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The triacsins (1–4) are a unique class of natural prod-
ucts containing an 11-carbon alkyl chain and a terminal 
N-hydroxytriazene moiety (Fig. 1). Originally discovered 

from Streptomyces aureofaciens as vasodilators through an antibiotic 
screening program1, the triacsins are most notable for their use as 
acyl-CoA synthetase inhibitors by mimicking fatty acids in the study 
of lipid metabolism2–10. Recently, triacsin C also showed promise in 
the inhibition of SARS-CoV-2-replication, where morphological 
effects were observed at viral replication centers11. Despite potent 
activities, the triacsin biosynthetic pathway, particularly the enzy-
matic machinery to install the N-hydroxytriazene pharmacophore, 
has remained obscure.

The N-hydroxytriazene moiety, containing three consecutive 
nitrogen atoms, is rare in nature and has been identified only in the 
triacsin family of natural products12. In contrast to the prevalence of 
N–N linkages in synthetic drug libraries, the enzymes for N–N bond 
formation have only recently begun to be revealed13,14. Examples 
include a heme enzyme (KtzT) in kutzneride biosynthesis15, a fusion 
protein (Spb40) consisting of a cupin and a methionyl-transfer 
RNA synthetase (metRS)-like domain in s56-p1 biosynthesis16, an 
N-nitrosating metalloenzyme (SznF) in streptozotocin biosynthe-
sis17, a transmembrane protein (AzpL) in 6‐diazo‐5‐oxo‐l‐norleu-
cine formation18 and an ATP-dependent, diazo-forming enzyme 
(CreM) in cremeomycin biosynthesis19 (Supplementary Fig. 1). 
Investigation of the biosynthesis of triacsins containing two con-
secutive N–N bonds may determine whether known mechanisms 
are used or if yet new enzymes for N–N bond formation exist.

To shed light on triacsin biosynthesis, we identified the triac-
sin biosynthetic gene cluster (tri1-32) in S. aureofaciens through 
genome mining and mutagenesis studies20. Based on bioinformatic 
analyses and labeled precursor feeding experiments, we further 
proposed a chemical logic for N-hydroxytriazene biosynthesis via 
a key intermediate, hydrazinoacetic acid (HAA), as well as through 
nitrite-dependent N–N bond formation20. In the present study 
we scrutinized the activity of 15 enzymes for triacsin biosynthesis 

through biochemical analyses. We revealed all enzymes required 
to construct and install the unusual N-hydroxytriazene pharma-
cophore, highlighting a new ATP-dependent, nitrite-utilizing, 
N-nitrosating enzyme.

Results
N-hydroxytriazene assembly starts before PKS extension. 
Although we inferred from bioinformatic analysis that the acyl 
portion of the triacsin scaffold is derived from discrete polyketide 
synthases (PKSs), it was unclear with respect to the reaction tim-
ing of how nitrite and HAA pathways are coordinated with the 
purported acyl intermediate to form the triacsin scaffold with 
the N-hydroxytriazene moiety20. One hypothesis is that HAA, 
once loaded onto an acyl carrier protein (ACP), is modified by 
nitrite to form an ACP-bound intermediate that resembles the 
final N-hydroxytriazene moiety that is further elongated by PKSs. 
Alternatively, the N-hydroxytriazene moiety may serve as a PKS 
chain terminator rather than a ‘starter unit’. The overall odd num-
ber of carbon chain length was also puzzling, which was probably 
due to a decarboxylation event on the PKS chain since the carboxyl-
ate carbon of glycine, a predicted precursor of HAA, was retained 
(Extended Data Fig. 1a). While mutants with each of the 25 tri genes 
individually disrupted did not accumulate any biosynthetic inter-
mediates or shunt products, the Δtri9-10 mutant strain, in which the 
two genes encoding a decarboxylase and its accessory enzyme were 
both deleted, abolished the production of triacsins and accumulated 
a new metabolite (5) (Fig. 2a). Metabolite 5 exhibited a distinct 
ultraviolet (UV) profile and was predicted to have the molecular 
formula C12H13N3O3 based on high-resolution mass spectrometry 
(HRMS) analysis (Supplementary Fig. 2 and Supplementary Note 1).  
From a 12-l fermentation culture of Δtri9-10, 2.5 mg of 5 was 
obtained as a yellow and amorphous powder. Subsequent one- 
and two-dimensional nuclear magnetic resonance (NMR) analysis 
revealed 5 to be a new triacsin-like metabolite with a 12-carbon 
unsaturated alkyl chain terminated by a carboxylic acid moiety 
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(Supplementary Note 1). Metabolite 5 was unstable, and >90% had 
degraded after 2 days at room temperature (Supplementary Fig. 2).  
The presence of both the N-hydroxytriazene moiety and the ter-
minal carboxylic acid in 5 argued against the possibility of the 
N-hydroxytriazene moiety as a PKS chain terminator. We thus pro-
pose that the N-hydroxytriazene assembly starts before PKS exten-
sion (Fig. 1).

To confirm that 5 was a direct substrate for Tri10, a UbiD-family 
nonoxidative decarboxylase (Tri10) was overexpressed in Escherichia 
coli and purified for biochemical analysis (Supplementary Fig. 3). 

Notably, Tri9 is homologous to UbiX, a flavin prenyltransferase 
that modifies FMN using an isoprenyl unit to generate prFMN, 
a required cofactor for the activity of UbiD21–24. As expected, the 
purified Tri10 alone showed no activity toward 5 presumably due 
to the absence of the required cofactor (Fig. 2b). By contrast, the 
purified Tri10 that was coexpressed with Tri9 in E. coli successfully 
decarboxylated 5 based on HRMS analysis with the concomitant 
production of CO2 (Fig. 2b and Extended Data Fig. 1b). While the 
full structural characterization of the decarboxylated product of 5 
was not feasible due to instability of both substrate and product, the 
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UV profile and HRMS data of the reaction product were consistent 
with decarboxylated product 6 (Supplementary Fig. 4). In addition, 
6 was also identified as a minor metabolite from the culture broth 
of wild-type S. aureofaciens (Fig. 2a and Supplementary Fig. 4). 
Considering that only 5 was accumulated in Δtri9-10, we proposed 
that 6 was probably a precursor for all observed triacsin congeners 
varying in the unsaturation pattern of their alkyl chains (Fig. 1).

Succinylation is required for HAA activation. We previously 
proposed that HAA, presumably generated through the activi-
ties of Tri26-28, is a key intermediate for triacsin biosynthesis20. 
Specifically, N6-hydroxy-lysine (7), which is generated by Tri26 
(an N-hydroxylase homolog), reacts with glycine, promoted 
by Tri28 (a cupin and metRS didomain protein), to form N6-
(carboxymethylamino)lysine (8), which then undergoes oxida-
tive cleavage to yield HAA and 2-aminoadipate 6-semialdehyde 
catalyzed by Tri27, an FAD-dependent, d-amino acid oxidase 
homolog. The Tri26-28 coupled biochemical assay successfully 
produced HAA by comparison to an authentic standard through 
2,4-dinitrofluorobenzene (DNFB) derivatization16,25, confirm-
ing the predicted activity of Tri26-28 (Fig. 3a and Supplementary  
Fig. 5). In addition, Tri26 was found to hydroxylate lysine but 
not ornithine, and the coupled assay with Tri26/28 generated 8 as 
expected, further confirming the activity of each enzyme (Extended 
Data Fig. 2 and Supplementary Fig. 5a,b).

We next dissected Tri28 to obtain insight into the roles of the 
cupin and metRS domains in forming the N–N bond between 7 
and glycine. Each domain was individually purified from E. coli, 
and recombination of each domain in the in vitro assay showed 
successful, albeit less efficient, formation of 8 than the intact dido-
main enzyme, demonstrating the feasibility of domain dissec-
tion (Fig. 3a,b). The production of 8 required the activity of both 
domains of Tri28, as shown in the coupled assays used to produce 
HAA (Fig. 3a). The assay with the Tri28_metRS domain alone gen-
erated a putative ester intermediate or a spontaneously rearranged 
product26 (Fig. 3b and Supplementary Fig. 5c), suggesting that the 

cupin domain of Tri28 promoted the intramolecular rearrange-
ment of the ester intermediate to form 8. Tri28 was revealed to 
have a single zinc coordination site for each domain by inductively 
coupled plasma–optical emission spectroscopy (ICP–OES) analy-
ses, consistent with its homolog PyrN (40% sequence similarity) 
(Supplementary Fig. 5d,e)27.

