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Abstract 14 

 Triacsins are an intriguing class of specialized metabolites possessing a 15 

conserved N-hydroxytriazene moiety not found in any other known natural products. 16 
Triacsins are notable as potent acyl-CoA synthetase inhibitors in lipid metabolism, yet 17 
their biosynthesis has remained elusive. Through extensive mutagenesis and 18 

biochemical studies, we here report all enzymes required to construct and install the N-19 
hydroxytriazene pharmacophore of triacsins. Two distinct ATP-dependent enzymes were 20 

revealed to catalyze the two consecutive N-N bond formation reactions, including a 21 

glycine-utilizing hydrazine-forming enzyme, Tri28, and a nitrous acid-utilizing N-22 

nitrosating enzyme, Tri17. This study paves the way for future mechanistic interrogation 23 
and biocatalytic application of enzymes for N-N bond formation.  24 

Introduction25 

The triacsins (1-4) are a unique class of natural products containing an 11-carbon 26 

alkyl chain and a terminal N-hydroxytriazene moiety (Fig. 1). Originally discovered from 27 

Streptomyces aureofaciens as vasodilators through an antibiotic screening program1, the 28 

triacsins are most notable for their use as acyl-CoA synthetase inhibitors by mimicking 29 

fatty acids to study lipid metabolism2–11. Recently, triacsin C has also shown promise to 30 

inhibit SARS-CoV-2-replication, where morphological effects were observed at viral 31 

replication centers12. Despite potent activities, the triacsin biosynthetic pathway, 32 

particularly the enzymatic machinery to install the N-hydroxytriazene pharmacophore, 33 

remain obscure.  34 

The N-hydroxytriazene moiety, containing three consecutive nitrogen atoms, is 35 

rare in nature and has only been identified in the triacsin family of natural products13. In 36 

contrast to the prevalence of N-N linkages in synthetic drug libraries, the enzymes for N-37 

N bond formation have only started to be revealed recently14,15. Examples include a heme 38 
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enzyme (KtzT) in kutzneride biosynthesis16, a fusion protein (Spb40) consisting of a cupin 39 

and a methionyl-tRNA synthetase (metRS)-like domain in s56-p1 biosynthesis17, an N-40 

nitrosating metalloenzyme (SznF) in streptozotocin biosynthesis18, and a transmembrane 41 

protein (AzpL) in 6‐diazo‐5‐oxo‐L‐norleucine formation19 (Supplementary Fig. 1). 42 

Investigation of the biosynthesis of triacsins that contain two consecutive N-N bonds may 43 

determine if known mechanisms are used or if yet new enzymes for N-N bond formation 44 

exist. 45 

To shed light on triacsin biosynthesis, we identified the triacsin biosynthetic gene 46 

cluster (tri1-32) in S. aureofaciens through genome mining and mutagenesis studies20. 47 

Based on bioinformatic analyses and labeled precursor feeding experiments, we further 48 

proposed a chemical logic for N-hydroxytriazene biosynthesis via a key intermediate, 49 

hydrazinoacetic acid (HAA) as well as nitrous acid dependent N-N bond formation20. In 50 

this present study, we scrutinized the activity of 15 enzymes for triacsin biosynthesis 51 

through biochemical analyses. We revealed all enzymes required to construct and install 52 

the unusual N-hydroxytriazene pharmacophore, highlighting a new ATP-dependent, 53 

nitrous acid-utilizing N-nitrosating enzyme. 54 

Results 55 

N-hydroxytriazene assembly starts before PKS extension.   56 

Although we inferred from bioinformatic analysis that the acyl portion of the triacsin 57 

scaffold is derived from discrete polyketide synthases (PKSs), it was unclear the reaction 58 

timing of how nitrous acid and HAA pathways are coordinated with the purported acyl 59 

intermediate to form the triacsin scaffold with the N-hydroxytriazene moiety20. One 60 

hypothesis is that HAA, once loaded onto an acyl carrier protein (ACP), is modified by 61 

nitrous acid to form an ACP-bound intermediate which resembles the final N-62 

hydroxytriazene moiety that is further elongated by PKSs. Alternatively, the N-63 

hydroxytriazene moiety may serve as a PKS chain terminating agent rather than a “starter 64 

unit”. The overall odd number of carbon chain length was also puzzling, which was likely 65 

due to a decarboxylation event on the PKS chain since the carboxylate carbon of glycine, 66 

a predicted precursor of HAA, was retained (Extended Data Fig. 1a). While mutants with 67 

each of the 25 tri genes individually disrupted did not accumulate any biosynthetic 68 

intermediates or shunt products, the Δtri9-10 mutant strain, in which the two genes 69 

encoding a decarboxylase and its accessory enzyme were both deleted, abolished the 70 

production of triacsins and accumulated a new metabolite (5) (Fig. 2a). 5 exhibited a 71 

distinct UV profile and was predicted to have a molecular formula of C12H13N3O3 based 72 

on high-resolution mass spectrometry (HRMS) analysis (Supplementary Fig. 2, 73 

Supplementary Note 1). From a 12-L fermentation culture of Δtri9-10, 2.5 mg of 5 was 74 

obtained as a yellow and amorphous powder. Subsequent one-dimensional (1D) and two-75 

dimensional (2D) nuclear magnetic resonance (NMR) analysis revealed 5 to be a new 76 

triacsin-like metabolite with a 12-carbon fully unsaturated alkyl chain terminated by a 77 

carboxylic acid moiety (Supplementary Note 1). 5 was unstable and >90% degraded 78 

after two days at room temperature (Supplementary Fig. 2). The presence of both the 79 
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N-hydroxytriazene moiety and the terminal carboxylic acid in 5 argues against the 80 

possibility of the N-hydroxytriazene moiety as a PKS chain terminating agent. We thus 81 

propose that the N-hydroxytriazene assembly starts before PKS extension (Fig. 1).  82 

To confirm that 5 is a direct substrate for Tri10, a UbiD family of non-oxidative 83 

decarboxylase, Tri10 was overexpressed in E. coli and purified for biochemical analysis 84 

(Supplementary Fig. 3). Notably, Tri9 is homologous to UbiX, a flavin prenyltransferase 85 

that modifies FMN using an isoprenyl unit to generate prFMN, a required co-factor for the 86 

activity of UbiD21–24. As expected, the purified Tri10 alone showed no activity toward 5 87 

presumably due to the absence of the required co-factor (Fig. 2b). In contrast, the purified 88 

Tri10 that was co-expressed with Tri9 in E. coli successfully decarboxylated 5 based on 89 

HRMS analysis with the concomitant production of CO2 (Fig. 2b, Extended Data Fig. 90 

1b). While the full structural characterization of the decarboxylated product of 5 was not 91 

feasible due to instability of both substrate and product, the UV profile and HRMS data of 92 

the reaction product are consistent with a decarboxylated product 6 (Supplementary Fig. 93 

4). In addition, 6 was also identified as a minor metabolite from the culture broth of the 94 

wild-type S. aureofaciens (Fig. 2a, Supplementary Fig. 4). Considering that only 5 with 95 

a fully unsaturated alkyl chain was accumulated in Δtri9-10, we propose that 6 is likely a 96 

precursor for all observed triacsin congeners varying in the unsaturation pattern of their 97 

alkyl chains (Fig. 1).  98 

Succinylation is required for HAA activation and loading onto ACP.  99 

We previously proposed that hydrazinoacetic acid (HAA), presumably generated 100 

through the activities of Tri26-28, is a key intermediate for triacsin biosynthesis20. 101 

Specifically, N6-hydroxy-lysine (7) that is generated by Tri26 (an N-hydroxylase homolog), 102 

reacts with glycine, promoted by Tri28 (a cupin and metRS didomain protein), to form N6-103 

(carboxymethylamino)lysine (8), which then undergoes an oxidative cleavage to yield 104 

HAA and 2-aminoadipate 6-semialdehyde catalyzed by Tri27, an FAD-dependent D-105 

amino acid oxidase homolog. The Tri26-28 coupled biochemical assay successfully 106 

produced HAA by comparing to an authentic standard through 2,4-dinitrofluorobenzene 107 

(DNFB) derivatization17,25, confirming the predicted activity of Tri26-28 (Fig. 3a, 108 

