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Abstract: Azaserine is a bacterial metabolite containing a 
biologically 
unusual and synthetically enabling a-diazoester functional group. 
Here, we report the discovery of the azaserine (aza) biosynthetic gene 
cluster from Glycomyces harbinensis. Discovery of related gene 
clusters reveals previously unappreciated azaserine producers, and 
heterologous expression of the aza gene cluster confirms its role in 
azaserine assembly. Notably, this gene cluster encodes homologs of 
hydrazonoacetic acid (HYAA)-producing enzymes, implicating HYAA 
in a-diazoester biosynthesis. Isotope feeding and biochemical 
experiments support this hypothesis. These discoveries indicate that 
a 2-electron oxidation of a hydrazonoacetyl intermediate is required 
for a-diazoester formation, constituting a distinct logic for diazo 
biosynthesis. Uncovering this biological route for a-diazoester 
synthesis now enables  the production of a highly versatile carbene 
precursor in cells, facilitating approaches for engineering complete 
carbene-mediated biosynthetic transformations in vivo. 

Nitrogen–nitrogen (N–N) bond-containing functional groups are 
prominent in small molecule drugs and enabling chemical 
reagents.[1] Though more rare, these structural motifs are also 
found in microbial natural products, including secondary 
metabolites containing diazo, hydrazone, hydrazine, hydrazide, 
azo, azine, azoxy, N-nitroso, and N-hydroxytriazene groups.[2] 
Recent efforts have begun to reveal the biosynthetic enzymes 
involved in assembling these functional groups, enabling both the 
discovery of new natural products through genome mining and 
the elucidation of enzymatic strategies for accessing N–N bond-
containing molecules.[3] 

Diazo-containing molecules are particularly interesting due to 
their synthetic utility and application in bioorthogonal 
transformations.[4] Diazo compounds are powerful enabling 
reagents for C–H and X–H insertion reactions (X = N, O, S, P, Si), 
cyclopropanations, alkylations, ring expansions, and dipolar 
cycloadditions.[1b, 5] In particular, α-diazoesters, such as 
ethyldiazoacetate, have recently seen extensive use as 
substrates for engineered heme-dependent enzymes that 

perform stereoselective carbene-mediated reactions.[6] Diazo 
compounds are also used in bioorthogonal cycloaddition 
reactions with strained alkynes, offering improved yields and 
kinetics compared to analogous azide coupling partners under 
certain conditions.[7]  

Though relatively few diazo-containing natural products have 
been reported (Fig. 1a), a large proportion of these compounds 
exhibit cytotoxic activity.[4] For example, the bioactivity of the 
diazofluorene antitumor antibiotics kinamycin A–D and 
lomaiviticin A derives from DNA damage inflicted by the reactive 
diazo warhead(s).[8] Little is known about the biosynthesis of diazo 
groups, with only four diazo-forming enzymes discovered to date. 
CreM, Aha11, and AvaA6 are related ATP-dependent ligases that 
catalyze diazotization of aromatic amines with nitrite during the 
biosynthesis of cremeomycin, tasikamides, and avenalumic acid, 
respectively.[9] AzpL, a membrane-bound enzyme unrelated to 
any characterized proteins, converts nitrite and 5-oxolysine to 
6-diazo-5-oxonorleucine (DON) during the biosynthesis of the
diazoketone natural product alazopeptin.[3a] In all of these cases,
the biosynthetic strategy for diazo formation involves the
production of nitrite by the L-aspartate-nitro-succinate (ANS)
pathway[10] followed by an ATP-dependent reaction of nitrite with
a nucleophilic primary amine (Figures 1b and S1). By contrast,
the kinamycin biosynthetic pathway uses a distinct strategy for
diazo formation involving early-stage production of a hydrazine
synthon from nitrite that is transferred at a late stage to the natural
product scaffold before oxidation to the diazo, however the diazo-
forming enzyme in this pathway remains elusive (Figure S2).[11]

Discovered in 1954 from the soil microbe Streptomyces fragilis 
NRRL 2424,[12] azaserine is the first diazo-containing metabolite 
identified and one of only three known a-diazoester-containing 
natural products (Figure 1a).[4] As a cytotoxic glutamine 
antimetabolite, azaserine is used extensively to study glutamine 
dependent metabolic pathways. We became interested in the 
biosynthesis of azaserine because of its rare a-diazoester 
functionality and close structural resemblance to the important 
synthetic reagent ethyl diazoacetate. While a few diazo-
containing metabolites have been accessed by heterologous 
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expression (diazoquinones and diazoketones), these molecules 
possess undesirable qualities for biological carbene transfer 
including instability and unsuitable reactivity.[3a, 9c, 13] As a-
diazoesters are particularly important reagents for enzymatic 
carbene-mediated transformations, biological production of 
azaserine has great potential for biocatalytic and metabolic 
engineering applications, as we recently demonstrated in a 
related manuscript.[14] 

