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Identification of 8-Azaguanine Biosynthesis–Related Genes Provides Insight Into the Enzymatic and Non-enzymatic Biosynthetic Pathway for 1,2,3-Triazole
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8-Azaguanine (1) is a special 1,2,3-triazole containing natural product that possesses potent antibacterial and antitumor activities. In the present study, the entire 8-azaguanine biosynthetic gene cluster was located from Streptomyces CGMCC4.1633. Targeted gene disruption, heterologous expression analysis, and feeding experiments identified crucial genes for 8-azaguanine production. Moreover, we characterized the structure of two novel metabolites, analyzed NO (or reactive nitrogen species) related genes 8-azgA/B and radical SAM enzyme homologous 8-AzgG, and verified the non-enzymatic ring formation reaction of 8-azaguanine 1,2,3-triazole. All of the data and presumptions provide insight into the timing and mechanism of the enzymatic and non-enzymatic pathway that produce 8-azaguanine-type 1,2,3-triazole.

Keywords: 1, 2, 3-triazole, biosynthetic genes, nitric Oxide synthase, metabolites, in vitro and feeding experiments


[image: image]

GRAPHICAL ABSTRACT.




INTRODUCTION

8-Azaguanine (8-AZG, 1, also known as pathocidin) is a triazole analog of guanine (Figure 1A), which was first found in Streptomyces albus var. pathocidicus culture medium as a secondary metabolite with activities including antibacterial and antitumor (Anzai et al., 1961), such as polyploid-specific effects to high-ploidy breast cancer (Choudhary et al., 2016); potential activity against Mycobacterium tuberculosis (Sao Emani et al., 2018); modulating HIF levels in neoplastic cells (Xia et al., 2009); stabilizing mutated von Hippel–Lindau protein (Ding et al., 2012); and direct potentiation of natural killer cell cytotoxicity (Kim et al., 2019). It competes with guanine to disturb the modification of tRNA and interferes with the initiation of translation by suppressing the formation of 43S and 80S ribosome initiation complexes to inhibit protein synthesis. Structural analysis showed that 8-AZG possesses a rare three-consecutive-nitrogen-atom triazole, which has only been discovered in 8-AZG in natural products. In recent years, natural products N-N bond formation studies had aroused great interest among the researchers, for example, the diazo moiety of cremeomycin and kinamycin; construction of N-nitrosating part in streptozotocin; azoxy bond formation for azoxymycins; biosynthesis of piperazate for kutzneride; hydrazine-forming machinery in s56-p; and N-hydroxytriazenes moiety for triacsins (Waldman et al., 2015; Sugai et al., 2016; Du et al., 2017; Matsuda et al., 2018; Wang et al., 2018; Guo et al., 2019; He et al., 2019; Ng et al., 2019; Twigg et al., 2019). Therefore, the unique 1,2,3-triazole structure and potent biological activities of 8-AZG have attracted our special attention.
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FIGURE 1. (A) The structures of 8-azaguanine (1) and guanine. (B) Organizations of the 8-azg biosynthetic gene clusters and the comparison with ptn gene cluster.


Although earlier works in the feeding experiments with 14C-labeled compounds demonstrate [2-14C] guanine could be efficiently incorporated into 8-AZG, [8-14C] guanine was not incorporated (Hirasawa and Isono, 1978). According to these results, we presume that the skeleton of 8-AZG is formed from guanine or its derivatives by the replacement of C-8 with unknown source of nitrogen (Figure 1A). The pathway responsible for 8-AZG formation and the enzymatic logic for triazole biosynthesis have not yet been elucidated in detail. We noticed the study of another group (Zhao et al., 2020), completed at the same time as our work. They have reported the biosynthetic gene cluster mining for 8-AZG and carried out a series of in vivo and thorough in vitro work to reveal the biosynthetic route to the natural product 8-AZG. Here we present the identification of the 8-AZG biosynthetic gene cluster (BGC) from S. albus pathocidicus CGMCC4.1633 through genome scanning. Targeted gene disruption and heterologous expression revealed important genes related to 8-AZG biosynthesis. Functional assignments were made for each gene by comparing the deduced amino acid sequence with proteins of known function. Feeding experiments, mutant intermediates structural elucidation, and in vitro tests explore the biosynthetic pathway for 8-AZG. These two independent studies drew similar conclusions and complemented the results of each other’s works.



