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ABSTRACT 9 

Tuberculosis is an infectious disease of global concern. Members of the diazaquinomycin 10 

(DAQ) class of natural products have shown potent and selective activity against drug-resistant 11 

Mycobacterium tuberculosis. However, poor solubility has prevented further development of this 12 

compound class. Understanding DAQ biosynthesis may provide a viable route for the generation 13 

of derivatives with improved properties. We have sequenced the genomes of two actinomycete 14 

bacteria that produce distinct DAQ derivatives. While software tools for automated biosynthetic 15 

gene cluster (BGC) prediction failed to detect DAQ BGCs, comparative genomics using MAUVE 16 

alignment led to the identification of putative BGCs in the marine Streptomyces sp. F001 and in 17 

the freshwater Micromonospora sp. B006. Deletion of the identified daq BGC in strain B006 using 18 

CRISPR-Cas9 genome editing abolished DAQ production, providing experimental evidence for 19 

BGC assignment. A complete model for DAQ biosynthesis is proposed based on the genes 20 

identified. Insufficient knowledge of natural product biosynthesis is one of the major challenges of 21 

productive, genome mining approaches. The results reported here fill a gap in knowledge 22 

regarding the genetic basis for the biosynthesis of DAQ antibiotics. Moreover, identification of the 23 

daq BGC shall enable future generations of improved derivatives using biosynthetic methods. 24 
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Tuberculosis (TB) is a global health threat. In 2016, the World Health Organization reported 26 

10.4 million new TB cases and approximately 1.7 million deaths worldwide, with over 95% of them 27 

occurring in low- and middle-income countries.1 Approximately 20% of the reported TB cases are 28 

estimated to be resistant to at least one first- and second-line anti-TB drug.1 The increasing 29 

number of multidrug-resistant TB cases highlights the importance and clinical need for continued 30 

anti-TB drug discovery and development efforts. Members of the diazaquinomycin (DAQ) class 31 

of diaza-anthraquinone antibiotics (Figure 1), have shown potent and selective inhibitory activity 32 

against Mycobacterium tuberculosis (MIC of ~0.1 µM against strain H37Rv).2 The in vitro activity 33 

profile of DAQ A (1) was equivalent to clinical anti-TB drugs and the potency was maintained 34 

against a panel of drug-resistant M. tuberculosis strains.2  35 

 36 
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 45 

Figure 1. Structures of diazaquinomycin (DAQ) natural products and related compounds. The bacterial 46 

and environmental source is indicated below each structure. 47 

DAQ A (1) was first isolated from soil Streptomyces sp. OM-704 in 1982.3 It was reported then 48 

to exhibit weak antibiotic activity.3 The structures of DAQ A and its reduced derivative DAQ B (2) 49 

were published the following year.4 To date, seven additional derivatives have been isolated, 50 

DAQs C (3) and D (4) from soil Streptomyces sp. GW48/1497,5 DAQs E (5), F (6), and G (7) from 51 

the marine-derived Streptomyces sp. F001,6 and DAQs H (8) and J (9) from the freshwater-52 

derived Micromonospora spp. B0262 and B0067 (Figure 1). Although DAQs have been known for 53 
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over three decades, their potent and selective anti-TB activity was only recently discovered after 54 

a screening campaign of freshwater actinomycete extracts for anti-TB hit identification.2 55 

In 1985, Murata and colleagues reported that DAQs target mammalian and bacterial 56 

thymidylate synthase.8 More recent data indicated that at least in M. tuberculosis this is however 57 

not the case.2 Despite extensive efforts, the anti-TB mechanism of action of DAQs remains 58 

unknown.9 Transcription profiling experiments and the central quinone substructure of DAQs 59 

suggest that cell damage in M. tuberculosis may be caused by extensive redox chemistry.9 DAQs 60 

show structural similarity to nybomycin (10),10, 11 deoxynybomycin (11),10, 11 SCH 538415 (12),12 61 

and deoxynyboquinone (13) (Figure 1).10, 13 Nybomycin was originally isolated from the terrestrial 62 

Streptomyces sp. A717 and showed anti-phage and antimicrobial activity.14 It was re-discovered 63 

in 2015 as an anti-TB agent that targets both the active and dormant states of M. tuberculosis.15 64 

Deoxynybomycin (11), originally described as a degradation product of 10,10 was later found to 65 

be produced by a soil Streptomyces hyalinum strain and to have more potent activity than 10.16, 66 

17 SCH 538415 (12) was isolated in 2003 from an unidentified bacterial microbe during a 67 

mechanism-based drug discovery campaign aimed at identifying inhibitors of bacterial acyl carrier 68 

protein synthetase,12 and again three years later from a riverbank soil-derived Streptomyces sp.18 69 

