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ABSTRACT: Nonribosomal peptide synthetase (NRPS) oxidase (Ox) domains oxidize protein-bound intermediates to install crucial 
structural motifs in bioactive natural products. The mechanism of this domain remains elusive. Here, by studying indigoidine 
synthetase, a single-module NRPS involved in the biosynthesis of indigoidine and several other bacterial secondary metabolites, we 
demonstrate that its Ox domain utilizes an active site base residue, tyrosine 665, to deprotonate protein-bound L-glutaminyl residue. 
We further validate the generality of this active site residue among NRPS Ox domains. These findings not only resolve the 
biosynthetic pathway mediated by indigoidine synthetase but enable mechanistic insight into NRPS Ox domains. 

Nonribosomal peptide synthetases (NRPSs) and some 
polyketide synthases (PKSs) are modular enzymes employing a 
thio-template mechanism to synthesize secondary metabolites. 
Compared to other template mechanisms, including those in 
polynucleotide and polypeptide synthesis, the thiotemplate 
mechanism features intensive modifications in the linear exten-
sion stage, leading to more diversified structures in the product 
portfolio.1,2 The NRPS oxidase (Ox) domain usually oxidizes 
thiazoline, derived from L-cysteine by the cyclization (Cy) do-
main, to thiazole on the growing intermediate.3–6 The resulting 
thiazole often plays a key role in the bioactivity of related thio-
template products such as the anti-cancer agents epothilone and 
bleomycin and the toxin colibactin (Figure 1a).7–9 However, the 
lack of a mechanistic understanding of the NRPS Ox domains, 
especially for the defining biochemical active site residue, has 
hindered its engineering.10 

Indigoidine synthetase is an excellent model to study the cat-
alytic mechanism of NRPS Ox domains because of its simple 
domain organization. Indigoidine synthetases are single-mod-
ule NRPSs that have an Ox domain embedded in the N-terminal 
adenylation (A) domain, followed by a peptidyl carrier protein 
(PCP) domain, and a thioesterase (TE) domain (Figure 1b).11,12 
These NRPSs having a 4’-phosphopantetheine (Ppant) modifi-
cation on the PCP domain (holo form) convert L-glutamine to 
5-amino-3H-pyridine-2,6-dione (1), a putative product that is 
readily oxidized to a 3,3’-bipyridyl natural product, indigoidine 
(2), which as a bright blue color.12–15  Indigoidine synthetase 
genes have been engineered and introduced into living systems 
to construct a cross-kingdom reporter system16, generate blue 

 

Figure 1.  NRPS oxidase (Ox) domain in natural product biosyn-
thesis. (a) Selected natural products containing the double bond 
(highlighted in yellow) installed by the NRPS Ox domain (b) Pro-
posed biosynthesis pathways mediated by indigoidine synthetase to 
produce 5-amino-3H-pyridine-2,6-dione (1), a precursor for di-
verse compounds. Paths a (cyclization first followed by oxidation) 
and b (oxidation first followed by cyclization) are indicated in the 
figure. 

 



 

rose17, and produce 2  as a promising water-insoluble dye18,19. 
Interestingly, indigoidine synthetase genes are widely distrib-
uted in bacteria, including Actinobacteria and Proteobacteria 
(Figure S1), and frequently colocalized with genes encoding 
enzymes that glycosylate C-5 of 1, leading to the water-soluble 
blue pigment indochrome20,21, and the C-nucleoside antibiotic, 
minimycin13 (Figure 1b). As such, indigoidine synthetases are 
involved in biosynthesis of a broad range of bacterial secondary 
metabolites. Nevertheless, how indigoidine synthetases cata-
lyze the formation of 1 is not fully elucidated. Studies have val-
idated that the A domain selectively activates and loads L-glu-
tamine to afford L-glutaminyl-S-PCP (3), and the flavin mono-
nucleotide (FMN) cofactor bound in the Ox domain is essential 
for indigoidine synthetases’ activity.11 The conversion of 3 to 1 
by indigoidine synthetase is a black box (Figure 1b) : 3 can be 
either first cyclized by the TE domain to α-amino glutarimide 
(4) and then oxidized by the Ox domain to form 1 (path a),11,12 
or 3 can be first oxidized to dehydroglutaminyl-S-PCP (5) and 
then cyclized to 1 (path b).13 Here, by monitoring the acylation 
changes on the PCP domain, we resolved the biosynthesis by 
indigoidine synthetase, which reveals the catalytic mechanism 
of NRPS Ox domains. 