Supplementary Fig. 5). In addition, Tri26 was found to only hydroxylate lysine but not 109 

ornithine, and the coupled assay with Tri26/28 generated 8 as expected, further 110 

confirming the activity of each enzyme (Extended Data Fig. 2, Supplementary Fig. 5).      111 

We next dissected Tri28 to obtain insight into the roles of the cupin and metRS 112 

domains in forming the N-N bond between 7 and glycine. Each domain was individually 113 

purified from E. coli and re-combining each domain in the in vitro assay showed 114 

successful, albeit less efficient, 8 formation than the intact didomain enzyme, 115 

demonstrating the feasibility of domain dissection (Fig. 3b). Surprisingly, the metRS 116 

domain alone was sufficient in generating 8 without the cupin domain, although addition 117 

of the cupin domain increased the titer of the product (Fig. 3b).  118 
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After confirming the production of HAA, we next probed the fate of HAA in N-119 

hydroxytriazene assembly. Tri26-28 is a part of six-gene operon of tri26-31 that are 120 

homologous to spb38-43 in s56-p1 biosynthesis17, whereas the functions of tri29-31, 121 

putatively encoding an AMP-dependent synthetase, an ACP and an N-acetyltransferase, 122 

respectively, remained unknown for both triacsin and s56-p1 biosynthesis. We 123 

hypothesized that Tri29 activates HAA through adenylation and then loads it onto Tri30. 124 

Tri31 possibly acetylates the distal nitrogen of the purported hydrazine moiety as a 125 

protecting group, similar to the activity of FzmQ/KinN26,27.  A biochemical assay with Tri29 126 

and the holo-ACP, Tri30, yielded no HAA-S-Tri30 based on LC-HRMS analysis 127 

(Supplementary Fig. 6), suggesting that Tri31 acetylates HAA prior to the Tri29-128 

catalyzed activation and loading onto ACP. A subsequent assay of Tri31 with HAA and 129 

acetyl-CoA, however, did not yield acetyl-HAA (Fig. 3c). Instead, a new product with 130 

mass consistent with succinyl-HAA (9), was detected in a trace amount (Supplementary 131 

Fig. 7). We hypothesized that 9 was generated from succinyl-CoA, which tightly bound to 132 

the Tri31 protein purified from E. coli. The LC-HRMS analysis of the purified Tri31 protein 133 

solution revealed a trace amount of succinyl-CoA as compared to the standard, and the 134 

addition of extra succinyl-CoA to the Tri31 assay increased the yield of 9, consistent with 135 

our hypothesis (Fig. 3c, Supplementary Fig. 7).  136 

The preference of Tri31 toward succinyl-CoA over acetyl-CoA was unexpected 137 

based on the prediction of Tri31 as an N-acetyltransferase. To exclude the possibility of 138 

an artifact due to co-purification of succinyl-CoA with Tri31, we next investigated the acyl-139 

CoA substrate specificity of Tri31 using various CoA substrates. Tri31 recognized all 140 

tested acyl-CoAs except acetyl-CoA, and moderately preferred succinyl-CoA over others 141 

based on kinetic analysis (Fig. 3c, Supplementary Fig. 8). The promiscuity of Tri31 also 142 

made possible to confirm that Tri31 acylates the distal nitrogen of HAA, as products such 143 

as hexanoyl-HAA were more feasible to be purified from in vitro assays than 9 due to its 144 

increased hydrophobicity. The NMR analysis of hexanoyl-HAA showed a 3J 1H-15N HMBC 145 

cross-peak between the nitrogen bearing methylene (H 3.69) and the amide nitrogen (N 146 

144.7), as well as a 2J 1H-15N HMBC cross-peak between the amide -NH- (H 9.68) and 147 

the other nitrogen (N 61.7), supporting that the distal nitrogen of HAA is connected to the 148 

carbonyl carbon of the CoA substrate (Supplementary Note 2). 149 

The activation and loading of all acyl-HAAs generated by Tri31 were then tested 150 

using a coupled assay containing Tri29-31. The succinyl-HAA loaded Tri30 (10) was 151 

successfully generated based on both the intact protein HRMS and the 152 

phosphopantetheine (Ppant) ejection assay (Fig. 3d). Interestingly, none of the other 153 

acyl-HAAs were loaded onto Tri30 (Supplementary Fig. 9), indicating that Tri29 acts as 154 

a gatekeeper enzyme in the biosynthetic pathway and succinylation is required for HAA 155 

activation and loading onto ACP (Fig. 1).   156 

Hydrazone “starter unit” for PKS extension.  157 

Tri22, an acyl-CoA dehydrogenase homolog, was proposed to oxidize 10 as the 158 

next step in N-hydroxytriazene formation. Tri22 was recombinantly expressed in E. coli 159 
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as a yellow protein containing FAD (Supplementary Fig. 10). An in vitro assay of Tri22 160 

with 10 generated in situ by Tri29-31 resulted in conversion of 10 to a product with mass 161 

consistent of 11 (Fig. 4a). To confirm the proposed structure of 11, the reaction product 162 

was subjected to base hydrolysis to release the free acid that was further derivatized by 163 

ortho-phthalaldehyde (OPTA) for LC-UV-HRMS analysis28,29. The expected acid product, 164 

2-hydrazineylideneacetic acid (2-HYAA), was also chemical synthesized and derivatized 165 

by OPTA. By comparison, the structure of 11 was confirmed to be 2-HYAA attached to 166 

Tri30 (Extended Data Fig. 3, Supplementary Note 3, Supplementary Fig. 11). It is 167 

notable that Tri22 showed no activity toward the free acid 9 (Supplementary Fig. 11), 168 

demonstrating the necessity of a carrier protein for Tri22 recognition.  169 

11 was proposed to be the first possible substrate to react with the presumed 170 

nitrous acid for N-hydroxytriazene formation during triacsin biosynthesis. We then 171 

biochemically reconstituted the activity of Tri16 (a lyase) and Tri21 (a flavin-dependent 172 

enzyme), the CreD and CreE homologs30, respectively, to confirm that nitrous acid can 173 

be generated by the pathway enzymes. After confirming the production of nitrous acid by 174 

Tri16/21 (Supplementary Fig. 12), we set to search for a nitrous acid-utilizing enzyme 175 

that modifies 11 to form N-hydroxytriazene. There was weak evidence that an acyl-CoA 176 

ligase homolog, CreM, promoted the reaction of an aryl amine with nitrous acid to form 177 

diazo in cremeomycin biosynthesis31, although CreM seemed not required for the diazo 178 

formation30. The triacsin biosynthetic gene cluster encodes a CreM homolog, Tri17 (40% 179 

sequence similarity), which was essential for triacsin biosynthesis based on the 180 

mutagenesis study20. However, an in vitro assay of Tri17 with nitrite, ATP, and 11 yielded 181 

no new product. Notably, AMP was formed in the presence of nitrite and Tri17, suggesting 182 

that Tri17 may activate nitrite using ATP (Supplementary Fig. 13).  183 

Although enzyme(s) other than Tri17 were likely responsible for the third nitrogen 184 

addition, we reasoned that 11 might not be a correct substrate and the N-hydroxytriazene 185 

formation might take place at a later stage, after PKS extension and release of the 186 

polyketide intermediate. While the discrete nature and lack of some essential enzymes 187 

(likely shared with fatty acid biosynthesis in the native producer) made the in vitro 188 

reconstitution of the entire PKS machinery a formidable task, the biochemical assay 189 

containing Tri13, a ketosynthase homolog, and Tri20, a free-standing ACP, demonstrated 190 

that Tri13 promoted translocation of the 2-HYAA moiety from Tri30 to Tri20 to yield 12 191 

(Fig. 4b). This observation suggests that the PKS extension likely takes place on Tri20 192 

with a hydrazone “starter unit”. After five rounds of extension to yield 13, the 12-carbon 193 

fully unsaturated alkyl chain would be released as a carboxylic acid to produce 14 (Fig. 194 