It was reported to possess anticancer and moderate antibacterial activity.12, 18 A nearly identical 70 

compound, 13, was originally synthesized during studies of the antibiotic 1010 and was more 71 

recently found to be a natural product produced by a deep-sea actinomycete, Pseudonocardia 72 

sp. SCSIO 01299.19, 20 Deoxynyboquinone (13) has been shown to be reductively activated by the 73 

enzyme NAD(P)H:quinone oxidoreductase 1, and to undergo redox cycling that induces cancer 74 

cell death through a reactive oxygen species (ROS)-based mechanism.13, 21  75 

DAQs suffer from poor water solubility, presumably due to their planar structures leading to 76 

intermolecular pi-stacking interactions, and the hydrophobicity of the aliphatic side chains, as has 77 

been reported for 13 and 10.10, 13 This has prevented extensive animal studies thus far. While total 78 

synthesis routes to DAQs have been described,22-25 modifications to the alkyl chains remain a 79 

challenge, and analogs of improved pharmaceutical properties have yet to be reported. We are 80 

interested in understanding the molecular basis for differential DAQ biosynthesis in Streptomyces 81 

sp. F001 and Micromonospora sp. B006, and in applying this knowledge towards the generation 82 

of DAQ derivatives with improved properties. For instance, enzymes involved in side ring 83 

biosynthesis could potentially be harnessed to introduce functional groups that may lead to 84 

improved solubility. 85 



5 

 

The structural similarity of 1 – 13 indicates that they share a similar biosynthetic origin. 86 

Precursor labeling studies performed in the 1970s with the nybomycin (10) producer defined 87 

acetate as the source of the side ring carbons of 10, while the central nucleus was shown to 88 

originate from the shikimate pathway.26, 27 Herein we report the identification of daq biosynthetic 89 

gene clusters (BGCs) in the marine-derived Streptomyces sp. F001 and the freshwater-derived 90 

Micromonospora sp. B006 by comparative genomics. 91 

We recently sequenced the genome of Micromonospora sp. strain B006, the producer of 8 and 92 

9.28 Automated genome mining tools were unsuccessful in detecting a putative daq BGC. 93 

Incomplete knowledge of natural product biosynthesis is one of the major challenges of 94 

productive, genome mining approaches that try to connect natural products to BGCs. To 95 

overcome this challenge, we report analysis of an additional genome, that of Streptomyces sp. 96 

F001 as the producer of 1 and 5 – 7, and the identification of putative daq BGCs by comparative 97 

genomics. Moreover, deletion of the identified genes in strain B006 using CRISPR-Cas9 genome 98 

editing provided evidence for gene cluster assignment. Based on the genes identified we propose 99 

a model for diazaquinomycin biosynthesis. 100 

 101 

RESULTS AND DISCUSSION 102 

Comparative Genomics Leads to the Identification of a Putative DAQ Gene Cluster. The 103 

genome of the marine actinomycete bacterium Streptomyces sp. F001 was sequenced with short-104 

read Illumina and long-read Pacific Biosciences technologies.29 Bioinformatic analyses revealed 105 

24 secondary metabolite BGCs (Tables S1 to S26, and Supplementary Results). However, 106 

automated genome mining techniques, such as antiSMASH 4.0, failed to identify putative daq 107 

BGCs in strains F001 or B006, suggesting that biosynthesis of DAQs does not conform to 108 

generally known biosynthetic pathways for secondary metabolites or that their biosynthesis 109 

resembles primary metabolism. We anticipated that the latter is the case given that involvement 110 

of the shikimate pathway and fatty acid biosynthesis is suggested based on precursor labeling 111 

studies with 10.26, 27 112 

In order to identify genes putatively involved in DAQ biosynthesis, the genome of Streptomyces 113 

sp. strain F00129 was compared with that of Micromonospora sp. strain B00628 using progressive 114 

MAUVE alignment.30 The genome of the well-studied and non-producer strain Streptomyces 115 

coelicolor A3(2)31 was added to the alignment to exclude common genes from primary 116 

metabolism. We were then able to identify an approximately 19-kb region that was shared 117 
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between strains F001 and B006 (Figure 2). Interestingly, in Micromonospora sp. strain B006 the 118 

identified region lacked four genes putatively encoding a 3-deoxy-D-arabinoheptulosonic acid 7-119 

phosphate (DAHP) synthase (daqJ), an anthranilate synthase (daqG), an isochorismatase (daqH) 120 

and a 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase (daqI). Homologues of these four 121 

genes were identified within the previously described diazepinomicin BGC using BLAST 122 

searches.28 The daq gene cluster is located in the direct vicinity of the diazepinomicin BGC in 123 

strain B006 (Figure 2). Strain F001 does not contain a diazepinomicin BGC. 124 

 125 

Figure 2. Diazaquinomycin BGCs from Streptomyces sp. F001 and Micromonospora sp. B006. 126 

Homologous genes are connected by grey areas. Genes are color-coded by proposed function as shown. 127 

Open reading frames (ORFs) within the daq BGCs were annotated and analyzed for sequence 128 

similarity to known proteins with the aim of assigning their putative function in the biosynthesis of 129 

DAQs (Table 1, and Table S27). The putative daq BGCs identified in strains F001 and B006 did 130 

not only differ in gene organization but also in gene content (Figure 2 and Table 1). For instance, 131 

the BGC in strain F001 contained two genes, daqL and daqO, encoding putative NAD-dependent 132 

epimerases while only one, which showed higher similarity with daqO, was found in strain B006. 133 

Furthermore, the cluster in B006 contained an additional gene, daqV, which encodes a putative 134 

transcriptional regulator, and which is absent in strain F001. Additionally, a second gene encoding 135 

a putative -ketoacyl-ACP synthase III (daqU) was found at one of the borders of the daq BGC in 136 

strain F001 but not in strain B006.  137 

  138 
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Table 1. Predicted Function of ORFs in the daq BGCs. 139 

