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ABSTRACT

Analysis of naphthyridinomycin gene cluster revealed that this antibiotic is generated by nonribosomal peptide synthetase (NRPS) machinery. However,
fourmodules encodedby twogenesdonot correspondwith the structural units in the final product.Genetic andbiochemical characterizationof thegene
cluster suggested that the leader peptide mechanism for the NRPS assembly line was involved in biosynthesis of this tetrahydroisoquinoline alkaloid.

Nonribosomal peptide synthetases (NRPSs) catalyze
the biosynthesis of a vast family of natural products
including many clinical drugs.1 They usually use a multi-
enzyme thiotemplate assembly line for the peptide genera-
tion and bear a condensation-adenylation-peptidyl carrier
protein (C-A-PCP) module organization for one elonga-
tion cycle.2 The substrate selection of A domain in each
module, the variation of domains within the modules, and
the order of NRPS modules dictate the structure of the
final products, which provides the molecular basis for the
combinatorial biosynthesis.2,3

Naphthyridinomycin (NDM, Figure 1B), first isolated
fromStreptomyces lusitanus (NRRL8034), exhibits amain

carbon frame of most six condensed rings, includ-
ing four six-membered and a five-membered bridged ring
system.4 It belongs to the family of tetrahydroisoquinoline
alkaloids incuding safracin (SAC) and saframycin (SFM)
(Figure S1A, Supporting Information), and shows strong
antitumor and antimicrobial activities.4c Extraordinarily,
its biological activity against methicillin-resistant Staphy-
lococcus aureus has spurred considerable interests.4c,5 Pre-
viously feeding experiments suggested that Tyr, Met, Gly
or Ser, and ornithine (Orn) could be used as the precursors
for the biosynthesis of core frame;6 we recently demon-
strated that a hydroxyethyl two-carbon (C2) unit from
ketose was incorporated into NDM as a extender unit of
NRPS.7 In this study, we focus on analyzing and char-
acterizing the genetic basis of NDM biosynthesis, which
not only provides another example of noncolinear
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NRPSs, but also joins the growing family of nonriboso-
mal peptide production guided by the leader peptide
mechanism.
We used degenerate primers for the PCR screening of

the NRPS system that was postulated to be involved in
biosynthesis of NDM based on the known SAC and SFM
biosynthetic pathway.8 Subsequent chromosome walking
led to a 92.6 kb DNA region in three overlapping fosmids
(Figure S1B, Supporting Information, GenBank under
accession No. JQ996389). Bioinformatic analysis and

sequential inactivation of ORFs from both ends of

this region (Figure 2A, S1C, and Table S3, Supporting

Information) led to the assignment of NDM gene cluster

to consist of 28ORFs (Figure 1A), which include nine genes

encoding NRPS and associated enzymes (napG, napH,

napJ�napO, and napX), eight genes encoding enzymes

for precursor biosynthesis (napB�napE, napI, napQ, napS,

and napT), four genes encoding tailoring enzymes (napA,

napU�napW), three resistance genes (napR1, R2, and R4),

two regulator genes (napR3 and R5) and two genes (napP

and napF) whose function cannot be predicted on the basis

of sequence analysis (Table S3, Supporting Information).
The gene cluster contains a three-gene cassette, napB�

napC�napD, encoding a two-component transketolase
(NapB/NapD) and an acyl carrier protein (ACP, NapC).

Figure 1. Biosynthetic gene cluster and proposed biosynthetic model of naphthyridinomycin (NDM). (A) Gene organization of NDM
cluster. Functional assignments of these genes are summarized in Table S3 (Supporting Information). (B) Hypothesis of the core
structure formation. The proposed biosynthetic pathways of precursor: (C) hydroxyacetyl unit and (D) β-hydroxy-3-hydroxy-5-
methyl-O-methyltyrosine (β-OH-3-OH-5-Me-OMe-Tyr).
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It was demonstrated that they are responsible for
the generation of a C2-S-ACP extender unit for NRPS
from ketose through the lipoyl tethered intermediate
(Figure 1C).7 NapE exhibits sequence homology to 3-
oxoacyl-ACP synthase III (KS*) but is characterized by
the mutated catalytic triad of C�H�H into C�L�H, so it
is supposed to catalyze the formation of aC�Obond rather
than theusualC�Cbond (Figure 1B).A similarmechanism
was first proposed in a nonactin pathway, and biochemi-
cally confirmed in tetronate and cervimycin biosynthesis.9

