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Figure 1 Chemical structures of phosphoramidate natural products

(adenosine-5'-phosphosulfate, APS)Zfi# [ i, A R ¥l (pyruvate phosphate dikinase, PPDK)[A]Jf
o £ Y R 5B AMP-NH): (3) PIRRRE (I REL A0 LB 2 L, (Al & 47 o B s

3526



B

Phaseolotoxin. 7 351X 32 & 58 1Y 25 ¥) & i HL
PEATEEA.

1 MeeBH H HEALAY U7

1C5 Rk, ME— A R U R A R AR A )
B &A% & Microcin C7 1Y 5 74 2 JE R bk Jk K 44 ik
JHiz P N TR A I A W (P 2a)) ™). 2% R 14 5 B 7
MccB7E FAfiEfk, MccB5E17Z £ % #[#(E1 ubiquitin
ligase) [R] 5, £ A I 4 B9 B 17 BE AL S b . T 56, M-
crocin C7HY-L IKFTARY) B 55 71 24 FE R 5% 358 K 4 I e
TEMccBI LTS, HFE— 4> FATP, R LIE 38
B R, SRIE, A FEXT I — 43 B9 ATP Y ol ik 5&
P HEAT 26 4% E SO 5% 2 Wl B, DA T 3% 20 1k W0 Jie Fn
PR TR JR S 2 R BT ROk, TR R R IR R
F-N-3% FA % W i% ”(AMP-N-succinimide) (€ 2(a)). -~
TR FRA, A SO IR A B AR O AMP-NHR2E
R (RE 7S 2 R 5N TN ).

ST L LT 4 28 1) LA Bt 2 Tk e R 88 77 ) ) 245 4
Al LL &, AT R Agrocin 8410 fr g i R

OH OH

Isopropylmalate

Dinogunellin®"FIPhosmidosine™™ 5 Microcin C7AHAL,
& 41 AMP-NHR %5 4 . 5C . [ 25 Dinogunellin il
Phosmidosine F A5 ¥ 5 1l 38 PR 7 i ARk s b, FRATTH
B AU B A 5 LTI TT BE FllMIicrocin C7HYAHALL.
Agrocin 841k 2z 45 th & A 2R AW, — A~ J2i%
$:2,3- R Ik -4- F L - Gk e 1 2 5 30 A — Wl TR
BRI (3'd AMP) (1) B4 118 56 AT %) R0l B Oy R 3 7 (R
FEE VR AR, 75— 2% 423 dAMPIERS 34 |1y
GAKE 5 W Ak 1Y) F2 5L 0K TR 7S B (D-glucofuranosyloxy-
phosphoryl) I % i i J& 141 1) 60 B Ch R 3R 7 R
SEOML AR ). Xt Agrocin 8414 ¥ & B N kAT
ST, AT LA B MccB 8 H 4 i 3 K mec B [ 5 3 4]
agnA. IETHLIZEHHIG, & ERRAIERE, A3
HkHIE A A Agrocin 84945 1A E B4 5 Microcin C7
(14 2 e ML A AR [ 2 ([ 2(b) ).

2 APSATHEER) RS B

19814F, FankhauserZs A\ P41 vk M ELAZ A /N ek
FEANIE P, A AS R e B RS (NHL),SOLTLTE . 4 BbH

Succinimide

OH OH

(b) NH;
OH OH
o 0 NS
O AgnB1/C3 O AgnB1/C3 H AgnA HO o < | /)
— — NH —p—o NN
o] —_— NH; ﬁ
0“ o 0 o / : 0 o
| 0 AP PP )

OH OH

Bl 2 AMP-NHRZSBERR NG KSR ) R Wi s A2 ) B 2. (a) Miicrocin C7, (b) Agrocin 84
Figure 2 Biosynthetic pathway of AMP-NHR phosphoramidate N-P bond in Microcin C7 (a) and Agrocin 84 (b)