Gene 
Locus Tag 

Protein 
Putative Function(s) 

Identity/ 
Similarity 

(%)* F001 B006 

daqA StrepF001_25980 MicB006_2935 NADPH:quinone reductase 59/79 

daqB StrepF001_25975 MicB006_2937 cyclase 57/76 

daqC StrepF001_25970 MicB006_2938 long-chain acyl-CoA synthetase 69/86 

daqD StrepF001_25965 MicB006_2939 FAD-dependent oxidoreductase/3-
hydroxybenzoate 6-monooxygenase 

60/81 

daqE StrepF001_25960 MicB006_2940 hypothetical protein with FAD-NAD(P)-binding 
domain 

69/82 

daqF StrepF001_25955 MicB006_2941 lyase family protein 65/84 

daqG StrepF001_25950 MicB006_2906 anthranilate synthase 57/77 

daqH StrepF001_25945 MicB006_2898 isochorismatase 58/75 

daqI StrepF001_25940 MicB006_2899 2,3-dihydro-2,3-dihydroxybenzoate 
dehydrogenase 

62/85 

daqJ StrepF001_25935 MicB006_2892 DAHP synthase 48/71 

daqK StrepF001_25930 MicB006_2930 transposase 43/68 

daqL StrepF001_25925 - NAD-dependent epimerase/dehydratase - 

daqM StrepF001_25920 MicB006_2928 TetR family transcriptional regulator 59/83 

daqN StrepF001_25915 MicB006_2931 ketoacyl-ACP synthase III 65/88 

daqO StrepF001_25910 MicB006_2929 NAD-dependent epimerase/SDR family 
oxidoreductase 

65/85 

daqP StrepF001_25905 MicB006_2927 WrbA, a NADPH:quinone oxidoreductase 74/88 

daqQ StrepF001_25900 MicB006_2926 dehydratase 52/76 

daqR StrepF001_25895 MicB006_2932 decarboxylase 62/83 

daqS StrepF001_25890 MicB006_2933 N-acetyltransferase 54/79 

daqT StrepF001_25885 MicB006_2934 N-acetyltransferase 57/81 

daqU StrepF001_25880 - ketoacyl-ACP synthase III - 

daqV - MicB006_2936 PucR family transcriptional regulator - 

*The identity/similarity percentages shown are between proteins from F001 and B006. 
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More detailed information, including top BLAST hits, can be found in Table S27. 

 140 

Homologous daq BGCs are Present in Other Sequenced Strains. We identified 141 

homologous daq BGCs in Streptomyces sp. AS58, Streptomyces sp. yr375, Micromonospora sp. 142 

TSRI0369, and Micromonospora sp. M42. While the putative daq BGCs identified in the 143 

Streptomyces strains F001 and yr375 are identical, the cluster found in strain AS58 differs in gene 144 

organization and by the absence of the putative NADPH:quinone oxidoreductase gene daqA 145 

(Figure S2A). The daq BGCs found in Micromonospora sp. strains TSRI0369 and M42 are 146 

identical to that in strain B006 (Figure S2B), and they are also located in the direct vicinity of a 147 

diazepinomicin gene cluster. Genes up- and downstream of the putative daq BGC are different in 148 

strains F001 and yr375 as well as in strains B006 and M42, indicating that the boundaries of the 149 

BGCs are as shown in Figure 2. Furthermore, the daq BGCs in all three Streptomyces strains 150 

contain a second putative -ketoacyl-ACP synthase III gene (daqU) suggesting that DaqU is 151 

indeed part of the BGC and that it is important to the biosynthesis of DAQs produced by 152 

Streptomyces sp. F001 and potentially to the other Streptomyces strains, although they haven’t 153 

been shown to be DAQ producers. In addition, the BGC of 10 (Figure 1) from Streptomyces albus 154 

subsp. chlorinus NRRL B-24108 was recently published (Figure S2C).32 A comparison of the daq 155 

and nyb BGCs is presented in Table S28. The genes daqA to daqH, daqJ, and daqL to daqU 156 

share sequence identity with nyb genes. No homologue was found for daqI encoding a putative 157 

2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase. Furthermore, the daq BGC contains two 158 

genes, daqS and daqT, encoding N-acetyltransferases, while only one was found in the nyb BGC. 159 

Finally, the nybomycin BGC encodes one gene, nybM, which shares sequence similarity to the 160 

putative -ketoacyl-ACP synthase III genes daqN/daqU. 161 

Deletion of the daq BGC Abolishes DAQ Production. We recently established a reverse 162 

genetics system for Micromonospora sp. B006 and showed that gene disruption could be 163 

performed in this strain using classical homologous recombination via a single crossover.28 By 164 

contrast, Streptomyces sp. F001 turned out to be more recalcitrant to genetic engineering. We 165 

therefore chose to probe whether the identified region is indeed responsible for the biosynthesis 166 

of DAQs by gene cluster deletion in Micromonospora sp. B006. This time, we opted for CRISPR-167 