To establish a suitable system for this study, we chose BpsA, 
the indigoidine synthetase from Streptomyces lavendulae, 
which is readily expressed in several hosts, and reconstituted its 
activity in vitro based on previous studies.11,19,22 holo-BpsA was 
purified from Escherichia coli BAP123 (Figure S2) and then in-
cubated with L-glutamine in the presence of ATP and MgCl2. 
As expected, high-performance liquid chromatography (HPLC)  

 

Figure 2. HPLC-DAD to determine indigoidine production. (a) in 
vitro assay of BpsA wild type and mutants using L-glutamine as 
substrate. The in vitro assay was conducted using holo-BpsA (i) 
and its domain inactive mutants: TE inactive (iii), Ox and TE inac-
tive (iv), and Ox inactive (v). The assay using holo-BpsA without 
ATP addition was conducted as the negative control (ii). Chemi-
cally synthesized indigoidine was used as standard (vi).  (b) Hy-
pothesized path a (see Figure 1) test using racemic 4. 

 

analysis indicated the production of 2, confirmed with a synthe-
sized standard, while the negative control without ATP does not 
produce 2. (Figure 2a-i, ii, vi).  

We next tested the hypothesized path a (Figure 1b) by incu-
bating 4 with BpsA: if the reaction proceeds via path a, the Ox 
domain would oxidize 4 into 1, and then afford 2, which can be 
readily detected by HPLC. Hence, we incubated holo-BpsA 
with racemic 4, a commercially available reagent. HPLC anal-
ysis of the reaction mixture indicated no 2 production (Figure 
2b), suggesting that path a may not be the pathway to produce 
1. 

We then tested path b by monitoring the acylation change on 
the PCP active site Ser residue via a shotgun proteomics 
method, in which the protein is trypsinized to generate liquid 
chromatography tandem mass spectrometry (LC-MS/MS) de-
tectable peptides. First, from the trypsinized holo-BpsA peptide 
mixture, we mapped a peptide,  
ENASVQDDFFESGGNS972(Ppant)LIAVGLVR, that contains 
the PCP domain active site residue (S972) with Ppant modifi-
cation using proteomics search engine.24 The extracted ion 
chromatogram (EIC) of its ion (m/z=955.4440, [M+3H]3+) ex-
hibited a single peak at a retention time of 29.2 min (Figure 
S3a). The MS isotopic profile and tandem MS fragmentation by 
collision-induced dissociation (CID) are consistent with the the-
oretical patterns for the peptide containing the PCP active site 
residue (Figure S3b,c). Notably, we observed the Ppant ejec-
tion ion, a signature fragment ion of Ppant generated from CID, 
in tandem MS analysis (Figure S3d).25,26 Because the Ppant is 
acylated in thiotemplate biosynthesis, any changes in acylation 
can be tracked by monitoring changes in the molecular weight 
corresponding to the ejected Ppant ions from the PCP derived 
peptides, which can be first identified by the unchanged peptide 
fragment ions. 