3527



% b B O 2007HE11P £62% H31H

e 2 B 43 B 2l Ak 45 2 T APS MR A Ik 3L 3% B2 il
APSAT(EC 2.7.7.51), F-4txF HA LR M= A= 194k
BV EEPEAT T HFSE, IESE T APS FI % 76 APSATA/E
FHF &A= BAE SR, AT DL AR Bl A 0 B i) AMP-
NH,([&13), X2 5 K 57 #5159 8 AMP-NH,. 76 /hER
W B FE P FE [ CIAPS, ] 4 A6 ] [ CAMP-
NH,, 357~ T AMP-NH, & i APSAT/# {t APS Fl %
FRA R K ER A R IAT I . B AN L
B A B B K 22 R SR T B B A B R, R
(NH,),SO, B B VT U& 4l fb 85 (1, 4% Ui € 4 4y 47
APSATREEIG SN, 452U LR Fr A 4l o 4,
¥4 (NH,),SO4 UL HE 241 43 7T LA %35 APSATIG 1, 5
APSFIZAE 4 L AMP-NH,. AMP-NH, A Y 7E EL.#%
HEYREAZ A T A, fEARRMET, APSHI
FUAE AT R AT LS A2 AMP-NH, Y, APS H
F14) itk R B AR S — > B8 2 S A1, 76 NH Y 5% 4% 1 3K
T, ARZE 5B 5 i e A OO,

¥ T AMP-NHL [ T IZ AE7E, APSATAHEAL 1Y il 2
J AR % HA — 2 B . iz 4 R 1k, APSAT
B A U A SR A A b i R ek TR, A B
Yivb, etk 48R =-AKFhit(Fragile Histidine Triad)
A Sy — Tl 0 e 2 (R ), LRI 4 % B4 2K 1 Fhit R
B A i b Z R = B W2 (ApppA) 7K fift A= L AMP A
ADPHYIEPERT ) 38 HA IR I IR L A Wi 00 5 M. Fhit
Al LU A APS FlIR 11 5'- LS iR (F-pA) B — B 17 —
WETR (ApppA) KA AN, 724 AMP-NH,, JiK ¥
O 248 78 1Y Fhit/E T 8 F IR 9 10 Fe ik, 2 R
1, Fhitfi b 2 i S W S i NHs 2E I Fhit- 22 1 R 3L
SEARPS, 0 APS 2 M 1Y 1 27 AL T 3 T 7™ A% 1) 5K
5 B 5 IE

3 PPDKIHJ#E A L) AR SR & Bk

Phaseolotoxinfll Agrocin 841k 4% #4) Fl 3L K 75455

ELEBF B, Phaseolotoxinfi¥ 34R & Wi fl Agrocin 844
2 B Y A BRAIL I N R T SCE 26 1 2R L
ifil. 43 #rPhaseolotoxinfllAgrocin 8474 ¥ & hiJk K
%, 7 LA & Bl Phaseolotoxin Y 3 PR 7 Hh 45 5 ik TR s T
2 A 1l R 5 il (phosphoenolpyruvate synthase, PS)Jk
(A 19 [R) R ) phe E R ppdk 3 R ) [R5 %) pheL;  Agrocin
841 A= W) & AL R A vh A PSEE IR Y [R] PR 4 agnD 1,
ppdk XL K [R] 15 4) agn D2 i1 TN TR R 8 it (pyruvate  ki-
nase, PK)IEK 14 [F1 VR Y agnE2. PS, PPDKHIPKH 2 4
i, A Ak s DY I R 1) B R b 28 ot rh IR S iR
(B FE W IR ) 5 AT DL AU fa 0 45 65 i I8 AU 40 AE
X I ) A AL T (PS, PPDK S PK) 1 5T 1Y 41 2 2 5% Jik
(Pl 4(a))*.

BTG B 22 B R, #ED Phaseolotoxin
WS A5 Agrocin 84S 2R A B EEAY & A, B
H—ERARUE. 1B K 2#RoushPO 2 H BN,
TEPhaseolotoxin & (i, 2R A0 i 5 2 3% X PhtL2H
AR RS b B IR L A R AT SR AR R T, T8 R o
(El4(b)). [FIFAT LU BETE Agrocin 844 BT, 3'dAMP
ISR I A S FE X AgnD (2 & AgnD2)2H & iR % 3 -
RO B R L B R AT SR % 3R I, TE i Agrocin 8455 24R
RS (B 4(c)). 33X 2 W TR Tt e KK 7 W A Wi s 2B )
B —Fh AR, DBER G e K 5K 7™ W i) A= 25
FAI R )5 13 DR e 4 L & B ML) EL AR — 2 A3
P, (EJEELAR A EG 2= AL H] v AR A SE R 5E .