Cas9 for genome editing. Protospacer sequences were selected within the genes at the start and 168 

end of the cluster (MicB006_2924 and MicB006_2941, respectively; Figure 3A). The genome 169 

editing design ensured that the diazepinomicin BGC remained intact. A 2-kb editing template was 170 

constructed from 1-kb sequences immediately flanking the daq cluster. Following conjugation, 171 
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five exconjugants were evaluated by PCR using primers that anneal outside of the 1-kb homology 172 

arms (Figure 3A). The 3.5-kb band indicative of gene cluster deletion was observed for 173 

exconjugants 1, 2, 4, and 5, while no band was observed when wild-type (as expected) and 174 

exconjugant 3 genomic DNA were used as templates (Figure 3B). Similarly, PCR amplification 175 

with a primer annealing within the deleted region only produced a 2-kb band from wild type and 176 

exconjugant 3 (Figure 3C). These results confirmed four of the five tested exconjugants as daq 177 

mutants. This is only the second report of using CRISPR-Cas9 for genome editing in 178 

Micromonospora.33 179 

The four confirmed daq mutants and the wild-type strain were grown in A1 liquid medium with 180 

filtered Lake Michigan water and the MeOH extracts were analyzed by HPLC-PDA and UHPLC-181 

HRESIQTOFMS (Figure 3D and Figure S3). From this analysis, four DAQs were observed from 182 

HPLC-PDA analysis of the extract obtained from the wild-type strain. Analogs 8 and 9 were 183 

confirmed by comparing HRMS, MS2 fragments, and retention times in UHPLC-MS/MS with 184 

purified DAQ H and DAQ J samples isolated from previous studies (Figure S4).2 The remaining 185 

two DAQ analogs are putatively new, however they are minor components of the fermentation 186 

extract and insufficient material precluded their full structural characterization. Despite this, based 187 

on characteristic DAQ MS2 fragmentation data, chemical structures are proposed in Figure S4. 188 

The deletion of the identified ~19-kb region in Micromonospora sp. B006 abolished the production 189 

of DAQs (Figure 3D), providing experimental evidence for gene cluster assignment. 190 
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  191 

Figure 3. Deletion of the putative daq biosynthetic gene cluster abolishes DAQ production in 192 

Micromonospora sp. B006. (A) Design of CRISPR-Cas9 genome editing. (B) PCR using primers 193 

oJB172/174; expected fragment lengths are 21.5 kb (wt), and 3.5 kb (mutants). (C) PCR using primers 194 

oJB140/174; expected fragment lengths are 2 kb (wt), and no band (mutants). (D) HPLC chromatograms, 195 
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extracted at 280 nm, highlighting the m/z values for DAQ peaks, along with their overlaid UV spectra shown 196 

in full scale. The m/z values for DAQ peaks were obtained by UHPLC-QTOFMS (Figure S3). wt, wild type.  197 

Biosynthesis Hypothesis. Based on the genes present in the daq BGC, a working 198 

biosynthesis hypothesis was formulated (Figures 4 to 6 and Figure S5). The proposed model is 199 

in accordance with previous precursor labeling studies which showed incorporation of labeled D-200 

glucose, pyruvate and D-erythrose consistent with the central ring carbons of the related 201 

compound 10 (Figure 1) originating from a shikimate-type pathway.27 Moreover, labeling studies 202 

established acetate as the source of the side ring carbons of 10.26 203 

204 

 205 

Figure 4. Proposed pathway for biosynthesis of the diazaquinomycin central core. The first four steps 206 

involving DaqJ, DaqG, DaqH and DaqI and leading to 3-hydroxy-anthranilic acid are according to the 207 

proposal for diazepinomicin biosynthesis by McAlpine et al.34 See text for further details. 208 

According to the hypothesis presented in Figure 4, biosynthesis of DAQ’s central ring would 209 

start with DAHP synthase DaqJ. DAHP synthase catalyzes the first committed step of the 210 

shikimate pathway, that is, the condensation of the glycolysis pathway intermediate 211 

phosphoenolpyruvate and the pentose phosphate pathway intermediate D-erythrose-4-212 

phosphate. Strict feedback regulation of housekeeping DAHP synthase ensures appropriate flux 213 

through the shikimate pathway for aromatic amino acid biosynthesis. DAHP synthase is known to 214 

be regulated at the gene and enzyme levels. For instance, allosteric regulation by end products 215 

phenylalanine, tyrosine and tryptophan leads to loss in enzyme activity35, 36 As such, BGCs for 216 

compounds that rely on the shikimate pathway usually contain a gene encoding a DAHP synthase 217 

isoenzyme that can bypass feedback regulation by aromatic amino acids.37-39 218 

In Micromonospora sp. B006, daqJ is present in the diazepinomicin BGC (Figure 2). In addition 219 

to daqJ, three other genes are shared between the daq and the diazepinomicin BGCs, 220 
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anthranilate synthase daqG, isochorismatase daqH, and 2,3-dihydro-2,3-dihydroxybenzoate 221 

dehydrogenase daqI. According to the proposal by McAlpine et al.34 the corresponding proteins 222 

ORF33, ORF19 and ORF27 of Micromonospora sp. DPJ12, respectively, catalyze the conversion 223 

of chorismic acid to 3-hydroxyanthranilic acid as shown in Figure 4. 3-hydroxyanthranilic acid is 224 

then activated by adenylation, followed by condensation with aminohydroxy[1,4]benzoquinone to 225 

form the dibenzodiazepinone core, which after prenylation results in diazepinomicin (Figure S5).34, 226 