Here, we report the discovery of the biosynthetic gene cluster that 
produces azaserine. Heterologous expression of the aza gene 
cluster and in vitro biochemical reconstitution of several key 
biosynthetic enzymes confirm the link between these genes and 
azaserine production. Isotope feeding and biochemical 
experiments, along with bioinformatic analysis of the aza gene 
cluster, implicate a hydrazone intermediate and highlight a distinct 
biosynthetic strategy for a-diazoester formation involving 
oxidation and incorporation of hydrazonoacetic acid (HYAA) 
(Figure 1b).  

Figure 1. Microbes produce diazo-containing natural products 
using multiple biosynthetic strategies. a) Structures of selected 
diazo-containing natural products.[4] Azaserine, 
N-alanylazaserine, and thrazarine are the only reported
a-diazoester-containing natural products. b) Comparison of the
unique diazo formation strategy revealed in this study to
previously reported pathways for diazo biosynthesis.

We initially sought to identify the azaserine biosynthetic gene 
cluster using comparative genomics. In addition to S. fragilis, the 
soil microbe Glycomyces harbinensis ATCC 43155 produces 
azaserine, and we confirmed this activity (Figure S3).[15] To 
identify putative azaserine biosynthetic genes, we sequenced the 
genomes of both organisms and performed BLAST searches 
using the known diazo-forming enzymes CreM, Aha11, AvaA6, 
and AzpL as queries, but we found no homologs conserved 
between both organisms.[9] Notably, BLAST searches with the 
ANS pathway enzymes, CreD and CreE, revealed homologs in S. 
fragilis but not G. harbinensis, suggesting that the azaserine 
pathway might employ a different biosynthetic logic for diazo 
assembly.

We next compared the S. fragilis and G. harbinensis genomes 
using the Mauve Genome Alignment Tool to identify conserved 
regions.[16] This analysis identified a ~25 kb gene cluster (aza) 
consisting of 19 open reading frames conserved in both 
organisms. Notably this was the only biosynthetic gene cluster 
conserved between the two organisms as predicted by 
antiSMASH.[17] The aza gene cluster contains a set of nine genes 
azaABCEFGMOQ that is homologous to s56-p1 and triacsin 
biosynthetic genes involved in converting L-lysine and glycine 
precursors to a carrier protein-tethered HYAA intermediate 
(Figures 2d and S4). The presence of genes encoding N–N bond 
forming enzymes in this shared gene cluster highlighted it as a 
promising candidate for azaserine biosynthesis.  

To provide initial support for this assignment, we used the EFI 
Genome Neighborhood Tool[18] to identify related gene clusters in 
other sequenced bacterial genomes. This analysis revealed 
highly similar gene clusters in 46 additional strains from diverse 
phyla, including plant, animal, and human pathogens (Table S3 
and Figure S5). LC-MS analysis of culture supernatants from two 
of these organisms, Streptomyces ochraceiscleroticus DSM 
43155 and Streptomyces olivoverticillatus DSM 40250, revealed 
azaserine production, strengthening the functional assignment of 
the aza gene cluster (Figure 2a–b).  

