BoIN7 L.} BoIN8 7t SDS-
PAGE # nJ UL BA & (1 e St 455, JF LS UM E A
7y FE(69.4. 41.2. 39.6. 40.1. 40.2. 34.5. 41.3
F141.7 kDa)—F(KI3B). £i LEW, il 5N-Hisghs
Bk, A KW B D) K 15 BoIN2. BoIN5 .

VY202 [ m )

BoIN6. BoIN7F1BoINS o] v 1t 5 1 .
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R3 S-HERMEAEAEE

Table 3 Basic information of 5'-nucleotidase protein

Protein Amino acid Molecular Isoelectric

Acidic amino Basic amino

Instability Aliphatic

name number (aa)  weight (Da) point acid acid index index GRAVY
BoIN1-X1 619 70585.80 5.95 84 74 44.71 83.34 —-0.338
BoIN1-X2 620 70579.90 5.91 85 75 44.38 85.71 -0.307
BoIN2 613 69374.34 5.73 85 73 43.79 85.30 -0.310
BoIN3 433 50351.39 6.48 63 59 39.38 82.77 —-0.552
BolN4 346 40495.22 7.71 43 44 34.57 74.97 -0.402
BoIN5-X1 380 40007.05 5.23 46 37 42.58 84.24 -0.170
BoIN5-X2 381 40135.18 5.23 46 37 42.49 84.02 -0.179
BoIN5-X3 370 39063.98 5.15 46 36 41.08 83.08 -0.189
BoIN5-X4 371 39179.07 5.09 47 36 41.42 82.59 -0.204
BoIN6 307 33476.79 5.11 38 27 37.19 90.16 —-0.156
BoIN7 379 40218.03 5.01 51 37 47.43 81.06 -0.271
BoIN8 381 40611.46 5.04 50 38 39.86 85.75 -0.273

GRAVY: ZE/KM T %% GRAVY: Grand average of hydropathicity

R4 S-HIRNEE A _HE T

Table 4 The secondary structure analysis of 5'-nucleotidase protein

Protein name Alpha helix (%)

Extended strand (%)

Random coil (%) Subcellular location

BoIN1-X1 43.62 12.12
BoIN1-X2 47.74 9.35

BoIN2 45.35 10.11
BoIN3 49.19 11.09
BoIN4 54.34 8.09

BoIN5-X1 29.74 16.32
BoIN5-X2 28.61 14.17
BoIN5-X3 31.89 15.41
BoIN5-X4 30.46 16.17
BoIN6 28.99 15.31
BoIN7 28.50 14.51
BoIN8 28.87 15.49

44.26 Cytoplasm
42.90 Nucleus

44 .54 Chloroplast
39.72 Cytoplasm
37.57 Endoplasmic reticulum
53.95 Chloroplast
57.22 Chloroplast
52.70 Nucleus
53.37 Nucleus
55.70 Cytoskeleton
56.99 Chloroplast
55.64 Chloroplast

24 PREES-ZHEEREAI(KIMIHEEIRIE

241 5-ZEBEREEMIEZETENMNFINaMNE) 7K
AN
DG UE P A H WE A 54 1 R e X NMIN ) 44 1) g
B EHE T SNMN. MgCLAIDTTH A E, 51 H
HPLCFILC-MS/MS 341 [ Sk &4 - HPLC /3 #7285 S
9], 7EBoIN2. BolN5-X1F1BoING1E 1k i) 2 i 1 7=
AT R, R B AR S NR AR AE & — EU(E
4A). WS P W IFIEATLC-MSIMS /3, KI5
FrfE S NRIF > EAH R (P EI1A) . FIRZE SR EH, )
KH 5% EREFBoIN2. BoIN5-X1HIBoIN6 1] 7
AAMEALNMN4NR
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Figure 1 Prediction of tertiary structure of 5'-nucleotidase protein
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Figure 2 Phylogenetic tree of HAD and SurE in 8 plants
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Figure 3 Schematic diagram of construction of recombinant plasmid pET29a+BoINs (A) and 5'-nucleotidase proteins purified
by N-Hise tag (B)
M: Protein marker. BoIN2, BoIN5, BoIN6, BoIN7, and BoIN8 are purified proteins bound to N-Hise tag.
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Figure 4 HPLC analysis of the products produced in the BoIN2, BoIN5, and BoIN6 catalyzed reaction