MATERIALS AND METHODS


General Experimental Procedures

Liquid chromatography high-resolution mass spectrometry (LC-HRMS) analysis was performed on an Agilent Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear gradient of 2–95% CH3CN (vol/vol) over 20 min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.2 mL/min was used. High-performance liquid chromatography (HPLC) analysis was carried out with Nexera XR HPLC apparatus using an Agilent 5 TC-C18 (2) (250 × 4.6 mm). Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Biospin 600 MHz spectrometer. Polymerase chain reaction (PCR) primers were synthesized by Tsingke Biological Technology. Kits for plasmid preparation and DNA extraction were from Omega. Standard molecular biology methods were used for all other DNA manipulations. NG-hydroxyl-L-arginine was purchased from Sigma. 8-AZG was purchased from Aladdin.



Genome Sequencing and Analysis

The S. albus subsp. pathocidicus CGMCC4.1633 genome was sequenced using Illumina technology. The DNA sequence of the 8-azg gene cluster has been deposited into GenBank under the accession number no. MT543149. Analysis of the open reading frames (ORFs) and function predictions were carried out by Frame Plot 4.0 beta1, NCBI BLAST2.



Construction of Gene Inactivation Mutants in S. albus subsp. pathocidicus CGMCC4.1633

In vivo generation of targeted mutations in S. albus subsp. pathocidicus CGMCC4.1633 was achieved by conjugative transfer of disruption plasmids from Escherichia coli S17-1 to S. albus subsp. pathocidicus CGMCC4.1633 according to standard protocols. A HindIII/XbaI fragment and an XbaI/EcoRI fragment flanking the gene of interest were successively ligated and cloned into the HindIII/EcoRI sites of pKC1139 to yield a knockout cassette. The resulting plasmids were then introduced to replace the genes of interest (8-azgA-K, 8-azgA, 8-azgB, 8-azgC, 8-azgD, 8-azgE, 8-azgF, 8-azgG, 8-azgH, 8-azgI, 8-azgJ, 8-azgK) using homologous recombination and were transformed into E. coli S17-1 for conjugation with S. albus subsp. pathocidicus CGMCC4.1633. The apramycin-resistant (50 μg/mL) colonies were identified as single-crossover mutants. The single-crossover mutants were further incubated without antibiotics and then screened for apramycin-sensitive clones. Among these clones, the double crossover mutant was selected and verified by PCR (Supplementary Figure S1). Mutant analysis was carried out following the procedures detailed below. LC-HRMS analysis was performed on an Agilent Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear gradient of 2 to 95% CH3CN (vol/vol) over 20 min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.2 mL/min was used. HPLC analysis was carried out with Nexera XR HPLC apparatus using an Agilent 5 TC-C18 (2) (250 × 4.6 mm). Elution was performed at 1 mL min–1 with a mobile-phase mixture consisting of a linear gradient of water and acetonitrile [(vol/vol): 98:2, 0–10 min; 90:10, 10–15 min; 80:20, 15–20 min; 98:2, 20–25 min], both of which contain 0.1% (vol/vol) trifluoroacetic acid.



Cloning, Overexpression, and Purification of Proteins

The gene 8-azgA was PCR amplified using the primers listed in Supplementary Table S2 and S. albus subsp. pathocidicus CGMCC4.1633 genomic DNA as the template. Purified PCR products were ligated to pET-duet (Novagen) following standard protocols and confirmed by DNA sequencing. The resulting expression constructs were transformed into E. coli BL21 (DE3)-pGro7 cells. Expression and purification for all hexahistidine-tagged proteins followed the general procedure and are detailed as follows: in 1 L of liquid culture, the cells were grown at 37°C in LB medium with 100 μg/mL ampicillin and 50 μg/mL chloramphenicol until an OD600 of 0.4. The cells were cooled on ice for 10 min and then induced with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside and 0.5 mg/mL L-arabinose for 16 h at 16°C. The cells were harvested by centrifugation (5,000 g, 15 min, 4°C), resuspended in 30 mL lysis buffer (25 mM HEPES, pH 7.5, 0.5 M NaCl, 5 mM imidazole) and lysed by homogenization on ice. Cellular debris was removed by centrifugation (13,000 g, 1 h, 4°C). The soluble proteins were incubated with 0.5 mL of Ni-NTA agarose resin (Qiagen) at 4°C for 1 h and loaded onto a gravity flow column. The proteins were washed with washing buffer (20 mM HEPES, pH 7.5, 300 mM NaCl, and 20 mM imidazole) and eluted with elution solution (20 mM HEPES, pH 7.5, 300 mM NaCl, and 150 mM imidazole). Purified proteins were concentrated and buffer exchanged into protein stock buffer (20 mM HEPES, pH 7.5, 300 mM NaCl, and 10% glycerol) using Amicon Ultra filters. The final proteins were flash-frozen in liquid nitrogen and stored at −80°C.