s e

KR =W S N B7 FIYA 7 9505 1 22 A9 25 4
TR, X —T 240K /N 25 e it 45
SRR, 59.3%HYTRGL 25 1) (A0 TR ) F153.4 % Y408 24
YIAVR T KR =W s A AR B G B TE TR
1) RER =W 25y i e, DRI R 9% 4 RN 55 Bl AR FE 9% K,
BiR e, WGE B APk, BRI a il P

NH, NH, NH,
N <N N =N N Y
a4 v 4
o o 7 0 : <f 0 7
o N’) | HNJ 0 N N’J S0 I N N’)
O—$—0F— .o—ﬁcga_TL -) HN—— o
of o — w» 0 o = o
OH OH OH OH OH OH
“ NH,
APS AMP-NH,

Bl 3 RBESLE A R L AMP-NH, 1) & B W A R 2 B

Figure 3 Biosynthetic pathway of AMP-NH, N-P bond catalyzed by APSAT

3528



(@)

Enz/\[ N\> % -~

N
H

Enz N
ATP AMP | \>
N
d
|
0

(b)

PhtL/E
o
N
o]
.OJY\/\ NH, \\[ \> lF! OH R
N . N —_— N Phaseolotoxin
NH; I H o - >
O—p— . S—
oo NH;
(o]
AgnD,/D,
(c) N
W
m Pll o
| .OH
" -0— |_O o=prZ
NH2 I NH
N N
NZ NZ >
OH I\ | \> OH L \> Agrocin 84
H S N H > ’!
N. /0 N N N.. ;0 N N
fi—° fi©
OH O (o] o OH O (o]
OH OH

Bl 4 Phaseolotoxin#llAgrocin 84 HAUBEEA: M) G HLHI I HTEK. (2) PPDKAEFLIY R MALH; (b) PhaseolotoxinN-PH#ER] fEHYA AL (c)

Agrocin 84 "IN-P5t I BE A& ML

Figure 4 Proposed biosynthetic pathway of Phaseolotoxin and Agrocin 84 N—P bonds. (a) The reaction diagram catalyzed by PPDK; (b) proposed
biosynthetic pathway of Phaseolotoxin N—P bond; (c) proposed biosynthetic pathway of Agrocin 84 N—P bond

HORRY XS, HiE 138 i H P 41 324 (genome  mining)
SR S RS IR . B2 (phosphonate,
6 &8 B 0165 ) RAR P W A2 Al — MR
S W9 . AR s e =X A T T2 72 A5 8t 5 [ (pep M) Sy
A, JF454 P NMRAIMS % 46 5 3%, Evans%
N2V BT B 00 B 18 K 8K 7= ) Phosacetamycin; Ju%§
A3 3T Argolaphos, Valinophos 1 Phosphonocy-
stoximates 5 5 (1 o 2 KSR 7= 9 GaoF APURELT
Hr 09 B 3% % % & Fosfazinomycin = 4= B #& . Fos-
fazinomycin 2 H fif & 3 0 ME— — &% A C-P-N&5 1
LT PN a7/ M (EP =PSB Wi+ & (AN RS - 7 9 AP
PAFEEIA, XA G B — BT ERIT. &
L Hr B Fosfazinomycin ;= 4= B #k Ul 5, Huang 5§
N 339155 Fosfazinomycin (4 A= 9 A i ik 42 it 45 T W
98, X NN C-P-NE5 L B IT Y LR W) A LI 25 5E T
FET. PR 2H A7 4 A BT ) K AR W E 2 R

KR =W 0 = AL TR AR, v DA 3 R AR 7= W ey A=
W& TS, T AR W6 LT T 48 7 14 2 1 5 UL R
NOAf Uit —20 i dg T N AL A2 .

AR TR T e R 9K 7= ) Rl e £ ) 6 I 1) 4 s
B R F R 2 42 4 $R LS RUKSE T A T, N & B
B L TGP A BB IR BRI KR PR T Bl gt
filt, Ay g AR T AR AN AL A A W R 3 T
U0 HE R SR B R R e R SR 7= W B b g2 T HL. FE %
T 205 10 () F O R BRVA T R 2 op, FRATT 28 1t
KR 3T (DNAELRNA) A 41 Ji5 B 5 A (B R T
S K A RO TR XE. 8 e st A R R R AR R R
i (P(O)(OH)(NH,), H. L B {L OP(OH); B 1), il 1 4%
Rl RS S N Sy SI NN 3 AR IUR RV
Mg 57381 35 1% e TR G e R AR 7 0 R e ) 2 0
FUAE, T RE S ki ad A W Y T B A s A% ol 1 L
AR AR,

