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The pluramycin family of natural products has diverse substituents at the C2 position, which are closely related to their biological activity. Therefore, it is important to understand the biosynthesis of C2 substituents. In this study, we describe the biosynthesis of C2 moieties in Streptomyces sp. W2061, which produces kidamycin and rubiflavinone C-1, containing anthrapyran aglycones. Sequence analysis of the loading module (Kid13) of the PKS responsible for the synthesis of these anthrapyran aglycones is useful for confirming the incorporation of atypical primer units into the corresponding products. Kid13 is a ketosynthase-like decarboxylase (KSQ)-type loading module with unusual dual acyltransferase (AT) domains (AT1-1 and AT1-2). The AT1-2 domain primarily loads ethylmalonyl-CoA and malonyl-CoA for rubiflavinone and kidamycinone and rubiflavinone, respectively; however, the AT1-1 domain contributed to the functioning of the AT1-2 domain to efficiently load ethylmalonyl-CoA for rubiflavinone. We found that the dual AT system was involved in the production of kidamycinone, an aglycone of kidamycin, and rubiflavinone C-1 by other shared biosynthetic genes in Streptomyces sp. W2061. This study broadens our understanding of the incorporation of atypical primer units into polyketide products.
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Introduction

Angucycline polyketides are a group of natural products synthesized by polyketide synthases (PKSs), which have diverse structures and a broad variety of biological activities, such as antibacterial, antiviral, antifungal, and anticancer activities (Kharel et al., 2012; Katz and Baltz, 2016). In bacteria, aromatic polyketides are usually biosynthesized by type II PKSs through a ketosynthase (KS)/chain length factor (CLF) heterodimer (KS-CLF) that iteratively elongates a poly-β-ketone chain linked to an acyl carrier protein (ACP) (Staunton and Weissman, 2001; Hertweck et al., 2007). A typical KS-CLF is primed with an acetate unit through the decarboxylation of malonyl-ACP. While only a few type II PKSs that use other starter units have been identified, the use of different starter units could provide additional structurally diverse products (Moore and Hertweck, 2002; Hertweck, 2009; Lesnik et al., 2015). For example, doxorubicin is primed by a propionyl unit, oxytetracycline by a malonamyl unit, frenolicin by a butyryl unit, hedamycin by a hexaonly unit, and R1128s by butyryl, valeryl, or 4-methylvaleryl units (Binnie et al., 1989; Bibb et al., 1994; Bao et al., 1999; Marti et al., 2000; Bililign et al., 2004). Although the mechanism of attachment of starter units has been controversial in several case studies, one can speculate that the activation and transfer of these non-acetate starter units are mediated by crotonyl-CoA carboxylase/reductase, CoA ligases, 3-ketoacyl-ACP synthase III (KASIII), and an atypical acyltransferase (AT) (Bililign et al., 2004; Hertweck et al., 2007; Wilson and Moore, 2012).

The pluramycin family of angucycline antitumor antibiotics is a structurally complex DNA-reactive agent consisting of a planar anthrapyran substructure with variations in the side chain at C2 and substitution patterns of C-arylglycosidic deoxyaminosugars on the aglycone backbone (Schmitz et al., 1966; Umezawa et al., 1973; Cairns and Murray, 1998; Kharel et al., 2012; Lee et al., 2023). This unusual distal side chain implies the use of a non-acetate starter unit in anthrapyran aglycone biosynthesis. Among them, the bis-epoxide side chain of hedamycin is formed in the hybrid type I/type II PKS biosynthetic machinery (Bililign et al., 2004; Figure 1). Type I PKS acts iteratively to generate the hexadienyl starter unit that subsequently primes the partner type II PKS (Das and Khosla, 2009). In contrast, the hexadienyl side chain of fredericamycin, although it also synthesizes a similar six-carbon intermediate to hedamycin, is produced by the reduction of two-ketoacyl-ACP intermediates during two rounds of chain elongation via a three-ketoacyl ACP reductase (Das et al., 2010). Kidamycin (1), a member of the pluramycin family, has been derivatized in an attempt to increase its therapeutic index (Fei and Mcdonald, 2005, 2007; O’keefe et al., 2011; Mabit et al., 2017) and has a shorter four-carbon (2-methylbut-2-ene) side chain than hedamycin; however, its biosynthetic mechanism has not been reported.
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FIGURE 1
 Comparison of the biosynthetic pathways of hedamycin and kidamycin. (A) Proposed mechanisms for chain initiation and elongation in the hedamycin PKS by Bililign et al. and Das et al. (B) Domain architecture of initiation (Kid13) and elongation (Kid14) modules in kid BGC for the kidamycin and rubiflavinone C-1. The sequences of homologous proteins in the two gene clusters were aligned; their identity/similarity is reported in Supplementary Table S4. AT, acyltransferase; KR, ketoreductase; DH, dehydratase; ER, enoyl reductase. The starter unit in each molecule is highlighted in red line.