NapS/Q/T are homologous to SacF/D/G or SfmM2/
D/M3, which were biochemically confirmed to beC-methyl-
transferase/peroxidase/O-methyltransferase and responsible
for thebiosynthesis of 3-hydroxy-5-methyl-O-methyltyrosine
(3-OH-5-Me-OMe-Tyr).10 NapI shows sequence similarity
to MppO or VioC, a family of nonheme iron hydroxylase
involved in β-hydroxylation of L-enduracididine and Arg,11

and was subsequently assigned as β-hydroxylase. Thus, the

biosynthesis of a Tyr derivative precusor was proposed as
follows: Tyr is first methylated to yield 3-Me-Tyr by NapS;
then, NapQ catalyzes the hydroxylation of 3-Me-Tyr into
3-OH-5-Me-Tyr; next, 3-OH-5-Me-Tyr is transformed to
3-OH-5-Me-OMe-Tyr by NapT; finally, NapI catalyzes the
formation of β-OH-3-OH-5-Me-OMe-Tyr, which serves as
another extender unit for NRPS (Figure 1D). This hypoth-
esis is also consistent with the previous precusor feeding
results: Tyr, 3-Me-Tyr, and 3-OH-5-Me-Tyr, but not
3-OH-Tyr, could be incorporated into NDM.6

According to the current NRPS machinery and the
known precursors, the core scaffold of NDM should be
generated by NRPS assembly line using four modules to
incorporate the hydroxyacetyl C2 unit, β-OH-3-OH-5-
Me-OMe-Tyr, an Orn derivative, and Gly or Ser. How-
ever, the gene cluster encodes far more NRPS modules
than expected, which makes the biosynthetic pathway
complex and unpredictable. NapN bears an acyl-CoA
ligase (AL) and a PCP domain, which are also present
in SFM-Mx1 and SFM-A biosynthesis.8 Inspired by
Oikawa’s finding that the cryptic roles of the fatty acyl
chain were necessary for Pictet�Spengler (PS) reactions
in SFM-A pathway (Figure S1D, Supporting Infor-
mation),12 we propose that this AL-PCP didomain also
recongizes a long-chain fatty acid, most likely myristoyl
acid (Figure 1B). NapO is a three-module NRPS
with domains organized into (C-A-PCP)3. Importantly,
three modules are highly similar to each other (∼90%
identify), and the A domains are all predicted to acti-
vate Ala with substrate specificity-conferring code of
DLFNNALTSK (100% of Ala). Correspondingly, the
myristoyl-Ala-Ala-Ala structure is definitely not ob-
served in NDM (Figure 1B); it seems like propeptide
or the leader peptide frequently used in ribosomally
synthesized and post-translationally modified peptides.13

This type of leader peptide used in NRPSs has been
recently discovered in biosynthesis of xenocoumacin from
Xenorhabdus nematophila, didemnin from Trididemnum
solidum, nocardicin fromNocardia uniformis, and colibac-
tin from Escherichia coli.14 NapL has domains organized
intoC-A-PCP, while the A domain is likely inactive for the
deficiency of the conserved motifs (Figure S2, Supporting
Information).15

Meanwhile, NapH, which contains an A domain and a
∼300 amino acid unknown N-terminal, is supposed to
complement the inactiveA domain ofNapL. Itmay select,
activate, and load β-OH-3-OH-5-Me-OMe-Tyr onto the
PCP for peptide chain elongation (Figure 1B). Another