1). Tri14, a peptidase homolog, may play a thioesterase role to facilitate this hydrolytic 195 

release of the polyketide product. To probe the activity of Tri14, we purified a soluble 196 

version of Tri14 from E. coli upon cleavage of its predicted N-terminal recognition 197 

sequence for self-activation32. Due to the unavailability of 13, surrogate substrates such 198 

as hexanoyl-S-Tri20 and lauroyl-S-Tri20 were generated using Sfp, a promiscuous Ppant 199 

transferase33, and used in the Tri14 assays (Supplementary Fig. 14). Tri14 exhibited a 200 

hydrolytic activity toward lauroyl-S-Tri20 but not hexanoyl-S-Tri20, demonstrating an acyl 201 
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chain length preference (Extended Data Fig. 4). In addition, Tri14 showed no activity 202 

toward lauroyl-S-Tri30, consistent with the hypothesis that PKS extension occurs on Tri20 203 

instead of Tri30 (Extended Data Fig. 4, Supplementary Fig. 14). These results strongly 204 

suggest that Tri14 is a plausible enzyme to catalyze the hydrolytic release of 14 from 13 205 

(Fig. 1).  206 

Tri17 completes N-hydroxytriazene assembly post PKS.  207 

 Structural comparison of 14 and 5 suggests that the third nitrogen addition could 208 

occur on 14 post the PKS assembly line. Considering that 14 is likely more unstable than 209 

5 as suggested by literature34, we turned to a surrogate substrate, 15, to probe the activity 210 

of Tri17 (Fig. 5a). 15 was chemically synthesized (Supplementary Note 4) and used in 211 

the Tri17 assay together with ATP and nitrite. A new product was successfully produced 212 

which was identified to be triacsin A (1) by comparing to the authentic standard isolated 213 

from the wild-type culture of S. aureofaciens (Fig. 5a, Supplementary Fig. 15, 214 

Supplementary Note 5). This product was not observed in negative controls where each 215 

individual component such as Tri17, ATP, nitrite, or 15 was omitted (Fig. 5a). The 216 

utilization of 15N-nitrite also led to the expected mass spectral shift of the product (Fig. 217 

5a), further confirming the utilization of nitrite by Tri17 in the N-N bond formation. The 218 

production of AMP was slightly increased in the presence of 15, consistent with the 219 

proposed reaction mechanism of Tri17 in which 15 nucleophilically attacks the ATP-220 

activated nitrite to yield 1 with the release of AMP (Extended Data Fig. 5).  221 

We next probed whether nitrous acid, generated enzymatically by Tri16/21, could 222 

be utilized by Tri17. A biochemical assay containing Tri16, Tri21 and Tri17 with aspartic 223 

acid, NADPH, ATP and 15 resulted in 1 production, and the utilization of 15N-aspartic acid 224 

led to the expected mass spectral shift of 1 (Fig. 5b), confirming the utilization of nitrous 225 

acid generated by Tri16/21 in N-hydroxytriazene biosynthesis. Notably, no spontaneous 226 

formation of 1 was observed using either nitrite or enzymatically generated nitrous acid 227 

in the absence of Tri17 (Fig. 5a and 5b). We thus deduce that in triacsin biosynthesis, 228 

Tri17 takes nitrous acid and 14 as substrates, and catalyzes the production of 5 in an 229 

ATP-dependent manner (Fig. 1). Tri17 appeared to be promiscuous toward acyl chain 230 

modifications as both 14 and 15 could be recognized. However, neither 2-HYAA nor 12-231 

aminododecanoic acid was recognized by Tri17 based on comparative metabolomics 232 

analysis (Supplementary Fig. 16), suggesting the activity of Tri17 is both chain length 233 

and “hydrazone” specific. Notably, Tri17 did not utilize nitrate to modify 15 234 

(Supplementary Fig. 16), indicating that Tri17 is a dedicated nitrous acid-utilizing N-235 

nitrosating enzyme.  236 

Discussion 237 

Our extensive bioinformatics, mutagenesis, and biochemical analysis allow a first 238 

proposal of the complex biosynthetic pathway for triacsins, particularly the N-239 

hydroxytriazene moiety unique to this class of natural products (Fig. 1). The biosynthesis 240 

starts with the production of HAA from lysine and glycine catalyzed by Tri26-28, which is 241 
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then succinylated by a succinyltransferase, Tri31, and activated and loaded onto Tri30 242 

promoted by an acyl-ACP ligase, Tri29. Tri22, an acyl-ACP dehydrogenase, catalyzes 243 

desuccinylation and oxidation of HAA to a hydrazone moiety attached to Tri30, which is 244 

then translocated to another free-standing ACP, Tri20, facilitated by a ketosynthase, 245 

Tri13, for PKS extension. The PKS machinery likely include ketosynthases encoded by 246 

tri6-7, a ketoreductase encoded by tri5, two dehydratases encoded by tri11-12, and a 247 

malonyl-CoA ACP acyltransferase that is shared with the host fatty acid synthase 248 

machinery. Tri6/7 likely form heterodimers in which Tri6 performs the canonical Claisen-249 

like decarboxylative condensation, while Tri7, lacking an active site cysteine, acts as a 250 

chain length factor that controls the number of iterative elongation steps35–37.  Tri11/12 251 

also likely dimerize to form a functional dehydratase. After five iterations of ketosynthase, 252 

reductase and dehydratase, a fully unsaturated polyketide chain is hydrolytically released 253 

from Tri20 promoted by a thioesterase, Tri14. Tri17, an ATP-dependent N-nitrosating 254 

enzyme, recognizes this highly unstable biosynthetic intermediate, 14, and catalyzes the 255 

formation of 5 to finish N-hydroxytriazene assembly using nitrous acid generated by 256 

Tri16/21. 5 subsequently undergoes non-oxidative decarboxylation promoted by Tri9/10 257 

and various reduction/oxidation reactions, likely catalyzed by Tri18/19, two remaining 258 

oxidoreductases encoded by the gene cluster, to yield triacsin congeners varying in the 259 

unsaturation pattern of their alkyl chains (Fig. 1). This proposed biosynthetic pathway is 260 

consistent with failure in detecting intermediate accumulation in most of the gene deletion 261 

mutants as most of the presumed biosynthetic intermediates are either attached to an 262 

ACP or highly unstable.    263 

 The biosynthesis of triacsins features two distinct mechanisms for the two 264 

consecutive N-N bond formations. One involves Tri28, a cupin and metRS didomain 265 

protein, which catalyzes the formation of N6-(carboxymethylamino)lysine (8) from N6-266 

hydroxy-lysine (7) and glycine. Previous work established a proposed reaction scheme 267 

for Spb40, a homolog of Tri28 (75% sequence similarity), using filtered culture broth from 268 

E. coli expressing the recombinant Spb40 and isotope-labeled substrates17. However, the 269 

utilization of whole cell lysate instead of purified enzymes precluded the detailed 270 

biochemical characterization of this enzyme, leaving questions such as the tRNA 271 

requirement and the true functions of each of two domains unanswered. Using purified 272 

Tri28 and the dissected individual domains, we revealed that tRNA is not required for the 273 

activity of Tri28. Glycine is thus most likely activated by ATP to form glycyl-AMP which is 274 

subjected to a nucleophilic attack by 7 to form an ester intermediate (Supplementary 275 

Fig. 17).  Surprisingly, the N-terminal cupin domain is also not required for 8 formation, 276 

which is inconsistent with prior mutagenesis results where E. coli producing the Spb40 277 

mutant with the substitution of alanine for His45, one of the key residues for metal-binding 278 

of the cupin domain that is also conserved in Tri28, abolished the ability to produce 817. 279 

Considering that the cupin domain increased the catalytic efficiency in vitro (Fig. 3b), we 280 

hypothesize that this cupin domain promotes the rearrangement of the putative ester 281 

intermediate in N-N bond formation, and this reactivity might be important in vivo. Further 282 

biochemical and structural analysis will provide more insights into the catalytic 283 

mechanism of this intriguing family of enzymes.     284 
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This study also identifies a new N-nitrosating enzyme, Tri17, which catalyzes N-285 

hydroxytriazene formation from nitrous acid and acyl hydrazone in an ATP-dependent 286 

way. Tri17 is homologous to an acyl-CoA ligase but CoA is not a required substrate, 287 

suggesting that an AMP derivative is a plausible biosynthetic intermediate (Extended 288 