Kidamycin (1) was first identified in Streptomyces phaeoverticillatus in 1971 (Kanda, 1971). It was subsequently isolated from several unidentified Streptomyces species. Compound 1 and its photoreactive derivative (2) showed promising anticancer activity against the triple-negative breast cancer cell line MDA-231 (Lee et al., 2023). Notably, our 1 producer, Streptomyces sp. W2061, also produces a de-epoxide hedamycin aglycone derivative, rubiflavinone C-1 (3), containing a hexadienyl side chain (Figure 1). It is estimated that the two types of compounds with different distal side chains will somehow be shared by type II PKSs involved in the backbone biosynthesis pathway, with an alternative starter unit for chain elongation. Previously, the biosynthetic gene cluster (BGC) of 1 (kid) was identified from the Streptomyces sp. W2061 (Heo et al., 2022). Our findings revealed that the kid BGC has a gene composition similar to that of the hedamycin BGC. Two type I PKS modules, similar to the hedamycin BGC, were also found; however, the domain architecture of each module did not completely match that of hedamycin. The first module (Kid13) contains two unusual acyltransferase (AT) domains (AT1-1 and AT1-2), and the second module (Kid14) carries an AT domain (AT2) with methylmalonyl-CoA-specific sequences and an additional enoylreductase (ER) domain (Figure 1). Based on heterologous expression and site-directed mutagenesis, the type I PKS system in kid BGC is responsible for the formation of both kidamycinone (4), an anthrapyran aglycone of 1, and 3. Furthermore, we propose that the AT1-2 domain mainly loads both malonyl-CoA and ethylmalonyl-CoA for 1 and 3, but the AT1-1 domain acts in harmony to load ethylmalonyl-CoA efficiently for 3 by AT1-2 domain.
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FIGURE 2
 Gene disruption of type I PKS gene kid13. (A) Scheme representing the insertional inactivation of kid13 gene in Streptomyces sp. W2061. (B) Confirmation of insertional gene inactivation using PCR and the total genomic DNA of ∆Kid13 mutant as the template. The primers (kid13sc_F and kid13sc_R; Supplementary Table S1) used to amplify the desired DNA fragments are indicated by solid arrows. M, 1 kb ladder; 1, wild type; 2, ΔKid13 mutant. (C) Comparative HPLC profiles of extracts showing the wild type (A) and ΔKid13 (B). Production levels are in the same order of magnitude. (D) Chemical structures of kidamycin (1), photokidamycin (2), and rubiflavinone C-1 (3) isolated from Streptomyces sp. W2061.




Materials and methods


General experimental procedures

Restriction enzymes (NEB, United States; Takara, Japan), KOD-plus-DNA polymerase (Toyobo, Japan), PrimeSTAR® GXL DNA Polymerase (Takara, Japan), and a DNA ligation kit (Takara) were used according to the manufacturer’s instructions. The T-Blunt vector (BioFact, Daejeon, Korea) was used to clone the polymerase chain reaction (PCR) products. Antibiotics were added to the medium at the following concentrations: 50 μg/L apramycin, 50 μg/L kanamycin, and 25 μg/L chloramphenicol. Gene inactivation experiments were performed using the vector pKC1139, and the kanamycin resistance gene from pFD-NEO-S (Denis and Brzezinski, 1991) was used as the selection marker. Escherichia coli DH5α was used for plasmid cloning and amplification, and the ET12567/pUZ8002 strain was used to introduce the plasmid into the Streptomyces sp. W2061 strain via conjugation, and the ET12567/pUB307 strain was used to introduce the plasmid into the Streptomyces albus J1074 strain via tri-parental intergeneric conjugation according to the instructions given by Zhang et al. (2019).