To unambiguously confirm this assignment, we sought to express 
the aza gene cluster in a heterologous host. Briefly, the gene 
cluster was excised from high molecular weight G. harbinensis 
genomic DNA using CRISPR/Cas9 with guide RNAs targeting 
either end of the cluster. A linearized dual-inducible integrative 
expression vector was prepared by PCR amplification with 
primers designed to introduce homology arms specific to the aza 
gene cluster. DNA fragments were joined by Gibson assembly to 
form the aza-pDualP expression vector and the sequence was 
verified by Sanger sequencing and restriction digest (Figure S6). 
Aza-pDualP was transferred to Streptomyces albus J1074, 
Streptomyces coelicolor M1152, and Streptomyces lividans TK64 
via conjugation. Expression strains were cultured in a variety of 
growth media supplemented with e-caprolactam and 
oxytetracycline inducers and assayed for azaserine production 
using LC-MS. All three heterologous hosts produced azaserine in 
the presence of aza-pDualP (Figure 2c), with S. coelicolor yielding 
the most robust production in the widest variety of media (Figure 
S7). These results definitively link the aza gene cluster to 
azaserine biosynthesis.  
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Figure 2. In vivo experiments link the aza gene cluster to azaserine production and suggest that azaserine biosynthesis proceeds via 
an HYAA intermediate. a) Azaserine-producing organisms encode a conserved gene cluster containing homologs of the HYAA-cassette 
identified in s56-p1 and triacsin biosynthesis. ICL/PEP = isocitrate lyase/phosphoenolpyruvate, CYP = cytochrome P450, NRPS = non-
ribosomal peptide synthetase, Ppant = phosphopantetheine. b) Extracted ion chromatogram (EIC) for azaserine (m/z = 174.0509 ± 10 
ppm) from extracts of two newly identified azaserine-producing organisms, S. olivoverticillatus and S. ochraceiscleroticus. Experiments 
were performed in biological duplicate and representative results are shown. c) EIC (m/z = 174.0509 ± 10 ppm) of extracts of wild-type 
S. albus, S. coelicolor, and S. lividans compared to the corresponding heterologous hosts transformed with aza-pDualP. Experiments
were performed in biological triplicate and representative results are shown. d) Homologs of the HYAA biosynthetic enzymes from the
triacsin, s56-p1, and azaserine pathways and their proposed biochemical transformations. PCP=Tri30, Spb42, and AzaQ; PCP2=Tri20.
There are no Tri20 homologs in the azaserine or s56-p1 biosynthetic gene clusters. e) Mass spectrum of 15N-label incorporation into
azaserine for S. coelicolor aza-pDualP cultures fed ε-15N-L-lysine. Isotopically labelled atoms are shown in red. f) Mass spectrum of
13C2,15N-label incorporation into azaserine for S. coelicolor aza-pDualP cultures fed 13C2,15N-glycine. g) Mass spectrum of 13C3,15N-
label incorporation into azaserine for S. coelicolor aza-pDualP cultures fed 13C3,15N-L-serine. Labeling experiments were performed in
biological triplicate and representative results are shown.

We next analyzed the contents of the aza gene cluster to 
formulate a biosynthetic hypothesis and guide experimental 
characterization of the pathway. As highlighted earlier, the 
contents of the gene cluster suggested that azaserine 
biosynthesis would involve an HYAA intermediate. Conversion of 
this intermediate to azaserine would require subsequent 
condensation of the carboxylic acid of HYAA with the side-chain 
hydroxyl group of serine and oxidization of the hydrazone to the 
diazo group. The general biosynthetic strategy of generating a 
common N–N bond-containing intermediate that is shuttled into 
diverse biosynthetic pathways is also observed in the kinamycin 
and fosfazinomycin pathways.[11]  Notably, this logic differs from 
other characterized pathways for diazo formation (Figures S1 and 
S2). 

To confirm the involvement of an HYAA intermediate in azaserine 
biosynthesis, we performed stable isotope feeding experiments in 
G. harbinensis. Feeding e-15N-L-lysine to G. harbinensis cultures
resulted in specific incorporation of a single 15N atom into the
diazo group of azaserine, consistent with production of an HYAA
intermediate (Figure S8). Results of feeding 15N-glycine were
inconclusive, likely due to scrambling of the label by primary
metabolism. To address this, we attempted feeding experiments
with the heterologous expression strain S. coelicolor aza-pDualP,
reasoning that induction of the aza gene cluster and addition of
labeled amino acids during stationary phase might decrease
scrambling. Feeding ε-15N-L-lysine and 13C2,15N-glycine resulted
in enrichment of 15N- and 13C,15N-azaserine, respectively,
compared to cultures fed unlabeled amino acids (Figure 2e-f). In
both cases, MS/MS fragmentation demonstrated specific
incorporation of labeled atoms into the diazoacetyl fragment of
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azaserine (Figure S9). This suggests that the diazoacetyl group 
is derived from the C–N skeleton of glycine and the ε-N of lysine. 
While the observed MS/MS fragments do not directly distinguish 
between 15N incorporation into the proximal or distal diazo 
nitrogen atoms, specific incorporation of intact 13C2,15N-glycine 
into the diazoacetyl fragment suggests that the proximal diazo 
nitrogen originates from glycine and the distal diazo nitrogen 
originates from L-lysine. These data are consistent with 
production of an HYAA intermediate during azaserine 
biosynthesis. Feeding 13C3,15N-L-serine to S. coelicolor 
aza-pDUalP resulted in enrichment of 13C3, 15N-azaserine (Figure 
2g), suggesting that the remainder of the azaserine structure 
originates from serine. MS/MS fragmentation of 13C3,15N-
azaserine (m/z = 178.0580) revealed specific incorporation of 
labels into the dehydroalanine fragment of azaserine (Figure S10). 
A significant amount of 13C2,15N-azaserine (m/z = 177.0551) was 
also observed in the same experiment (Figure 2g), and its MS/MS 
fragmentation was identical to that of labeled azaserine in cultures 
fed 13C2,15N-glycine (Figure S10). This suggests 13C2,15N-
azaserine in this experiment  arises from metabolism of 13C3,15N-
serine to 13C2,15N-glycine before eventual incorporation into the 
diazoacetyl group. 