Data Fig. 5). Although nitrous acid has been implicated to react with an amine for N-N 289 

bond formation in multiple natural product biosynthesis, such as cremeomycin30,31, 290 

fosfazinomycin27, kinamycin26, alanosine38,39, and alazopeptin19, the underlying 291 

enzymology often remains elusive, lacking a definitive biochemical characterization using 292 

purified enzymes. For example, CreM, a homolog of Tri17, was previously reported to 293 

catalyze diazotization in cremeomycin biosynthesis, although the evidence is weak 294 

because of its low solubility in E. coli and the high reactivity of nitrous acid to 295 

nonenzymatically react with an aryl amine to form a diazo moiety27,31. Similarly, non-296 

enzymatic N-nitrosation using nitrous acid could occur in alanosine and fragin 297 

biosynthesis39,40, although other possibilities such as a fusion protein (AlnA) consisting of 298 

a cupin and an AraC‐like DNA‐binding domain, or a CreM homolog encoded elsewhere 299 

on the genome was also proposed to be an N−N bond forming enzyme without 300 

evidence38,39. AzpL, a transmembrane protein with no homology to any characterized 301 

protein, was recently revealed to catalyze diazotization in alazopeptin biosynthesis 302 

through mutagenesis and heterologous expression, but no in vitro biochemical evidence 303 

was obtained due to the membrane protein nature19. Other enzyme candidates that may 304 

catalyze N−N bond formation using nitrous acid were also proposed in fosfazinomycin 305 

and kinamycin biosynthesis (FzmP and KinJ, respectively), but these hypothetical 306 

proteins have not been studied26,27. The discovery of Tri17 provides the first solid example 307 

of a nitrous acid-utilizing enzyme required for N-N bond formation and provides the basis 308 

for future mechanistic understanding of this new family of dedicated N-nitrosating 309 

enzymes.  310 

 In conclusion, through identification of a highly unstable biosynthetic intermediate 311 

from mutagenesis studies and biochemical analysis of 15 enzymes required for triacsin 312 

biosynthesis, we have revealed the exquisite timing and mechanisms of the biosynthesis 313 

of this intriguing class of natural products. Two distinct ATP-dependent enzymes have 314 

been revealed to catalyze the two consecutive N-N bond formation of N-hydroxytriazene, 315 

including a glycine-utilizing hydrazine-forming enzyme and a nitrous acid-utilizing N-316 

nitrosating enzyme. This study paves the way for future discovery, mechanistic 317 

understanding, and biocatalytic application of enzymes for N-N bond formation.  318 
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Online Methods 459 

Materials. Phusion High-Fidelity PCR Master Mix (NEB) was used for PCR reactions. 460 
Restriction enzymes were purchased from Thermo Scientific. All chemicals used in this 461 
work were obtained from Alfa Aesar, Sigma-Aldrich or Fisher Scientific, unless otherwise 462 

noted. CoA substrates (purity >95%) were obtained from CoALA Biosciences. 463 
Hydrazinoacetic acid HCl salt (purity 95%) was purchased from BOC Sciences. 15N-464 
aspartic acid (purity 98%) and 15N-sodium nitrite (purity >98%) were purchased from 465 
Cambridge Isotope Laboratories, Inc.  466 

Bacterial Strains and Growth Conditions. The wild-type and Δtri9-10 gene disruption 467 
mutant of Streptomyces aureofaciens ATCC 31442 were cultured on ISP4 agar plates to 468 

allow sporulation. Individual spore colonies were inoculated into a 2 mL seed culture of 469 
R5 liquid media and grown at 30°C and 240 rpm for 48 hours. The seed culture was 470 
inoculated into 30 mL R5 liquid media and grown for 5 days at 30°C and 240 rpm before 471 
cell harvesting. Culturing was performed in 125 mL Erlenmeyer vessels with a wire coil 472 
placed at the bottom to encourage aeration. Large scale culturing of WT S. aureofaciens 473 
was conducted as previously reported20. For large scale culturing of the Δtri9-10 mutant, 474 
the 2 mL seed culture would instead be inoculated in 1 L R5 liquid media and grown in 475 
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the same conditions. Escherichia coli strains were cultivated on lysogeny broth (LB) agar 476 
plates or in LB liquid media. Growth media was supplied with antibiotics as required at 477 

the following concentrations: kanamycin (50 μg/mL), apramycin (50 μg/mL), ampicillin 478 
(100 μg/mL). 479 

LC-HRMS Analysis of Triacsins and 5. Streptomycete cultures were pelleted by 480 

centrifugation (4,000 x g for 15 min), and the spent media was extracted 1:1 by volume 481 
with ethyl acetate. Ethyl acetate was removed by rotary evaporation, and the dry extract 482 
was dissolved in 300 μL of methanol for liquid chromatography-mass spectrometry (LC-483 
MS) analysis by 10 μL injection onto an Agilent Technologies 6120 Quadrupole LC-MS 484 
instrument with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). For high resolution 485 

MS (HRMS) analysis, the extract in methanol could be diluted by a factor of 5 for LC-486 
HRMS and HRMS/MS analysis by 10 μL injection onto an Agilent Technologies 6545 Q-487 

TOF LC-MS instrument with the same column. Linear gradients of 5-95% acetonitrile 488 

(vol/vol) in water with 0.1% formic acid (vol/vol) at 0.5 mL/min were used. 489 

Production and Purification of 5 and 1. After the 5-day culture period for the Δtri9-10 490 

mutant of S. aureofaciens, the cultures were pelleted by centrifugation (4,000 x g for 15 491 
min), and the spent media was extracted 1:1 by volume with ethyl acetate. The ethyl 492 

acetate was removed by rotary evaporation, and the dry extract was dissolved in a 1:1 493 
mixture (vol/vol) of dichloromethane and methanol. The dissolved extract was loaded onto 494 
a size exclusion column packed with Sephadex LH-20 (Sigma-Aldrich) and manually 495 

fractionated in a 1:1 dichloromethane and methanol running solvent. The fractions were 496 
screened by LC-MS with a diode array detector (DAD). Fractions containing the 497 

compound determined to be 5 were subjected to high performance liquid chromatography 498 
(HPLC) using an Agilent 1260 HPLC and an Atlantis T3 OBD Prep column (100 Å pore 499 

size, 5 μm particle size, 10 x 150 mm). A water/acetonitrile mobile phase buffered to a pH 500 
of 7.2 with ammonium bicarbonate was used to prevent exposing the fractions to acidic 501 
conditions. Linear gradients of 5-50% acetonitrile (vol/vol) at 2.5 mL/min were used for 502 

initial purification. Final purification of 5 was performed using an isocratic gradient at 14% 503 
acetonitrile using the same mobile phase, column, and flow rate. All fractions containing 504 

the product were kept covered to avoid light exposure and stored under N2 gas whenever 505 
practically achievable to avoid chemical degradation. Purified products were dried and 506 
analyzed by LC-MS and NMR. All NMR spectra were recorded on a Bruker AVANCE at 507 

900 MHz (1H NMR) and 226 MHz (13C NMR). The production and purification procedure 508 
of 1 was conducted as previously reported20.  509 

Labeled Precursor Feeding of 1-13C-glycine. S. aureofaciens was cultured as 510 
described in a previous section. 24 hours after the 30 mL inoculation, the culture was 511 

supplied with 10 mM 1-13C-glycine. Compound extraction and LC-HRMS analysis were 512 
performed as described above. 513 

Construction of Plasmids for Expression in E. coli. Three vectors were used for E. 514 
coli induced expression of recombinant proteins using polyhistidine tags. The plasmid 515 
pETDuet-1 was used for the dual expression of Tri10 and Tri9 (Tri109). The tri10 gene 516 
was amplified with HindIII and NotI sites and inserted into the first multiple cloning site 517 
(MCS) of pETDuet-1 which encodes an N-terminal polyhistidine tag. The tri9 gene was 518 
amplified using NdeI and XhoI sites and inserted into the second MCS of pETDuet-1 that 519 
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encodes a C-terminal S-tag derived from pancreatic ribonuclease A. The plasmid pET-520 
24b(+) was used for the expression of Tri28, Tri28_Cupin, Tri28_metRS, Tri30, Tri20, 521 

Tri17, Tri13 and Tri14 with C-terminal polyhistidine tags. The NdeI and XhoI sites were 522 
used for the restriction digest and ligation-based installation of the corresponding gene. 523 
The plasmid pLATE52 was used for the expression of Tri16, Tri21, Tri26, Tri27, Tri22, 524 
Tri29, and Tri31 with N-terminal polyhistidine tags. The corresponding genes were 525 
amplified and inserted through ligation-independent cloning following the protocol from 526 