In vitro Biochemical Assays Using 8-AZG Biosynthetic Enzymes

For the in vitro assay of 8-AzgA, the reaction mixture (50 μL) contained 8-AzgA or GroEL (chaperone protein expressed by pGro7)1, 0.5 mM NG-hydroxyl-L-arginine (Sigma–Aldrich), and H2O2 (40 mM) in H2O (pH 6.8). The reaction mixture was incubated for 1 h at room temperature, followed by nitrite detection using Griess reagent I and II. Chaperone was used as a negative control. At least three independent replicates were performed for each assay, and representative results are shown.



In vitro Non-enzymatic Triazole Formation

For the in vitro non-enzymatic reactions of compound 5 (4-hydroxy-2,5,6-triaminopyrimidine) with the nitric oxide donor diethylamine (DEA) NONOate or sodium nitrite, reaction mixtures (100 μL) contained 0.5 mM 5 and 1 mM DEA NONOate or 10 mM sodium nitrite in H2O (pH 6.8). The reaction mixture was incubated for 1 h at room temperature before HPLC analysis.



Heterologous Production and Feeding Experiments in S. albus J1074

For in vivo reconstitution, different combinations of 8-azg genes were cloned and arranged in the vector pSET152. After confirmation with restriction and sequencing analysis, these plasmids were introduced into heterologous S. albus J1074 strains by conjugation from E. coli S17-1 to give corresponding engineered S. albus J1074 strains according to the standard procedure.

For the feeding experiments, NaNO2 was added at final concentrations of 10 mM at 48 h. After another 48 h, cultures were centrifuged at 13,000 revolutions/min (rpm) for 5 min to remove the mycelium and subjected to filtration before HPLC or LC-MS analysis.



Small-Scale Production and Isolation of 8-AZG Biosynthetic Intermediates

To screen for 8-AZG production, starter cultures in TSB medium were inoculated with mycelia and incubated at 30°C, 200 rpm for 48 h; 1 mL of the starter culture was then inoculated into modified medium [(g L–1): soybean ice powder (20), glycerol (20), beef extract powder (3), NaCl (3)], and the cultures were grown at 30°C, 200 rpm for 4 days. 8-AZG and its biosynthetic intermediates supernatants were then subjected to filtration before HPLC or LC-MS analysis. Analytic HPLC analysis was carried out with Nexera XR HPLC apparatus using an Agilent 5 TC-C18 (2) (250 × 4.6 mm). Elution was performed at 1 mL min–1 with a mobile-phase mixture consisting of a linear gradient of water and acetonitrile (vol/vol: 98:2, 0–10 min; 90:10, 10–15 min; 80:20,15–20 min; 98:2, 20–25 min), both of which contain 0.1% (vol/vol) trifluoroacetic acid. Authentic compound of 8-AZG (Aladdin) was used as a control (detection wavelength: 245 nm). LC-HRMS analysis was performed on an Agilent Technologies 6520 Accurate-Mass Q-TOF LC-MS instrument. A linear gradient of 2 to 95% CH3CN (vol/vol) over 20 min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.2 mL/min was used. Large-scale production and isolation of the biosynthetic intermediates for structural analysis are described below.