After confirming the production of HAA, we next probed the 
fate of HAA in the N-hydroxytriazene assembly. Tri26-28 is part of 
a putative six-gene operon of tri26-31 that is homologous to spb38-
43 in s56-p1 biosynthesis16, whereas the functions of tri29-31, puta-
tively encoding an AMP-dependent synthetase, an ACP and an 
N-acetyltransferase, respectively, remained unknown for both tri-
acsin and s56-p1 biosynthesis. We hypothesized that Tri29 activates 
HAA through adenylation and then loads it onto Tri30. Tri31 possi-
bly acetylates the distal nitrogen of the purported hydrazine moiety 
as a protecting group, similar to the activity of FzmQ/KinN28,29. A 
biochemical assay with Tri29 and the holo-ACP, Tri30, yielded no 
HAA-S-Tri30 based on liquid chromatography (LC)–HRMS analy-
sis (Supplementary Fig. 6), suggesting that Tri31 previously acety-
lates HAA to the Tri29-catalyzed activation and loading onto ACP. 
A subsequent assay of Tri31 with HAA and acetyl-CoA, however, 
did not yield acetyl-HAA (Fig. 3c). Instead, a new product of mass 
consistent with succinyl-HAA (9) was detected in a trace amount 
(Supplementary Fig. 7). We hypothesized that 9 was generated from 
succinyl-CoA, which tightly bound to the Tri31 protein purified 
from E. coli. LC–HRMS analysis of the purified Tri31 protein solu-
tion revealed a trace amount of succinyl-CoA as compared to the 
standard, and the addition of extra succinyl-CoA to the Tri31 assay 
increased the yield of 9, consistent with our hypothesis (Fig. 3c and 
Supplementary Fig. 7).

The preference of Tri31 for succinyl-CoA over acetyl-CoA 
was unexpected based on the prediction of Tri31 as an 
N-acetyltransferase. To exclude the possibility of an artifact due 
to copurification of succinyl-CoA with Tri31, we next investigated 
the acyl-CoA substrate specificity of Tri31 using various CoA sub-
strates. Tri31 recognized all tested acyl-CoAs except acetyl-CoA, and  
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moderately preferred succinyl-CoA over others based on kinetic 
analysis (Fig. 3c and Supplementary Fig. 8). The promiscuity of 
Tri31 also made it possible to confirm that Tri31 acylates the dis-
tal nitrogen of HAA, because purification of products such as 
hexanoyl-HAA is more feasible from in vitro assays than 9 due to 
its increased hydrophobicity. The NMR analysis of hexanoyl-HAA 
showed a 3J 1H-15N HMBC cross-peak between the nitrogen-bearing 
methylene (δH 3.69) and the amide nitrogen (δN 144.7), as well as a 
2J 1H-15N HMBC cross-peak between the amide -NH- (δH 9.68) and 
the other nitrogen (δN 61.7), supporting the notion that the distal 
nitrogen of HAA is connected to the carbonyl carbon of the CoA 
substrate (Supplementary Note 2).

The activation and loading of all acyl-HAAs generated by 
Tri31 were then tested using a coupled assay containing Tri29-31.  

The succinyl-HAA-loaded Tri30 (10) was successfully generated 
based on both the intact protein HRMS and phosphopantetheine 
(Ppant) ejection assay (Fig. 3d). Interestingly, none of the other 
acyl-HAAs were loaded onto Tri30 (Supplementary Fig. 9), indi-
cating that Tri29 acts as a gatekeeper enzyme in the biosynthetic 
pathway and succinylation is required for HAA activation and 
loading onto ACP (Fig. 1).

Hydrazone starter unit for PKS extension. Tri22, an acyl-CoA 
dehydrogenase homolog, was proposed to oxidize 10 as the next 
step in N-hydroxytriazene formation. Tri22 was recombinantly 
expressed in E. coli as a yellow protein containing flavin adenine 
dinucleotide (FAD) (Supplementary Fig. 10a,b). An in vitro assay 
of Tri22 with 10 generated in situ by Tri29-31 resulted in its  
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conversion to a product with mass consistent with 11 and reduc-
tion of FAD to FADH2 (Fig. 4a and Supplementary Fig. 10c). To 
confirm the proposed structure of 11, the reaction product was sub-
jected to base hydrolysis to release the free acid that was further 
derivatized by ortho-phthalaldehyde (OPTA) for LC–UV–HRMS 
analysis30,31. The expected acid product, 2-hydrazineylideneacetic 
acid (2-HYAA), was also chemically synthesized and derivatized 
by OPTA. By comparison, the structure of 11 was confirmed to be 
2-HYAA attached to Tri30 (Extended Data Fig. 3, Supplementary 
Note 3 and Supplementary Fig. 11). It is notable that a time-course 
experiment with Tri22 showed no detectable reaction intermediates 
due to the sole activity of dehydrogenation or hydrolysis of Tri22 
(Supplementary Fig. 10d). Tri22 showed no activity toward free acid 
9 (Supplementary Fig. 11), demonstrating the necessity of a carrier 
protein for Tri22 recognition.

Metabolite 11 was proposed to be the first possible substrate 
to react with the presumed nitrite for N-hydroxytriazene forma-
tion during triacsin biosynthesis. We then biochemically reconsti-
tuted the activity of Tri16 (a lyase) and Tri21 (a flavin-dependent 

enzyme)—the CreD and CreE homolog32, respectively—to confirm 
that nitrous acid can be generated by the pathway enzymes. After 
confirming the production of nitrite by Tri16/21 (Supplementary 
Fig. 12), we began to search for a nitrite-utilizing enzyme that modi-
fies 11 to form N-hydroxytriazene. There was weak evidence that an 
acyl-CoA ligase homolog, CreM, promoted the reaction of an aryl 
amine with nitrite to form diazo in cremeomycin biosynthesis19, 
although CreM seemed not to be required for diazo formation32. 
The triacsin biosynthetic gene cluster encodes a CreM homolog, 
Tri17 (40% sequence similarity), which is essential for triacsin bio-
synthesis based on a mutagenesis study20. However, an in vitro assay 
of Tri17 with nitrite, ATP and 11 yielded no new product. Notably, 
AMP was formed in the presence of nitrite and Tri17, suggesting 
that Tri17 may activate nitrite using ATP (Supplementary Fig. 13a).

Although enzyme(s) other than Tri17 were probably responsible 
for the third nitrogen addition, we reasoned that 11 might not be a 
correct substrate and that the N-hydroxytriazene formation might 
take place at a later stage, after PKS extension and release of the 
polyketide intermediate. While the discrete nature and lack of some 
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essential enzymes (probably shared with fatty acid biosynthesis in 
the native producer) made the in vitro reconstitution of the entire 
PKS machinery a formidable task, the biochemical assay containing 
Tri13, a ketosynthase homolog (KAS III) that is related to certain 
KSs catalyzing transacylation33,34, and Tri20, a free-standing ACP, 
demonstrated that Tri13 promoted translocation of the 2-HYAA 
moiety from Tri30 to Tri20 to yield 12 (Fig. 4b). This observation 
suggested that the PKS extension probably takes place on Tri20 with 
a hydrazone starter unit. After five rounds of extension to yield 13, 
the 12-carbon fully unsaturated alkyl chain would be released as a 
carboxylic acid to produce 14 (Fig. 1). Tri14, a peptidase homolog, 
may play a thioesterase role in facilitating this hydrolytic release of 
the polyketide product. To probe the activity of Tri14, we purified a 
soluble version of Tri14 from E. coli following cleavage of its predicted 
N-terminal recognition sequence for self-activation35. Due to the 
unavailability of 13, surrogate substrates such as hexanoyl-S-Tri20 
and lauroyl-S-Tri20 were generated using Sfp, a promiscuous Ppant 
transferase36, and used in the Tri14 assays (Supplementary Fig. 14). 
Tri14 exhibited a hydrolytic activity toward lauroyl-S-Tri20 but not 
toward hexanoyl-S-Tri20, demonstrating an acyl chain length pref-
erence (Extended Data Fig. 4). In addition, Tri14 showed no activ-
ity toward lauroyl-S-Tri30, consistent with the hypothesis that PKS 
extension occurs on Tri20 rather than Tri30 (Extended Data Fig. 4 
and Supplementary Fig. 14). These results strongly suggested that 
Tri14 is a plausible enzyme to catalyze the hydrolytic release of 14 
from 13 (Fig. 1).