3529



% b B O 2007HE11P £62% H31H

RPN

10

11

12

13

14

15

16

17

18

19

20
21

22

23

24

25

26

3530

Langley D B, Templeton M D, Fields B A, et al. Mechanism of inactivation of ornithine transcarbamoylase by N°-(N'-sulfodiamino-
phosphinyl)-L-ornithine, a true transition state analogue? Crystal structure and implications for catalytic mechanism. J Biol Chem, 2000,
275:20012-20019

Chen L, Li P, Deng Z X, et al. Ornithine transcarbamylase ArgK plays a dual role for the self-defense of phaseolotoxin producing Pseu-
domonas syringae pv. Phaseolicola. Sci Rep, 2015, 5: 12892

Reader J S, Ordoukhanian P T, Kim J G, et al. Major biocontrol of plant tumors targets tRNA synthetase. Science, 2005, 309: 1533
Chopra S, Palencia A, Virus C, et al. Plant tumour biocontrol agent employs a tRNA-dependent mechanism to inhibit leucyl-tRNA syn-
thetase. Nat Commun, 2013, 4: 1417

Murao S, Kasai N, Kimura Y, et al. A new metallo-proteinase inhibitor (FMPI) produced by Streptomyces rishiriensis NK-122. Agric
Biol Chem, 1982, 46: 855-857

Kasai N, Fukuhara K, Murao S. Purification and some properties of FMPI, a novel metallo-proteinase inhibitor produced by Streptomy-
ces rishiriensis NK-122. Agric Biol Chem, 1982, 46: 2979-2985

Guijarro J I, Gonzalez-Pastor J E, Baleux F, et al. Chemical structure and translation inhibition studies of the antibiotic Microcin C7.J
Biol Chem, 1995, 270: 23520-23532

Ogita T, Gunji S, Fukuzawa Y, et al. The structures of Fosfazinomycins A and B. Tetrahedron Lett, 1983, 24: 2283-2286

Kuroda Y, Goto T, Okamoto M, et al. FR-900137, a new antibiotic. I. Taxonomy and fermentation of the organism, and isolation and
characterization of the antibiotic. J Antibiot, 1980, 33: 272-279

Umezawa S, Tatsuta K, Izawa O, et al. A new metabolite phosphoramidon (isolation and structure). Tetrahedron Lett, 1972, 1: 97-100
Hashimoto Y, Kawasaki M, Hatano M. Occurrence of a toxic phospholipid in cabezon roe. Toxicon, 1976, 14: 141-143

Phillips D R, Uramoto M, Isono K, et al. Structure of the antifungal nucleotide antibiotic phosmidosine. J Org Chem, 1993, 58: 854-859
Uramoto M, Kim C J, Shin-Ya K, et al. Isolation and characterization of phosmidosine. A new antifungal nucleotide antibiotic. J Antibiot,
1991, 44: 375-381

Takatsu T, Horiuchi N, Ishikawa M, et al. 1100-50, a novel nematocide from Streptomyces lavendulae SANK 64297. ] Antibiot, 2003,
56:306-309

Pruess D L, Scannell J P, Ax H A, et al. Antimetabolites produced by microorganisms. VII. L-(N°-phosphono) methionine-S-sulfoximinyl-
L-alanyl-L-alanine. J Antibiot, 1973, 26: 261-266

Takeuchi H, Asai N, Tanabe K, et al. EM2487, a novel anti-HIV-1 antibiotic, produced by Streptomyces sp. Mer-2487: Taxonomy, fer-
mentation, biological properties, isolation and structure elucidation. J Antibiot, 1999, 52: 971-982

Akiyama T, Abe M, Harada S, et al. Sulphostin, a potent inhibitor for dipeptidyl peptidase IV from streptomyces sp. MK251-43F3. J
Antibiot, 2001, 54: 744-746

Datta I, Banerjee M, Mukherjee S K, et al. JU-2, a novel phosphorous-containing antifungal antibiotic from Streptomyces kanamyceticus
MS. Indian J Exp Biol, 2001, 39: 604-606