Thermo Fisher Scientific’s aLICator Expression System, #K1281. All genes were 527 
amplified from either S. aurofaciens ATCC 31442 or S. tsukubaensis NRRL 18488 as 528 
listed in Table S2. Oligonucleotides utilized in this study were purchased from Integrated 529 
DNA Technologies. All oligonucleotides used in this study are listed in Table S1 and all 530 
strains and constructs are listed in Tables S2 and S3.  531 

Expression and Purification of Recombinant Proteins. The expression and 532 

purification for all proteins used in this study followed the same general procedure for 533 
polyhistidine tag purification as detailed here. Expression strains were grown at 37°C in 534 
1 L of LB in a shake flask supplemented with 50 µg/mL of kanamycin or 100 µg/mL of 535 

ampicillin to an OD600 of 0.5 at 250 rpm. The shake flask was then placed over ice for 10 536 
mins and induced with 120 μM of isopropyl-β-D-thiogalactopyranoside (IPTG). The cells 537 
were then incubated for 16 hours at 16°C at 250 rpm to undergo protein expression. 538 

Subsequently, the cells were harvested by centrifugation (6,371 x g, 15 min, 4°C), and 539 
the supernatant was removed. The cell pellet was resuspended in 30 mL of lysis buffer 540 
(25 mM HEPES pH 8, 500 mM NaCl, 5 mM imidazole) and cells were lysed by sonication 541 

on ice. Cellular debris was removed by centrifugation (27,216 x g, 1 hour, 4°C) and the 542 
supernatant was filtered with a 0.45 μm filter before batch binding. Ni-NTA resin (Qiagen) 543 

was added to the filtrate at 2 mL/L of cell culture, and the samples were allowed to nutate 544 

for 1 hour at 4°C. The protein-resin mixture was loaded onto a gravity flow column. The 545 

flow through was discarded and the column was then washed with approximately 25 mL 546 
of wash buffer (25 mM HEPES pH 8, 100 mM NaCl, 20 mM imidazole) and tagged protein 547 

was eluted in approximately 20 mL of elution buffer (25 mM HEPES pH 8, 100 mM NaCl, 548 
250 mM imidazole). The whole process was monitored using a Bradford assay. Purified 549 
proteins were concentrated and exchanged into exchange buffer (25 mM HEPES pH 8, 550 

100 mM NaCl) using Amicon ultra filtration units. After two rounds of buffer exchange and 551 
concentration, the purified enzyme was removed, and glycerol was added to a final 552 
concentration of 10% (vol/vol). Enzymes were subsequently flash-frozen in liquid nitrogen 553 
and stored at -80 ºC or used immediately for in vitro assays. The presence and purity of 554 

purified enzymes was assessed using SDS-PAGE and the concentration was determined 555 
using a NanoDrop UV-Vis spectrophotometer (Thermo Fisher Scientific).  556 

All proteins reported in this study were purified using the HEPES pH 8 buffer system, 557 
except for Tri29 for which Tris pH 7.5 was used to avoid precipitation upon concentration. 558 
Purification buffers for Tri30 and Tri20 (ACPs) contained 1 mM TCEP. BL21 Star (DE3) 559 
was utilized for expression of all proteins. For the case of Tri30 and Tri20, BAP1 was 560 

utilized to obtain the holo-ACPs and BL21 Star (DE3) was utilized for purification of apo-561 
ACPs.  562 

The approximate molecular weight and yield for each protein are the following: Tri26 (52.4 563 
kDa, 5.2 mg/L), Tri27 (40.9 kDa, 5.4 mg/L), Tri28 (74.7 kDa, 18.5 mg/L), Tri28-metRS 564 
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(62.3 kDa, 6.8 mg/L), Tri28-cupin (14.1 kDa, 22.7 mg/L), Tri29 (57.5 kDa, 34.3 mg/L), 565 
Tri30 (11 kDa, 16.9 mg/L), Tri20 (9.8 kDa, 10.8 mg/L), Tri13 (34.5 kDa, 6 mg/L), Tri31 566 

(25.1 kDa, 20.5 mg/L), Tri22 (45.9 kDa, 6.7 mg/L), Tri21 (71.8 kDa, 6.4 mg/L), Tri16 (59.6 567 
kDa, 15.2 mg/L), Tri17 (61.5 kDa, 34 mg/L), Tri109 (56.7 kDa, 4.6 mg/L), and Tri14 (27.7 568 
kDa, 5 mg/L). 569 

LC-HRMS and GC-MS Analysis of Tri109 In Vitro Reconstitution. Reactions were 570 
performed at room temperature for 30 minutes in 100 μL of 50 mM HEPES (pH 8.0) 571 
containing 20 μM Tri10 and 100 μM 5. 5 was delivered in the form of partially purified 572 
extracts from the tri9-10 gene disruption mutant hydrated in water with 0.5% methanol 573 
(vol/vol) to aid in solubility. The concentration of 5 in the extracts was estimated by 574 

HPLC/UV analysis at 400 nm. The final methanol concentration in the reaction volume 575 
was 0.1% (vol/vol). After the 30-minute incubation period, the reaction was quenched with 576 

two volumes of chilled methanol. The precipitated protein was removed by centrifugation 577 

(15,000 x g, 2 min) and the supernatant was used for analysis. LC-HRMS analysis was 578 
performed on an Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent 579 
Eclipse Plus C18 column (4.6 x 100 mm). Using a water/acetonitrile mobile phase with 580 

0.1% (vol/vol) formic acid, analysis was performed with a linear gradient of 5-95% 581 
acetonitrile at a flow rate of 0.5 mL/min. At least three independent replicates were 582 
performed for each assay, and representative results are shown. 583 

The GC-MS procedure to detect CO2 was adapted from previous work41. GC-MS assays 584 

consisted of a 4.5 mL of reaction mixture containing 50 mM HEPES pH 8, 1 mM 5, and 585 
100 μM Tri109. The reaction was performed in a 10-mL sealed headspace vial (Agilent) 586 

and initiated by adding the substrate. 1 mL of the headspace gas was acquired using a 587 
gastight syringe (Hamilton) and injected into Agilent 5977A GCMS system equipped with 588 

a HP-5ms column. Injector temperature was set at 120 °C, and helium was used as the 589 
carrier gas at a flowrate of 3 mL/min. The temperature gradient was as follows: 40-100°C 590 
in 5 minutes. The mass spectrometer was operated in electron ionization mode with 591 

automatically tuned parameters, and the acquired mass range was m/z = 15-100. The 592 
CO2 signal was confirmed using an authentic standard and by extracting m/z = 44.  593 

LC-HRMS Analysis of Tri26 and Tri28 In Vitro Reconstitution. Reactions were 594 
performed at room temperature for 30 minutes in 100 μL of 50 mM Tris pH 7.5 containing 595 

1 mM lysine, 1 mM glycine, 2 mM NADPH, 5 mM ATP, 2 mM MgCl2, 20 μM Tri26, and 20 596 
μM Tri28. After the 30-minute incubation period, the reaction was quenched with two 597 
volumes of chilled methanol. The precipitated protein was removed by centrifugation 598 
(15,000 x g, 5 min) and the supernatant was used for analysis. LC-HRMS analysis was 599 
performed on an Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent 600 

InfinityLab Poroshell 120 HILIC-Z column (4.6 x 100 mm). A mobile phase of 601 
water/acetonitrile was buffered with 10 mM ammonium formate and titrated to a pH of 3.2 602 

with formic acid. LC-HRMS analysis was performed with a decreasing linear gradient of 603 
90-60% acetonitrile at a flow rate of 1.0 mL/min. The analogous assays were performed 604 
using the individual domains of Tri28. At least three independent replicates were 605 
performed for each assay, and representative results are shown. 606 

LC-HRMS Analysis of HAA Production by Tri26-28 with DNFB Derivatization. 607 
Reactions were performed at room temperature for 30 minutes in 100 μL of 50 mM Tris 608 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443849doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443849


