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Abstract 13 

Azides are energy-rich compounds endowed with diverse representation in 14 
broad scientific disciplines, including material science, synthetic chemistry, 15 
pharmaceutical science, and chemical biology. Despite ubiquitous usage of 16 
the azido group, the underlying biosynthetic pathways for its formation 17 
remain largely unknown. Here we report the characterization of what is to 18 
our knowledge the first biosynthetic pathway for de novo azide construction. 19 
We demonstrate that Tri17, a promiscuous ATP and nitrite-dependent 20 
enzyme, catalyzes organic azide synthesis through sequential N-nitrosation 21 
and dehydration of aryl hydrazines. Through biochemical, structural, and 22 
computational analyses, we further propose a plausible molecular 23 
mechanism for azide biosynthesis that sets the stage for future biocatalytic 24 
applications and biosynthetic pathway engineering.  25 

Introduction 26 

The azide moiety is an electron-rich functionality with extensive applications 27 
in drug discovery, synthetic chemistry, material science, and chemical 28 
biology. For example, azidothymidine (AZT), a synthetic analog of thymidine, 29 
is a well-known medication used in the management and treatment of HIV-1 30 
by inhibiting nucleoside reverse transcriptases1,2. The π bond in the azido 31 
group can be easily polarized to promote strong exothermic dissociation 32 
reactions to release reactive nitrene groups and molecular nitrogen, with 33 
applications requiring high-energy-density-materials in propellants and 34 
energetic polymers3,4. Organic azides are also common synthetic precursors 35 
for triazole and tetrazole-containing compounds1,5. Notably, the azide-alkyne 36 
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cycloaddition reaction has revolutionized the field of chemical biology due to 37 
its “bio-orthogonal” and “clickable” features. It enabled selective imaging and 38 
studies of azide/alkyne-labelled molecules, ranging from small-molecule 39 
metabolites and drugs to macromolecules such as glycans, lipids, proteins, 40 
and nucleic acids6–10.  41 

The broad application of azide in chemistry has raised significant interest in 42 
the azidation reaction using enzymes. Specifically, multiple non-heme iron 43 
halogenases and oxygenases have been engineered to catalyze azide 44 
transfer, typically from an inorganic azido donor to a few selected 45 
substrates11–17. Alternatively, the azide group might be directly 46 
biosynthesized in situ without feeding the bio-orthogonal moiety itself. This 47 
new approach would enable the biogenesis of azide under mild, 48 
physiological conditions, allowing for tunable production of this bio-49 
orthogonal handle for in vivo labeling with low metabolic background. 50 
However, to date, there is no enzyme known to promote de novo azide 51 
biosynthesis. 52 

Our recent work on the biosynthesis of triacsins, a family of natural products 53 
possessing a conserved N-hydroxytriazene moiety, revealed two enzymes 54 
responsible for the two consecutive N-N bond forming steps18. Tri28 was 55 
shown to be a glycine-utilizing, hydrazine-forming enzyme consisting of a 56 
cupin and a methionyl-tRNA synthetase-like domain18. This didomain 57 
enzyme and its homologs have recently emerged to be a new family of 58 
“hydrazine synthetases” with promising biocatalytic potential18–23. The 59 
second N-N bond forming enzyme in triacsin biosynthesis, Tri17, was shown 60 
to be an ATP and nitrite-dependent N-nitrosylase that completes N-61 
hydroxytriazene installation on a linear alkyl hydrazone substrate 62 
(Supplementary Fig. 1a)18. Tri17 appeared to be promiscuous toward acyl 63 
chain modifications, but its biocatalytic potential remained elusive. 64 
Interestingly, several Tri17 homologs, such as CreM24, Aha1125 and 65 
AvaA626, were recently shown to also utilize nitrite to install a diazo moiety 66 
on different aryl amine substrates in the biosynthesis of cremeomycin, 67 
tasikamides, and avenalumic acid, respectively (Supplementary Fig. 1). 68 
These diazo biosynthetic pathways were proposed to proceed through 69 
similar N-nitrosylated intermediates, which subsequently undergo 70 
dehydration, although the exact mechanism and role of the enzymes have 71 
not been thoroughly investigated.  72 
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Here we probed the substrate specificity of Tri17 via biochemical and kinetic 73 
analyses. We revealed Tri17 to be highly promiscuous, promoting N-74 
nitrosating reactions on a wide array of substrates, such as alkyl hydrazone, 75 
hydrazine, pyrrolidine, piperidine, aryl amine and aryl hydrazine. Notably, 76 
Tri17 converted multiple aryl hydrazine substrates to azido products, 77 
representing the first natural enzyme capable of de novo azide biosynthesis. 78 
Further structural and computational analyses provided additional insight 79 
into the catalytic mechanism of Tri17, including the enzyme-facilitated 80 
dehydration during azide formation.  81 

Results 82 

Tri17 is a promiscuous N-nitrosylase that recognizes substrates 83 

beyond linear alkyl hydrazones. Our prior biosynthetic study of triacsins 84 
suggested that Tri17 converts a terminal hydrazone moiety of a fully 85 

unsaturated dodecenoic acid to an N-hydroxytriazene moiety 86 
(Supplementary Fig. 1a)18. Due to the instability of this proposed 87 
substrate27, we reconstituted the activity of Tri17 by utilizing a surrogate 88 

substrate (1) which demonstrated a kcat/Km of 135 ± 0.7  mM-1min-1 (Fig. 1)18. 89 
Although Tri17 appeared to be promiscuous towards acyl chain 90 

modifications, we found that it was unable to recognize 12-aminododecanoic 91 
acid nor 2-hydrazineylideneacetic acid18. To better understand the substrate 92 
scope of Tri17, we initially tested a pool of ~20 compounds varying in alkyl 93 

chain length, modification, and the nitrogen-containing moiety (Fig. 1, 94 
Supplementary Fig. 2-6, Supplementary Note 1). All reactions were 95 
monitored by liquid chromatography high-resolution mass spectrometry (LC-96 

HRMS) analysis. We employed both targeted N-nitrosylated species 97 
detection as well as an untargeted product search via comparative 98 

metabolomics to assess the substrate recognition of Tri17. We observed that 99 
in addition to hydrazone, Tri17 recognized hydrazine and nitrogen-containing 100 
heterocycles, such as pyrrolidine and piperidine, to generate N-nitrosylated 101 

products, albeit with a decreased catalytic efficiency (Fig. 1, Supplementary 102 
Fig. 3-5). Although Tri17 did not recognize butylhydrazine (C4), the enzyme 103 

was tolerant towards alkyl chains of medium chain length (~C6-C11) with a 104 
preference for longer chain length, especially for hydrazone substrates. The 105 
enzyme was also not sensitive to the methylation of alkyl chains at various 106 

positions. Tri17 did not recognize a few other tested compounds containing 107 
hydrazide, urea, pyridine, etc. (Supplementary Fig. 6).  108 
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Considering that enzymes homologous to Tri17 recognized various aryl 109 
amines to catalyze diazo formation24–26, we next probed the possible 110 

recognition of aryl amines by Tri17. One of the Tri17 homologs, Aha11 (39% 111 
sequence similarity) was also purified and assayed for comparison with Tri17 112 

(Supplementary Fig. 2). The catalytic activity of Aha11 was biochemically 113 
reconstituted using a surrogate substrate (12) as previously reported (Fig. 114 
2)25. Interestingly, Tri17 recognized 12 and produced the same diazo product 115 

