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Nitrosugars decorate over 50 isolated bioactive natural products
including aromatic and reduced polyketides as well as oligosac-
charides.1 One of the first reported nitrosugar containing natural
products is the “orthosomycin” antibiotic everninomycin 1, which
terminates with 2,3,6-trideoxy-3-C-methyl-4-O-methyl-3-nitro-L-
ribo-aldohexo-pyranose, or evernitrose.2 Evernitrose is also present
in the polyketide rubradirin 2 and is structurally related to D-kijanose
from the spirotetronate polyketide antibiotic kijanimycin.3 Of note,
the nitroso congener of everninomycin is a significant metabolite
in fermentations of the everninomycin producer Micromonospora
carbonacea var. africana.4 Moreover, “protorubradirin”, the nitroso
analogue of rubradirin is the major product of fermentation in the
rubradirin producer when isolation procedures are performed in the
dark, suggesting that the C-nitroso sugars are the bona fide me-
tabolites.5

A comparative genomic analysis was previously performed for
the orthosomycin antibiotics comparing two separate gene clusters
encoding everninomycin octasaccharides and two gene clusters
encoding avilamycins, structurally related heptasaccharides lacking
the nitrosugar moiety.6 Subtractive analysis identified a cassette of
genes that have translated homologues in the biochemically
characterized epi-vancosamine pathway.7 ORF36 from M. car-
bonacea var. africana (ORF42 from Var. aurantiaca) was proposed
to function as a requisite oxidase in the oxidation of the 3-amino
group in thymidine diphosphate TDP-evernosamine 3, a close
analogue of L-TDP-epi-vancosamine 4. More recently, two ad-
ditional nitrosugar encoding natural product gene clusters have
bolstered this hypothesis: the ansamycin rubradirin from Strepto-
myces achromogenes var. rubradiris and the spirotetronate polyketide
kijanimicin from Actinomadura kijaniata.8,9 These clusters also
contain a gene encoding a putative flavin-dependent enzyme with
good overall sequence identity to ORF36/42. RubN8 is 63%
identical to ORF36 and Liu and co-workers have recently proposed
that KijD3, the homologue of this putative protein in the kijanimicin
cluster (65% identical), is the key oxidase involved in kijanose
amine oxidation.

Despite these compelling sequence-based analyses, the biochemi-
cal roles of the encoded flavin-dependent enzymes in the oxidation
of TDP-evernosamine 3 and analogues have yet to be determined.
Consequently, we amplified two of these putative oxidase genes from
genomic DNA of M. carbonacea var. africana and S. achromogenes
var. rubradiris, the everninomycin (ORF36) and rubradirin (RubN8)
producing organisms, respectively. PCR products were subcloned for
translation as N-terminal His6-tagged fusion proteins in pET28a. Fu-
sion proteins were overproduced in E. coli BL21(DE3) and purified
to homogeneity by Ni2+-affinity chromatography.

A close substrate analogue of 3, L-TDP-epi-vancosamine 4 (4-
O-desmethyl L-TDP-evernosamine) was prepared by in situ
Staudinger reduction of a synthetic azide congener 5 (5:1 �/R)10

with tris(2-carboxyethyl)phosphine. L-TDP-epi-vancosamine 4 was
incubated separately with the putative oxidases, FAD, NADPH,

and flavin reductase from Vibrio fischeri. Product formation was
assayed by electrospray HPLC-MS using a porous graphitic matrix
column11 in negative ion mode, which effectively separated all TDP
products. As shown in Figure 1, time course assay revealed rapid
disappearance of amino sugar 4 (m/z ) 544), transient appearance
of intermediary hydroxylamine 6 (m/z ) 560), and ultimate
formation of a nitroso compound TDP-epi-vancosonitrose 7/8 (m/z
) 558 and its hydrate at 576). Tandem MS fragmentation (Figure
S6) of selected product ions showed diagnostic fragmentation
patterns of 7/8 including loss of TDP anion (m/z ) 401) and
thymidine (m/z ) 432). Of note, only the �-anomer of 4 was
oxidized, and no formation of nitro sugar was observed under any
reaction conditions.