40  227 

We propose that 3-hydroxyanthranilic acid is the branching point between DAQ and 228 

diazepinomicin biosynthesis as shown in Figure S5. 3-hydroxyanthranilic acid would be converted 229 

to the 2,6-diaminoquinone central ring of DAQs in a series of steps. For instance, the daq BGC 230 

contains a gene, daqD, that shows 85% sequence identity to 3-hydroxybenzoate 6-231 

monooxygenases.41 Accordingly, we propose that DaqD catalyzes hydroxylation at C-6 of 3-232 

hydroxyanthranilic acid. Further, although DaqF shows sequence similarity to enzymes putatively 233 

annotated as an adenylosuccinate lyase family protein or a 3-carboxy-cis, cis-muconate 234 

cycloisomerase, it also contains a lyase I domain. The class I lyase superfamily includes 235 

phenylalanine, tyrosine and histidine ammonia lyases, which catalyze the reversible addition of 236 

ammonia to a double bond (cinnamic acid, p-hydroxycinnamic acid and urocanic acid, 237 

respectively).42-44 Thus, we tentatively propose that DaqF catalyzes amination at C-4, which 238 

followed by re-aromatization, possibly involving DaqE and/or DaqO, may lead to 2,4-diamino-3,6-239 

dihydroxybenzoic acid. DaqE contains an uncharacterized FAD-NAD(P) binding domain at its N-240 

terminus and a conserved domain of unknown function (DUF4175) at its C-terminus. DaqO 241 

contains a NAD binding domain and appears to belong to the short-chain 242 

dehydrogenase/reductase superfamily. A PDB search with DaqO identified an imine reductase 243 

as a potential homolog.45  244 

Next, DaqR shows a metallo-dependent hydrolase fold and sequence similarity to proteins 245 

putatively annotated as amidohydrolases. In addition, DaqR shows 40% sequence identity to an 246 

enzyme from Burkholderia cepacia that has been recently shown to be a novel member of the 247 

amidohydrolase 2 family that catalyzes the nonoxidative decarboxylation of 2-hydroxy-1-248 

naphthoic acid.46 Thus, we propose that DaqR catalyzes decarboxylation of 2,4-diamino-3,6-249 

dihydroxybenzoic acid to form the 2,6-diaminobenzene-1,4-diol that is later incorporated as the 250 

central quinone core of DAQs. 251 
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Regarding the biosynthesis of the side rings, the gene daqC encodes a putative long-chain 252 

acyl-CoA synthetase that is proposed to be responsible for activation of acyl substrates (Figure 253 

5). Actinomycetes are known to biosynthesize both straight and branched-chain fatty acids.47 It is 254 

conceivable that differential preference of DaqCF001 and DaqCB006 for straight and branched-chain 255 

fatty acids, respectively, may help explain the different DAQ analogs produced by each strain. 256 

The substrate preferences of enzymes downstream in the pathway may play a role as well. Next, 257 

it is interesting to note that the daq BGC in strain B006 contains only one -ketoacyl-ACP 258 

synthase III (KASIII) gene, daqN, whereas two KASIII genes, daqN and daqU are found in strain 259 

F001. DaqN and DaqU would catalyze the Claisen condensation of an acyl-CoA unit with malonyl- 260 

or methylmalonyl-ACP. Based on the observation that DAQ congeners produced by strain B006 261 

lack methyl groups at C-3 and C-6 and that DAQ congeners produced by strain F001 contain a 262 

methyl group at C-3 and may contain a methyl group at C-6, we hypothesize that DaqN prefers 263 

malonyl-ACP as a substrate, whereas DaqU prefers methylmalonyl-ACP (Figure 5). Another point 264 

to note is that there are no ACP genes present in the daq BGC. Given that KASIII enzymes are 265 

known to accept ACP-bound substrates,48, 49 (methyl)malonyl-ACP from primary metabolism (fatty 266 

acid biosynthesis) may be co-opted for DAQ biosynthesis. Alternatively, it is also conceivable that 267 

CoA-activated substrates may be used instead.50 268 

 269 

270 

 271 
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Figure 5. Proposed pathway for biosynthesis of diazaquinomycin’s side rings. Proposed model to explain 272 

the molecular basis for the distinct DAQ derivatives produced by Micromonospora sp. B006 and 273 

Streptomyces sp. F001. We hypothesize that DaqNB006 preferentially accepts malonyl-ACP (or malonyl-274 

CoA) and a branched-chain fatty acyl-CoA or acetyl-CoA monomer as substrates, whereas DaqNF001 275 

preferentially accepts malonyl-ACP (or malonyl-CoA) and a straight-chain fatty acyl-CoA monomer. DaqU, 276 

which is present only in strain F001 would preferentially accept methylmalonyl-ACP (or methylmalonyl-277 

CoA). CoA, coenzyme A. ACP, acyl carrier protein. 278 

The resulting -ketoacyl units would then be condensed with the primary amines of 2,6-279 

diaminohydroquinone as catalyzed by the activity of two putative N-acetyltransferases DaqS and 280 