(13) with a catalytic efficiency comparable to that of Aha11 (Fig. 2, 116 
Supplementary Fig. 7). Altogether, Tri17 demonstrated to be a 117 
promiscuous N-nitrosylase that can recognize diverse substrates, including 118 

an aryl amine that is drastically different from an alkyl hydrazone, the 119 
proposed native substrate of Tri1718.   120 

Tri17 orchestrates azidation of aryl hydrazine substrates. Since Tri17 121 
demonstrated relaxed substrate specificity and catalyzed diazo formation 122 

from an aryl amine substrate, presumably via an N-nitrosylated intermediate 123 
followed by dehydration, it raised an interesting possibility that Tri17 may 124 

also promote azido formation on an aryl hydrazine substrate via a similar 125 
mechanism. We first selected compound 14 to probe this potential activity of 126 
Tri17 as both 14 and the predicted azido product 15 were commercially 127 

available. The biochemical assay containing 14, ATP, nitrite, and Tri17 led 128 
to the production of two new products which were identified to be 1-129 
azidonaphthalene (15) and 1-naphthylamine (16), respectively, by 130 

comparison with the authentic standards based on the LC-HRMS analyses 131 
and ultraviolet-visible (UV-vis) spectra (Fig. 3, Supplementary Fig. 8 and 132 

9). Neither product was observed from negative controls in which Tri17, ATP, 133 
nitrite, or 14 was omitted. The utilization of 15N-nitrite also led to the expected 134 
mass spectral shift of 15, further confirming the utilization of nitrite for azide 135 

formation by Tri17 (Fig. 3). 16 was most likely a degraded product of 15 upon 136 
spontaneous loss of N2, which was also observed in the pure standard 137 

solution of 15. Tri17 exhibited a good catalytic efficiency towards 14 with a 138 
kcat/Km of 49.5 ± 5.1 mM-1min-1 by monitoring substrate consumption.  139 

After demonstrating that Tri17 could promote azide formation, we next 140 
probed additional aryl hydrazine compounds to expand its substrate scope 141 
in generating organic azides. When hydralazine (17), a vasodilator drug28–30 142 

was used as a substrate, two new products, 18 and 19, were detected based 143 
on comparative metabolomics analyses using LC-HRMS (Fig. 4a, 144 
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Supplementary Fig. 10-11). While 18 was proposed to be an N-nitrosylated 145 
species based on the HRMS and activity of Tri17, 19 was assigned to be the 146 

expected azide product according to the HRMS and UV spectrum, as well 147 
as the detection of a click reaction product between 5-hexyn-1-ol and 19 148 

(Supplementary Fig. 12). A time-course analysis of this reaction showed 149 
the transient nature of 18 and a steady increase in the production of 19, 150 
suggesting that 18 may be an intermediate en route to azide formation (Fig. 151 

4b). The kinetic parameters of Tri17 towards 17 were further determined 152 
through quantification of substrate consumption (kcat= 30.1 ± 3.7 min-1, KM= 153 
0.31 ± 0.06 mM, kcat/KM= 97.1 ± 5.7 mM-1min-1), which are comparable to the 154 

best recognized substate 1 (Fig. 4c). Although 19 was produced under acidic 155 
conditions (pH<5) without Tri17 (Supplementary Fig. 11e), the enzyme was 156 

required to produce 18 and 19 around physiological pH (Fig. 4a). We further 157 
sought to enzymatically synthesize 7-azido-4-methyl-coumarin (22), which is 158 
a fluorogenic probe for H2S detection widely used in vitro, in living cells, and 159 

cardiac tissues31,32. A biochemical assay containing 20, Tri17, ATP, and 160 
nitrite resulted in the production of two new products, the presumed N-161 

nitrosylated intermediate (21) and the expected azido product (22), which 162 
was confirmed by comparing it to an authentic standard (Extended Data Fig. 163 
1, Supplementary Fig. 13). Although the catalytic efficiency of Tri17 towards 164 

20 (kcat/KM= 22.8 ± 1.1 mM-1min-1) has yet to be improved, these results 165 
suggested that Tri17 is a promiscuous enzyme towards various aryl 166 

hydrazines with biocatalytic potential to produce azides under physiological 167 
conditions. It is notable that we were unable to detect corresponding azido 168 
or N-nitrosylated products from biochemical assays with aryl hydrazines and 169 

Aha11, further highlighting the unique biocatalytic potential of Tri17 (Fig. 3-170 
4, Extended Data Fig. 1).       171 

Tri17 promotes azido natural product biosynthesis from dihydralazine. 172 
The azido group is rare in nature, appearing in only one known natural 173 

product: 6-azidotetrazolo[5,1-a]phthalazine (ATPH, 25) from Karenia brevis, 174 
a toxin-producing dinoflagellate associated with red tides in the Gulf of 175 
Mexico33–35. While the biosynthesis of ATPH remains obscure, we reasoned 176 

that double azidation of dihydralazine (23) by Tri17 may yield a short-lived 177 
diazide intermediate that undergoes intramolecular azide–tetrazole 178 

isomerization to yield ATPH (Fig. 5). Such isomerization reactions have 179 
been reported in the chemical synthesis of ATPH and are common amongst 180 
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azido functionalities linked to a carbon atom that is adjacent to an annular 181 
nitrogen33,36,37. The biochemical assay of Tri17 and 23 produced a major 182 

product (24) that was consistent with a single azidation step (Fig. 5a, 183 
Supplementary Fig. 14). Interestingly, Tri17 successfully recognized 24 and 184 

catalyzed the formation of 25 which was confirmed to be ATPH by 185 
comparison to a synthetic standard (Fig. 5b, Supplementary Note 2, 186 
Supplementary Fig. 15). A copper-free click reaction using 187 

dibenzocyclooctyne-PEG4-Fluor 545 with the Tri17 reaction product (25) 188 
yielded 26, further indicating the presence of one azide moiety in 25 which 189 
is consistent with literature that a second isomerization of 25 to give 190 

bis(tetrazole) does not take place (Fig. 5c, Supplementary Fig. 16-17)33. 191 

Tri17 facilitates dehydration of an N-nitrosylated intermediate to form 192 
azide. Our biochemical assays of Tri17 with 17 or 20 suggested the 193 
intermediacy of an N-nitrosylated species preceding synthesis of the azido 194 

synthon via dehydration (Fig. 4, Extended Data Fig. 1). However, it 195 
remained unclear whether the dehydration step was spontaneous in the 196 

reaction buffer or facilitated by Tri17. We found that the HPLC-purified 19 197 
remained stable over a 6-hour period in the assay buffer (Supplementary 198 
Fig. 11).  On the other hand, the N-nitrosylated intermediate, 18, was 199 

unstable with a half-life of ~30 min in our assay buffer, but it did not readily 200 
form 19 and its degradation product remained obscure (Supplementary Fig. 201 
10d). Considering the instability of 18, we obtained a mixture of 18 and 19 202 

by setting up the Tri17 reaction with 17 for a short duration (30 min), followed 203 
by organic solvent extraction of the reaction mixture. The amount of 19 in 204 

this mixture remained unchanged over a 6-hour period while the amount of 205 
18 decreased, which was consistent with the stability results of both 206 
compounds and suggested that 18 did not undergo spontaneous 207 

dehydration to form 19 (Fig. 4d, Supplementary Fig. 10d-e). We next used 208 
this mixture of 18 and 19 as substrates for subsequent Tri17 assays without 209 

addition of ATP nor nitrite. The production of 19 was observed in a time-210 
dependent manner with the addition of Tri17, demonstrating the role of Tri17 211 
in enzyme-mediated dehydration of 18 (Fig. 4d). The addition of ATP and 212 

Mg2+ to this assay did not significantly enhance the activity of Tri17 in this 213 
dehydration reaction (Extended Data Fig. 2). 214 