Tri17 completes N-hydroxytriazene assembly following PKS. 
Structural comparison of 14 and 5 suggested that the third nitro-
gen addition could occur on 14 following the PKS assembly line. 
Considering that 14 was probably more unstable than 5, as sug-
gested by the literature37, we turned to a surrogate substrate, 15, to 
probe the activity of Tri17 (Fig. 5a). Metabolite 15 was chemically 
synthesized (Supplementary Note 4) and used in the Tri17 assay, 
together with ATP and nitrite. A new product was successfully pro-
duced, which was identified as triacsin A (1) by comparison with the 
authentic standard isolated from the wild-type culture of S. aureofa-
ciens (Fig. 5a, Supplementary Fig. 15a and Supplementary Note 5).  
This product was not observed in negative controls, where each 
individual component such as Tri17, ATP, nitrite or 15 was omit-
ted (Fig. 5a). The utilization of 15N-nitrite also led to the expected 
mass spectral shift of the product (Fig. 5a), further confirming 
the utilization of nitrite by Tri17 in N–N bond formation. We fur-
ther determined the kinetic parameters (catalytic constant (kcat) and 
Michaelis constant (KM)) of Tri17 towards 15 (kcat = 40.6 ± 6.4 min−1, 
KM = 301 ± 53 µM), nitrite (kcat = 0.49 ± 0.05 min−1, KM = 18.5 ± 4.3 µM) 
and ATP (kcat = 0.39 ± 0.03 min−1, KM = 64.2 ± 6.7 µM) (Supplementary 
Fig. 15b). The production of AMP was slightly increased in the pres-
ence of 15, and pyrophosphate was suggested to be produced by Tri17, 
consistent with the proposed reaction mechanism of Tri17 in which 
15 nucleophilically attacks the ATP-activated nitrite to yield 1 with the 
release of AMP (Extended Data Fig. 5 and Supplementary Fig. 13b).

We next probed whether nitrous acid, generated enzymatically 
by Tri16/21, could be utilized by Tri17. A biochemical assay con-
taining Tri16, Tri21 and Tri17 with aspartic acid, NADPH, ATP and 
15 resulted in the production of 1, and the utilization of 15N-aspartic 
acid led to the expected mass spectral shift of 1 (Fig. 5b), confirming 
the utilization of nitrite generated by Tri16/21 in N-hydroxytriazene 
biosynthesis. Notably, no spontaneous formation of 1 was observed 
using either nitrite or enzymatically generated nitrite in the absence 
of Tri17 (Fig. 5a,b). We thus deduced that, in triacsin biosynthesis, 
Tri17 takes nitrite and 14 as substrates and catalyzes the produc-
tion of 5 in an ATP-dependent manner (Fig. 1). Tri17 appeared 
to be promiscuous toward acyl chain modifications, because 
both 14 and 15 could be recognized. However, neither 2-HYAA 
nor 12-aminododecanoic acid was recognized by Tri17 based on  

comparative metabolomics analysis (Supplementary Fig. 16), 
suggesting the activity of Tri17 is both chain length and hydra-
zone specific. Notably, Tri17 did not utilize nitrate to modify 
15 (Supplementary Fig. 16), indicating that Tri17 is a dedicated 
nitrite-utilizing N-nitrosating enzyme.

Discussion
Our extensive bioinformatics, mutagenesis and biochemical analy-
sis allowed proposal of the complex biosynthetic pathway for triac-
sins, particularly the N-hydroxytriazene moiety unique to this class 
of natural products (Fig. 1). Biosynthesis starts with the production 
of HAA from lysine and glycine catalyzed by Tri26-28, which is 
then succinylated by a succinyltransferase, Tri31, and activated and 
loaded onto Tri30 promoted by an acyl-ACP ligase, Tri29. Tri22, 
an acyl-ACP dehydrogenase, catalyzes desuccinylation and oxi-
dation of HAA to a hydrazone moiety attached to Tri30, which is 
then translocated to another free-standing ACP, Tri20, facilitated 
by a ketosynthase, Tri13, for PKS extension. The PKS machinery 
probably includes ketosynthases encoded by tri6-7, a ketoreduc-
tase encoded by tri5, two dehydratases encoded by tri11-12 and a 
malonyl-CoA:ACP transacylase that is shared with the host fatty 
acid synthase machinery. Tri6/7 probably form heterodimers in 
which Tri6 performs the canonical Claisen-like decarboxylative 
condensation, while Tri7, lacking an active site cysteine, acts as a 
chain length factor that controls the number of iterative elonga-
tion steps38–43. Tri11/12 also probably dimerize to form a functional 
dehydratase44,45. After five iterations of ketosynthase, reductase 
and dehydratase, a fully unsaturated polyketide chain is hydrolyti-
cally released from Tri20 promoted by a thioesterase, Tri14. Tri17, 
an ATP-dependent N-nitrosating enzyme, recognizes this highly 
unstable biosynthetic intermediate, 14, and catalyzes the formation 
of 5 to finish N-hydroxytriazene assembly using nitrite generated by 
Tri16/21. Metabolite 5 subsequently undergoes nonoxidative decar-
boxylation promoted by Tri9/10 and various reduction/oxidation 
reactions—probably catalyzed by Tri18/19, two remaining oxido-
reductases encoded by the gene cluster—to yield triacsin congeners 
varying in the unsaturation pattern of their alkyl chains (Fig. 1). 
We propose that N-nitrosation occurs before decarboxylation in the 
pathway since 5, but not 14, was detected from the Δtri9-10 mutant. 
However, we could not rule out the possibility that decarboxylation 
might precede N-nitrosylation. This proposed biosynthetic pathway 
was consistent with failure to detect intermediate accumulation in 
most of the gene deletion mutants because most of the presumed 
biosynthetic intermediates were either attached to an ACP or highly 
unstable.

The biosynthesis of triacsins features two distinct mechanisms 
for the two consecutive N–N bond formations. One involves Tri28, 
a cupin and metRS didomain protein, which catalyzes the forma-
tion of N6-(carboxymethylamino)lysine (8) from N6-hydroxy-lysine 
(7) and glycine. Previous work established a proposed reaction 
scheme for Spb40, a homolog of Tri28 (75% sequence similarity), 
using filtered culture broth from E. coli expressing the recombinant 
Spb40 and isotope-labeled substrates16. However, the utilization of 
whole-cell lysate rather than purified enzymes precluded detailed 
biochemical characterization of this enzyme, leaving unanswered 
questions such as the tRNA requirement and true functions of 
each of two domains. Using purified Tri28 and the dissected indi-
vidual domains, we revealed that tRNA was not required for the 
activity of Tri28. Glycine is thus most probably activated by ATP 
to form glycyl-AMP, which is subjected to nucleophilic attack by 7 
to form an ester intermediate, presumably catalyzed by the metRS 
domain (Fig. 3a,b and Supplementary Fig. 5c). The cupin domain 
was demonstrated to be essential for the formation of 8, presum-
ably by promoting the rearrangement of the ester intermediate in 
N–N bond formation. The cupin domain has been implicated in a 
wide array of enzymatic activities and is usually metal binding46,47. 
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Bioinformatic analysis of the cupin domain of Tri28 showed that 
it probably contains a 3-His-1-Glu metal-binding site. This site is 
most commonly associated with iron, but there is also a precedent 
for the coordination of zinc, nickel and copper46,47. We revealed that 
Tri28_cupin bound zinc rather than the more common iron for 
catalysis (Supplementary Fig. 5d,e). The critical role of zinc was sup-
ported by previous mutagenesis results where E. coli producing the 
Spb40 mutant with the substitution of alanine for His45, one of the 
key residues for metal binding of the cupin domain that is also con-
served in Tri28, abolished the ability to produce 8 (ref. 16). Although 
PyrN, a homolog of Tri28 involved in pyrazomycin biosynthesis, 
was recently found to catalyze a similar reaction to Tri28 with two 
equivalents of zinc bound, biochemical insight was precluded due to 

lack of in vitro activity27. Further biochemical and structural analy-
sis will provide more insights into the catalytic mechanism of this 
intriguing family of enzymes.