To detect acylation changes on the PCP domain in the bio-
synthesis, we next followed the BpsA in vitro reconstitution re-
action by LC-MS/MS analysis. However, we could not detect 
any acylation changes on the mapped peptide. Since BpsA effi-
ciently converts L-glutamine,27 we reasoned that the amount of 
intermediates on the PCP might be below the detection limit of 
the assay. To accumulate possible intermediates on the PCP, we 
inactivated the TE domain by site-directed mutagenesis (Figure 
S4). The resulting mutant (BpsA S1102A, TE null, Figure S2) 
loses the ability to produce 2 in vitro (Figure 2a-iii). Upon an-
alyzing the acylation changes on the PCP domain, we failed to 
detect the ion corresponding to the peptide from 5 
(m/z=997.4583, [M+3H]3+). Instead, we observed a new PCP-
derived peptide ion (m/z=997.7863, [M+3H]3+) that has +1 Da 
mass shift from 5 (Figure 3b-ii and S5). Inspired by the reac-
tion catalyzed by amino acid oxidases,28 we hypothesized that 
the new product is 5-amino-2,5-dioxopentyl-S-PCP (6), the hy-
drolyzed product of 5 (Figure 3a). To confirm the hydrolysis, 
we substituted L-glutamine with L-[amino-15N]glutamine and 
L-[amide-15N]glutamine in the BpsA TE null assay. The results 
indicated that the 15N isotope introduced into 6 from L-[amide-
15N]glutamine but not from L-[amino-15N]glutamine, in which 
the 15N labeled amino group was proposed to be hydrolyzed 
(Figure 3c and S6). These data validate that indigoidine syn-
thetases use path b, which comprises the proposed oxidation of 
3 to 5. 

The clarified pathway allowed us to focus on the oxidation 
reaction presumably catalyzed by the Ox domain. We then 
inactivated the Ox domain and analyzed PCP acylation changes  



 

 

Figure 3. Assessing acylation changes on the BpsA PCP domain 
by LC-MS/MS.  (a) The acylations on the PCP domain were ana-
lyzed via a shotgun proteomics method, in which the protein was 
trypsinized to yield MS detectable peptides. (b) Extracted ion chro-
matograms (EIC) of [M+3H]3+ peptide ions from L-glutaminyl-S-
PCP (3, left) and 5-amino-2,5-dioxopentyl-S-PCP (6, right) in the 
assay using BpsA or its mutants. (c) MS and tandem MS of the 
[M+3H]3+ peptide ions from 5-amino-2,5-dioxopentyl-S-PCP in 
the assay using L-[amino-15N]glutamine (red) or L-[amide-
15N]glutamine (green). 

of the resulting mutant. Given that changes in FMN binding 
residues of NRPS Ox domains generate FMN-free mutants,10,11 
we chose to target the active site residue of BpsA Ox domain 
for mutation to maintain overall structural integrity. Studies 
have suggested that NRPS Ox domains employ a base residue 
at the active site to deprotonate the Cα-H of the PCP bound 
substrate to initial the oxidation reaction. However, the base 
residue has never been identified.3,29 We then pursued to 
identify the base residue by attempting to resolve the structure 
of BpsA Ox domain. Although our initial attempts of 
crystallizing the truncated proteins were not successful, we 
were able to build a model of BpsA Ox domain using I-
TASSER30 with high confidence value (C-score = 0.79). A 
structural search of the PDB database using the BpsA Ox 
domain model identified five structures with TM-score above 
0.8, in which McbC (PDB: 6GOS) came to our attention (Table 
S3) because its catalytic mechanism has been well studied.31 
McbC, a FMN-dependent dehydrogenase involved in the 
biosynthesis of the ribosomally synthesized and post-
translationally modified peptide (RiPP) antibiotic microcin 
B17, oxidizes azoline to azole, a reaction resembling the ones 
catalyzed by most NRPS Ox domains. McbC and the NRPS Ox 
domain share some local amino acid sequence similarities, 
although their global amino acid identity is low (16.2%).4 Taken 

together, these results suggested that the BpsA Ox domain may 
employ a similar mechanism as McbC, which uses its Tyr202  
as the base to abstract the α-H of azoline (Figure S8). 
Alignment of the McbC structure with the model of BpsA Ox 
domain indicates that McbC Tyr202 overlaps with BpsA 
Tyr665, and that in both cases the Tyr side chain points to the 
FMN cofactor (Figure 4a and S9). These results allow us to 
hypothesize that BpsA Tyr665 is the active site base residue. 