To better understand the dehydration of the N-nitrosylated intermediate, we 215 
also performed computational modeling to investigate the likelihood of 216 
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spontaneous dehydration of the N-nitrosylated intermediate in an aqueous 217 
environment. We reasoned that after the Tri17-catalyzed N-nitrosation of 17, 218 

the resulting intermediate (18P) may undergo tautomerization to generate 219 
cis or trans isomers (18C and 18), respectively. Azide formation would 220 

presumably conclude through dehydration of either 18C or 18 221 
(Supplementary Fig. 18). We first examined the energy profiles and 222 
geometric characteristics of the proposed intermediates—18P, 18, 18C—223 

involved in the tautomerization reaction and the subsequent conversion to 224 
19 in solvent. Our calculations revealed a sequential decrease in energy from 225 
the initial intermediate 18P to either 18 or 18C, and then to the final product 226 

19 (Supplementary Fig. 18, Table 4). Specifically, 19 was significantly more 227 
stable than 18P, showing a relative energy difference of -39.3 kcal/mol as 228 

evaluated at the local coupled cluster level of theory (see Methods). 229 

Next, we investigated the tautomerization of 18P to either the trans (18) or 230 

cis (18C) conformer. The triacsin family of natural products were reported in 231 
the trans conformation, suggesting that this conformation was favored for the 232 

Tri17 products18,38–40. However, notable differences in the structure of 18P 233 
compared to the triacsins may influence whether the trans or cis product is 234 
favored. Our computational results showed a modest activation barrier for 235 

the tautomerization of 18P to 18 of 6 kcal/mol using the local coupled cluster 236 
level of theory (Supplementary Table 5, Supplementary Fig. 19). The 237 
tautomerization of 18P to 18C had a higher activation barrier of 8.34 kcal/mol 238 

(Supplementary Table 5, Supplementary Fig. 20). These results thus 239 
showed that the conversion of 18P to either 18 or 18C can occur 240 

spontaneously due to the low energy barriers for tautomerization with the 241 
trans configuration being more energetically favorable.  242 

Subsequently, we investigated the putative spontaneous conversion of 18 or 243 
18C to 19 in an aqueous environment. The calculated barriers for the 244 

initiation of the conversion from 18 to 19 were prohibitively high for both 245 
proposed mechanisms (Supplementary Fig. 21). Our calculations revealed 246 
the reaction to be endothermic by 28.4 kcal/mol for the deprotonation of the 247 

amine of the N-hydroxytriazene moiety and endothermic by 53.1 kcal/mol for 248 
the protonation of the N-hydroxy group (Supplementary Fig. 22-23). For the 249 
cis conformer 18C, the barrier to 19 via an intramolecular proton transfer to 250 

the N-hydroxy group calculated at the local coupled-cluster level of theory, 251 
was slightly lower at 23.8 kcal/mol (Supplementary Table 6, 252 
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Supplementary Fig. 24). Nonetheless, the overall significant magnitude of 253 
the energetic barriers for the spontaneous dehydration of the N-nitrosylated 254 

intermediate to form azide strongly pointed to the necessity of enzymatic 255 
catalysis for the efficient production of 19, consistent with our biochemical 256 

assay results.  257 

Probing catalytic mechanisms of Tri17 by structural and computational 258 

analyses. To provide structural details for the azido-forming reaction 259 
catalyzed by Tri17, we solved the X-ray crystal structure of Tri17 at 2.4 Å 260 

resolution in its apo form and generated structural models docked with the 261 
various substrates and intermediates (Fig. 6). The overall structure of Tri17 262 

adopts the characteristic two-domain fold for the adenylate-forming enzyme 263 
superfamily (ANL superfamily)41,42, consisting of the large N-terminal (light 264 
blue) and the small C-terminal domain (pale green), with the active site 265 

located at the two domain interfaces. A search for a structural homolog of 266 
Tri17 by the Dali Program43 gave the closest functionally characterized 267 

protein as 4-coumarate CoA ligase (4-CLs)44(PDB: 3TSY, Z score = 36.4, 268 

root mean square deviation (RMSD) of 3.6 Å for 391 Ca atoms, and 20% 269 

sequence identity). Despite screening of co-crystallization and soaking 270 
conditions, our efforts to obtain a diffraction-quality crystal structure of Tri17 271 

complexed with ATP/AMP cofactors has not been successful. Nevertheless, 272 
the high structural similarity of Tri17 with 4-CLs made it possible to 273 

investigate the ATP/AMP binding sites through structural alignment. A crystal 274 
structure of 4-CL isoform 2 (Nt4CL2)41 in complex with Mg2+ and ATP (PDB: 275 
5BSM) was chosen to be aligned with the apo structure of Tri17, with a 276 

RMSD of 2.69 Å for Ca atoms of the overall sequence (Supplemental Fig. 277 

25). The conserved residues involved in the recognition of ATP were 278 
identified via structural comparison and confirmed through mutagenesis 279 

studies. Substitution of any of these residues (S299, F338, E342, I363, 280 
D421, H433, R436, K539) to alanine greatly reduced or abolished the N-281 
nitrosylation of compound 1 (Fig. 6a-b).  282 

The ANL superfamily is well known to adopt a large conformational change 283 

between the adenylation and nucleophilic reactions41. The small C-terminal 284 

domain typically rotates to an extent of 140° to switch between the 285 

conformation for the adenylation reaction (ConAd) and the conformation for 286 
the following nucleophilic reaction (ConNuc). The current apo structure was 287 

crystallized in its adenylation conformation. To provide insights into the 288 
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substrate promiscuity of Tri17, a structural model representing ConNuc was 289 
generated45 and nitroso-AMP was first docked into the corresponding pocket 290 

for the ATP/AMP cofactor using Autodock Vina46,47. To validate the docking 291 
model accuracy, alignment of the cofactor surrounded by conserved 292 

residues was conducted between the docking pose and the AMP from 293 
Nt4CL2 in its ConNuc (PDB: 5BSR), yielding an RMSD of 0.18 Å 294 
(Supplementary Fig. 26). Subsequent examination of this docked model 295 

revealed a potential binding pocket48 constructed by residues from both the 296 
N- and C-terminal domains (Fig. 6c). The size of the pocket was calculated49 297 
to be 420 Å3, which is much larger than the volume size of the substrate 1 298 

(200 Å3). To investigate the binding mode for different substrates, 1, 2, 6 and 299 
17 were chosen as representative substrates for linear hydrazone, linear 300 

hydrazine, heterocyclic amine, and aryl hydrazine, respectively, and were 301 
docked into the binding pocket via Autodock Vina (Extended Data Fig. 3, 302 
Supplementary Fig. 27)46,47. The docking results indicated a substrate 303 

binding mode where the nucleophile reaches nitroso-AMP through a 304 
narrowed “neck” formed by H230, F273 and G446 (Fig. 6c, Extended Data 305 

Fig. 3). The narrowed tunnel would likely hold both the nitroso group and 306 
nucleophile in a proper position for the nucleophilic reaction to happen. The 307 
importance of these residues was verified through the mutagenesis 308 

experiments, in which Tri17_H230A and Tri17_F273A dramatically reduced 309 
N-nitrosation of 1, while Tri17_G446S abolished the reaction by blocking the 310 

tunnel (Fig. 6b). The large binding pocket most likely offers ample space to 311 
accommodate substrates of varying sizes, explaining the broad substrate 312 
specificity observed for Tri17. 313 