Large-Scale Production, Purification, and Characterization of 2 and 3

For large-scale production, 5 mL starter cultures of S. albus subsp. pathocidicus CGMCC4.1633 Δ8-azgD in TSB medium were inoculated with mycelia and incubated at 30°C, 200 rpm, for 48 h. One milliliter of the seed culture was then coated on solid plate [ISP2 agar (g L–1): malt extract (10), yeast extract (4), glucose (4), agar (20)] for static fermentation at 30°C for 5 days. 8-AZG biosynthetic intermediates were extracted from methanol. The solvent was removed by rotary evaporation, and the residue was redissolved in methanol (2 mL). Compounds 2 and 3 from S. albus subsp. pathocidicus CGMCC4.1633 Δ8-azgD were purified by Nexera XR HPLC apparatus using an Agilent 5 TC-C18 (2) (250 × 4.6 mm). Elution was performed at 1 mL min–1 with a mobile-phase mixture consisting of a linear gradient of water and acetonitrile (vol/vol: 98:2, 0–10 min; 90:10, 10–15 min; 80:20, 15–20 min; 98:2, 20–25 min), both of which contain 0.1% (vol/vol) trifluoroacetic acid. Fractions containing 8-AZG biosynthetic intermediates were collected manually and concentrated under vacuum. The resulting purified compounds 2 and 3 were dried and analyzed by HRMS and NMR. LC-HRMS analysis was performed on an Agilent Technologies 6520 Accurate-Mass QTOF LC-MS instrument with an Agilent Eclipse Plus C18 column (4.6 × 100 mm). A linear gradient of 2 to 95% CH3CN (vol/vol) over 25 min in H2O with 0.1% formic acid (vol/vol) at a flow rate of 0.2 mL/min was used. NMR spectra were recorded on a Bruker Biospin 600 MHz spectrometer.

8-Azaxanthosine (2): White amorphous powder; [α] – 47.2 (c 0.09, MeOH); UV (CH3CN) λmax 254.7 nm; IR (KBr) νmax 3,358, 2,930, 1,694, 1,629, 1,576, 1,404, 1,276, 1,055, 960, 804, 786, and 713 cm–1; 1H and 13C NMR data (Supplementary Table S4); HRESIMS m/z 286.0783 [M + H]+ (calcd for C9H12N5O6, 286.0782).

8-azaguanosine (3): White amorphous powder; [α] – 50.1 (c 0.10, MeOH); UV (CH3CN) λmax;205.1, 255.9 nmIR (KBr) νmax 3,288, 2,933, 1,699, 1,620, 1,576, 1,362, 1,291, 1,092, 938, 801, 780, and 744 cm–1; 1H and 13C NMR data (Supplementary Table S4); HRESIMS m/z 299.1094 [M + H]+ (calcd for C10H15N6O6, 299.1098).



RESULTS


Sequencing of S. albus pathocidicus CGMCC4.1633 and 8-AZG Biosynthetic Gene Cluster Analysis

To identify the potential 8-AZG biosynthetic genes, the genome of S. albus pathocidicus CGMCC4.1633 was sequenced. The final genome assembly resulted in ∼5.9 M base pairs. Genome mining for 8-AZG BGC candidates was performed using a local BLASTP analysis on the genome with a GTP cyclohydrolase (GCH) probe, which might be involved in the first step hydrolytic cleavage of guanine moiety C-8 (Hirasawa and Isono, 1978). Through our bioinformatics search, one locus with clustered genes in which a gene encoding GCH I–like protein was located. Targeted gene disruption strain Δ1633-azg deleted 11-kb multigene region upstream and downstream of this area completely abolished the production of 8-AZG, confirming that the identified cluster is involved in the biosynthesis of 8-AZG (Figure 2A).
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FIGURE 2. (A) HPLC analysis with UV detection (245 nm) of Streptomyces albus subsp. pathocidicus CGMCC4.1633 wild-type strain and the mutants. (B) Structures of metabolites 2 and 3. Compounds 2, 3 were isolated from mutant strain Δ8-azgD.


The putative 8-AZG BGC spans 11.5 kb and consists of 11 ORFs, here assigned as 8-azgA-K. In the article of Zhao et al., the ptn gene cluster contains six ORFs ptnA-F, which correspondingly in our gene cluster are 8-azgF-A. Among them, ptnA/8-azgF is a putative GCH I gene; ptnB/8-azgE encodes a hypothetical protein; PtnC/8-AzgD is a monophosphate nucleosidase; PtnD/8-AzgC is a didomain protein; PtnE/8-AzgB is a purine efflux pump protein; and PtnF/8-AzgA is a putative bacterial nitric oxide synthase (NOS) (Zhao et al., 2020). We also noticed the published genome of Streptomyces hoynatensis KCTC 29069 containing highly homologous genes to the 8-azg cluster (from 8-azgB to 8-azgH), and there are a few other secondary metabolic biosynthesis related genes nearby this region (Figure 1B), although no 8-AZG-type product has been reported from this strain.