This study also identified a new N-nitrosating enzyme, Tri17, 
which catalyzes N-hydroxytriazene formation from nitrite and 
acyl hydrazone in an ATP-dependent way. Tri17 is homologous to 
an acyl-CoA ligase but CoA is not a required substrate, suggest-
ing that an AMP derivative is a plausible biosynthetic intermedi-
ate (Extended Data Fig. 5). Although nitrite has been implicated to 
react with an amine for N–N bond formation in multiple natural 
product biosynthesis, such as cremeomycin19,32, fosfazinomycin29, 
kinamycin28, alanosine48,49 and alazopeptin18, the underlying enzy-
mology often remains elusive, lacking a definitive biochemical  
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characterization using purified enzymes. For example, CreM, a 
homolog of Tri17, was previously reported to catalyze diazotiza-
tion in cremeomycin biosynthesis, although the evidence was 
weak because of its low solubility in E. coli and the high reactiv-
ity of nitrite to nonenzymatically react with an aryl amine to 
form a diazo moiety19,29. Similarly, nonenzymatic N-nitrosation 
using nitrite could occur in alanosine and fragin biosynthesis49,50, 
although other possibilities such as a fusion protein (AlnA) consist-
ing of a cupin and an AraC‐like DNA‐binding domain, or a CreM 
homolog encoded elsewhere on the genome, were also proposed 
to be an N−N-bond-forming enzyme, but without evidence48,49. 
AzpL, a transmembrane protein with no homology to any charac-
terized protein, was recently revealed to catalyze diazotization in 
alazopeptin biosynthesis through mutagenesis and heterologous 
expression, but no in vitro biochemical evidence was obtained due 
to the nature of the membrane protein18. Other enzyme candidates 
that may catalyze N−N bond formation using nitrite were also pro-
posed in fosfazinomycin and kinamycin biosynthesis (FzmP and 
KinJ, respectively), but these hypothetical proteins have not been 
studied28,29. The discovery of Tri17 provided a solid example of a 
nitrite-utilizing enzyme required for N–N bond formation, and 
provides the basis for future mechanistic understanding of this new 
family of dedicated N-nitrosating enzymes.

In conclusion, through identification of a highly unstable bio-
synthetic intermediate from mutagenesis studies and biochemi-
cal analysis of 15 enzymes required for triacsin biosynthesis, we 
have revealed the exquisite timing and mechanisms of the bio-
synthesis of this intriguing class of natural products. Two distinct 
ATP-dependent enzymes have been revealed to catalyze the two con-
secutive N–N bond formations of N-hydroxytriazene, including a 
glycine-utilizing, hydrazine-forming enzyme and a nitrite-utilizing, 
N-nitrosating enzyme. This study paves the way for the future dis-
covery, mechanistic understanding and biocatalytic application of 
enzymes for N–N bond formation.
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Methods
Materials. Phusion High-Fidelity PCR Master Mix (NEB) was used for PCR 
reactions. Restriction enzymes were purchased from Thermo Scientific. All 
chemicals used in this work were obtained from Alfa Aesar, Sigma-Aldrich or 
Fisher Scientific, unless otherwise noted. CoA substrates (purity >95%) were 
obtained from CoALA Biosciences. Hydrazinoacetic acid HCl salt (purity 95%) 
was purchased from BOC Sciences. 15N-aspartic acid (purity 98%) and 15N-sodium 
nitrite (purity >98%) were purchased from Cambridge Isotope Laboratories, Inc.

Bacterial strains and growth conditions. The wild-type and Δtri9-10 gene 
disruption mutant of Streptomyces aureofaciens ATCC 31442 were cultured on 
ISP4 agar plates to allow sporulation. Individual spore colonies were inoculated 
into a 2-ml seed culture of R5 liquid medium and grown at 30 °C and 240 rpm for 
48 h. The seed culture was inoculated into 30 ml of R5 liquid medium and grown 
for 5 days at 30 °C and 240 rpm before cell harvesting. Culturing was performed 
in 125-ml Erlenmeyer vessels with a wire coil placed at the bottom to encourage 
aeration. Large-scale culturing of wild-type S. aureofaciens was conducted as 
previously reported20. For large-scale culturing of the Δtri9-10 mutant, the 2-ml 
seed culture would instead be inoculated in 1 l of R5 liquid medium and grown 
under the same conditions. Escherichia coli strains were cultivated either on 
lysogeny broth (LB) agar plates or in LB liquid medium. Growth media were 
supplied with antibiotics as required at the following concentrations: kanamycin 
(50 μg ml–1), apramycin (50 μg ml–1) and ampicillin (100 μg ml–1).

LC–HRMS analysis of triacsins and 5. Streptomycete cultures were pelleted by 
centrifugation (4,000g for 15 min), and spent media were extracted 1:1 by volume 
with ethyl acetate. Ethyl acetate was removed by rotary evaporation, and the dry 
extract was dissolved in 300 μl of methanol for liquid chromatography–mass 
spectrometry (LC–MS) analysis by 10-μl injection onto an Agilent Technologies 
6120 Quadrupole LC–MS instrument with an Agilent Eclipse Plus C18 column 
(4.6 × 100 mm2). For LC–HRMS analysis, the extract in methanol could be diluted 
by a factor of five for LC–HRMS and HRMS/MS analysis by 10-μl injection onto 
an Agilent Technologies 6545 Q-TOF LC–MS instrument with the same column. 
Linear gradients of 5–95% acetonitrile (v/v) in water with 0.1% formic acid (v/v) at 
0.5 ml min–1 were used.

Production and purification of 5 and 1. After the 5-day culture period for 
the Δtri9-10 mutant of S. aureofaciens, cultures were pelleted by centrifugation 
(4,000g for 15 min), and spent medium was extracted 1:1 by volume with ethyl 
acetate. The ethyl acetate was removed by rotary evaporation and the dry extract 
was dissolved in a 1:1 mixture (v/v) of dichloromethane and methanol. The 
dissolved extract was loaded onto a size exclusion column packed with Sephadex 
LH-20 (Sigma-Aldrich) and manually fractionated in a 1:1 dichloromethane and 
methanol running solvent. The fractions were screened by LC–MS with a diode 
array detector. Fractions containing the compound determined to be 5 were 
subjected to high-performance liquid chromatography (HPLC) using an Agilent 
1260 HPLC and an Atlantis T3 OBD Prep column (100 Å pore size, 5 μm particle 
size, 10 × 150 mm2). A water/acetonitrile mobile phase buffered to a pH of 7.2 with 
ammonium bicarbonate was used to prevent exposure of the fractions to acidic 
conditions. Linear gradients of 5–50% acetonitrile (v/v) at 2.5 ml min–1 were used 
for initial purification. Final purification of 5 was performed using an isocratic 
gradient at 14% acetonitrile using the same mobile phase, column and flow rate. 
All fractions containing the product were kept covered to avoid light exposure, and 
stored under N2 gas whenever practically achievable to avoid chemical degradation. 
Purified products were dried and analyzed by LC–MS and NMR. All NMR 
spectra were recorded on a Bruker AVANCE at 900 MHz (1H NMR) and 226 MHz 
(13C NMR). NMR spectra were analyzed using Mestrenova 9.0.1. LC–HRMS, and 
gas chromatography–MS (GC–MS) data for the entire work were analyzed using 
Agilent Mass Hunter Qualitative Analysis 10.0. The production and purification 
procedure of 1 was conducted as previously reported20.

Labeled precursor feeding of 1-13C-glycine. Streptomyces aureofaciens was 
cultured as described in Bacterial strains and growth conditions. Twenty-four 
hours after the 30-ml inoculation, the culture was supplied with 10 mM 
1-13C-glycine. Compound extraction and LC–HRMS analysis were performed as 
described above.

Construction of plasmids for expression in E. coli. Three vectors were used for 
E. coli-induced expression of recombinant proteins with polyhistidine tags. The 
plasmid pETDuet-1 was used for the dual expression of Tri10 and Tri9 (Tri109). 
The tri10 gene was amplified with HindIII and NotI sites and inserted into the 
first multiple cloning site (MCS) of pETDuet-1 which encodes an N-terminal 
polyhistidine tag. The tri9 gene was amplified using NdeI and XhoI sites and 
inserted into the second MCS of pETDuet-1 that encodes a C-terminal S-tag 
derived from pancreatic ribonuclease A. The plasmid pET-24b(+) was used for 
the expression of Tri28, Tri28_Cupin, Tri28_metRS, Tri30, Tri20, Tri17, Tri13 and 
Tri14 with C-terminal polyhistidine tags. The NdeI and XhoI sites were used for the 
restriction digest and ligation-based installation of the corresponding gene. The 
plasmid pLATE52 was used for the expression of Tri16, Tri21, Tri26, Tri27, Tri22, 

Tri29 and Tri31 with N-terminal polyhistidine tags. The corresponding genes 
were amplified and inserted through ligation-independent cloning following the 
protocol from Thermo Fisher Scientific’s aLICator Expression System (no. K1281). 
All genes were amplified from either S. aurofaciens ATCC 31442 or S. tsukubaensis 
NRRL 18488, as listed in Supplementary Table 2. Oligonucleotides utilized in this 
study were purchased from Integrated DNA Technologies. All oligonucleotides 
used in this study are listed in Supplementary Table 1 and all strains and constructs 
are listed in Supplementary Tables 2 and 3.