16 
 

pH 7.5, 1 mM lysine, 1 mM glycine, 2 mM NADPH, 0.2 mM FAD, 5 mM ATP, 2 mM MgCl2, 609 
20 μM Tri26, 20 μM Tri27, and 20 μM Tri20. The DNFB derivatization method was 610 

adapted from a previous work25. The reaction was then derivatized with 200 μL of 1 mM 611 
of DNFB dissolved in 200 mM borate pH 9.0 and incubated for 30 mins at 60 °C. The 612 
precipitated protein was removed by centrifugation (15,000 x g, 5 min) and the 613 
supernatant was used for analysis. LC-HRMS analysis was performed using an Agilent 614 
Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column 615 

(4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a 616 
linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min was utilized. The same 617 
derivatization method was utilized with an authentic HAA standard. At least two 618 
independent replicates were performed for each assay, and representative results are 619 
shown. 620 

LC-HRMS Analysis of Tri31 In Vitro Reconstitution. Reactions were performed at 621 

room temperature for 30 minutes in 100 μL of 50 mM HEPES pH 8.0 containing 1 mM 622 
succinyl-CoA, 2 mM HAA, and 50 μM Tri31. After the 30-minute incubation period, the 623 
reaction was quenched with two volumes of chilled methanol. The precipitated protein 624 

was removed by centrifugation (15,000 x g, 5 min) and the supernatant was used for 625 
analysis. LC-HRMS analysis was performed using an Agilent Technologies 6545 Q-TOF 626 
LC-MS equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A 627 

water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 5-628 
95% acetonitrile at a flow rate of 0.5 mL/min was utilized. The same methodology was 629 
performed using different CoA substrates. At least three independent replicates were 630 

performed for each assay, and representative results are shown. 631 

Identification of Co-Purified Succinyl-CoA in Tri31. 50 μL of 1.7 mM Tri31 was 632 

quenched with 100 μL of chilled methanol. The precipitated protein was removed by 633 
centrifugation (15,000 x g, 5 min) and the supernatant was used for analysis. LC-HRMS 634 
analysis was performed on an Agilent Technologies 6545 Q-TOF LC-MS equipped with 635 

an Agilent InfinityLab Poroshell 120 HILIC-Z column (4.6 x 100 mm). A mobile phase of 636 
water/acetonitrile was buffered with 10 mM ammonium formate and titrated to a pH of 3.2 637 

with formic acid. LC-HRMS analysis was performed with a decreasing linear gradient of 638 
90-60% acetonitrile at a flow rate of 1.0 mL/min. An authentic succinyl-CoA standard was 639 
utilized to compare the retention time and mass spectrum to the succinyl-CoA co-purified 640 

from Tri31. 641 

Determination of Kinetic Parameters for CoA Substrates from Tri31 Reaction. The 642 

following procedure to obtain 
𝑘𝑐𝑎𝑡

𝐾𝑀
⁄  parameters for CoA substrates was adopted from 643 

previous work19,28. Reactions were performed at room temperature in 100 μL of 50 mM 644 

HEPES pH 8.0, 50 μM CoA substrate, 2 mM HAA, 0.1 mM 5,5’-dithio-bis(2-nitrobenzoic 645 

acid) (DTNB) and 20 μM Tri31. For each CoA substrate, a control reaction without 646 

enzyme was conducted. Activity was monitored continually over a 15-minute period by 647 

measuring the increase in absorbance at 412 nm from the reaction between the free thiol 648 

of CoASH and DNTB. Initial velocities were approximated using the extinction coefficient 649 

14,150 𝑀−1𝑐𝑚−1 and subtracting the control reactions from each substrate to correct for 650 

background activity. Each CoA substrate was tested in independent triplicate assays.  651 
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Large scale Tri31 biochemical assay with HAA and Hexanoyl-CoA. A 1 mL reaction 652 

was performed at room temperature for 15 hours containing 50 mM HEPES pH 8.0, 5 653 

mM HAA, 4 mM hexanoyl-CoA, and 100 μM Tri31. The reaction was extracted three times 654 

with equal volume of ethyl acetate. The organic fraction was dried over nitrogen and 655 

analyzed using NMR. Supplementary Note 2 contains further structural characterization. 656 

LC-HRMS Analysis of Tri30 Loading Reaction and Ppant Ejection Assays with HAA 657 
and CoA substrates. Reactions were performed at room temperature for 20 minutes in 658 

50 μL of 50 mM Tris pH 7.5 containing 0.2 mM succinyl-CoA, 1 mM HAA, 5 mM ATP, 2 659 
mM MgCl2, 20 μM Tri31, 20 μM Tri29, and 50 μM Tri30. After the 20-minute incubation 660 
period, the reaction was diluted with 4 volumes of purified water and chilled on ice to slow 661 
further reaction progress. The diluted reaction mixture was immediately filtered by a 0.45 662 
μm PVDF filter, and 15 μL was promptly injected onto an Agilent   Technologies 6545 Q-663 

TOF LC-MS equipped with a Phenomenex Aeris 3.6 μm Widepore XB-C18 column (2.1 664 
x 100 mm). Using a water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid, 665 

analysis was performed with a linear gradient of 30-50% acetonitrile at a flow rate of 0.25 666 
mL/min. The molecular weights of proteins observed during electrospray ionization were 667 

determined using ESIprot to deconvolute the array of observed charge state spikes42. For 668 
phosphopantetheine (Ppant) ejection assays, the same conditions were used, but the 669 

source voltage was increased from 75 to 250 V to increase the fragmentation of the 670 
phosphodiester bond covalently linking the Ppant prosthetic to a holo-ACP. The same 671 
methodology was performed using different CoA substrates. To determine whether HAA 672 

can be directly loaded (without Tri31 and succinyl-CoA), the same methodology was used 673 
with the following changes: a linear gradient of 40-60% acetonitrile at a flow rate of 0.25 674 

mL/min and the Phenomenex Aeris 3.6 μm Widepore XB-C18 column (2.1 x 250 mm) 675 

were utilized. At least three independent replicates were performed for each assay, and 676 

representative results are shown.  677 

LC-HRMS Analysis of Tri22 Activity on 10. Reactions were performed at room 678 
temperature for 20 minutes in 50 μL of 50 mM Tris pH 7.5 containing 0.2 mM succinyl-679 

CoA, 1 mM HAA, 5 mM ATP, 0.2 mM FAD, 2 mM MgCl2, 20 μM Tri31, 20 μM Tri29, 20 680 
μM Tri22 and 50 μM Tri30. After the 20-minute incubation period, the reaction was diluted 681 
with 4 volumes of purified water and chilled on ice to slow further reaction progress. The 682 

diluted reaction mixture was immediately filtered by a 0.45 μm PVDF filter, and 15 μL was 683 
promptly injected and analyzed using the same methodology in the previous section. At 684 
least three independent replicates were performed for each assay, and representative 685 

results are shown. 686 

Identification of FAD Tri22 Cofactor. Purified Tri22 (yellow color) was boiled for 10 687 

minutes and precipitated protein was removed by centrifugation (15,000 x g, 5 min). The 688 

supernatant was further analyzed using LC-UV-MS with an Agilent Technologies 6545 Q-689 

TOF LC-MS equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A 690 

water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-691 

98% acetonitrile at a flow rate of 0.5 mL/min was utilized. The UV was monitored at 420 692 

nm and the mass spectrum/retention time was compared to an authentic FAD standard. 693 
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Determination of 11 from Tri22 Reaction. The biochemical assay consisting of HAA, 694 
succinyl-CoA, HAA, Tri29-31, and Tri22 was performed as described in a previous section 695 

except for 50 μM of each enzyme was utilized and the assay was performed at a 100 μL 696 
scale. After the 20-minute incubation period, the reaction was quenched with two volumes 697 
of chilled methanol. The precipitated protein was isolated by centrifugation (15,000 x g, 5 698 
min) and the supernatant was discarded. The protein pellet was then dissolved in 100 μL 699 
of 100 mM KOH for 10 minutes at room temperature, followed by neutralization with 100 700 