To further shed light on the dehydration step that leads to the formation of 314 
an azido product, docking simulations were performed to place 18 and 2P 315 

into the putative substrate binding pocket (Extended Data Fig. 4). A receptor 316 
structure was first generated by docking AMP into the current model and the 317 

docking accuracy was validated in a similar manner as described above 318 
(RMSD = 0.41 Å). 18 and 2P were subsequently docked into the receptor 319 
structure and the poses with the highest binding affinity were chosen for 320 

subsequent analyses via comparison with the binding mode of the 321 
corresponding substrate. The results showed that 2P reached out more 322 

extensively toward AMP due to the flexibility of the alkyl chain, while the 323 
bulkier phthalazine moiety in 18 tended to be accommodated in the larger 324 
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portion of the pocket, placing the N-N-N-O moiety toward H229, a key 325 
residue that may facilitate the protonation/deprotonation in the dehydration 326 

process (Fig. 6c, Extended Data Fig. 4). The importance of H229 was 327 
tested by conducting a time-course analysis of the Tri17_H229F reaction 328 

with 17. We observed the transient nature of 18 similar to the time course 329 
experiment with the wild-type Tri17 (Extended Data Fig. 5, Fig. 4b); 330 
however, no 19 was formed with Tri17_H229F. Consistently, Tri17_H229F 331 

completely lost the ability to catalyze the dehydration of 18 to 19 (Fig. 4d). 332 
These observations provided compelling evidence regarding the unique 333 
catalytic activity of Tri17, which not only exhibited broad substrate 334 

promiscuity to accept aryl hydrazine substrates to produce azide, but also 335 
assumed a catalytic role in the dehydration process of azido group formation.  336 

Discussion 337 

Our in-depth study centering on the substrate promiscuity of Tri17 allowed 338 
us to uncover its innate ability to recognize a broad range of substrates, 339 
which is consistent with the predicted large substrate binding pocket. 340 
Notably, aryl hydrazines were among the best substrates to be recognized. 341 
Tri17 was capable of nearly matching the activity of Aha11 in recognizing 12 342 
for diazo formation, but Aha11 was unable to recognize any tested aryl 343 
hydrazine substrates (Fig. 2-5, Extended Data Fig. 1). Given the similarity 344 
and difference in substrate specificity between Tri17 and Aha11, it prompted 345 
us to conduct bioinformatic analyses to probe the diversity of ATP-utilizing 346 
N-nitrosylases. Our sequence similarity network (SSN) analyses showed 347 
that Aha11 and CreM clustered together in one group, while Tri17 belonged 348 
to a distinct group (Extended Data Fig. 6a). Consistently, a phylogenetic 349 
tree of Tri17 showed that it was in a different clade from its known homologs 350 
(Extended Data Fig. 6b). Interestingly, our SSN analyses suggested that 351 
two other groups (groups 3 and 4) of Tri17 homologs may contribute to 352 
additional functional diversity within the ATP-utilizing N-nitrosylase space 353 
(Extended Data Fig. 6a). We further hypothesize that mining natural product 354 
biosynthetic gene clusters encoding a Tri17 homolog may be fruitful for 355 
discovering new azide biosynthetic enzymes and new azido-containing 356 
natural products. These metabolites may have escaped discovery due to 357 
instability or intermediacy which was observed for the intermediate of 3-358 
diazoavenalumic acid in avenalumic acid biosynthesis26. 359 

One of the most intriguing reaction products synthesized by Tri17 was the 360 
purported natural product ATPH (25) produced by Karenia brevis. ATPH 361 
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possesses unique structural features not found in any other N-N containing 362 
natural product, such as an equal number of carbon and nitrogen atoms, and 363 
six N-N bonds that make up an azido group, tetrazolo ring, and phthalazine 364 
ring34,50. Although the biosynthetic pathway of ATPH in Karenia brevis is yet 365 
to be elucidated, this work leads to an interesting hypothesis that this natural 366 
product could be generated by a Tri17 homolog from dihydralazine (23), a 367 
vasodilator drug that has long been used for the treatment of hypertension28–368 
30. The biosynthesis of 25 catalyzed by Tri17 further uncovered a new 369 
biosynthetic route to tetrazole ring formation. Tetrazole-containing small 370 
molecules are well known for their potent biological activities in medicinal 371 
chemistry as antifungal, antibacterial, antihypertensive, antitumor, and 372 
anticancer agents51–53. We thus have indicated an additional facet to the 373 
biocatalytic potential of Tri17 beyond azido formation.   374 

While Tri17 recognized a wide array of substrates to yield N-nitrosylated 375 
products, different fates for hydrazine substrates were observed considering 376 
the subsequent dehydration reaction to form azide. Our biochemical, 377 
structural, and computational analyses strongly indicated that Tri17 played a 378 
catalytic role in dehydration and further suggested a molecular mechanism 379 
for different product outcomes. Specifically, the shape of the substrate 380 
binding pocket of Tri17 is characteristic of a “gourd”, where the N-nitrosylated 381 
alkyl product extends more inside toward AMP, while the bulkier aryl product 382 
such as 18 would fall back due to the steric hindrance, with phthalazine 383 
accommodated within the large part of the binding pocket formed with 384 
aromatic residues. This specific orientation of 18 would place the terminal N-385 
N-N-O moiety close to the hydrophilic residues within the oxyanion hole 386 
(N110, E445 and H229), where H229 forms direct hydrogen bonding with the 387 
N1 and O4, functions as the catalytic residue for the protonation and 388 
deprotonation process, and leads to the formation of azide via dehydration 389 
(Fig. 6b-c, Extended Data Fig. 7, Supplementary Fig. 28). It’s noteworthy 390 
that H229 may also play an important role in defining the shape of the binding 391 
pocket, as the mutagenesis assay of Tri17_H229F with 1 resulted in a 47% 392 
relative activity compared to the wild-type Tri17, while the H229I variant 393 
abrogated N-nitrosylation of 1 (Fig. 6b). Besides H229, other residue(s) in 394 
the active site may also aid in the dehydration of 18. Further insights into 395 
substrate binding and catalysis will be facilitated with a substrate bound 396 
structure of Tri17, which is currently in progress. 397 

In conclusion, we investigated the biocatalytic potential of Tri17 and 398 

uncovered its innate ability to N-nitrosylate various types of substrates, 399 
including hydrazones, hydrazines, aryl amines, and nitrogen-containing 400 
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heterocycles. Tri17 is the first identified enzyme capable of de novo 401 
biosynthesis of the azido synthon, enabling the biogenesis of azide under 402 

mild, physiological conditions. Additional biochemical, structural, and 403 
computational analyses shed light on the catalytic mechanism of Tri17, 404 

particularly in promoting dehydration of the N-nitrosylated intermediate to 405 
form azide. This work paves the way for further mechanistic interrogation 406 
and biocatalytic applications of Tri17 and its homologs for azide and other 407 

unique functional group biosynthesis. 408 
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Online Methods 583 

Materials. Phusion High-Fidelity PCR Master Mix (Thermo Scientific) was used for PCR 584 
reactions. Restriction enzymes were purchased from Thermo Scientific. All chemicals 585 
used in this work were obtained from Alfa Aesar, Enamine, Sigma-Aldrich or Fisher 586 
Scientific, unless otherwise noted. 15N-sodium nitrite (purity >98%) and NMR solvents 587 
were purchased from Cambridge Isotope Laboratories, Inc.  588 

Bacterial Strains and Growth Conditions. Escherichia coli strains were cultivated on 589 
lysogeny broth (LB) agar plates or liquid terrific broth (TB). Growth media was supplied 590 
with 50 μg/mL of kanamycin.  591 