Expression and purification of recombinant proteins. The expression and 
purification for all proteins used in this study followed the same general 
procedure for polyhistidine tag purification as detailed here. Expression strains 
were grown at 37 °C in 1 l of LB in a shake flask supplemented with 50 µg ml–1 
kanamycin or 100 µg ml–1 of ampicillin to an OD600 of 0.5 at 250 rpm. The 
shake flask was then placed over ice for 10 min and induced with 120 μM of 
isopropyl-β-d-thiogalactopyranoside. The cells were then incubated for 16 h at 
16 °C and 250 rpm to undergo protein expression. Subsequently, the cells were 
harvested by centrifugation (6,371g, 15 min, 4 °C) and the supernatant was 
removed. The cell pellet was resuspended in 30 ml of lysis buffer (25 mM HEPES 
pH 8.0, 500 mM NaCl, 5 mM imidazole) and cells were lysed by sonication on 
ice. Cellular debris was removed by centrifugation (27,216g, 1 h, 4 °C) and the 
supernatant was filtered with a 0.45-μm filter before batch binding. Ni-NTA 
resin (Qiagen) was added to the filtrate at 2 ml l–1 cell culture, and the samples 
were allowed to nutate for 1 h at 4 °C. The protein/resin mixture was loaded onto 
a gravity flow column. Flowthrough was discarded and the column was then 
washed with approximately 25 ml of wash buffer (25 mM HEPES pH 8.0, 100 mM 
NaCl, 20 mM imidazole) and tagged protein was eluted in approximately 20 ml 
of elution buffer (25 mM HEPES pH 8.0, 100 mM NaCl, 250 mM imidazole). 
The entire process was monitored using a Bradford assay. Purified proteins were 
concentrated and exchanged into exchange buffer (25 mM HEPES pH 8.0, 100 mM 
NaCl) using Amicon ultra filtration units. After two rounds of buffer exchange 
and concentration, the purified enzyme was removed and glycerol was added to 
a final concentration of 10% (v/v). Enzymes were subsequently flash-frozen in 
liquid nitrogen and stored at −80 °C or used immediately for in vitro assays. The 
presence and purity of purified enzymes was assessed using SDS–polyacrylamide 
gel electrophoresis (SDS–PAGE) and the concentration was determined using a 
NanoDrop UV-Vis spectrophotometer (Thermo Fisher Scientific).

Tri13 and Tri14 were purified using the same general procedure outlined in the 
previous section, with the following changes. After washing the column with wash 
buffer, proteins were eluted out with 5 ml of elution buffer containing 50, 100, 150 
and 250 mM imidazole, respectively. Fractions containing the desired protein were 
pooled together after analysis with SDS–PAGE.

Tri22 was purified with the procedure outlined here. The cell suspension was 
centrifuged for 10 min at 4,000 rpm at 4 °C. The pellet was then resuspended in 
lysis buffer (buffer A) containing Tris pH 8.0, 100 mM NaCl, 5% (v/v) glycerol 
and 20 mM imidazole. The slurry was lysed by sonication for 20 min on an ice 
bath. The lysate was then centrifuged at 12,000g for 40 min and the resulting 
supernatant was loaded onto a pre-equilibrated Ni-NTA affinity column. The 
loaded column was washed with a 50-column volume of lysis buffer (buffer A) and 
then eluted with elution buffer (buffer A) containing 200 mM imidazole. Pooled 
fractions containing the target protein were concentrated and exchanged with a 
buffer containing 20 mM NaCl using an Amicon Ultra-15 centrifugal filter device 
(30-kDa MWCO, Millipore). Filtered protein was applied to a MonoQ 4.6/100 PE 
(1.7 ml, Cytiva) column and eluted at a flow rate of 1.5 ml min–1. Bound proteins 
were eluted with a linear gradient of 0–500 mM NaCl in 50 mM Tris-HCl pH 8.0. 
Pooled protein from the MonoQ column was further applied to the Hiload 16/60 
Superdex 200pg (Cytiva) for size exclusion chromatography. The target protein was 
collected, concentrated to 1.8 mg ml–1 and flash-frozen for subsequent assays.

All proteins reported in this study were purified using the HEPES pH 8.0 buffer 
system (unless stated otherwise), except for Tri29 for which Tris pH 7.5 was used 
to avoid precipitation following concentration. Purification buffers for Tri30 and 
Tri20 (ACPs) contained 1 mM TCEP. BL21 Star (DE3) was utilized for expression 
of all proteins. In the case of Tri30 and Tri20, BAP1 was utilized to obtain the 
holo-ACPs, and BL21 Star (DE3) was utilized for purification of apo-ACPs.

The approximate molecular mass and yield for each protein were as follows: 
Tri26 (52.4 kDa, 5.2 mg l–1), Tri27 (40.9 kDa, 5.4 mg l–1), Tri28 (74.7 kDa, 18.5 
mg l–1), Tri28-metRS (62.3 kDa, 6.8 mg l–1), Tri28-cupin (14.1 kDa, 22.7 mg l–1), 
Tri29 (57.5 kDa, 34.3 mg l–1), Tri30 (11 kDa, 16.9 mg l–1), Tri20 (9.8 kDa, 10.8 
mg l–1), Tri13 (34.5 kDa, 4.3 mg l–1), Tri31 (25.1 kDa, 20.5 mg l–1), Tri22 (45.9 kDa, 
0.5 mg l–1), Tri21 (71.8 kDa, 6.4 mg l–1), Tri16 (59.6 kDa, 15.2 mg l–1), Tri17 (61.5 
kDa, 34 mg l–1), Tri109 (56.7 kDa, 4.6 mg l–1) and Tri14 (27.7 kDa, 2.1 mg l–1).

LC–HRMS and GC–MS analysis of Tri109 in vitro reconstitution. Reactions 
were performed at room temperature for 30 min in 100 μl of 50 mM HEPES 
(pH 8.0) containing 20 μM Tri10 and 100 μM 5. Compound 5 was delivered in 
the form of partially purified extracts from the tri9-10 gene disruption mutant, 
hydrated in water with 0.5% methanol (v/v) to aid solubility. The concentration 
of 5 in the extracts was estimated by HPLC/UV analysis at 400 nm. The final 
methanol concentration in the reaction volume was 0.1% (v/v). Following the 
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30-min incubation period, the reaction was quenched with two volumes of chilled 
methanol. The precipitated protein was removed by centrifugation (15,000g, 2 min) 
and the supernatant was used for analysis. LC–HRMS analysis was performed on 
an Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse 
Plus C18 column (4.6 × 100 mm2). Using a water/acetonitrile mobile phase with 
0.1% (v/v) formic acid, analysis was performed with a linear gradient of 5–95% 
acetonitrile at a flow rate of 0.5 ml min–1. At least three independent replicates were 
performed for each assay, and representative results are shown.

The GC–MS procedure used to detect CO2 was adapted from previous work51. 
GC–MS assays consisted of 4.5 ml of reaction mixture containing 50 mM HEPES 
pH 8.0, 1 mM 5 and 100 μM Tri109. The reaction was performed in a 10-ml sealed 
headspace vial (Agilent) and initiated by addition of the substrate. One milliliter of 
the headspace gas was acquired using a gastight syringe (Hamilton) and injected 
into an Agilent 5977A GC–MS system equipped with a HP-5ms column. Injector 
temperature was set at 120 °C, and helium was used as the carrier gas at a flow 
rate of 3 ml min–1. The temperature gradient was 40–100 °C for 5 min. The mass 
spectrometer was operated in electron ionization mode with automatically tuned 
parameters, and the acquired mass range was m/z = 15–100. The CO2 signal was 
confirmed using an authentic standard and by extracting m/z = 44.