μL of 100 mM HCl. The solution was spin filtered using a 2 kDa Amicon spin filter to 701 
remove protein residues and isolate the flowthrough. The flowthrough was subjected to 702 
OPTA derivatization28. The derivatization agent was prepared by mixing 1 mL of 80 mM 703 
OPTA with 98 mM of 2-ME (both dissolved in 200 mM NaOH). 100 μL of the flowthrough 704 
was combined with 100 μL of the derivatization agent. The reaction mixture was vortexed 705 

and allowed to incubate at room temperature for 2 minutes. The mixture was analyzed 706 

using LC-UV-MS with an Agilent Technologies 6545 Q-TOF LC-MS equipped with an 707 

Agilent Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile mobile phase with 708 
0.1% (vol/vol) formic acid with a linear gradient of 2-98% acetonitrile at a flow rate 0.5 709 

mL/min was utilized. 2-HYAA was chemically synthesized and subjected to the same 710 
derivatization procedure with OPTA. The mass spectrum, retention time, and UV at were 711 

compared to that of the standard. At least three independent replicates were performed 712 
for each assay, and representative results are shown. 713 

LC-HRMS Analysis of 2-HYAA Translocation to Tri20 with the Aid of Tri13. Reactions 714 
were performed at room temperature for 30 minutes in 50 μL of 50 mM Tris pH 7.5, 1 mM 715 

succinyl-CoA, 2 mM HAA, 5 mM ATP, 1 mM FAD, 2 mM MgCl2, 20 μM Tri31, 20 μM 716 
Tri29, 20 μM Tri22, 30 μM Tri30, 20 μM Tri20, and 10 μM Tri13. After the incubation 717 

period, the reaction was diluted with 4 volumes of purified water and chilled on ice to slow 718 

further reaction progress. The diluted reaction mixture was immediately filtered by a 0.45 719 

μm PVDF filter, and 15 μL was promptly injected and analyzed using the same 720 
methodology in a previous section with the exception that a Phenomenex Aeris 3.6 μm 721 

Widepore XB-C18 column (2.1 x 250 mm) was used. At least two independent replicates 722 
were performed for each assay, and representative results are shown. 723 

Lauroyl-CoA and Hexanoyl-CoA Loading Assays on Tri30 and Tri20 using Sfp. 724 
Reactions were performed at room temperature for 30 minutes in 50 μL of 50 mM HEPES 725 

pH 8.0, 2.5 mM CoA substrate, 2 mM MgCl2, 100 μM ACP, and 50 μM Sfp. After the 30-726 
minute incubation period, the reaction was diluted with 4 volumes of purified water and 727 
chilled on ice to slow further reaction progress. The diluted reaction mixture was 728 
immediately filtered by a 0.45 μm PVDF filter, and 10 μL was promptly injected onto an 729 
Agilent   Technologies 6545 Q-TOF LC-MS equipped with a Phenomenex Aeris 3.6 μm 730 

Widepore XB-C18 column (2.1 x 250 mm) and Phenomenex Aeris 3.6 μm Widepore XB-731 
C18 column (2.1 x 100 mm) for lauroyl-CoA and hexanoyl-CoA assays, respectively. 732 
Using a water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid, analysis was 733 
performed with a linear gradient of 30-98% and 30-50% acetonitrile for lauroyl-CoA and 734 

hexanoyl-CoA assays, respectively at a flow rate of 0.25 mL/min. The analysis to 735 
deconvolute the protein spikes and obtain the Ppant fragment are analogous to a previous 736 
section. Hexanoyl-CoA and lauroyl-CoA were loaded to Tri20, while only lauroyl-CoA was 737 
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loaded to Tri30. At least three independent replicates were performed for each assay, 738 
and representative results are shown. 739 

Tri14 Hydrolysis Activity Assays on Fatty Acyl-ACP Substrates. Reactions were 740 
performed at room temperature for 1 hour in 100 μL of 50 mM HEPES pH 8.0, 2.5 mM 741 
CoA substrate, 2 mM MgCl2, 100 μM ACP, 50 μM Tri14 and 50 μM Sfp. After the 1-hour 742 

incubation period, the reaction was quenched with two volumes of chilled methanol. The 743 
precipitated protein was removed by centrifugation (15,000 x g, 5 min) and the 744 
supernatant was used for analysis. LC-HRMS analysis was performed using an Agilent 745 
Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column 746 
(4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a 747 

linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min was utilized. Hexanoic 748 
and lauric acid standards prepared and analyzed to test for hydrolytic activity of Tri14. 749 

Assays with hexanoyl-CoA and lauroyl-CoA were utilized with Tri20, while lauroyl-CoA 750 

was utilized solely for Tri30. At least three independent replicates were performed for 751 
each assay, and representative results are shown. 752 

Griess Test for Nitrous Acid Production by Tri21 and Tri16. Reactions were 753 
performed at room temperature in 100 μL of 50 mM Tris (pH 7.5) containing 0.1 mM FAD, 754 

1 mM NADPH or NADH, 1 mM aspartate, 20 μM Tri21, and 20 μM Tri16. The reaction 755 
was prepared with all reagents except NAD(P)H and aliquoted identically into 12 wells. 756 
Reactions were initiated simultaneously by the addition of NAD(P)H with a multichannel 757 

pipette. Starting with an initial time point, one reaction well was quenched every 4 minutes 758 
by the addition of one volume of Griess reagent purchased from Cell Signaling 759 

Technology.  760 

Tri17 Activity Assay on 15. Reactions were performed at room temperature for 30 761 

minutes in 100 μ of 50 mM Tris pH 7.5, 1 mM 15, 4 mM sodium nitrite (or 15N-sodium 762 

nitrite), 5 mM ATP, 4 mM MgCl2, and 100 μM Tri17. Chemically synthesized 15 was 763 
dissolved in DMSO to ensure full solubility and assays were maintained at a final 764 

concentration of 2% DMSO (vol/vol). After the incubation period, the reaction was 765 
quenched with two volumes of chilled methanol. The precipitated protein was removed 766 
by centrifugation (15,000 x g, 5 min) and the supernatant was used for analysis. LC-767 
HRMS analysis was performed using an Agilent Technologies 6545 Q-TOF LC-MS 768 

equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile 769 
mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-98% acetonitrile 770 
at a flow rate of 0.5 mL/min was utilized. 1 isolated from WT S. aureofaciens was utilized 771 
as a standard to compare the retention time, mass spectrum, and UV profiles between 772 
the biochemical assays. At least three independent replicates were performed for each 773 

assay, and representative results are shown. Analogous assays were performed with 774 
nitrate instead of nitrite and 2-HYAA or 12-aminododecanoic acid instead of 15, 775 

respectively. 776 

Coupled Tri16, Tri21, and Tri17 Activity Assay. Reactions were performed at room 777 
temperature for 1 hour in 100 μL of 50 mM Tris pH 7.5, 0.1 mM FAD, 1 mM NADPH, 1 778 
mM aspartate (or 2 mM 15N-aspartate), 20 μM Tri16, and 20 μM Tri21. After the incubation 779 
period, 100 μL of 50 mM Tris pH 7.5, 0.5 mM 15, 5 mM ATP, 2 mM MgCl2, and 100 μM 780 
Tri17 was added to the first reaction. The coupled assay was incubated at room 781 
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temperature for 16 hours. After the incubation period, the reaction was quenched with two 782 
volumes of chilled methanol. The precipitated protein was removed by centrifugation 783 

(15,000 x g, 5 min) and the supernatant was used for analysis. LC-HRMS analysis was 784 
performed using an Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent 785 
Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% 786 
(vol/vol) formic acid with a linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min 787 
was utilized. 1 isolated from WT S. aureofaciens was utilized as a standard to compare 788 

the retention time, mass spectrum, and UV profiles between the biochemical assays. At 789 
least three independent replicates were performed for each assay, and representative 790 
results are shown. 791 

Comparative Metabolomics. Tri17 assays utilizing nitrate, 2-HYAA, or 12-792 
aminododecanoic acid were analyzed via LC-HRMS using an Agilent Technologies 6545 793 

Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A 794 

water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-795 
98% acetonitrile at a flow rate of 0.5 mL/min was utilized. Peak picking and comparative 796 
metabolomics were performed using MSDial with peak lists exported to Microsoft Excel.  797 

AMP Detection from Tri17 Assay. Reactions were performed at room temperature for 798 