Construction of Plasmids for Expression in E. coli. One vector was used for E. coli 592 
induced expression of recombinant proteins using polyhistidine tags. The plasmid pET-593 
24b(+) was used for the expression of Tri17 and Aha11 with C-terminal polyhistidine tags. 594 
The NdeI and XhoI sites were used for the restriction digest and ligation-based installation 595 
of Tri17. The NdeI and HindIII sites were used for the restriction digest and ligation-based 596 
installation of Aha11. Tri17 was amplified from Streptomyces tsukubaensis NRRL 18488 597 
as listed in Table S2. The aha11 gene was purchased as a gBlock from Integrated DNA 598 
technologies after performing codon optimization suitable for E. coli expression.  599 

Tri17 variants were constructed by PCR using the Agilent QuikChange II Site-Directed 600 
Mutagenesis kit. pET24b(+)-Tri17 was used as a template. Reactions were conducted 601 
according to the manufacturer’s protocol. The PCR program began at 95 °C for 30 s, 602 
followed by 18 cycles of 68 °C for 1 min, 68 °C for 7 min, and final extension at 68 °C for 603 
7 min. The template DNA was digested with 10 units of DpnI for 1 h at 37 °C, and the 604 
remaining PCR product was transformed into Escherichia coli XL-1 Blue competent cells 605 
by heat-shock. The introduction of mutation(s) was confirmed with DNA sequencing. 606 
Oligonucleotides utilized in this study were purchased from Integrated DNA Technologies. 607 
All oligonucleotides and strains used in this study are listed in Table S1.  608 

Expression and Purification of Recombinant Proteins. The expression and 609 
purification for all proteins used in this study followed the same general procedure for 610 
polyhistidine tag purification as detailed here. Expression strains were grown at 37 °C in 611 
1 L of TB in a shake flask supplemented with 50 µg/mL of kanamycin to an OD600 of 0.6 612 
at 250 rpm. The shake flask was then placed over ice for 10 min and induced with 250 613 
μM of isopropyl-β-D-thiogalactopyranoside (IPTG). The cells were then incubated for 20 614 
hours at 16 °C at 250 rpm to undergo protein expression. Subsequently, the cells were 615 
harvested by centrifugation (6,371 x g, 15 min, 4 °C), and the supernatant was removed. 616 
The cell pellet was resuspended in 30 mL of lysis buffer (25 mM HEPES pH 8.0, 500 mM 617 
NaCl, 5 mM imidazole) and cells were lysed by sonication on ice. Cellular debris was 618 
removed by centrifugation (27,216 x g, 1 hour, 4 °C) and the supernatant was filtered with 619 
a 0.45 μm filter before batch binding. Ni-NTA resin (Qiagen) was added to the filtrate at 2 620 
mL/L of cell culture, and the samples were allowed to nutate for 1 hour at 4 °C. The 621 
protein-resin mixture was loaded onto a gravity flow column. The flow through was 622 
discarded and the column was then washed with approximately 25 mL of wash buffer (25 623 
mM HEPES pH 8.0, 100 mM NaCl, 20 mM imidazole) and tagged protein was eluted in 624 
approximately 15 mL of elution buffer (25 mM HEPES pH 8.0, 100 mM NaCl, 250 mM 625 
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imidazole). The whole process was monitored with a Bradford assay. Purified proteins 626 
were concentrated and exchanged into exchange buffer (25 mM HEPES pH 8.0, 100 mM 627 
NaCl) using Amicon ultra filtration units. After two rounds of buffer exchange and 628 
concentration, the purified enzyme was removed, and glycerol was added to a final 629 
concentration of 10% (vol/vol). Enzymes were subsequently flash-frozen in liquid nitrogen 630 
and stored at -80 ºC. The presence and purity of purified enzymes was assessed using 631 
SDS-PAGE and the concentration was determined using a NanoDrop UV-vis 632 
spectrophotometer (Thermo Fisher Scientific).  633 

To prepare the pure protein for the crystal screening, the concentrated eluate from the 634 
Ni-NTA column was filtered and subjected to ion-exchange chromatography using the 635 
MonoQ column (MonoQ™ 4.6/100 PE, Cytiva). The protein was eluted with a linear 636 
gradient of 50–1000 mM NaCl in 50 mM Tris pH 8.0. The Tri17 protein was further purified 637 
on a Superdex 200 pg column (Cytiva) via gel filtration chromatography. The target 638 
protein was eluted with 20 mM Tris pH 8.0 containing 20 mM NaCl, and concentrated to 639 
15 mg/ml with an Amicon Ultra-4 filter at 4 °C. The presence and purity of the enzyme 640 
was monitored by SDS-PAGE.  641 

The approximate molecular weight and yield for each protein are the following: Tri17 (61.5 642 
kDa, 34 mg/L) and Aha11 (57.0 kDa, 5 mg/L). The Tri17 variants had purification yields 643 
that were nearly the same compared to the wild-type enzyme (±5%).  644 

Tri17 Activity Assays. Reactions were performed at room temperature for 30 min 645 
(unless otherwise noted) in 100 μL of 50 mM Tris pH 8.0, 0.5 mM primary substrate, 5 646 
mM sodium nitrite (or 15N-sodium nitrite), 5 mM ATP, 5 mM MgCl2, and 20 μM Tri17. 647 
Primary substrates were dissolved in DMSO to ensure full solubility and assays were 648 
maintained at a final concentration of 2% DMSO (vol/vol). After the incubation period, the 649 
reaction was quenched with two volumes of chilled methanol. The precipitated protein 650 
was removed by centrifugation (15,000 x g, 10 min) and the supernatant was used for 651 
analysis. LC-HRMS analysis was performed using an Agilent Technologies 6545 Q-TOF 652 
LC-MS equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A 653 
water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-654 
98% acetonitrile at a flow rate of 0.5 mL/min was utilized. At least three independent 655 
replicates were performed for each assay, and representative results are shown.  656 

Comparative Metabolomics. Tri17 assays utilizing various primary substrates were 657 
analyzed via LC-HRMS using an Agilent Technologies 6545 Q-TOF LC-MS equipped 658 
with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile mobile 659 
phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-98% acetonitrile at a flow 660 
rate of 0.5 mL/min was utilized. Peak picking and comparative metabolomics were 661 
performed using MSDial with peak lists exported to Microsoft Excel.  662 

Determination of Tri17 Kinetic Parameters Towards Primary Substrates. Assays 663 
were performed in triplicate in 50 µL of 50 mM Tris pH 8.0 containing 5 mM nitrite, 5 mM 664 
ATP, 5 mM MgCl2, and 20 µM Tri17. The concentration of primary substrate was varied 665 
depending on the kinetic activity (see individual Michaelis Menten graphs). The incubation 666 
times for the reactions were 1 min, 5 min, 10 min, 20 min, and 40 min, which were used 667 
to determine the initial velocity of the reaction. After each incubation period, the reactions 668 
were quenched with two volumes of chilled methanol. The precipitated protein was 669 
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removed by centrifugation (15,000 x g, 5 min) and the supernatant was used for analysis. 670 
LC-HRMS analysis was performed using an Agilent technologies 6545 Q-TOF LC-MS 671 
equipped with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile 672 
mobile phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-98% acetonitrile 673 
at a flow rate of 0.5 mL/min was utilized. Product concentration was estimated by 674 
constructing a standard curve using an authentic triacsin A standard for N-nitrosylated 675 
products (5P-11P)18. Substrate consumption of 14, 17, and 20 was monitored to estimate 676 
the product concentration for kinetic analyses. Kinetic parameters were determined and 677 
plotted using GraphPad Prism 9.  678 