(A) Using nicotinamide mononucleotide (NMN) as substrate; (B) Using nicotinic acid mononucleotide (NaMN) as substrate. +:
Enzyme-catalyzed reaction; —: Negative control; NMN std: NMN standard; NR std: NR standard; NaMN std: NaMN standard;
NaR std: NaR standard
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Figure 5 HPLC analysis of the products produced in the BoIN2, BoIN5, BolN6, BoIN7, and BolN8 catalyzed reaction

(A) Using adenosine monophosphate (AMP) as substrate; (B) Using guanosine monophosphate (GMP) as substrate. +: En-
zyme-catalyzed reaction; — Negative control; AMP std: AMP standard; Adenosine std: Adenosine standard; GMP std: GMP
standard; Guanosine std: Guanosine standard
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Figure 6 HPLC analysis of the products produced in the BoIN2, BoIN5, and BoIN6 catalyzed reaction

(A) Using cytidine monophosphate (CMP) as substrate; (B) Using uridine monophosphate (UMP) as substrate. +: En-
zyme-catalyzed reaction; — Negative control; CMP std: CMP standard; Cytidine std: Cytidine standard; UMP std: UMP standard;
Uridine std: Uridine standard
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Cloning and Functional Analysis of the 5'-nucleotidase Genes
Catalyze NMN Degradation to NR in Brassica
oleracea var. acephala

Ru Liu"?, Yang Li?, Zhaocheng Tangz, Tingting Hao?, Baolong Zhang1'2*

'College of Life Sciences, Nanjing Agricultural University, Nanjing 210014, China; ?Institute of Germplasm Resources and
Biotechnology, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China

INTRODUCTION: Nicotinamide mononucleotide (NMN) has important biological activities such as anti-cancer, an-
ti-aging and improving crop stress resistance, and its importance as a nutritional health product has been established.
However, the content of NMN in plants is low, and the metabolic pathway of NMN degradation is poorly understood. It has
been reported that 5'-nucleotidases can catalyze the dephosphorylation of NMN in Saccharomyces cerevisiae. At present,
5'-nuclectidases have been isolated in plants, but whether they can catalyze the degradation of NMN remains unclear.
Edible kale (Brassica oleracea var. acephala) has high nutritional value. It is important to analyze the metabolic pathway
of NMN in kale and increase the content of NMN by blocking the degradation pathway.

RATIONALE: The degradation of NMN in plants is closely related to the NAD" remediation synthesis (pyridine nucleotide
cycle) pathway. Compared with bacteria and mammals, studies on the biosynthetic pathway of NAD* remediation in
plants mainly use isotope tracer method, lack specific gene and function analysis, and only a few related studies have
been reported in plants. Eight 5'-nucleotidase genes were cloned from B. oleracea var. acephala, heterologous expres-
sion of them was performed by Escherichia coli expression system, and the catalytic properties of 5'-nucleotidase were
investigated by enzymological means in vitro.