8-AZG Biosynthetic Genes Disruption and Metabolite Characterizations

To further explore the functions of 8-azg ORFs, we disrupted every gene in the 8-azgA-K cluster by clean gene-knockout experiments. All of the genes were deleted in-frame through double crossover leaving a scar of 6 bp. 8-AZG production was completely abolished in Δ8-azgF, and no new metabolites were identified from this mutant culture by HPLC analysis (Figure 2A), demonstrating that GCH I homolog gene 8-azgF is crucial for the biosynthesis of 8-AZG. According to the reported activity of GCH I, the reaction catalyzed by 8-AzgF is supposed to involve the hydrolytic opening of GTP imidazole ring and then the removal of the C-8 carbon atom as formate affording the triaminopyrimidine derivative (Rebelo et al., 2003). The solubility of 8-AzgF is poor when expressed in E. coli; although we synthesized the homology gene of 8-azgF from S. hoynatensis KCTC 29069 and obtained some soluble protein, no reaction with GTP, GDP, GMP, or guanine was detected after several attempts.

Through testing, only trace amount of 8-AZG exists in the Δ8-azgD, Δ8-azgE mutants broth, which means 8-azgD and 8-azgE are important for 8-AZG production in S. pathocidicus. Two unidentified metabolites 2 and 3, which were not found in the wild-type or any other mutant cultures significantly accumulated in Δ8-azgD strain (Figure 2A). Then 2 and 3 were isolated from a scale-up fermentation culture (10 L) and structurally characterized by HRMS and NMR analysis, further assisted by comparison with the reported NMR data of known 8-AZGs (Supplementary Table S4 and Supplementary Figures 7–18). It indicated that compound 2 is 8-azaxanthosine, 8-azaxanthine with a ribose at N9, and 3 was identified as 8-AZG ribose (8-azaguanosine) congener, bearing a methoxyl group on the C5′ of 8-azaguanosine nucleoside (Figure 2B). Another metabolite, 8-azaguanosine (8-AZG-3) molecular weight (284) was only detected in Δ8-azgD mutant by HRMS (Supplementary Figures 19, 20). In addition, the yield of metabolite 4 was measurably higher in Δ8-azgD than the wild type and other mutant strains. According to the molecular weight detected by HRMS, we speculate that 4 is primary metabolite adenosine, and the comparison of 4 with authentic compound confirmed our inference (Supplementary Figure 6). Structurally, both nucleoside metabolites 2 and 3 possess ribose and triazole unit, which indicated that 1,2,3-triazole part of 8-AZG was constructed prior to ribose hydrolysis.



Heterologous Expression of 8-AZG Genes

The titer of 8-AZG correspondingly decreased in Δ8-azgA, Δ8-azgB, Δ8-azgC, Δ8-azgG, Δ8-azgH, and Δ8-azgJ fermentation broth compared to the wild-type strain (Figure 2A and Supplementary Figure 4). This suggests that either these genes are not crucial for 8-AZG generation, or their functions are replenished by other genes outside the 8-azg cluster or some unknown factors. In order to verify the biosynthetic function of these genes, various combinations of 8-azg ORFs were cloned into pSET152 for heterologous expression in S. albus J1074. HPLC analysis of the culture extracts indicated that 8-azgABCDEFGH generated the maximum titer of 8-AZG, almost two-thirds of the native producer S. pathocidicus. A minimum set of four genes operon, 8-azgABFG, is able to produce a certain amount of 8-AZG in S. albus J1074 (Figure 3A). In 8-azgABF, 8-azgABCDEF, 8-azgACDEFGH, and 8-azgBCDEFGH heterologous expression strains, only a slight amount of 8-AZG was detected by LC-HRMS analysis (Supplementary Figure 3). The gene knockout and heterologous expression data exhibit that 8-azgA/B/D/E (or 8-azgG) genes are critical in 8-AZG biosynthetic pathway; however, their roles are compensated by the equivalents in S. pathocidicus and S. albus J1074. The disruption of 8-azgI had no effect on 8-AZG production. Δ8-azgK resulted in a small titer increase, so 8-azgK was considered to be a negative transcriptional regulator gene (Supplementary Figure 4).
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FIGURE 3. (A) HPLC analysis of 1 heterologous production in S. albus J1074. (B) HPLC analysis of 1 from NO[image: image] (10 mM) feeding experiments in S. albus J1074 heterologous expression strains.