Click Reaction between 19 and 5-hexyn-1-ol. A 200 µL Tri17 activity assay using 679 
hydralazine (17) as a substrate was conducted as detailed in a previous section and 680 
quenched with 400 µL of cold methanol. The precipitated protein was removed by 681 
centrifugation (15,000 x g, 10 min). In a 1.7-mL Eppendorf tube, 450 μL of the reaction 682 
supernatant was mixed with 50 μL of 5 mM 5-hexyn-1-ol. A premixed solution containing 683 
10 μL of 20 mM CuSO4 and 15 μL of 50 mM (THPTA) was sequentially added. 25 μL of 684 
100 mM sodium ascorbate was added to start the reaction. The reaction mixture was 685 
allowed to incubate overnight at room temperature. The click reaction product was 686 
extracted from the click reaction mixture with 1:1 (v/v) ethyl acetate (3x). The organic 687 
phase was dried under nitrogen and resuspended in 100 μL of MeOH for LC-HRMS 688 
analyses. LC-HRMS analysis was performed using an Agilent Technologies 6545 Q-TOF 689 
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. At least three independent 692 
replicates were performed for each assay, and representative results are shown.  693 

Copper-free Click Reaction with 25 and dibenzocyclooctyne-PEG4-Fluor 545. A 200 694 
µL Tri17 activity assay using 23 as a substrate was conducted as detailed in a previous 695 
section and quenched with 400 µL of cold methanol and the precipitated protein was 696 
removed by centrifugation (15,000 x g, 10 min). In a 1.7-mL Eppendorf tube, 450 μL of 697 
the reaction supernatant was mixed with 150 μL of 2 mM dibenzocyclooctyne-PEG4-Fluor 698 
545 (dissolved in DMSO). The reaction mixture was allowed to incubate overnight at room 699 
temperature. The click reaction product was extracted from the click reaction mixture with 700 
1:1 (v/v) ethyl acetate (3x). The organic phase was dried under nitrogen and resuspended 701 
in 100 μL of MeOH for LC-HRMS analyses. LC-HRMS analysis was performed using an 702 
Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 703 
column (4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid 704 
with a linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min was utilized. At 705 
least three independent replicates were performed for each assay, and representative 706 
results are shown. 707 

Analysis of supernatant from Tri17 assay with 17. A large-scale assay was performed 708 
in triplicate in 350 µL of 50 mM Tris pH 8.0 containing 5 mM nitrite, 5 mM ATP, 5 mM 709 
MgCl2, 1 mM 17, and 20 µM Tri17. After a 30 min incubation period, the solution was 710 
spin-filtered using a 2-kDa Amicon spin filter to remove protein residues and isolate the 711 
flowthrough. The flowthrough was analyzed at the following time points: 10 min, 30 min, 712 
1 hr, 2 hr, 3 hr, and 6 hr. Immediately before LC-MS analysis, 50 µL of the flowthrough 713 
was diluted with 100 µL of cold methanol. LC-HRMS analysis was performed using an 714 
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Agilent Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 715 
column (4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid 716 
with a linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min was utilized. The 717 
amounts of 18 and 19 were estimated from developing a calibration curve of 17.  718 

Biochemical assays with Tri17 supernatant.  The flowthrough from the previous 719 
section was extracted three times with equal volume ethyl acetate. The organic fractions 720 
were dried under nitrogen and resuspended in 350 µL of 50 mM Tris pH 8.0 containing 721 
20 µM Tri17. The assay mixture was analyzed at the following time points: 10 min, 30 722 
min, 1 hr, 2 hr, and 3 hr. Immediately before LC-MS analysis, 50 µL of the assay was 723 
diluted with 100 µL of cold methanol. The precipitated protein was removed by 724 
centrifugation (15,000 x g, 5 min) and the supernatant was used for analysis.LC-HRMS 725 
analysis was performed using an Agilent Technologies 6545 Q-TOF LC-MS equipped 726 
with an Agilent Eclipse Plus C18 column (4.6 x 100 mm). A water/acetonitrile mobile 727 
phase with 0.1% (vol/vol) formic acid with a linear gradient of 2-98% acetonitrile at a flow 728 
rate of 0.5 mL/min was utilized. The amount of 19 was estimated from developing a 729 
calibration curve of 17.  730 

Isolation of 18 and 19 from Tri17 biochemical assay and stability analysis.  A 500 731 
µL biochemical assay with Tri17 and 17 was conducted as outlined in a previous section. 732 
After a 30-minute incubation period, the enzymatic assay was quenched with 1 mL of cold 733 
methanol. The precipitated protein was removed by centrifugation (15,000 x g, 5 min) and 734 
the supernatant was used for further HPLC purification. HPLC purification was carried out 735 
using an Agilent 1200 systems and a Grace Alltima C18 column (150 x 10 mm) with a 5-736 
95% acetonitrile gradient at a flow rate 2.5 mL/min by monitoring UV280nm. All HPLC 737 
fractions were screened utilizing LC-HRMS and fractions containing 18 and 19 were 738 
pooled together and dried under nitrogen, respectively. 18 and 19 were dissolved in 50 739 
mM Tris pH 8.0 and 50 μL aliquots were analyzed over the following time points: 10 min, 740 
30 min, 1 hr, 2 hr, 3 hr, and 6 hr. LC-UV-HRMS analysis was performed using an Agilent 741 
Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column 742 
(4.6 x 100 mm). A water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid with a 743 
linear gradient of 2-98% acetonitrile at a flow rate of 0.5 mL/min was utilized.  744 

QM Calculations. We performed all quantum mechanical (QM) calculations using ORCA 745 
version 5.0.354. The reactant, product, and transition state (TS) geometries were initially 746 
optimized using density functional theory (DFT) with the global hybrid B3LYP functional, 747 
together with a 6-31G* basis set55–57. We applied a semi-empirical DFT-D3 dispersion 748 
correction with default Becke-Johnson damping58 to all DFT calculations. An implicit 749 
conductor-like polarizable continuum model (C-PCM) with a dielectric constant (ε) of 80 750 
was also employed to approximate a water environment59,60.  751 

To identify candidate transition states, we performed constrained geometry scans at the 752 
same level of theory by incrementally fixing the reaction coordinate while optimizing all 753 
other degrees of freedom. The reactant, product, and the maximum energy structure from 754 
the scan were subsequently used as inputs for a zoomed climbing image (CI) Nudged 755 
elastic band (NEB) calculation as implemented in ORCA 5.0.3.61. The zoomed-NEB 756 
calculations consisted of an initial NEB with 50 frames followed by a second NEB with an 757 
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additional 50 frames performed around the identified CI using the default ORCA cutoff 758 
criteria. The geometry and hessian of the CI identified with zoomed-NEB was then 759 
employed as an initial guess for a partitioned rational-function optimization (P-RFO) 760 
calculation62. For the final optimized TS from P-RFO, we performed a frequency 761 
calculation to confirm the presence of a single imaginary frequency corresponding to the 762 
transition state.  763 

We next optimized the geometries of the reactant and product with B3LYP and the 764 
quadruple-z def2-QZVPP basis set with additional polarization functions. We also ran P-765 
RFO calculations at the same level of theory for the transition state. Single point energy 766 
calculations were then performed on the reactants, products and transition states with 767 
B3LYP/def2-TZVPP and def2-QZVPP basis sets and the energies were extrapolated to 768 
the complete basis set (CBS) limit using the two-point formula54,63,64 as implemented in 769 
ORCA. We then performed single points on the optimized geometries at the DLPNO-770 
CCSD(T)/def2-TZVPP and def2-QZVPP levels of theory and extrapolated to the CBS limit 771 
with the two-point formula. Given that C-PCM is not implemented for DLPNO-CCSD(T) 772 
in ORCA65, we computed a solvent correction by evaluating the Møller–Plesset second-773 
order perturbation theory (MP2)66 interaction energy difference between the solvated and 774 
gas-phase states with the following equation:  775 