RESULTS: In this study, ten 5'-nuclectidase genes were retrieved from the genome of B. oleracea. Based on these se-
quences, eight 5'-nucleotidase candidate genes were successfully cloned from B. oleracea var. acephala, which laid a
foundation for further revealing the degradation pathway of NMN. Phylogenetic analysis revealed that 5'-nucleotidase is
conserved in plants, suggesting that it may play an important role in plant nucleotide metabolism. The catalytic properties
of 5'-nucleotides in kale were investigated by using the expression system of E. coli. In vitro enzymatic experiments
showed that 5'-nucleotides can catalyze purine, pyrimidine and pyridine nucleotides, and have a wide range of substrate
adaptability. Specifically, BoIN2, BoIN5-X1 and BoIN6 can catalyze the dephosphorylation of NMN to the generation of
NR, which proves that 5'-nucleotidase can catalyze the degradation of NMN in plants. In addition, BoIN2, BoIN5 and



%S HUE L NMN BER AR NR 1 512 P IR B AL A e B R Th e 43 B 375

BolIN6 can catalyze the hydrolysis of pyridine nucleotides NaMN, purine and pyrimidine nucleotides (including AMP, GMP,
CMP and UMP). However, BoIN7 and BoIN8 had only weak catalytic activity against GMP.

CONCLUSION: The 5'-nucleotidase gene from the HAD and SurE families of B. oleracea var. acephala was cloned
and phylogenetic analysis showed that it was conserved in plants. The results of enzymatic reaction in vitro showed that
BoIN2, BoIN5-X1 and BolN6 could catalyze the degradation of NMN to produce NR. In addition, BoIN2, BoIN5 and BoIN6
have catalytic effects on NaNM, purine and pyrimidine nucleotides. This study further enhanced our understanding of the
NMN metabolic pathway in kale, and provided a theoretical basis for creating edible kale new germplasm with high NMN
content.
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SHMMER
= Gene identiﬁcation; Gene clone
 BoIN5 -
Pfam
4

Bioinformatics analysis of 5'- nucleotldase gene family

Functional verification in vitro
7 7 7 7

VAN

1. MgCl,, DTT

o

+IPTG
<

ST S
Contrifuge s %, 0 ]

Protein expression

-

JUU

OWB 1

Protein purification

In vitro enzyme assays

2. Protion

3. NMN or other

nucleosides

Y 2
Hydrolyze NMN and other nucleosides
'Ok NH, o o

/ \NHz 3~ ~OH N I NH.: NH
L/\ FN\J '&I,? e N> ' 'bo

o ° N o O HN N o Ho-\t- o OH

o Lo, O HoC o " HO?O—kA—OH Ho{)o\/o_l:LOH i ”
HO o’/P\OH HO g’ “OH H OH W ol O
NMN NaMN AMP GMP UMP

Pyridine nucleosides

Purine nucleosides

Pyrlmldlne nucleosides

Cloning and functional analysis of 5'-nucleotidase gene catalyzing NMN degradation to NR in Brassica oleracea
var. acephala. The 5'-nucleotidase gene of B. oleracea var. acephala was successfully cloned and phylogenetic analy-
sis showed that it was conserved in plants. By constructing prokaryotic expression vector, 5'-nucleotidase was ex-
pressed and purified in Escherichia coli. In vitro enzymatic experiments showed that 5'-nucleotidase could catalyze the
dephosphorylation of NMN to NR, and had catalytic effects on NaMN, purine nucleotides (AMP, GMP) and pyrimidine
nucleotides (CMP, UMP).
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Appendix figure 1 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, and BoIN6 with NMN (A) and
NaMN (B) as substrates
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Appendix figure 2 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, BoIN6, BoIN7, and BolN8 with
AMP (A) and GMP (B) as substrates
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Appendix figure 3 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, and BoIN6 with CMP (A) and
UMP (B) as substrates
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Appendix figure 1 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, and BoIN6 with
NMN (A) and NaMN (B) as substrates
NR std: NR standard; NaR std: NaR standard
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Appendix figure 2 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, BoIN6, BoIN7,
and BolIN8 with AMP (A) and GMP (B) as substrates

Adenosine std: Adenosine standard; Guanosine std: Guanosine standard
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Appendix figure 3 LC-MS/MS analysis of enzymatic reaction products of BoIN2, BoIN5, and BoIN6 with
CMP (A) and UMP (B) as substrates
Cytidine std: Cytidine standard; Uridine std: Uridine standard