In vitro and Feeding Experiments

Bioinformatics analysis revealed that 8-azgA probably encodes an NOS being responsible for the oxidation of L-arginine (Arg) to release nitric oxide (Kers et al., 2004). Nitric oxide can be autoxidized and give different “reactive nitrogen species” products, such as nitrogen dioxide (NO2), dinitrogen trioxide (N2O3, which can also be formed from NO[image: image] at acidic pH), etc. (Möller et al., 2019). To confirm the function of 8-AzgA, we purified its soluble protein; further enzymatic assays with NG-hydroxyl-L-arginine (intermediate of L-arginine and NOS reaction) and 8-AzgA revealed the release of NO in the reaction system (Supplementary Figure 2). Furthermore, sodium nitrite (10 mM) was separately fed into the 8-azgABF, 8-azgBCDEFGH, 8-azgCDEFGH, 8-azgACDEFGH, 8-azgABDFG, and 8-azgABCDEF containing S. albus J1074 strains. The titer of 8-AZG is obviously increased compared with no feeding control group except for 8-azgABF, 8-azgABDFG, and 8-azgABCDEF (Supplementary Figure 5). These results showed that the role of 8-AzgA and 8-AzgB could be replaced by feeding NO[image: image] into the broth (Figure 3B). 8-AzgB has homology to MFS (major facilitator superfamily) transporter that is proposed to act as either nitrate/proton symporter or nitrate/nitrite antiporter (Goddard et al., 2008). But an attempt to overexpress 8-AzgB in E. coli was unsuccessful. It was thus hypothesized that there is an intriguing reactive nitrogen species generation or transportation system in 1,2,3-triazole biosynthetic pathway: first, NO is produced by the catalysis of NOS 8-AzgA; afterward, NO converts into N2O3 or some other reactive nitrogen species, and 8-AzgB is in charge of their transformation or transportation.

According to the hints of non-enzymatic chemical synthesis, triazole could be produced from diamino with the adding of NO or NO[image: image] into the reaction system. When we incubated NO generator DEA NONOate or sodium nitrite with 4-hydroxy-2,5,6-triaminopyrimidine (5) at pH 6.8, the production of 8-AZG was detected (Figure 4B). One of the proposed mechanism for triazole formation is NO or NO[image: image] derivative N2O3 reacting with an amine at neutral pH to form N-nitrosamine, which can be diazotized and then reacts with the second amine to generate the triazole. Alternatively, a radical intermediate of the diamino derivatives is formed and then reacts with NO to give N-nitrosamine (Kers et al., 2004). The heterologous expression and feeding results suggested that the functions of 8-azgG and 8-azgE are unable to be substituted with sodium nitrite (Figure 3B and Supplementary Figure 5). We thus proposed two possibilities: one is 8-AzgG and 8-AzgE could be involved in the reaction with NO (or NO[image: image]) to give reactive nitrogen species; the other is that they catalyze the diamino radical intermediate formation, then to afford 1,2,3-triazole. Interestingly, 8-AzgG is homologous to oxygen-independent coproporphyrinogen-III oxidase, which is a family of radical SAM (S-adenosylmethionine) enzyme that has conserved CxxxCxxC three cysteine residues motif to coordinate [4Fe-4S] cluster (Supplementary Figure 21). The [4Fe-4S] cluster binds SAM and cleaves its carbon sulfur bond to yield a highly reactive 5′-deoxyadenosyl (Ado) radical, which then initiates a series of radical reactions (Zhang et al., 2012). Therefore, 8-AzgG could be the candidate to trigger radical intermediate formation. The feeding of 5 into 8-azgABDG heterologous expression broth did not form detectable 8-AzgG, which implies the possibility of substrate selectivity in 8-AZG triazole enzymatic reaction or 5 could not be fed into the S. albus strain. Unfortunately, we have not obtained the soluble 8-AzgG protein for the in vitro test yet.


[image: image]

FIGURE 4. (A) Proposed Ptn proteins catalytic pathway. (B) HPLC analysis of the reaction mixtures of 5 (0.5 mM) with NaNO2 (10 mM) or DEA NONOate (1 mM) incubated for 1 h at room temperature in H2O (pH 6.8): (i) 5, (ii) 5 and sodium nitrite, (iii) 5 and DEA NONOate, (iv) 8-AZG standard.