𝐸!!"#(%)	"()*+,-. =	𝐸!!"#(%)	/+0	12+0- +	(𝐸314	"()*+,-.	 − 𝐸314	/+0	12+0-)	 776 

We performed the MP2 calculations in ORCA using the same basis set used for DLPNO-777 
CCSD(T) with C-PCM and a dielectric constant of 80 for implicit solvent67. The 778 
coordinates of the B3LYP/def2-QZVPP geometry optimized reactants, products, and 779 
transition states are included in the Source Data zip file. 780 

Crystallization and Structural Determination. The crystals of Tri17 were obtained at 781 
16 ◦C in 100 mM Tris pH 8.0, containing 20% PEG3350, 100 mM KSCN, with 15 mg/ml 782 
of the purified Tri17 solution, by using the sitting-drop vapor-diffusion method. Crystals 783 
appear in two weeks. Crystals were transferred into the cryoprotectant solution (reservoir 784 
solution with 20% (v/v) ethylene glycol), and then flash cooled at −173 ◦C in a nitrogen-785 
gas stream. We used BL8.3.1 at the Advanced Light Source (ALS) at Lawrence Berkeley 786 
National Laboratory (LBNL) to collect X-ray diffraction data sets. A 1.00 Å beam 787 
wavelength was used for data collection. The diffraction data sets for Tri17 were 788 
processed and scaled using the XDS program package68 and Aimless69. The initial 789 
phases of the Tri17 structure were determined by molecular replacement, using the 790 
homology model generated by alphaFold70,71 as the search template. We performed 791 
molecular replacement with Phaser in the PHENIX software suite72. The initial phases 792 
were calculated with AutoBuild in PHENIX73. The structures were modified manually with 793 
Coot74 and refined with PHENIX_Refine75. The final crystal data and intensity statistics 794 
are summarized in Supplementary Table 7. The Ramachandran statistics are as follows: 795 
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97.4% favored, 2.6% allowed for Tri17. All crystallographic figures were prepared with 796 
PyMOL (DeLano Scientific, http://www.pymol.org). 797 

Structural Modelling and Docking Simulations. Homology model of Tri17 in its 798 
nucleophilic reaction conformation was generated with Modeller45 using multiple tertiary 799 
structures in its ConNuc (PDB ID: 1PG476, 3E7W77, 4G3778, 5UPS79,5BSR41) as templates. 800 
The generated model was relaxed to remove the potential clashes and geometry errors 801 
via energy minimization using steepest descent in GROMACS 2021 packages80 with 802 
OPLS-AA/L all atom force field81. 800 minimization steps are performed with a maximum 803 
force convergence threshold of 1.0kJ/mol/nm. The model quality was subsequently 804 
examined by the Z-score calculated from ProsA Server82, with a score of -10.01 within 805 
the range observed for the native set of proteins of the same size83. The Ramachandran 806 
plot, widely used to analyze the backbone conformation of protein structures, was 807 
calculated using MolProbity84 to validate the main chain torsion angles to be stereo-808 
chemically feasible. Outliers are checked individually to make sure they are not involved 809 
in the formation of the binding pocket (Supplementary Fig. 29). Docking simulations 810 
were performed with Autodock Vina46,47, and ran at an exhaustiveness of 8. The grid box 811 
for AMP and nitroso-AMP was centered at X = 76.16 Y = 29.72, and Z = 10.55, with a 812 
grid box dimension of 13.90 Å × 10.00 Å × 10.60 Å, enclosing the conserved residues in 813 
the cofactor binding pocket. The grid box for other substrates was centered at X = 70.15 814 
Y = 28.95, and Z = 18.38 with a grid box dimension of 19.88 Å × 20.14 Å × 19.43, including 815 
the residues constructing the potential binding pocket. The best poses with highest 816 
binding affinity were extracted and listed in Supplementary Table 8. To calculate the root 817 
means square deviation (RMSD), atoms in the docking ligand were first renumbered 818 
using PDBTools in PHENIX package, and then aligned using pair_fit command in PyMOL 819 
to fit the atom pairs between the docking ligand and PDB ligand (AMP in PDB ID 5BSR). 820 
A potential pocket was detected from CASTp48 and the size of the pocket was calculated 821 
with PyVOL49. 822 

Construction of sequence similarity network of Tri17. The SSN network consisting of 823 
1,471 Tri17 homologs was constructed by utilizing previously described methods with the 824 
EFI-Enzyme Similarity Tool  web resource by using default parameters 825 
(https://efi.igb.illinois.edu/efi-est/tutorial_analysis.php)85–87. The SSN was visualized and 826 
analyzed using Cytoscape 3.10.088,89(https://cytoscape.org).   827 

Construction of phylogenetic tree of Tri17. A total of 131 sequences were analyzed, 828 
20 structural homologs from a Dali search43 and 106 sequences retrieved from NCBI 829 
BLAST90. Sequences were aligned with the MUSCLE option91 in MEGA-X Version 1092 830 
with default parameters. The bootstrap consensus tree inferred from 1000 replicates was 831 
used to represent the evolutionary history of the taxa for maximum-likelihood (ML) 832 
analysis. 833 

Data availability. The authors declare that all data supporting the findings of this study 834 
are available within the paper, Supplementary Information, attached Zip file and the 835 
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Extended Data, and/or from the corresponding authors upon reasonable request. The 836 
coordinates and structure factor amplitudes for the apo structure of Tri17 was deposited 837 
to the Protein Data Bank (PDB) under accession code 8TF7. 838 
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 945 

Fig. 1 Kinetic analysis of promiscuous Tri17. Tri17 kinetic parameters were 946 
determined for each substrate through LC-MS quantification. The parameters and 947 
uncertainty represent the average and standard deviation from three independently 948 
performed experiments, respectively. The kinetic parameters of Tri17 for 1 were 949 
previously determined18. ND: Not Determined.  950 
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 951 

Fig. 2 Biochemical analyses of Tri17 and Aha11 with 12. Extracted ion chromatograms 952 
(EICs) demonstrating production of 13 from biochemical assays containing Tri17/Aha11, 953 
ATP, nitrite, and 12. Omission of any of these components resulted in abrogation of 13. 954 
Utilization of 15N-nitrite resulted in the expected mass spectral shift. A 10-ppm mass error 955 
tolerance was used for each trace. At least three independent replicates were performed 956 
for each assay, and representative results are shown. 957 
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 963 

Fig. 3 Biochemical analysis of Tri17 with 14. A) EICs showing the production of 15 964 
from assays containing Tri17, ATP, nitrite and 14. Omission of any of these components 965 
resulted in abrogation of 15. Utilization of 15N-nitrite resulted in the expected mass 966 
spectral shift. No new products were detected when Aha11 was used in place of Tri17.  967 
B) EICs showing production of 16 as a degradation product of 15. Authentic standards 968 
were utilized to confirm the production of 15 and 16.  A 10-ppm mass error tolerance was 969 
used for each trace. At least three independent replicates were performed for each assay, 970 
and representative results are shown. 971 