DaqT (Figure 6). Finally, the putative polyketide cyclase DaqB would catalyze cyclization, followed 281 

by dehydration, presumably catalyzed by DaqQ which appears to belong to the nuclear transport 282 

factor 2 family of proteins that includes dehydratases. Reactions presumably catalyzed by DaqB 283 

and DaqQ would be the enzymatic equivalents of double Knorr quinoline synthetic routes reported 284 

for DAQs.22, 24, 51 285 

286 

 287 

Figure 6. Proposed final steps in diazaquinomycin biosynthesis. 288 

Regulatory and Unknown Genes. In addition to structural genes, the daq BGC contains a 289 

TetR-family transcriptional regulator gene, daqM, in both actinomycetes and a putative PucR-like 290 

transcriptional regulator in the BGC from strain B006 only, daqV. Moreover, both BGCs contain 291 

two genes that show sequence similarity to quinone oxidoreductases. DaqP shows sequence 292 

similarity to the type IV, two-electron, FMN-dependent NAD(P)H:quinone oxidoreductase WrbA, 293 

which has been shown to be implicated in oxidative stress defense.52-54 For instance, deletion of 294 

WrbA-like proteins in Candida albicans lend them more sensitive to benzoquinone.55 DaqA shows 295 

sequence similarity to the zeta-crystallin type of one-electron quinone oxidoreductases. This type 296 

of quinone oxidoreductase has also been proposed to play a role in quinone detoxification. In 297 
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addition, binding of human and yeast zeta-crystallin to mRNA has also been reported with a 298 

possible role in gene expression.56-58 The roles of DaqA and DaqP remain to be demonstrated. 299 

Conclusions. Members of the diazaquinomycin class of natural products have shown potent 300 

and selective inhibitory activity against a panel of drug-resistant M. tuberculosis strains, a 301 

pathogen of global concern.2 The genome of the marine-derived actinomycete bacterium 302 

Streptomyces sp. F001, a producer of DAQ A (1) and DAQ E-G (5-7),6 was analyzed using 303 

automated software tools, revealing 24 BGCs, none of which could be assigned to DAQs (Table 304 

S1). The genome of Streptomyces sp. F001 was then compared with that of the Lake Michigan-305 

derived Micromonospora sp. B006,28 a producer of DAQ H (8) and J (9).7 An approximately 19-306 

kb region that is shared between both strains was identified as a putative daq BGC (Figure 2). 307 

We then provided experimental evidence, through BGC deletion mediated by CRISPR-Cas9, that 308 

the identified BGC in strain B006 is indeed responsible for the biosynthesis of DAQs (Figure 3). 309 

Based on the genes identified, we proposed a working hypothesis for DAQ biosynthesis (Figures 310 

4 to 6). 311 

Genome mining approaches rely on current knowledge of secondary metabolite biosynthesis and 312 

on BGC databases such as the Minimum Information about a Biosynthetic Gene cluster (MIBiG) 313 

repository.59, 60 The fact that DAQ biosynthesis resembles primary metabolism (shikimate pathway 314 

and fatty acid biosynthesis) may explain why automated software tools were unsuccessful in 315 

detecting daq BGCs in the genomes of strains F001 and B006. The daq BGCs identified here 316 

through comparative genomics will allow not only elucidation of DAQ biosynthesis for basic and 317 

applied purposes, but will also facilitate detection of related BGCs in the future.   318 
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MATERIAL AND METHODS 319 

General Experimental Procedures. All chemicals were acquired from Sigma-Aldrich, Alfa 320 

Aesar, VWR, and Fisher Scientific. Solvents were of HPLC grade or higher. Restrictions enzymes 321 

were purchased from New England Biolabs. Oligonucleotide primers were synthesized by Sigma-322 

Aldrich. Molecular biology procedures were carried out according to the manufactures’ 323 

instructions (New England Biolabs, Thermo Fisher Scientific, Qiagen, and Zymo Research). 324 

Strains and Cultivation Conditions. Streptomyces sp. F001 was isolated from a sediment 325 

sample from Raja Ampat, Birds Head, Papua, Indonesia (0°33’54.72’’S, 130°40’35.04’’E) in 326 

March 2011.29 The strain was routinely cultivated on A1 medium (33.3 g instant ocean sea salt 327 

(Marineland), 10 g starch, 4 g yeast extract, 2 g peptone, 1 g calcium carbonate, 100 mg 328 

potassium bromide, and 40 mg iron sulfate per liter A1 medium, and 20 g agar for solid medium) 329 

at 30 °C. 330 

Micromonospora sp. strain B006 was isolated from a Lake Michigan sediment sample collected 331 

by PONAR at a depth of 56 m, from approx. 16.5 miles off the coast of north Milwaukee, WI, USA 332 