To further probe the origin of the azaserine diazoacetyl group, we 
sought to reconstitute the activity of predicted HYAA biosynthetic 
enzymes (Figure 2d). As expected, lysine monooxygenase AzaG 
catalyzed the oxidation of lysine to N-6-hydroxylysine (1) (Figures 
S11-13). E. coli cultures expressing the N–N bond-forming 

MetRS/cupin enzyme AzaE linked 1 with glycine to generate N-6-
(carboxymethylamino)lysine (2) (Figure S14). Attempts to 
express the D-amino acid oxidase-like enzyme AzaF, which is 
predicted to cleave a C–N bond of 2 to produce HAA (3), resulted 
in insoluble protein. Therefore, the putative product of this enzyme, 
3, was accessed synthetically to use as a substrate in 
downstream biochemical reactions. 

We hypothesized that 3 would be converted to HYAA in a process 
analogous to triacsin biosynthesis (Figures 2d and S2). 
Consistent with this proposal, we demonstrated that HAA is 
succinylated by AzaB (Figure S15), though we also observed 
some non-enzymatic production of 4 at a reduced rate. An in vitro 
assay containing AzaBCMQ (homologs of Tri31, Tri29, Tri22, and 
Tri30, respectively), HAA, succinyl-CoA, ATP, and FAD yielded 6 
as identified using a LC-MS-based Ppant ejection assay (Figure 
3a). Together, these results provide biochemical support for 
involvement of an HYAA intermediate in azaserine biosynthesis. 

AzaJ and AzaK are annotated as saccharopine dehydrogenases 
and homologs of these enzymes are often, but not always, co-
localized with the HYAA cassette. Knockout of AzaJ and AzaK 
homologs in the triacsin pathway did not abolish triacsin 
production,[19] so we reasoned that these enzymes are likely not 
required for azaserine biosynthesis. Instead, we hypothesize that 
AzaJ and AzaK are involved in lysine salvage, as has been 
previously proposed in pyrazofurin biosynthesis.[20] 

Figure 3. Biochemical assays suggest that the core structure of azaserine is derived from the condensation of HYAA and L-serine a) 
LC-MS Ppant ejection assay of the in vitro cascade reaction of AzaBCMQ. EICs of Ppant fragments are shown. The HYAA-Ppant 
fragment (m/z = 331.1435) was detected in the presence of HAA, succinyl-CoA, ATP, FAD, and AzaBCMQ. The succinyl-HAA-Ppant 
fragment (m/z = 433.1751) and HYAA-Ppant fragment were observed in the no AzaB control reaction due to non-enzymatic production 
of 4 under these conditions (Figure S15). In the absence of AzaM, accumulation of the succinyl-HAA-Ppant fragment was detected. 
The HAA-Ppant fragment (m/z = 333.1591) was not detected. Three biological replicates were performed. b) ATP-32PPi exchange 
assay to assess substrate preference for the adenylation domain of AzaD. All twenty amino acids were tested in a single replicate and 
L-serine, L-cysteine, glycine, and L-phenylalanine were repeated in triplicate. Error bars represent mean ± std dev.
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At this point, we hypothesized that azaserine biosynthesis would 
diverge from known HYAA-producing pathways. In the triacsin 
pathway, HYAA is transferred from peptidyl carrier protein (PCP) 
Tri30 onto another PCP (Tri20) by the transacylase Tri13 before 
being incorporated into a PKS-derived carbon scaffold and 
hydrolytically released from Tri20 by the C45-peptidase Tri14 
(Figure S2). Further elaboration affords triacsins A–D. Since no 
Tri20 homologs are encoded in the azaserine gene cluster, we 
hypothesize that AzaO (Tri13 homolog) may transfer HYAA onto 
a yet unknown PCP. Intriguingly, comparison of the predicted 
structures of AzaE, Tri28, and Spb40 revealed an additional 
C-terminal domain found only in AzaE (Figure S16a–c) that
resembles the predicted structure of Tri20, although it bears no
discernable sequence homology. Its closest structural homolog is
the carrier protein domain of carboxylic acid reductase (Figure
S16d–f). Accordingly, we hypothesize the putative carrier protein
domain of AzaE acts in place of Tri20 in azaserine biosynthesis.
However, we cannot rule out the involvement of a PCP encoded
elsewhere in the genome or the possibility that an additional PCP
is not required for azaserine biosynthesis.