Figure 2. Characterization of the genes involved in NDM
biosynthesis in vivo. (A) HPLC analysis (UV absorbance mon-
itored at 270 nm): (I) wild-type S. lusitanus NRRL 8034;
(II�VII) mutant S. lusitanus TG3009 (Δorf-1), TG3010
(Δorfþ1), TG3013 (ΔnapO), TG3014 (ΔnapH), TG3015
(ΔnapL), TG3016 (ΔnapJ). (B) LC�MS analysis: (I) wild-type;
(II) mutant S. lusitanus TG3012 (ΔnapN); (III) mutant S.
lusitanus TG3017 (TG3012 harboring the napN expression
plasmid pTG3024). (C) HPLC analysis: (I) wild-type; (II)
mutant S. lusitanus TG3018 (ΔnapG); (III) mutant S. lusitanus
TG3019 (TG3018 harboring the napG expression plasmid
pTG3025). (b) NDM.

(9) (a) Kwon, H.-J.; Smith, W. C.; Scharon, A. J.; Hwang, S. H.;
Kurth, M. J.; Shen, B. Science 2002, 297, 1327. (b) Sun, Y.; Hahn, F.;
Demydchuk, Y.; Chettle, J.; Tosin, M.; Osada, H.; Leadlay, P. F. Nat.
Chem. Biol. 2010, 6, 99. (c) He, H.-Y.; Pan, H.-X.; Wu, L.-F.; Zhang,
B.-B.; Chai, H.-B.; Liu, W.; Tang, G.-L. Chem. Biol. 2012, 19, 1313. (d)
Bretschneider, T.; Zocher, G.; Unger, M.; Scherlach, K.; Stehle, T.;
Hertweck, C. Nat. Chem. Biol. 2012, 8, 154.

(10) (a) Fu, C.-Y.; Tang, M.-C.; Peng, C.; Li, L.; He, Y.-L.; Liu, W.;
Tang,G.-L. J.Microbiol. Biotechnol. 2009, 19, 439. (b) Tang,M.-C.; Fu,
C.-Y.; Tang, G.-L. J. Biol. Chem. 2012, 287, 5112.

(11) (a) Haltli, B.; Tan, Y.;Magarvey, N. A.;Wagenaar,M.; Yin, X.;
Greenstein, M.; Hucul, J. A.; Zabriskie, T. M. Chem. Biol. 2005, 12,
1163. (b) Yin, X.; Zabriskie, T. M. ChemBioChem 2004, 5, 1274. (c) Ju,
J.; Ozanick, S. G.; Shen, B.; Thomas, M. G. ChemBioChem 2004, 5,
1281.

(12) (a)Koketsu,K.;Watanabe,K.; Suda,H.; Oguri, H.; Oikawa,H.
Nat. Chem. Biol. 2010, 6, 408. (b) Koketsu, K.; Minami, A.; Watanabe,
K.; Oguri, H.; Oikawa, H. Curr. Opin. Chem. Biol. 2012, 16, 142.

(13) Oman, T. J.; van der Donk, W. A. Nat. Chem. Biol. 2010, 6, 9.
(14) (a) Reimer, D.; Pos, K. M.; Thines, M.; Gr€un, P.; Bode, H. B.

Nat. Chem. Biol. 2011, 7, 888. (b) Xu, Y.; Kersten, R. D.; Nam, S. J.; Lu,
L.; Al-Suwailem, A. M.; Zheng, H.; Fenical, W.; Dorrestein, P. C.;
Moore, B. S.; Qian, P.-Y. J. Am. Chem. Soc. 2012, 134, 8625. (c)
Davidsen, J. M.; Bartley, D. M.; Townsend, C. A. J. Am. Chem. Soc.
2013, 135, 1749. (d) Brotherton, C. A.; Balskus, E. P. J. Am. Chem. Soc.
2013, 135, 3359.

(15) Schwarzer, D.; Finking, R.; Marahiel, M. A. Nat. Prod. Rep.
2003, 20, 275.