LC–HRMS analysis of Tri26 and Tri28 in vitro reconstitution. Reactions 
were performed at room temperature for 30 min in 100 μl of 50 mM Tris pH 7.5 
containing 1 mM lysine, 1 mM glycine, 2 mM NADPH, 5 mM ATP, 2 mM MgCl2, 
20 μM Tri26 and 20 μM Tri28. After the 30-min incubation period, the reaction 
was quenched with two volumes of chilled methanol. The precipitated protein 
was removed by centrifugation (15,000g, 5 min) and the supernatant was used 
for analysis. LC–HRMS analysis was performed on an Agilent Technologies 6545 
Q-TOF LC–MS equipped with an Agilent InfinityLab Poroshell 120 HILIC-Z 
column (4.6 × 100 mm2). A mobile phase of water/acetonitrile was buffered 
with 10 mM ammonium formate and titrated to a pH of 3.2 with formic acid. 
LC–HRMS analysis was performed with a decreasing linear gradient of 90–60% 
acetonitrile at a flow rate of 1.0 ml min–1. Analogous assays were performed 
using the individual domains of Tri28. At least three independent replicates were 
performed for each assay, and representative results are shown.

LC–HRMS analysis of HAA production by Tri26-28 with DNFB derivatization. 
Reactions were performed at room temperature for 30 min in 100 μl of 50 mM 
Tris pH 7.5, 1 mM lysine, 1 mM glycine, 2 mM NADPH, 0.2 mM FAD, 5 mM ATP, 
2 mM MgCl2, 20 μM Tri26, 20 μM Tri27 and 20 μM Tri28 (the same concentration 
was used for dissected domains). The DNFB derivatization method was adapted 
from a previous work25. The reaction was then derivatized with 200 μl of 1 mM 
DNFB dissolved in 200 mM borate pH 9.0 and incubated for 30 min at 60 °C. 
The precipitated protein was removed by centrifugation (15,000g, 5 min) and the 
supernatant was used for analysis. LC–HRMS analysis was performed using an 
Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus 
C18 column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) 
formic acid and a linear gradient of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 
was utilized. The same derivatization method was utilized with an authentic HAA 
standard. At least two independent replicates were performed for each assay, and 
representative results are shown.

ICP–OES analysis of Tri28. Tri28, Tri28_metRS and Tri28_cupin were further 
purified using a Hiload 16/60 Superdex 200pg (Cytiva) for size exclusion 
chromatography (0.5 ml min–1). FPLC-purified proteins were then exchanged 
through spin-filtration with Chelex-treated buffer (25 mM HEPES pH 8.0, 
100 mM NaCl) to reduce enzyme-independent metal contamination. Proteins 
were subsequently lyophilized and resuspended in 70% trace-metal-grade nitric 
acid. Desiccated proteins were boiled in acid-washed Pyrex glass containers. 
The samples were then resuspended in 2% trace-metal-grade nitric acid to the 
following concentrations: Tri28 (8.97 µM for multi-metal screen, 1.74 µM for zinc 
quantification with individual domains), Tri28_cupin (1.22 µM) and Tri28_metRS 
(1.28 µM). A Chelex-treated buffer sample with the same volume was treated 
in the same manner as controls. Metal standards were prepared using a 2% 
trace-metal-grade nitric acid matrix. The concentration of trace elements was 
determined using a Perkin Elmer 5300 DV ICP–OES at the College of Natural 
Resources, University of California, Berkeley, CA, USA.

LC–HRMS analysis of Tri31 in vitro reconstitution. Reactions were performed 
at room temperature for 30 min in 100 μl of 50 mM HEPES pH 8.0 containing 
1 mM succinyl-CoA, 2 mM HAA and 50 μM Tri31. After the 30-min incubation 
period, the reaction was quenched with two volumes of chilled methanol. The 
precipitated protein was removed by centrifugation (15,000g, 5 min) and the 
supernatant was used for analysis. LC–HRMS analysis was performed using an 
Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus 
C18 column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) 
formic acid and a linear gradient of 5–95% acetonitrile at a flow rate of 0.5 ml min–1 
was utilized. The same methodology was performed using different CoA 
substrates. At least three independent replicates were performed for each assay, and 
representative results are shown.

Identification of copurified succinyl-CoA in Tri31. Fifty microliters of 1.7 mM 
Tri31 was quenched with 100 μl of chilled methanol. The precipitated protein 
was removed by centrifugation (15,000g, 5 min) and the supernatant was used 
for analysis. LC–HRMS analysis was performed on an Agilent Technologies 6545 
Q-TOF LC–MS equipped with an Agilent InfinityLab Poroshell 120 HILIC-Z 
column (4.6 × 100 mm2). A mobile phase of water/acetonitrile was buffered 
with 10 mM ammonium formate and titrated to a pH of 3.2 with formic acid. 
LC–HRMS analysis was performed with a decreasing linear gradient of 90–60% 
acetonitrile at a flow rate of 1.0 ml min–1. An authentic succinyl-CoA standard was 
utilized to compare the retention time and mass spectrum to the succinyl-CoA 
copurified from Tri31.

Determination of kinetic parameters for CoA substrates from Tri31 reaction. 
The procedure to obtain kcat/KM parameters for CoA substrates was adopted 
from previous work18,30. Reactions were performed at room temperature in 
100 μl of 50 mM HEPES pH 8.0, 50 μM CoA substrate, 2 mM HAA, 0.1 mM 
5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) and 20 μM Tri31. For each CoA 
substrate, a control reaction without enzyme was conducted. Activity was 
monitored continually over a 15-min period by measuring the increase in 
absorbance at 412 nm using a SpectraMax M2 plate reader from the reaction 
between the free thiol of CoASH and DNTB. Initial velocities were approximated 
using the extinction coefficient 14,150 M−1 cm−1 and subtracting the control 
reactions from each substrate to correct for background activity. Each CoA 
substrate was tested in independent triplicate assays.

Large-scale Tri31 biochemical assay with HAA and hexanoyl-CoA. A 1-ml 
reaction was performed at room temperature for 15 h containing 50 mM HEPES 
pH 8.0, 5 mM HAA, 4 mM hexanoyl-CoA and 100 μM Tri31. The reaction was 
extracted three times with an equal volume of ethyl acetate. The organic fraction 
was dried over nitrogen and analyzed using NMR. Supplementary Note 2 contains 
further structural characterization.

LC–HRMS analysis of Tri30 loading reaction and Ppant ejection assays with 
HAA and CoA substrates. Reactions were performed at room temperature for 
20 min in 50 μl of 50 mM Tris pH 7.5 containing 0.2 mM succinyl-CoA, 1 mM 
HAA, 5 mM ATP, 2 mM MgCl2, 20 μM Tri31, 20 μM Tri29 and 50 μM Tri30. After 
the 20-min incubation period, the reaction was diluted with four volumes of 
purified water and chilled on ice to slow further reaction progress. The diluted 
reaction mixture was immediately filtered by a 0.45-μm polyvinylidene difluoride 
(PVDF) filter, and 15 μl was promptly injected onto an Agilent Technologies 6545 
Q-TOF LC–MS equipped with a Phenomenex Aeris 3.6-μm Widepore XB-C18 
column (2.1 × 100 mm2). Using a water/acetonitrile mobile phase with 0.1% (v/v) 
formic acid, analysis was performed with a linear gradient of 30–50% acetonitrile 
at a flow rate of 0.25 ml min–1. The molecular masses of proteins observed during 
electrospray ionization were determined using ESIprot to deconvolute the array 
of observed charge state spikes52. For Ppant ejection assays, the same conditions 
were used but the source voltage was increased from 75 to 250 V to increase 
fragmentation of the phosphodiester bond covalently linking the Ppant prosthetic 
to a holo-ACP. The same methodology was performed using different CoA 
substrates. To determine whether HAA could be directly loaded (without Tri31 
and succinyl-CoA), the same methodology was used with the following changes: 
a linear gradient of 40–60% acetonitrile at a flow rate of 0.25 ml min–1 and the 
Phenomenex Aeris 3.6-μm Widepore XB-C18 column (2.1 × 250 mm2) were 
utilized. At least three independent replicates were performed for each assay, and 
representative results are shown.

LC–HRMS analysis of Tri22 activity on 10. Reactions were performed at 
room temperature for 20 min in 50 μl of 50 mM Tris pH 7.5 containing 0.2 mM 
succinyl-CoA, 1 mM HAA, 5 mM ATP, 0.2 mM FAD, 2 mM MgCl2, 20 μM Tri31, 
20 μM Tri29, 20 μM Tri22 and 50 μM Tri30. After the 20-min incubation period, 
the reaction was diluted with four volumes of purified water and chilled on ice to 
slow further reaction progress. For the time-course experiment, reactions were 
incubated for 5 , 15 , 30 and 60 min either using or omitting FAD. The diluted 
reaction mixture was immediately filtered by a 0.45-μm PVDF filter, and 15 μl was 
promptly injected and analyzed using the methodology described in the previous 
section. At least three independent replicates were performed for each assay, and 
representative results are shown.