The AzaA homolog Tri14 has been reported to catalyze hydrolytic 
release of a PCP-bound intermediate in the triacsin pathway. We 
envision two potential functions for AzaA in azaserine production. 
C45 peptidases typically perform autoproteolytic cleavage to 
release a mature acyl transferase. The predicted structure of 
AzaA is most similar to the prototypical C45 peptidase acyl 
coenzyme A: 6-aminopenicillanic acid acyltransferase (Z-score = 
39.5; Figure S17) which catalyzes N-transacylation during the 
biosynthesis of isopenicillin G by sequential amide hydrolysis and 
N-acyl transfer.[21] In azaserine biosynthesis, we envision that acyl
transfer of HYAA from a carrier protein to the amine of serine
could potentially be catalyzed by either AzaA or the Cy domain of
AzaD before eventual isomerization to the ester by the Cy domain.
Alternatively, the ester linkage could be generated directly by one
of these enzymes. It is also possible AzaA catalyzes thioester
hydrolysis of an AzaD-tethered intermediate, similar to Tri14.

The remaining genes in the aza gene cluster (azaDHILNP) 
encode proteins distinct from those in other HYAA-utilizing 
pathways. We hypothesize that a subset of these proteins transfer 
HYAA onto the serine side chain hydroxyl group and oxidize the 
hydrazonoacetyl group by two electrons en route to the final 
a-diazoester natural product. We propose that the non-ribosomal
peptide synthetase (NRPS) AzaD likely plays a central role in
linking HYAA to serine. This enzyme is predicted to contain an
N-terminal TubC-like docking domain (TubCdd), a cyclization
domain (Cy domain), an adenylation domain (A domain), and a
peptidyl carrier protein domain (PCP domain).[22] Bioinformatic
predictions initially suggested this A domain would activate
cysteine, however, ATP-32PPi exchange assays with full-length
AzaD revealed preferential activation of serine (Figure 3b). This
supports a role for AzaD in linking HYAA or diazoacetic acid

(DAA) to serine, depending on the timing of diazo formation. The 
presence of a Cy domain in AzaD is particularly intriguing. This 
domain typically catalyzes amide bond formation followed by 
attack of a Ser side chain hydroxyl or a Cys side chain thiol onto 
the amide carbonyl to generate an oxazoline or thiazoline 
heterocycle.[23] Because the formation of azaserine necessitates 
a similar nucleophilic attack of a serine side chain hydroxyl group 
onto an HYAA- or DAA-based electrophile, we hypothesize that 
the Cy domain of AzaD may mediate this transformation (Scheme 
1). Predicted thioesterase AzaS may hydrolytically release 
intermediates from the PCP domain of AzaD and/or other carrier 
protein-tethered intermediates. AzaI is predicted to be a member 
of the functionally diverse ATP-grasp superfamily. Dali searches 
using the predicted structure of AzaI revealed its closest 
characterized structural homolog is an L-amino acid ligase RizA 
(4wd3, Z-score = 32.1).[24] The predicted structure of AzaI also 
bears striking resemblance to the predicted structure of AzpA 
which was recently reported to form an N-alanyl peptide during 
the biosynthesis of the a-diazoketone natural product alazopeptin 
(Figure S18).[3a] Accordingly, we hypothesize that AzaI may be 
involved in peptide bond formation to produce N-alanylazaserine 
which has been detected from G. harbinensis grown in minimal 
media in previous studies.[15] Interestingly, N-alanylazaserine was 
not observed from S. coelicolor aza-pDualP during growth in 
complex or minimal media, implying some yet unknown regulatory 
mechanism for N-alanylazaserine production. It is also possible 
that N-alanylazaserine is formed as a shunt product under certain 
growth conditions, or that it is produced by genes outside of the 
azaserine gene cluster. 