30 minutes as described in the Tri17 Activity Assay on 15 section. After the incubation 799 
period, the reaction was quenched with two volumes of chilled methanol. A similar assay 800 
was performed using 11 (generated enzymatically as described in a previous section) as 801 

a substrate instead of 15.  The precipitated protein was removed by centrifugation (15,000 802 
x g, 5 min) and the supernatant was used for analysis. LC-HRMS analysis was performed 803 

on an Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent InfinityLab 804 
Poroshell 120 HILIC-Z column (4.6 x 100 mm). A mobile phase of 90% acetonitrile and 805 

water were buffered with 10 mM ammonium acetate and titrated to a pH of 9.0 with 806 
ammonium hydroxide. LC-HRMS analysis was performed with a decreasing linear 807 
gradient of 81-43% acetonitrile at a flow rate of 1.0 mL/min. ATP, ADP, and AMP were 808 

also detected by monitoring the UV at 260 nm.  809 
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 821 

Figure 1. Biosynthesis of triacsins (1-4). a) Schematic of the triacsin BGC in S. 822 

aureofaciens ATCC 31442. b) The proposed biosynthetic pathway of triacsins based on 823 

this work. Tri28 and Tri17 (highlighted in green) are the two ATP-utilizing enzymes which 824 

catalyze formation of the two different N-N bonds found in triacsins.  825 
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 833 

Figure 2. In vivo and in vitro analysis of decarboxylase. a) HPLC/UV trace (360 nm) 834 

demonstrating accumulation of a new metabolite (5) in the Δtri9-10 mutant and 835 

abolishment of triacsins. b) Biochemical analysis of Tri109. Extracted ion chromatograms 836 

(EICs) showing that Tri10 purified from E. coli converted 5 to 6 only when co-expressed 837 

with Tri9. The calculated masses for 5: m/z=248.1030 ([M+H]+) and 6: m/z=204.1132 838 

([M+H]+) are used for each trace with a 10-ppm mass error tolerance. At least three 839 

independent replicates were performed for each assay, and representative results are 840 

shown.  841 
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 851 

Figure 3. HAA synthesis, activation, and loading onto Tri30. a) EICs demonstrating 852 

production of a derivatized HAA from coupled Tri26-28 assays subjected to DNFB 853 

derivatization. Omission of any of the enzymes or glycine resulted in abolishment of HAA-854 

DNP. The calculated mass for HAA-DNP: m/z=257.0517 ([M+H]+) is used for each trace. 855 

b) EICs showing production of 8 from coupled Tri26,28 assays. The cupin and metRS 856 

domains were individually dissected and tested in parallel. The calculated mass for 8: 857 

m/z=220.1292 ([M+H]+) is used for each trace. c) EICs showing production of various 858 

acyl-HAA products generated by Tri31. Individual masses used for each trace are listed. 859 

d) EICs showing production of 10 (+12 charge) along with its deconvoluted mass and 860 

Ppant fragment. Omission of Tri29 or 9 (generated in situ using Tri31) resulted in 861 

abolishment of 10. A 10-ppm mass error tolerance was used for each trace. At least three 862 

independent replicates were performed for each assay, and representative results are 863 

shown. 864 
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 870 

Figure 4. Hydrazone “starter unit” formation for PKS extension. a) Biochemical 871 

analysis of Tri22. EICs demonstrating production of 11 (+12 charge) along with its 872 

deconvoluted mass and Ppant fragment. Omission of Tri22 results in abolishment of 11. 873 

10 was generated in situ using Tri29-31. b) Hydrazone translocation catalyzed by Tri13. 874 

EICs showing production of 12 (+6 charge) along with its deconvoluted mass and Ppant 875 

fragment. Omission of Tri20 or Tri13 resulted in abolishment of 12. A 10-ppm mass error 876 

tolerance was used for each trace. At least three independent replicates were performed 877 

for each assay, and representative results are shown.  878 
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 886 

Figure 5. Biochemical analysis of Tri17. a) EICs showing the production of 1 from 887 

assays containing Tri17, ATP, nitrite, and 15. Omission of any of these components led 888 

to abolishment of 1. Utilization of 15N-nitrite resulted in the expected mass spectral shift. 889 

b) EICs demonstrating the production of 1 from a coupled Tri16, 21,17 assay containing 890 

aspartate, 15, NADPH, and ATP. Omission of any of these components led to 891 

abolishment of 1. Utilization of 15N-aspartate resulted in the expected mass spectral shift. 892 

A 10-ppm mass error tolerance was used for each trace. At least three independent 893 

replicates were performed for each assay, and representative results are shown. 894 
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 901 

Extended Data Figure 1. The decarboxylation event in triacsin biosynthesis. a) 902 

Feeding of unlabeled and labeled glycine to the triacsin producing cultures. HRMS 903 

analysis of 3 from a S. aureofaciens culture provided with 10 mM 1-13C-glycine 904 

demonstrated that the carboxylate carbon of glycine was retained in triacsin C. b) 905 

Detection of CO2 production from the Tri109 biochemical assay. GC-MS chromatograms 906 

extracted with m/z=44, demonstrating CO2 production from a Tri109 assay containing 5 907 

as compared with an authentic standard. A 10-ppm mass error tolerance was used for 908 

each trace. At least two independent replicates were performed for each assay, and 909 

representative results are shown. 910 
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 918 

Extended Data Figure 2. In vitro reconstitution of Tri26 and Tri28. a) EICs showing 919 

the production of 7 in an assay containing Tri26, lysine, and NADPH. Tri26 selectively 920 

hydroxylates lysine and not ornithine. The calculated mass for 7: m/z=163.1078 ([M+H]+) 921 

is used for each trace, except for the ornithine assay in which the calculated mass for N-922 

OH-Orn was used (m/z=149.0921 ([M+H]+)). b) EICs demonstrating that the production 923 

of 8 is dependent on Tri28, glycine, lysine, and ATP, along with the Tri26 assay 924 

components. The calculated mass for 8: m/z=220.1292 ([M+H]+) is used for each trace. 925 

A 10-ppm mass error tolerance was used for each trace. At least three independent 926 

replicates were performed for each assay, and representative results are shown. 927 
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 930 

Extended Data Figure 3. Characterization of the Tri22-catalyzed reaction product, 931 

11. a) Schematic of a biochemical assay performed containing HAA, succinyl-CoA, Tri29-932 

31, and Tri22 that is subjected to base hydrolysis, followed by OPTA derivatization to 933 

yield 2-HYAA-D. b) EICs showing the generation of 2-HYAA-D from the biochemical 934 

assay previously described in comparison with a derivatized 2-HYAA synthesized 935 

standard. Omission of Tri22, HAA, or succinyl-CoA from the couple enzymatic reaction 936 

resulted in abolishment of 2-HYAA-D. The calculated mass for 2-HYAA-D: m/z=265.0642 937 

([M+H]+) is used for each trace. A 10-ppm mass error tolerance was used for each trace. 938 

At least three independent replicates were performed for each assay, and representative 939 

results are shown. 940 
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 944 

Extended Data Figure 4. In vitro analysis of Tri14, a putative thioesterase. a) EICs 945 

demonstrating hydrolysis of lauroyl-S-Tri20 catalyzed by Tri14, resulting in production of 946 

lauric acid when compared to an authentic standard. Tri14 was shown to be Tri20 specific 947 

and imparted no activity on lauroyl-S-Tri30. The calculated mass for lauric acid: 948 

m/z=199.1701 ([M-H]-) is used for each trace. b) EIC demonstrating inability of Tri14 to 949 

hydrolyze hexanoyl-S-Tri20, thus suggesting that Tri14 activity is chain length specific. 950 

The calculated mass for hexanoic acid: m/z=115.0764 ([M-H]-) is used for each trace. A 951 

10-ppm mass error tolerance was used for each trace. At least three independent 952 

replicates were performed for each assay, and representative results are shown. 953 
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 963 

Extended Data Figure 5. AMP Formation from Tri17 assay and proposed reaction 964 

mechanism. LC-UV detection of AMP at 260 nm from an assay containing 15, nitrite, 965 

ATP, and Tri17. Controls lacking enzyme or nitrite result in undetectable amounts of AMP, 966 

while the production of AMP was slightly increased in the presence of 15. ATP is proposed 967 

to activate nitrite to form a nitrite-AMP intermediate that undergoes a subsequent 968 

nucleophilic attack by 15 and tautomerization to yield 1.  969 
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