To test the hypothesized base residue, we changed Tyr665 to 
Phe in BpsA S1102A (TE null) mutant to remove the hydroxyl 
group, the proposed basic center. This mutant, BpsA Y665F 
S1102A (Ox_TE null), keeps the FMN cofactor (Figure S2) but 
does not produce 2 in vitro (Figure 2a-iv). LC-MS/MS hardly 
detected the 6 derived peptide ions in the assay using the new 
mutant. Instead, 3, the substrate of the Ox domain, accumulated 
(Figure 3b-iii and S7). We also assayed the mutant that has 
Y665F mutation in wild-type BpsA (BpsA Ox null), and got 
similar results (Figure 3b-iv). These data support our hypothe-
sis that Tyr665 is the active site base residue of BpsA Ox do-
main.  

 

Figure 4. Mechanistic insight into NRPS Ox domains. (a) The ac-
tive site key residue, Tyr 665, of BpsA Ox domain (yellow) was 
determined by structural alignment with McbC (gray), a RiPP de-
hydrogenase. The generality of the key Tyr residue was confirmed 
by (b) multiple sequence alignment of known NRPS Ox domains, 
and (c) biochemical assays of EpoB-Ox, the Ox domain in the PKS-
NRPS assembly line for epothilone biosynthesis. (d) Proposed E2-
like mechanism for NRPS Ox domains. 

Next we explored the generality of Tyr as the active site base 
residue in NRPS Ox domains. The amino acid sequence align-
ment analysis indicates that the Tyr residue is conserved among 
all NRPS Ox domains (Figure 4b and S10). To validate the 
role of Tyr as active site residue in an alternative NRPS, we 
purified EpoB-Ox, the Ox domain of epothilone NRPS, from E. 
coli BL21(DE3) (Figure S2) and synthesized methylthiazoli-
nyl-S-acetylcycteamine (methylthiazolinyl-S-NAC, 7), a mimic 
for the PCP bound substrate of EpoB-Ox, as reported.3 Incubat-
ing EpoB-Ox with 7 led to the expected product, methylthia-
zolyl-S-NAC (8) (Figure 4c). Changing EpoB-Ox Tyr1162, the 
proposed active site base residue, to Phe resulted in a mutant 
(EpoB-Ox null) that retains FMN (Figure S2) but loses oxida-
tive activity, a comparable result to boiled EpoB-Ox (Figure 



 

4c). In light of the results of structural/sequence alignments and 
biochemical studies, we propose that NRPS oxidases share an 
McbC-like E2-elimination mechanism to catalyze the oxidation 
reactions: the tyrosine residue in the active site acts as the base 
to abstract the Cα-H as a proton from the PCP bound substrate, 
whose Cβ-H ejects as a hydride to N5 of the bound FMN (Figure 
4d). Considering the hydroxyl group of tyrosine is a weak base, 
we propose a coupled base residue, equivalent to Lys201 in 
McbC, polarizes the hydroxyl group to oxide first. There is an 
adjacent Lys666 residue to Tyr665 in BpsA. However, it is not 
conserved in NRPS Ox domain amino acid sequences and 
poised oppositely to Tyr665 in the BpsA Ox domain model 
(Figure S9b). Research is in progress to address the detailed 
mechanism. 

In summary, we resolved the specific biosynthetic pathway 
mediated by indigoidine synthetase, and further revealed the 
common mechanism of NRPS Ox domains. The revealed 
mechanism of NRPS Ox domains echo the unified paradigm of 
azoles biosynthesis in RiPPs and NRPS peptides.32 Given that 
RiPPs biosynthesis also employs a template mechanism, these 
two different peptide natural product biosynthesis pathways use 
the same paradigm to install similar structural motifs in 
different biosynthesis stages.  
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