Control reactions omitting either ORF36/RubN8, FAD, or
NADPH produced no detectable oxidation products. In the absence
of flavin reductase, hydroxylamine 6 was detected, but at very low
rates. V. fischeri flavin reductase is known to stimulate hydrogen
peroxide and superoxide production (as they are FADH2 aerobic
decomposition byproducts).12,13 Considering the possibility that
these reactive oxygen species (ROS) may oxidize epi-vancosamine,
all enzymatic reactions were also performed in the presence of a
catalytic excess of catalase and superoxide dismutase. Under these
conditions, no substantial changes in the pattern of oxidation of
L-TDP-epi-vancosamine to the corresponding nitroso sugar were
observed.

The flavin-dependent double oxidation described in this work
contrasts with previously reported amine oxidases in nitroaromatic
and deoxysugar metabolite pathways. PrnD, from aureothin bio-
synthesis, a [2Fe-2S] Rieske nonheme iron oxygenase,14,15 and
AurF, a binuclear metalloenzyme from pyrrolnitrin biosynthesis,
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have been implicated in aromatic nitro group formation.16-18 In
the latter case, evidence for a transient hydroxylamino intermediate
has been obtained. The flavin dependent mechanism of ORF36/
RubN8 is also likely distinct from CalE10 a P450 N-oxidase
involved in hydroxylamino deoxysugar formation in calicheamicin
biosynthesis.19,20

The four-electron flavin-mediated oxidation of an amine to a
nitroso functional group likely involves a two step process in which
the amino sugar 4 is first oxidized to the corresponding hydroxy-
lamine 6 via a flavin monooxygenase mechanism in analogy with
L-ornithine N5-oxygenase from pyoverdin biosynthesis21 and p-
hydroxybenzoate hydroxylase22 (Scheme 1). Correspondingly, we
propose that bound FADH2, generated by flavin reductase, reacts
with molecular oxygen to form flavin 4a-hydroperoxide 9 which
is the electrophilic oxidizing species in the formation of the
hydroxylamino sugar. The elimination of the resultant 4-a-hydroxide
10 regenerates FAD. In the second step, oxidation of the hydroxy-
lamino sugar 6 to nitroso sugar 7/8 may be affected by an iterative
oxidative process in which FAD would again be reduced by flavin
reductase/NADPH prior to an additional round of oxidation. To
confirm FAD recycling, reactions were performed with stoichio-
metrically limiting NAD(P)H. The formation of hydroxylamine 6
was observed (Figure S5, Supporting Information), but no further
oxidation products appeared until additional NAD(P)H was added
to the reaction, suggesting that four electrons are supplied for the
formation of the FAD-4a-hydroperoxide via NAD(P)H.

This study employs the 4-O-desmethyl analogue of L-TDP-
evernosamine, and the possibility exists that the methylation state
may affect subsequent oxidation reactions at the 3-position. How-
ever our data are in accord with previous observations in which
the nitroso compound is the predominant product produced under
aphotic fermentation conditions. Taken together, these data suggest

that the metastable nitroso congener of evernitrose is the likely
product of the deoxysugar biosynthetic pathway. Nitrososugar
metabolites may be subsequently transformed to the nitro oxidation
state via a latent (photo)chemical process or endogenous ROS.
Protorubradirin and its methanolysis derived nitroso sugar methyl
glycoside are reportedly converted to the nitro form upon exposure
to ambient light and air.5

These results speak to the high utility of comparative genomic
analysis of similar gene clusters in elucidating biosynthetic path-
ways. Limited sequence similarity is also observed for ORF36/
RubN8 to characterized oxidases in secondary metabolism. Diben-
zothiophene oxidase dszC (35% similarity) catalyzes an analogous
net 4-electron oxidation of a sulfide functional group to a sulfoxide23

and isobutylamine oxidase VlmH (34% similarity) converts isobutyl
amine to isobutyl N-hydroxylamine, an intermediate in the pathway
for the azoxy functional natural product valanimycin.24

To the best of our knowledge, this study provides the first bio-
chemical evidence for a new class of flavin-dependent monooxy-
genase that is utilized in the pathways for the preponderance of
alkylnitro functional natural products described to date. The ob-
served activity of ORF36 and RubN8 provide direct biochemical
evidence for the everninomycin and rubradirin gene clusters,
respectively. Future studies will investigate the detailed kinetics
and mechanism of the flavin-catalyzed enzymatic double N-
oxidation reaction and the subsequent nonenzymatic formation of
the nitro natural products.
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Figure 1. Time course HPLC-MS of product formation in RubN8
oxidation reaction. Further details can be found in Figure S4 for RubN8
and Figure S7 for ORF36 in Supporting Information.

Scheme 1. Proposed Pathway for Nitrososynthase Oxygenation
Reaction
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