Roush R F, Nolan E M, Lohr F, et al. Maturation of an Escherichia coli ribosomal peptide antibiotic by ATP-consuming N—P bond for-
mation in Microcin C7.J Am Chem Soc, 2008, 130: 3603-3609

Thompson R J, Hamilton R H, Pootjes C F. Purification and characterization of Agrocin 84. Antimicrob Agents Ch, 1979, 16: 293-296
Sekine M, Okada K, Seio K, et al. Structure-activity relationship of phosmidosine: Importance of the 7,8-dihydro-8-oxoadenosine residue
for antitumor activity. Bioorg Med Chem, 2004, 12: 5193-5201

Matsunaga S, Takahashi N, Fusetani N. Dinogunellins A-D: Putative ichthyootoxic phospholipids of northern blenny stichaeus
grigoriewi eggs. Pure Appl Chem, 2009, 81: 1001-1008

Kim J G, Park Y K, Kim S U, et al. Bases of biocontrol: Sequence predicts synthesis and mode of action of Agrocin 84, the Trojan Horse
antibiotic that controls crown gall. Proc Natl Acad Sci USA, 2006, 103: 8846-8851

Fankhauser H, Schiff J A, Garber L J. Purification and properties of adenylyl sulfate: Ammonia adenylyltransferase from Chlorella cat-
alyzing the formation of adenosine 5'-phosphoramidate from adenosine 5'-phosphosulfate and ammonia. Biochem J, 1981, 195: 545-560
Fankhauser H, Berkowitz G A, Schiff J A. A nucleotide with the properties of adenosine 5’ phosphoramidate from Chlorella cells. Bio-
chem Biophys Res Commun, 1981, 101: 524-532

Ohta M, Inoue H, Cotticelli M G, et al. The Fhit gene, spanning the chromosome 3p14.2 fragile site acid renal carcinoma-associated

t(3;8) breakpoint, is abnormal in digestive tract cancers. Cell, 1996, 84: 587-597



B

27

28

29
30

31
32

33

34

35

36

37

38

Abend A, Garrison P N, Barnes L D, et al. Stereochemical retention of the configuration in the action of fhit on phosphorus-chiral sub-
strates. Biochemistry, 1999, 38: 3668-3676

Wojdyla-Mamon A M, Guranowski A. Adenylylsulfate-ammonia adenylyltransferase activity is another inherent property of Fhit pro-
teins. Biosci Rep, 2015, 35: 00235

Lim K, Read R J, Chen C C, et al. Swiveling domain mechanism in pyruvate phosphate dikinase. Biochemistry, 2007, 46: 14845—-14853
Roush R F. Biosynthesis of nitrogen-phosphorus bond containing peptide natural products. Doctor Dissertation. Ann Arbor: Harvard
University, 2011

Newman D J, Cragg G M. Natural products as sources of new drugs from 1981 to 2014. J Nat Prod, 2016, 79: 629-661

Evans B S, Zhao C M, Gao J T, et al. Discovery of the antibiotic phosacetamycin via a new mass spectrometry-based method for phos-
phonic acid detection. ACS Chem Biol, 2013, 8: 908-913

Ju K S, Gao J, Doroghazi J R, et al. Discovery of phosphonic acid natural products by mining the genomes of 10000 actinomycetes. Proc
Natl Acad Sci USA, 2015, 112: 12175-12180

Gao J T, Ju K S, Yu X M, et al. Use of a phosphonate methyltransferase in the identification of the fosfazinomycin biosynthetic gene
cluster. Angew Chem Int Ed, 2014, 53: 1334-1337

Huang Z, Wang K K A, Lee J, et al. Biosynthesis of fosfazinomycin is a convergent process. Chem Sci, 2015, 6: 1282-1287

Huang Z, Wang K K A, van der Donk W A. New insights into the biosynthesis of fosfazinomycin. Chem Sci, 2016, 7: 5219-5223

Liu W, Zhang L, Zhou H G, et al. Synthesis of novel nucleoside analogue phosphorothioamidate prodrugs and in vitro anticancer evalu-
ation against rko human colon carcinoma cells. Nucleos Nucleot Nucl, 2013, 32: 161-173

Zhang S L, Blain J C, Zielinska D, et al. Fast and accurate nonenzymatic copying of an RNA-like synthetic genetic polymer. Proc Natl
Acad Sci USA, 2013, 110: 17732-17737