Generating the key a-diazoester functional group from a 
hydrazone intermediate requires oxidative chemistry. AzaL and 
AzaN are the only predicted oxidoreductases in the azaserine 
pathway without an assigned role, making them the most likely 
candidates for diazo formation. AzaL resembles cytochrome 
P450 enzymes which catalyze heme-dependent oxidation and 
oxygenation reactions. The closest predicted structural homologs 
of AzaL are CalO2 and P450BioI (Figure S19). Though its activity 
has not been experimentally verified, preliminary substrate 
binding studies suggest CalO2 likely hydroxylates an ACP- or 
CoA-tethered substrate.[25] P450BioI catalyzes multiple 
hydroxylations of an ACP-tethered substrate, leading to oxidative 
C–C bond cleavage.[26] The predicted structural similarity of AzaL 
to these enzymes suggested an ability to oxidize a carrier protein-
tethered intermediate, potentially derived from HYAA, during 
azaserine biosynthesis. Though annotated as a hypothetical 
protein, Conserved Domain Database[27] searches suggest AzaN 
resembles heme-oxygenase-like diiron enzymes (HDOs) which 
typically harbor a diiron metallocofactor and perform 
oxidation/oxygenation chemistry.[28] Interestingly, the 
characterized protein that best resembles the predicted structure 
of AzaN is SznF, which performs N-oxygenation and N–N bond 
formation in streptozotocin biosynthesis (Figure S20).[28a] Further 
experimental work is needed to understand the roles of these two 
oxidoreductases in azaserine biosynthesis. 

Scheme 1. The construction of the ⍺-diazoester in azaserine proceeds via a distinct biosynthetic strategy involving oxidation of an 
HYAA intermediate. The activities of HYAA-forming enzymes are shown in the top box. Proposed elaboration of the HYAA intermediate 
in azaserine biosynthesis is shown in the lower box. 
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In addition to the identity of the diazo forming enzyme(s), the 
timing of this transformation in azaserine biosynthesis remains 
unclear. In the triacsin pathway, HYAA is produced by enzymes 
encoded in the HYAA cassette and used as a synthon for 
convergent biosynthesis with a PKS-derived scaffold. A similar 
convergent biosynthetic strategy is likely involved in the 
biosynthesis of the structurally dissimilar natural product, 
s56-p1.[29] However, only the production of HAA has been verified 
in the s56-p1 pathway (Figure S2b). While gene clusters encoding 
putative diazo biosynthetic enzymes almost always encode the 
HYAA cassette, they frequently lack homologs of the NRPS AzaD. 
Notably, the gene clusters missing AzaD encode assembly line 
enzymes predicted to form distinct intermediates (Figure S21). 
This implies that HYAA (or DAA) may be linked to scaffolds other 
than serine in these pathways. The potential diversity of natural 
product structures produced by these additional gene clusters 
may suggest that diazo formation occurs on the conserved HYAA 
synthon prior to transfer onto structurally diverse natural product 
scaffolds. However, we cannot exclude the possibility that diazo 
formation occurs later in the azaserine pathway. Taken together, 
these bioinformatic analyses highlight AzaL and AzaN as 
candidate diazo-forming enzymes, suggest a plausible 
biosynthetic route to azaserine from HYAA-AzaQ and L-serine-
AzaD intermediates, and reveal the potential for biosynthesis of 
diverse diazo-containing metabolites.  

In summary, we have identified the biosynthetic pathway that 
produces the biologically and synthetically important ⍺-diazoester 
natural product azaserine. Bioinformatic analyses, isotope 
feeding experiments, and in vitro biochemical experiments 
indicate that the logic of diazo formation in this pathway, early-
stage generation of an HYAA synthon, is distinct from previously 
known strategies for diazo biosynthesis. This work sets the stage 
for investigation of the diazo-forming enzymes in this pathway 
which will further the nascent understanding of the biosynthesis 
of diazo natural products. Further, the identification of closely 
related gene clusters in human, plant, and animal pathogens 
suggests potentially interesting ecological roles for diazo 
metabolites. Finally, genetically encoded ⍺-diazoester production 
will enable multiple biocatalytic, metabolic engineering, and 
biorthogonal chemistry applications including the construction of 
complete metabolic pathways for carbene-mediated chemistry in 
vivo using engineered heme-dependent enzymes, as we 
demonstrate in a separate study.[14] 
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