Next, 8-AzgD was overexpressed in E. coli, and the purified protein was incubated with 2 and 3, but no new product was detected. Based on the sequence homology analysis, 8-azgD belongs to the family of cytokinin riboside 5′-monophosphate phosphoribohydrolase, which catalyzes the hydrolytic removal of ribose 5′-monophosphate (Kurakawa et al., 2007). Therefore, we speculated 8-AzgD catalyzes the last step of 8-AZG biosynthesis. The authentic substrate of 8-AzgD, 5′-monophosphate 8-azaguanosine is rapidly converted into 2 and 3 by the metabolic system of S. pathocidicus. Another enzyme 8-AzgE has little homology with other known proteins, and interestingly, the purified protein has a visible pink color, which means the binding of metal ion. The function of 8-AzgE is still a mystery.



DISCUSSION

On the basis of the in vivo and in vitro analysis, we propose a complete 8-AZG biosynthetic pathway as follows: imidazole ring of the starting unit GTP was hydrolytic opened by 8-AzgF to produce 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate. Then, the 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate or a radical intermediate formed by 8-AzgG is converted to 5′-triphosphate 8-azaguanosine by reactive nitrogen species, which is transformed from arginine by the synergistic effect of 8-AzgA and 8-AzgB followed by dephosphorylating conversion to 5′-monophosphate 8-azaguanosine. Alternatively, 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate is dephosphorylated into 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5′-monophosphate or converted into 5′-monophosphate radical intermediate, which is activated by reactive nitrogen species to form 5′-monophosphate 8-azaguanosine. The final hydrolytic removal of ribose 5′-monophosphate is catalyzed by 8-AzgD to afford 8-AZG (Figure 5).
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FIGURE 5. Proposed biosynthetic pathway to 8-azaguanine.


The research of Zhao et al. also proposed a biosynthetic route to 8-AZG, which is basically the same as our proposed pathway without the participation of 8-AzgG and 8-AzgE (Figure 4A). In the beginning, the GCH I–like enzyme PtnA catalyzes the hydrolytic cleavage of GTP. The resulting product 2,5-diaminopyrimidine triphosphate could combine with an NO-derived reactive species to afford 8-azaguanosine triphosphate, followed by pyrophosphate release by host enzyme. Alternatively, the compound 2,5-diaminopyrimidine triphosphate could undergo pyrophosphate release and then be followed by triazole formation to afford 5′-monophosphate 8-azaguanosine. The last step could be the 5′-monophosphate 8-azaguanosine hydrolytic removal of ribose 5′-monophosphate to 1 by PtnC, and they carried out in vitro test to prove the activity of PtnC as a monophosphate nucleosidase (Zhao et al., 2020). The work of Zhao et al. reported some similar results and also plenty of differences as those presented here. First, they used heterologous expression to locate the biosynthetic gene cluster, for which we adopted both native strain gene knockout and heterologous expression methods. Five additional genes were disrupted, and two undiscussed genes 8-azgB/G could be important for 8-AZG biosynthesis. Second, we identified two new metabolite products 2 and 3 from the Δ8-azgD mutant strain fermentation broth; however, the compound 1,2,3-triazole nucleoside 8-azaguanosine was not accumulated in our mutant or heterologous expression strains. There are also some new findings in the heterologous gene expression and feeding experiments, such as the proposed 8-azgA/B reactive nitrogen species generation or transportation part. Even though the NO and NO[image: image] involved non-enzymatic production of 8-AZG has been confirmed (Ding et al., 2012), based on the in vivo data, a more efficient enzymatic pathway should be existed in the 8-AZG biosynthesis. 8-AzgG and 8-AzgE are likely to participate in the 1,2,3-triazole cascade enzyme catalysis process, but their true functions still need to be explored.

In summary, we have clearly identified the entire biosynthetic gene cluster of 8-AZG by genome scanning, targeted gene deletion, heterologous expression, and feeding experiments, which sets the stage for scrutinizing the chemical logic and enzymatic machinery in 8-AZG biosynthesis. The isolation and structural elucidation of several metabolites and bioinformatics analysis shed light on the functions and timing of some enzymes. We further revealed the NO and reactive nitrogen species–related genes in triazole biosynthesis and proved the non-enzymatic ring formation reaction of 8-AZG 1,2,3-triazole. An enzymatic pathway for triazole construction was proposed according to the in vivo experiments. Additional genetic and biochemical studies will provide more insight into the timing and mechanism of the biosynthetic enzymes in producing 8-AZG and promote the engineered biosynthesis of new 1,2,3-triazole-type compounds for drug discovery.
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