Org. Lett., Vol. 15, No. 14, 2013 3677

NRPS,NapJ, bearing adomainorganizationofC-A-PCP-
reductase (RE) and showing similarity to SfmC, is then
proposed to activate theOrn derivative, possibleGlu semi-
aldehyde according to Zmijewski and Gould’s proposal,6b

and carry out multiple enzymatic steps including reduc-
tions and PS reactions following the SFM biosynthesis
(Figure 1B).12 However, how Gly or Ser is incorporated
and how the five-membered bridged ring is formed still
need to be further investigated.
To demonstrate whether these NRPSs are necessary

for NDM generation, the NRPS genes were inactivated
by gene replacement, and the genotype of the respective
mutants were confirmed by PCR analysis (Figure S3,
Supporting Information). Each of the resultant mutants,
S. lusitanus TG3012 (ΔnapN), TG3013 (ΔnapO), TG3014
(ΔnapH), TG3015 (ΔnapL), and TG3016 (ΔnapJ) did not
produce NDM anymore (Figure 2A). Moreover, the gene
complementation of napN inS. lusitanusTG3012 (ΔnapN)
mutant restored the biosynthesis of NDM (Figure 2B).
Thus, the results unambiguously confirmed that all these
NRPSs are essential to the biosynthesis of NDM.
To characterize the function of the starter module, we

first tried to express the AL domain and the PCP domain
independently in E. coli. Unfortunately, the purified AL
domain did not show any activity in vitro. Then the NapN
(AL-PCPdidomain)wasoverexpressed, purified, andused
to characterize the acylation activity of the AL domain.
As expected, a new PCP derivative could be detected
by HPLC and LC�MS analysis; however, the production
level is very low (data not shown). We speculated that the
AL domain prefers to acylate the PCP domain of NapN
(in-cis) rather than the PCP domain standing free in solu-
tion (in-trans). To overcome this problem, NapN S598A
was constructed and used in the same assay (Figure 3A
and S4, Supporting Information), in which the active
site of the PCP domain of NapN, Ser-598, was mutated
to Ala. As shown in Figure 3B, the myristoyl acid could
be effectively activated by the AL domian and loaded
onto PCP to formmyristoyl-S-PCP in an ATP-dependent
manner. And the 210 Da shift in the Q-TOF-MS analysis
is in agreement with addition of a myristoyl acid to the
holo-PCP (Figure 3C).
After generation of 2, the next post-NRPS tailoring

steps including oxygenation and N-methylation may be
performed by NapA and NapV to yield intermediate 3
(Figure 1B). Finally, the fullymodifiedpropeptide 3will be
matured through hydrolysis of an ester bond to remove
the leader peptide and exported from the cell to giveNDM,
which most likely will be catalyzed by NapG (Figure 1B),
a putative peptidase with nine predicted transmem-
brane helices (Figure S5, Supporting Information). To

support this proposal, napG was also inactivated by
gene replacement. Although the mutant S. lusitanus
TG3018 (ΔnapG) still produced NDM,16 the yield de-
creased significantly, and gene complementation could
restore NDM biosynthesis (Figure 2C). So, we concluded
thatnapG is important forNDMbiosynthesis, and it is also
consistentwith the cleavage of a precursor by amembrane-
bound peptidase.
In summary, genetic and biochemical characterization

ofNDMgene cluster revealed an interesting biosynthetic
machinery. This study presented here paves the way
for further biochemical investigations into the novel
mechanisms and sets the stage for the next combinatorial
biosynthesis.
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Figure 3. Biochemical characterization of the starter module.
(A) Enzymatic reaction. (B) HPLC analysis (UV absorbance
monitored at 220 nm): (I) holo-PCP; (II) NapN (S598A); (III)
reaction without ATP; Time-course of enzymatic reaction for
10 min (IV), 1 h (V), and 2 h (VI). (C) Q-TOF-MS analysis
of holo-PCP and enzymatic product. (3) NapN (S598A); (O)
holo-PCP; (b) myristoyl-S-PCP.
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