(43°13’27.0’’N, 87°34’12.0’’W) on August 23rd, 2010. For genomic DNA isolation and the 333 

preparation of frozen stocks, the wild-type strain and the obtained exconjugants were cultivated 334 

in TSB medium (3% tryptic soy broth) for three days at 30 °C and 200 rpm. The cultures were 335 

inoculated with a loopful of cell material from five-day old pure cultures grown on A1 medium 336 

plates (0.5 L of filtered Lake Michigan water, 0.5 L DI H2O, 10 g starch, 4 g yeast extract, 2 g 337 

peptone, 1 g calcium carbonate, 100 mg potassium bromide, and 40 mg iron sulfate per liter A1 338 

medium).2 Frozen stocks were prepared with mycelium from three-day old ISP2 (0.4% yeast 339 

extract, 1% malt extract, 0.4% dextrose, pH 7.3) liquid cultures by adding glycerol to 20% [v/v] 340 

final concentration followed by storage at -80 °C.  341 

E. coli strain ET12567/pUZ8002 was cultivated in LB medium supplemented with the 342 

appropriate antibiotics. The following antibiotics were used as selection markers: apramycin (final 343 

concentration: 50 µg/mL), kanamycin (50 µg/mL), chloramphenicol (25 µg/mL), and nalidixic acid 344 

(25 µg/mL). 345 

Bioinformatics Analysis. The genome of strain F001 was sequenced using Illumina and 346 

Pacific Biosciences (PacBio) technologies.29 CDS were detected using RAST.61-63 Ribosomal 347 

RNA genes and transfer RNA were detected by using RAST, the RNAmmer 1.2 software64 and 348 

tRNAscan-SE 2.065. Biosynthetic gene clusters and possible encoded compounds were roughly 349 
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predicted with antiSMASH66 and BAGEL467, and further annotated using BLAST68 followed by 350 

manual curation. A multi-locus species tree was generated using autoMLST in placement mode 351 

(http://automlst.ziemertlab.com).69 The genome of strain B006 was sequenced using Illumina and 352 

Oxford Nanopore technologies and analyzed as previously reported.28 Multiple whole genome 353 

sequence alignment of Streptomyces sp. F001 (GenBank accession: QZWF00000000; SRA 354 

accession: PRJNA483497), Micromonospora sp. B006 (GenBank accession: CP030865), and 355 

Streptomyces coelicolor A3(2) (GenBank accession: GCA_000203835.1) was performed using 356 

progressive MAUVE (version 2.4.0) with default settings.30 The daq BGCs were deposited in 357 

MIBiG under accession codes BGC0001848 (for strain B006) and BGC0001850 (for strain F001). 358 

Deletion of the Diazaquinomycin BGC in Micromonospora sp. Strain B006. For multiplex 359 

gene deletion in Micromonospora sp. B006, two sgRNA cassettes targeting two different positions 360 

outside the putative DAQ gene cluster were designed (Figure 3). The spacer sequences were 361 

identified using the CRISPR tool in GeneiousR9 (version 9.1.8). A synthetic DNA fragment was 362 

designed (5’-GTC TTC TGC CGC GTA CTC CAG ATA GCG TTT TAG AGC TAG AAA TAG CAA 363 

GTT AAA ATA AGG CTA GTC CGT TAT CAA CTT GAA AAA GTG GCA CCG AGT CGG TGC 364 

TAA ACC GAT ACA ATT AAA GGC TCC TTT TGG AGC CTT TTT TTG CTG CTC CTT CGG 365 

TCG GAC GTG CGT CTA CGG GCA CCT TAC CGC AGC CGT CGG CTG TGC GAC ACG GAC 366 

GGA TCG GGC GAA CTG GCC GAT GCT GGG AGA AGC GCG CTG CTG TAC GGC GCG 367 

CAC CGG GTG CGG AGC CCC TCG GCG AGC GGT GTG AAA CTT CTG TGA ATG GCC TGT 368 

TCG GTT GCT TTT TTT ATA CGG CTG CCA GAT AAG GCT TGC AGC ATC TGG GCG GCT 369 

ACC GCT ATG ATC GGG GCG TTC CTG CAA TTC TTA GTG CGA GTA TCT GAA AGG GGA 370 

TAC GCA TCG GGG CGA CCA GGA GGG GGT TTT AGA GCT AGA AAT AGC AAG TTA AAA 371 

TAA GGC TAG TCC GTT ATC AAC TTG AAA AAG TGG CAC CGA GTC GGT GCT TTT TAC 372 

TCC ATC TGG ATT TGT TCA GAA CGC TCG GTT GCC GCC GGG CGT TTT TTA TCT AGA-373 

3’) and ordered from GenScript. The two restriction sites BbsI and XbaI (underlined) were used 374 

to clone the synthetic DNA fragment into the same sites of the vector pCRISPomyces-2,70 yielding 375 

plasmid pJB026EL.  376 

Primer pairs oJB104/oJB105 and oJB106/oJB107 were used to amplify two 1-kb homology 377 

arms from genomic DNA isolated from strain B006 (Table S29). Genomic DNA was isolated from 378 

Micromonospora sp. B006 using the GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich). The 379 

50 µL PCR reactions consisted of 0.2 mM of each dNTP, 3% DMSO, 0.25 µM of each primer, and 380 

1 U/µL Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) in HF reaction buffer 381 

supplied with the enzyme. Thermocycling parameters were initial denaturation for 2 min at 98 °C; 382 
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amplification: 30 cycles (98 °C for 10 s, 69 °C for 30 s, 72 °C for 30 s); and terminal hold for 5 min 383 

at 72 °C. The two obtained PCR fragments were ligated by overlap extension (OE) PCR using 384 

primers oJB104 and oJB107 (Table S29). The 50-µL reaction consisted of the two purified DNA 385 

fragments in equimolar amounts, 0.2 mM of each dNTP, 3% DMSO, and 1 U/µL Phusion High-386 