 972 

 973 

 974 

 975 

 976 

 977 

 978 

 979 

 980 

 981 



29 
 

 982 

Fig. 4 Biochemical analysis of Tri17 with 17. A) EICs demonstrating the production of 983 
18 and 19 from assays containing Tri17, ATP, nitrite and 17 after a 3-hour incubation 984 
period. Omission of any of these components resulted in abrogation of 18 and 19. 985 
Utilization of 15N-nitrite resulted in the expected mass spectral shift for both species. A 986 
10-ppm mass error tolerance was used for each trace. No new products were detected 987 
when Aha11 was used in place of Tri17.  b) Relative amounts of 18 and 19 quantified by 988 
LC-HRMS over a 6-hour time course of the Tri17 assay. Error bars correspond to 989 
standard deviation of the mean from three replicate experiments. c) Tri17 kinetic 990 
parameters towards 17. The data points and error bars represent the average and 991 
standard deviation from three independent experiments, respectively. d) Analysis of 19 992 
production from Tri17 assays. A Tri17 biochemical assay with 17 was first incubated at 993 
room temperature for 30 minutes and the protein was removed immediately using an 994 
Amicon spin filter (2 kDa MWCO). The reaction flowthrough was extracted with ethyl 995 
acetate, dried, and served as substrates (containing a mixture of 17, 18, and 19) for new 996 
Tri17 reactions and the production of 19 was monitored in a time course. Tri17 wild-type 997 
and Tri17_H229F were used in new reactions together with no enzyme control. The data 998 
points and error bars represent the average and standard deviations from three 999 
independently performed experiments, respectively. 1000 
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 1002 

Fig. 5 Biochemical analysis of Tri17 with 23. a) EICs demonstrating the production of 1003 
24 from assays containing Tri17, ATP, nitrite and 23. Omission of any of these 1004 
components resulted in abrogation of 24. Utilization of 15N-nitrite resulted in the expected 1005 
mass spectral shift. No new products were detected when Aha11 was used in place of 1006 
Tri17.  b) EICs demonstrating the production of 25 from assays containing Tri17, ATP, 1007 
nitrite and 23. Omission of any of these components resulted in abrogation of 25. 1008 
Utilization of 15N-nitrite resulted in the expected mass spectral shift. 25 was synthesized 1009 
and used to confirm the reaction product from the enzymatic assay. No new products 1010 
were detected when Aha11 was used in place of Tri17.  c) EICs demonstrating production 1011 
of 26 from a copper-free click reaction between 25 and dibenzocyclooctyne-PEG4-Fluor 1012 
545. Omission of Tri17 resulted in abolishment of 26.  A 10-ppm mass error tolerance 1013 
was used for each trace. At least three independent replicates were performed for each 1014 
assay, and representative results are shown. 1015 
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Fig. 6 Overall structure of Tri17 and mutagenesis results of Tri17. a) Crystal structure 1024 
representing the adenylation conformation of Tri17. Conserved residues in the ATP 1025 
binding pocket. ATP and Mg2+ were manually built into the apo structure via alignment 1026 
with Nt4CL241 (PDB: 5BSM). b) Graph representing the relative activities of Tri17 variants 1027 
compared to the wild-type enzyme when utilizing 1 as a substrate. The data points and 1028 
error bars represent the average and standard deviations from three independently 1029 
performed experiments, respectively. c) Potential binding pocket for various substrates. 1030 
The pocket is constructed by residues from the N-terminal (light blue) and C-terminal 1031 
(pale green) domains, shaped with a narrowed neck forming a tunnel toward the nitroso-1032 
AMP. 1033 
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 1048 

Extended Data Fig. 1 Biochemical analysis of Tri17 assays with 20. EICs 1049 
demonstrating production of 21 and 22 from assays containing Tri17, ATP, nitrite, and 20. 1050 
Omission of any of these components led to the abolition of 21 and 22. Utilization of 15N-1051 
nitrite resulted in the expected mass spectral shifts for both 21 and 22. No new products 1052 
were detected when Aha11 was used in place of Tri17. A 10-ppm error mass tolerance 1053 
was used for each trace. At least three independent replicates were performed for each 1054 
assay, and representative results are shown.  1055 
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 1066 

Extended Data Fig. 2 Biochemical analysis of Tri17-mediated dehydration of 18. A 1067 
Tri17 biochemical assay with 17 was incubated at room temperature for 30 minutes and 1068 
the protein was removed immediately using an Amicon spin filter (2 kDa MWCO). The 1069 
reaction flowthrough was extracted with ethyl acetate, dried, and served as substrates 1070 
(containing a mixture of 17, 18, and 19) for new Tri17 reactions and the production of 19 1071 
was monitored after 3 hr. The EICs demonstrate increased production of 19 after a three-1072 
hour incubation period in a Tri17-dependent manner. A 10-ppm error mass tolerance was 1073 
used for each trace. The data points and error bars present in the bar graph represent 1074 
the average and standard deviations of 19 produced from three independently performed 1075 
experiments.  1076 
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 1082 

Extended Data Fig. 3 Potential binding pocket of Tri17 in ConNuc. Substrates 1, 2, 6 1083 
and 17 are docked into the potential pocket, exhibiting a binding mode in which the 1084 
nucleophilic functional group will reach nitroso-AMP through the narrow neck formed by 1085 
G446, F273 and H230 (colored cyan). 1086 
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 1090 

Extended Data Fig. 4 Comparison of the binding mode reveals a potential catalytic 1091 
residue H229 functioning as a catalytic acid/base that participates in dehydration 1092 
of 18. The azido-forming substrate 17, linear substrate 2, and their potential intermediate 1093 
18 and 2P are docked into the binding pocket and shown as a), b), c) and d), separately. 1094 
The bulkier moiety of 17 would be accommodated in the larger part of the pocket, leading 1095 
to the N-N-N-O moiety approaching H229 (as shown in a and c). The linear substrate 1096 
would extend more toward AMP, making the N-N-N-O moiety away from H229 (shown in 1097 
b and d). 1098 
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 1108 

Extended Data Fig. 5 Biochemical analysis of Tri17_H229F with 17. Relative amounts 1109 
of 18 and 19 quantified by LC-HRMS over a 6-hour time course from assays containing 1110 
Tri17_H229F, ATP, nitrite and 17. Error bars correspond to standard deviation of the 1111 
mean from three replicate experiments.  1112 
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 1120 

Extended Data Fig. 6 Bioinformatic analysis of Tri17 and its homologs. a) Sequence 1121 
similarity network (constructed using the EFI-Enzyme Similarity Tool using default 1122 
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settings85,86) consisting of 1,471 Tri17 homologs represented as nodes. Each node 1123 
represents proteins that are >45% identical. Tri17 is highlighted in red as part of Group 1 1124 
(1,159 members). CreM and Aha11 are highlighted in green and yellow, respectively, as 1125 
part of Group 2 (191 members). Groups 3 and 4 are composed of 76 and 45 members, 1126 
respectively. b) Phylogenetic tree of Tri17 suggests that Tri17 is located at a different 1127 
clade than CreM and Aha11 (see Supplementary Fig. 30 for larger representation of 1128 
phylogenetic tree). The Tri17 clade shown in yellow was putatively annotated to include 1129 
homologs with >50% sequence identity. The CreM clade is shown in purple consisting of 1130 
CreM and Aha11. Structural homologs of Tri17 from the Dali server are colored green. 1131 
Other proteins in black correspond to BLAST results with less than 50% sequence identity 1132 
with respect to Tri17. AvaA6, the known Tri17 homolog, was not included in this analysis 1133 
as its sequence was not available from the relevant publication26.  1134 
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 1154 

Extended Data Fig. 7 Proposed reaction mechanism for azidation of 17 by Tri17. 1155 
Tri17 utilizes ATP to activate nitrite to generate a nitroso-AMP intermediate that is 1156 
subjected to nucleophilic attack by 17. After tautomerization, compound 18 undergoes 1157 
dehydration presumably through acid-base catalysis mediated by His229 to generate 19.  1158 
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