Identification of FAD Tri22 cofactor. Purified Tri22 (yellow color) was boiled 
for 10 min and precipitated protein was removed by centrifugation (15,000g, 
5 min). The supernatant was further analyzed using LC–UV–MS with an Agilent 
Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus C18 
column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) formic 
acid and a linear gradient of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 was 
utilized. The UV spectrum was monitored at 420 nm and the mass spectrum/
retention time was compared to an authentic FAD standard.

Detection of reduced FADH2 cofactor. The Tri22 activity assay described 
above was performed at room temperature for 20 min alongside an assay lacking 
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HAA. The UV spectrum for both samples was monitored at 300–500 nm using a 
SpectraMax M2 plate reader.

Determination of 11 from Tri22 reaction. The biochemical assay consisting of 
HAA, succinyl-CoA, HAA, Tri29-31 and Tri22 was performed as described above, 
except that 50 μM of each enzyme was utilized and the assay was performed at 
the 100-μl scale. After the 20-min incubation period, the reaction was quenched 
with two volumes of chilled methanol. The precipitated protein was isolated 
by centrifugation (15,000g, 5 min) and the supernatant was discarded. The 
protein pellet was then dissolved in 100 μl of 100 mM KOH for 10 min at room 
temperature, followed by neutralization with 100 μl of 100 mM HCl. The solution 
was spin-filtered using a 2-kDa Amicon spin filter to remove protein residues 
and isolate the flowthrough, which was subjected to OPTA derivatization30. The 
derivatization agent was prepared by mixing 1 ml of 80 mM OPTA with 98 mM of 
2-ME (both dissolved in 200 mM NaOH). One hundred microliters of flowthrough 
was combined with 100 μl of the derivatization agent. The reaction mixture was 
vortexed and allowed to incubate at room temperature for 2 min. The mixture 
was analyzed using LC–UV–MS with an Agilent Technologies 6545 Q-TOF 
LC–MS equipped with an Agilent Eclipse Plus C18 column (4.6 × 100 mm2). A 
water/acetonitrile mobile phase with 0.1% (v/v) formic acid and a linear gradient 
of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 was utilized. 2-HYAA was 
chemically synthesized and subjected to the same derivatization procedure with 
OPTA. The mass spectrum, retention time and UV from the biochemical assays 
were compared to that of the standard. At least three independent replicates were 
performed for each assay, and representative results are shown.

LC–HRMS analysis of 2-HYAA translocation to Tri20 using Tri13. Reactions 
were performed at room temperature for 30 min in 50 μl of 50 mM Tris pH 7.5, 
1 mM succinyl-CoA, 2 mM HAA, 5 mM ATP, 1 mM FAD, 2 mM MgCl2, 20 μM 
Tri31, 20 μM Tri29, 20 μM Tri22, 30 μM Tri30, 20 μM Tri20 and 10 μM Tri13. After 
the incubation period, the reaction was diluted with four volumes of purified 
water and chilled on ice to slow further reaction progress. The diluted reaction 
mixture was immediately filtered by a 0.45-μm PVDF filter and 15 μl was promptly 
injected and analyzed using the methodology described above, with the exception 
that a Phenomenex Aeris 3.6-μm Widepore XB-C18 column (2.1 × 250 mm2) 
was used. At least two independent replicates were performed for each assay, and 
representative results are shown.

Lauroyl-CoA and hexanoyl-CoA loading assays on Tri30 and Tri20 using Sfp. 
Reactions were performed at room temperature for 30 min in 50 μl of 50 mM 
HEPES pH 8.0, 2.5 mM CoA substrate, 2 mM MgCl2, 100 μM ACP and 50 μM Sfp. 
After the 30-min incubation period, the reaction was diluted with four volumes 
of purified water and chilled on ice to slow further reaction progress. The diluted 
reaction mixture was immediately filtered by a 0.45-μm PVDF filter, and 10 μl was 
promptly injected onto an Agilent Technologies 6545 Q-TOF LC–MS equipped 
with a Phenomenex Aeris 3.6-μm Widepore XB-C18 column (2.1 × 250 mm2) 
and a Phenomenex Aeris 3.6-μm Widepore XB-C18 column (2.1 × 100 mm2) for 
lauroyl-CoA and hexanoyl-CoA assay, respectively. Using a water/acetonitrile 
mobile phase with 0.1% (v/v) formic acid, analysis was performed with a linear 
gradient of 30–98 and 30–50% acetonitrile for lauroyl-CoA and hexanoyl-CoA 
assay, respectively, at a flow rate of 0.25 ml min–1. The analyses used to deconvolute 
protein spikes and obtain the Ppant fragment are analogous to those described 
above. Hexanoyl-CoA and lauroyl-CoA were loaded to Tri20, while only 
lauroyl-CoA was loaded to Tri30. At least three independent replicates were 
performed for each assay, and representative results are shown.

Tri14 hydrolysis activity assays on fatty acyl-ACP substrates. Reactions were 
performed at room temperature for 1 h in 100 μl of 50 mM HEPES pH 8.0, 2.5 mM 
CoA substrate, 2 mM MgCl2, 100 μM ACP, 50 μM Tri14 and 50 μM Sfp. After the 
1-h incubation period, the reaction was quenched with two volumes of chilled 
methanol. The precipitated protein was removed by centrifugation (15,000g, 5 min) 
and the supernatant was used for analysis. LC–HRMS analysis was performed 
using an Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent 
Eclipse Plus C18 column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 
0.1% (v/v) formic acid and a linear gradient of 2–98% acetonitrile at a flow rate of 
0.5 ml min–1 was utilized. Hexanoic and lauric acid standards were prepared and 
analyzed to test the hydrolytic activity of Tri14. Assays with hexanoyl-CoA and 
lauroyl-CoA were utilized with Tri20, while lauroyl-CoA was utilized solely for 
Tri30. At least three independent replicates were performed for each assay, and 
representative results are shown.

Griess test for nitrite production by Tri21 and Tri16. Reactions were performed 
at room temperature in 100 μl of 50 mM Tris pH 7.5 containing 0.1 mM FAD, 1 mM 
NADPH or NADH, 1 mM aspartate, 20 μM Tri21 and 20 μM Tri16. The reaction 
was prepared with all reagents except NAD(P)H and aliquoted identically into 
12 wells. Reactions were initiated simultaneously by the addition of NAD(P)H 
with a multichannel pipette. Starting with an initial time point, one reaction well 
was quenched every 4 min by the addition of one volume of Griess reagent (Cell 
Signaling Technology).

Tri17 activity assay on 15. Reactions were performed at room temperature 
for 30 min in 100 μl of 50 mM Tris pH 7.5, 1 mM 15, 4 mM sodium nitrite (or 
15N-sodium nitrite), 5 mM ATP, 4 mM MgCl2 and 100 μM Tri17. Chemically 
synthesized 15 was dissolved in DMSO to ensure full solubility, and assays were 
maintained at a final concentration of 2% DMSO (v/v). After the incubation 
period, the reaction was quenched with two volumes of chilled methanol. The 
precipitated protein was removed by centrifugation (15,000g, 5 min) and the 
supernatant was used for analysis. LC–HRMS analysis was performed using an 
Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus 
C18 column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) 
formic acid and a linear gradient of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 
was utilized. Compound 1 isolated from wild-type S. aureofaciens was utilized as 
a standard to compare retention time, mass spectrum and UV profiles between 
biochemical assays. At least three independent replicates were performed for each 
assay, and representative results are shown. Analogous assays were performed with 
nitrate rather than nitrite, and 2-HYAA or 12-aminododecanoic acid rather than 
15, respectively.

Coupled Tri16, Tri21 and Tri17 activity assay. Reactions were performed at room 
temperature for 1 h in 100 μl of 50 mM Tris pH 7.5, 0.1 mM FAD, 1 mM NADPH, 
1 mM aspartate (or 2 mM 15N-aspartate), 20 μM Tri16 and 20 μM Tri21. After the 
incubation period, 100 μl of 50 mM Tris pH 7.5, 0.5 mM 15, 5 mM ATP, 2 mM 
MgCl2 and 100 μM Tri17 were added to the first reaction. The coupled assay was 
incubated at room temperature for 16 h. After the incubation period, the reaction 
was quenched with two volumes of chilled methanol. The precipitated protein 
was removed by centrifugation (15,000g, 5 min) and the supernatant was used 
for analysis. LC–HRMS analysis was performed using an Agilent Technologies 
6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus C18 column 
(4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) formic acid and 
a linear gradient of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 was utilized. 
Compound 1 isolated from wild-type S. aureofaciens was utilized as a standard 
to compare retention time, mass spectrum and UV profiles between biochemical 
assays. At least three independent replicates were performed for each assay, and 
representative results are shown.