Fidelity DNA Polymerase in HF reaction buffer supplied with the enzyme. Thermocycling 387 

conditions were initial denaturation: 60 s at 98 °C; amplification: 3 cycles (98 °C for 10 s, 72 °C 388 

for 30 s, 72 °C for 60 s). Subsequently, 0.25 mM of each primer were added to the reaction. 389 

Thermocycling parameters were initial denaturation for 60 s at 98 °C; amplification: 30 cycles 390 

(98 °C for 10 s, 69.8 °C for 30 s, 72 °C for 60 s); and terminal hold for 5 min at 72 °C. The primers 391 

oJB104 and oJB107 introduced the restriction site XbaI into the 2 kb PCR product, which was 392 

cloned into the same site of plasmid pJB026EL to generate plasmid pJB027EL. 393 

Subsequently, plasmid pJB027EL was transferred into Micromonospora sp. strain B006 by 394 

conjugation from E. coli ET12567/pUZ8002 as described earlier.28 Apramycin-resistant colonies 395 

were streaked on A1 medium plates containing 50 µg/mL apramycin and 25 µg/mL nalidixic acid 396 

until pure cultures were obtained. Genomic DNA was isolated using the GenElute Bacterial 397 

Genomic DNA Kit (Sigma-Aldrich). Gene cluster deletion was confirmed by PCR with primer pairs 398 

oJB140/oJB174 and oJB172/oJB174 (Table S29). The 20 µL reactions for primer pair 399 

oJB140/174 contained 0.2 mM of each dNTP, 3% DMSO, 0.25 μM of each primer, and 1.25 U 400 

DreamTaq DNA Polymerase (Thermo Fisher Scientific) in reaction buffer supplied with the 401 

enzyme. Thermocycling parameters were initial denaturation for 2 min at 95 °C; amplification: 30 402 

cycles (95 °C for 30 s, 57.1 °C for 30 s, 72 °C for 60 s); and terminal hold for 5 min at 72 °C. The 403 

25 µL reactions with primers oJB172 and oJB174 consisted of 0.2 mM of each dNTP, 1x Q5 High 404 

GC Enhancer, 0.5 μM of each primer, and 0.02 U/μL Q5 High-Fidelity DNA Polymerase (New 405 

England Biolabs) in Q5 reaction buffer supplied with the enzyme. The following thermal cycling 406 

conditions were used: 30 s at 98 °C; 30 cycles of 98 °C for 10 s; and 72 °C for 75 s; and a terminal 407 

hold at 72 °C for 2 min. 408 

Fermentation and Metabolite Analysis. For DAQ production, 50 mL TSB liquid medium was 409 

inoculated with 200 µL of a frozen stock of Micromonospora sp. strain B006 wild-type strain and 410 

mutants, respectively. The seed cultures were incubated for three days at 30 °C and 200 rpm. 411 

Subsequently, 5% [v/v] of these seed cultures were used to inoculate 50 mL A1 liquid medium in 412 

filtered Lake Michigan water2 in a 250 mL Erlenmeyer flask. The cultures were incubated at 30 °C 413 

and 200 rpm. After 7 days, 5% conditioned Diaion HP-20 resin was added to the production 414 

cultures. The HP-20 resin was conditioned prior to use by soaking in MeOH and then rinsing 415 
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thoroughly with distilled H2O. The production cultures were incubated for another 24 h at 30 °C 416 

and 200 rpm. Subsequently, the cultures were harvested by centrifugation. The supernatant was 417 

decanted and the cell/resin pellet was extracted three times with 20 mL MeOH each. After 418 

removing the solvent under reduced pressure, the extracts were dissolved in MeOH for HPLC 419 

analysis. 420 

HPLC analysis was performed on an Agilent 1260 Infinity system equipped with a Kinetex C18 421 

column (150 x 4.6 mm, 5 µm particle size, 100 Å pore size, Phenomenex). Solvent A was 0.1% 422 

[v/v] trifluoroacetic acid (TFA) in H2O, and solvent B was CH3CN. Method: isocratic flow of 50% 423 

B for 2 min; linear gradient from 50% to 100% B from 2-10 min; isocratic flow of 100% B for 5 min. 424 

The detection wave length range was 200 – 600 nm; chromatograms were analyzed at 425 

 = 280 nm. 426 

MS analyses were performed on a Bruker impact II Q-TOF (quadrupole time-of-flight) mass 427 

spectrometer (Thermo Electron Corporation) in positive mode and a Shimadzu Nexera X2 428 

UHPLC, equipped with a Kinetex C18 column (50 x 2.1 nm, 1.7 µm particle size, 100 Å pore size, 429 

Phenomenex), at a flow rate of 0.5 mL/min. Solvent A was 0.1% [v/v] formic acid in H2O, and 430 

solvent B was 0.1% [v/v] formic acid in CH3CN. The gradient was: initial hold at 5% B for 0.1 min, 431 

linear gradient from 5% to 100% B within 6 min, and held for 2 min. The detection mass range 432 

was 50 Da to 1,500 Da (positive mode). 433 

  434 
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