3531



% b B O 2007HE11P £62% H31H

Summary for “BEEREEIE R IR 7= W BB R LY & B 5Tk

Progress of nitrogen-phosphorus bond biosynthesis study
of naturally occurring phosphoramidates

DENG Qian & ZHAO ChangMing"

School of Pharmaceutical Sciences, Wuhan University, Wuhan 430072, China
* Corresponding author, E-mail: cmzhao03 @whu.edu.cn

Naturally occurring phosphoramidates, which contain nitrogen-phosphorus (N—P) bonds, show high structure similarity
with cytoplasmic carboxylates and phosphates. Phosphoramidates exhibit wide bioactivity spectrum attributed to the role
as inhibitor of certain necessary enzymes in cell cycle. Three N—P bond biosynthetic pathways, which are respectively
catalyzed by MccB, adenylyl sulphate: ammonia adenylyltransferase (APSAT) and Pyruvate phosphate dikinase (PPDK)
homologues, are reviewed here. (1) MccB, a homologue of E1 ubiquitin ligase, catalyzed the phosphorylation of the
asparagine residue of Microcin C7 precursor peptide. It consumed one molecule of ATP for the cyclization of the
asparagine residue to give a succinimide. Then, the succinimidyl nitrogen atom attacked the Po of a second ATP
molecule to create an adenosine monophosphate-N-succinimide moiety. Agrocin 84, dinogunellin and phosmidosine
shared identical AMP-NHR structural moiety with Microcin C7. Unfortunately, the biosynthetic gene clusters of
dinogunellin and phosmidosine have not been identified yet. Agrocin 84 contains two N-P bonds, the first one linked the
amino group of 2,3-dihydroxy-4-methyl-pentanamide with the phosphate group of 3’'dAMP, and the second one bridged
the amino group of the 3'dAMP purine ring with the phosphate group on the phosphorylated D-glucofuranosyloxy-
phosphoryl. Analysis of Agrocin 84 biosynthetic gene cluster showed that agnA is homologous to mccB gene. Based on
structural similarity and gene homology, it was proposed that the first N-P bond biosynthetic pathway of agrocin 84 is
similar to that of Microcin C7. (2) APSAT catalyzed ammonolysis of adenosine-5'-phosphosulfate to give adenosine-
5'-phosphoramidate (AMP-NH,) and sulfate. AMP-NH, was discovered from the extracts of Chlorella pyrenoidosa,
Dictyostelium discoideum, Euglena gracilis var. bacillaris, spinach, barley and Escherichia coli. This APSAT protein
was isolated from Chlorella pyrenoidosa and the biochemical characters were investigated. To eukaryotes, human Fhit
(Fragile Histidine Triad) showed adenylyltransferase activity as well. It not only catalyzed the hydrolysis of diadenosine
triphosphate (ApppA) to form AMP and ADP, but also catalyzed the ammonolysis of ApppA to form AMP-NH, and
ADP. In the hydrolysis of ApppA to AMP and ADP catalyzed by Fhit, first, ApppA and Mg** covalently bound to the
96th histidine residue of Fhit to form Fhit-AMP covalent intermediate and released ADP; then Fhit-AMP was further
hydrolyzed to form AMP and Fhit. The Fhit-AMP could also be aminolyzed to give AMP-NH, A possible mechanism
for Fhit-catalysed ammonolysis involving nucleophilic attacks of NHj; to the covalent histidine-bound enzyme-
nucleosidyl intermediate. (3) PPDK catalyzed the phosphorylation of pyruvate with an intermediate in which a phosphate
group was loaded on the conserved histidine residue of PPDK. PPDK homologues PhtL. and AgnD were proposed to
catalyze the N-P bonds formation of Phaseolotoxin and Agrocin 84, respectively. The Walsh group of Harvard University
have hypothesized that the Phaseolotoxin N-P bond was formed by nucleophilic attack of ornithine free amino to the
phosphate group attached to the histidine residue of PhtL. Similarly, it can be assumed that the amino group of 3'dAMP
purine ring attacking the phosphate group of AgnD1 (or AgnD2) histidine residue, makes the second N-P bond of
Agrocin 84. This is a novel hypothesis of the biosynthesis of the N-P bonds in naturally occurring phosphoramidates,
while the detailed enzymatic reactions remain to be studied further.

phosphoramidates, nitrogen-phosphorus bond, natural product, biosynthesis
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