Comparative metabolomics. Tri17 assays utilizing nitrate, 2-HYAA or 
12-aminododecanoic acid were analyzed via LC–HRMS using an Agilent 
Technologies 6545 Q-TOF LC–MS equipped with an Agilent Eclipse Plus C18 
column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 0.1% (v/v) formic 
acid and a linear gradient of 2–98% acetonitrile at a flow rate of 0.5 ml min–1 was 
utilized. Peak picking and comparative metabolomics were performed using MSDial 
(v.4.38), with peak lists exported to Microsoft Excel (Microsoft Office 365 Student).

AMP detection from Tri17 assay. Reactions were performed at room temperature 
for 30 min, as described above. After the incubation period, the reaction was 
quenched with two volumes of chilled methanol. A similar assay was performed 
using 11 (generated enzymatically as described above) as a substrate rather than 15.  
The precipitated protein was removed by centrifugation (15,000g, 5 min) and 
the supernatant was used for analysis. LC–HRMS analysis was performed on an 
Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent InfinityLab 
Poroshell 120 HILIC-Z column (4.6 × 100 mm2). A mobile phase of 90% 
acetonitrile and water was buffered with 10 mM ammonium acetate and titrated to 
a pH of 9.0 with ammonium hydroxide. LC–HRMS analysis was performed with a 
decreasing linear gradient of 81–43% acetonitrile at a flow rate of 1.0 ml min–1. ATP, 
ADP and AMP were also detected by monitoring of UV at 260 nm.

Determination of Tri17 kinetic parameters toward 15. Assays were performed in 
triplicate in 50 µl of 50 mM Tris pH 7.5 containing 5 mM nitrite, 5 mM ATP, 4 mM 
MgCl2 and 20 µM Tri17. The tested concentrations for 15 were: 50 µM, 250 µM, 
500 µM, 1 mM and 2 mM. The incubation times for the reactions were 1, 5, 10, 20 
and 40 min, which were used to determine the initial velocity of the reaction. After 
each incubation period, the reactions were quenched with two volumes of chilled 
methanol. The precipitated protein was removed by centrifugation (15,000g, 5 min) 
and the supernatant was used for analysis. LC–HRMS analysis was performed 
using an Agilent Technologies 6545 Q-TOF LC–MS equipped with an Agilent 
Eclipse Plus C18 column (4.6 × 100 mm2). A water/acetonitrile mobile phase with 
0.1% (v/v) formic acid and a linear gradient of 2–98% acetonitrile at a flow rate 
of 0.5 ml min–1 was utilized. Product concentration was estimated by comparison 
to authentic standard 1. Kinetic parameters were determined and plotted using 
GraphPad Prism.

Determination of Tri17 kinetic parameters toward nitrite. Assays were 
performed in triplicate in 50 µl of 50 mM Tris pH 7.5 containing 2 mM 15, 5 mM 
ATP, 4 mM MgCl2 and 20 µM Tri17. The tested concentrations for nitrite were: 
10 µM, 50 µM, 100 µM, 500 µM and 1 mM. Inorganic pyrophosphate released 
from these enzymatic assays was measured continuously using the EnzChek 
Pyrophosphate Assay Kit (ThermoFisher). The 20X buffer, MESG substrate, purine 
nucleoside phosphorylase and inorganic pyrophosphatase were added following 
the manufacturers’ protocols. Reactions were initiated by the addition of nitrite 
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and monitored at 360 nm using a SpectraMax M2 plate reader. Initial velocities 
were calculated using the standard curve for inorganic pyrophosphate. Kinetic 
parameters were determined and plotted using GraphPad Prism.

Determination of Tri17 kinetic parameters toward ATP. Assays were performed 
in triplicate in 50 µl of 50 mM Tris pH 7.5 containing 2 mM 15, 5 mM nitrite, 
4 mM MgCl2 and 20 µM Tri17. The tested concentrations for ATP were: 10 µM, 
50 µM, 100 µM, 500 µM and 1 mM. The inorganic pyrophosphate released 
from these enzymatic assays was measured continuously using the EnzChek 
Pyrophosphate Assay Kit (ThermoFisher). The 20X buffer, MESG substrate, purine 
nucleoside phosphorylase and inorganic pyrophosphatase were added following 
the manufacturers’ protocols. Reactions were initiated by the addition of nitrite 
and monitored at 360 nm using a SpectraMax M2 plate reader. Initial velocities 
were calculated using the standard curve for inorganic pyrophosphate. Kinetic 
parameters were determined and plotted using GraphPad Prism.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available 
within the paper, Supplementary information and the Extended data, and/or from 
the corresponding author on reasonable request.
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Extended Data Fig. 1 | The decarboxylation event in triacsin biosynthesis. a) Feeding of unlabeled and labeled glycine to the triacsin producing cultures. 
HRMS analysis of 3 from a S. aureofaciens culture provided with 10 mM 1-13C-glycine demonstrated that the carboxylate carbon of glycine was retained in 
triacsin C (3). b) Detection of CO2 production from the Tri109 biochemical assay. GC-MS chromatograms extracted with m/z = 44, demonstrating CO2 
production from a Tri109 assay containing 5 as compared with an authentic standard. A 10-ppm mass error tolerance was used for each trace. At least two 
independent replicates were performed for each assay, and representative results are shown.
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Extended Data Fig. 2 | in vitro reconstitution of Tri26 and Tri28. a) EICs showing the production of 7 in an assay containing Tri26, lysine, and NADPH. 
Tri26 selectively hydroxylates lysine and not ornithine. The calculated mass for 7: m/z = 163.1078 ([M + H]+) is used for each trace, except for the ornithine 
assay in which the calculated mass for N-oh-orn was used (m/z = 149.0921 ([M + H]+)). b) EICs demonstrating that the production of 8 is dependent 
on Tri28, glycine, lysine, and ATP, along with the Tri26 assay components. The calculated mass for 8: m/z = 220.1292 ([M + H]+) is used for each trace. A 
10-ppm mass error tolerance was used for each trace. At least three independent replicates were performed for each assay, and representative results are 
shown.
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Extended Data Fig. 3 | Characterization of the Tri22-catalyzed reaction product, 11. a) Schematic of a biochemical assay performed containing HAA, 
succinyl-CoA, Tri29-31, and Tri22 that is subjected to base hydrolysis, followed by OPTA derivatization to yield 2-HYAA-D. b) EICs showing the generation 
of 2-HYAA-D from the biochemical assay previously described in comparison with a derivatized 2-HYAA synthesized standard. Omission of Tri22, 
HAA, or succinyl-CoA from the couple enzymatic reaction resulted in abolishment of 2-HYAA-D. The calculated mass for 2-HYAA-D: m/z = 265.0642 
([M + H]+) is used for each trace. A 10-ppm mass error tolerance was used for each trace. At least three independent replicates were performed for each 
assay, and representative results are shown.
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Extended Data Fig. 4 | In vitro analysis of Tri14, a putative thioesterase. a) EICs demonstrating hydrolysis of lauroyl-S-Tri20 catalyzed by Tri14, resulting 
in production of lauric acid when compared to an authentic standard. Tri14 was shown to be Tri20 specific and imparted no activity on lauroyl-S-Tri30. The 
calculated mass for lauric acid: m/z = 199.1701 ([M-H]−) is used for each trace. b) EIC demonstrating inability of Tri14 to hydrolyze hexanoyl-S-Tri20, thus 
suggesting that Tri14 activity is chain length specific. The calculated mass for hexanoic acid: m/z = 115.0764 ([M-H]−) is used for each trace. A 10-ppm 
mass error tolerance was used for each trace. At least three independent replicates were performed for each assay, and representative results are shown.
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Extended Data Fig. 5 | AMP Formation from Tri17 assay and proposed reaction mechanism. LC-UV detection of AMP at 260 nm from an assay 
containing 15, nitrite, ATP, and Tri17. Controls lacking enzyme or nitrite result in undetectable amounts of AMP, while the production of AMP was slightly 
increased in the presence of 15. ATP is proposed to activate nitrite to form a nitrite-AMP intermediate that undergoes a subsequent nucleophilic attack by 
15 and tautomerization to yield 1. At least three independent replicates were performed for each assay, and representative results are shown.
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