Culture conditions and extraction

Streptomyces sp. W2061 and mutant strains were grown in an ISP4 plate (10 g/L soluble starch, 1 g/L K2HPO4, 1 g/L MgSO4·7H2O, 1 g/L NaCl, 2 g/L (NH4)2SO4, 2 g/L CaCO3, 0.001 g/L FeSO4·7H2O, 0.001 g/L MnCl2·4H2O, 0.001 g/L ZnSO4·7H2O, and 15 g/L agar, pH 7.0–7.4) at 28°C for 4 days. Thereafter, they were inoculated into seed culture M2 medium (2 g/L yeast extract, 5 g/L glucose, 25 mL/L glycerol, 4 g/L soytone, 0.03 g/L CaCO3, and pH 7.2) and incubated for 2 days at 28°C, following which, 15 mL of seed culture was transferred to a 1-L flask containing 300 mL of M2X medium (M2 medium +5 g/L MgCO3) (Lee et al., 2023) and incubated for 5–7 days. For heterologous expression, the recombinant S. albus J1074 strain was grown in an ISP4 plate at 28°C for 4 days and subsequently inoculated into seed culture M2 medium. After 2 days at 28°C, 15 mL of the seed culture was added to a 1-L flask containing 300 mL of M2 medium with kanamycin and incubated at 28°C for 5 and 7 days. The culture broth was extracted using an equal volume of ethyl acetate. Thereafter, the ethyl acetate was dried and resuspended in methanol for high-performance liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS) analysis.



Bioinformatics analysis

The genomic DNA of Streptomyces sp. W2061 was sequenced, and bioinformatics analysis data of the kidamycin biosynthetic gene cluster (kid) were registered in the GenBank database under the accession number ON993775. The amino acid sequences of AT1-1, AT1-2, AT2, and other ATs involved in the biosynthesis of natural products were aligned using Clustal W. Phylogenetic tree analysis using the minimum evolution method was based on the results of sequence alignment, and evolutionary distances were computed using the Poisson correction method in MEGA 7 software (Kumar et al., 2016).



Cloning of the kidamycin minimal PKS region

To clone the minimal PKS region of kidamycin, we constructed a cosmid library of Streptomyces sp. W2061 using the Supercos1 vector kit and Gigapack III gold packaging extract (Agilent Technologies, CA, United States; #251301, #200201) and screened via PCR with appropriate primers (kid4-H1-F/kid4-H1-R and kidR1sc_F/kidR1sc_R) (Supplementary Table S1). A positive clone containing the kidamycin-minimal PKS region was obtained. The cosmid vectors were digested with HpaI for linearization and cloned into pCAP03-acc(3)IV (Tang et al., 2015) via transformation-associated recombination (TAR) in Saccharomyces cerevisiae BY4727 (Yamanaka et al., 2014). For TAR cloning, BY4727 was inoculated in 5 mL YPD (glucose 20 g/L, yeast extract 10 g/L, and peptone 20 g/L) from a plate colony and cultured at 30°C for 2 days, harvested, and washed with 1 mL LiAc/TE (0.1 M LiAc, 10 mM Tris-HCl pH 7.5, 1 mM EDTA). The harvested cells were resuspended in 0.5 mL of LiAc/TE, and 100 μL aliquoted cells were used for the TAR experiment. Specific capture arms were synthesized (Supplementary Table S1) and cloned into the pCAP03-acc(3)IV vector (digested with NdeI and XhoI) via Gibson assembly. Linearized cosmid and linearized specific capture vector with PacI were added to yeast cells with 50 μg salmon sperm DNA (Sigma-Aldrich, United States) and 0.6 mL PEG/LiAc (40% PEG 3350, 0.1 M LiAc, 10 mM Tris-HCl pH 7.5, 1 mM EDTA). The mixture was incubated at 30°C for 30 min, and 70 μL of DMSO was added to enhance the transformation efficiency. Heat shock was demonstrated at 42°C for 15 min and chilled on ice for 5 min. Finally, cells were resuspended in 200 μL of yeast synthetic tryptophan drop-out medium (TD) and spread on the TD plate, which contained 5-fluoroorotic acid 0.001% (w/v) (Zymo Research, CA, United States). Positive clones were selected by colony PCR using two primer pairs (kid4-H1-F/kid4-H1-R and kidR1sc_F/kidR1sc_R). Plasmids (pCAP03-kidm2) were isolated from the positive clone and transferred to E. coli DH5α. The constructs were amplified in E. coli and confirmed via restriction enzyme digestion (Supplementary Figure S1).



In vitro CRISPR/Cas9-mediated gene editing

The reaction mixture (30 μL) containing 10 μg target plasmid (pCAP03-kidm2), 20 nM Cas9 protein (New England Biolabs, MA, United States), 3 μL NEB buffer 3.1, and 10 nM synthetic sgRNAs (Bioneer, Daejeon, Korea) were incubated overnight at 37°C. The digested plasmid was recovered from the agarose gel. Briefly, the gel fragment of interest was cut into 1–2 mm pieces and placed in an Eppendorf tube with an equal volume of phenol. The tube was placed at −80°C for 5 min and at room temperature (20°C) for 20 min. The mixture was centrifuged at 12,000 rpm for 15 min at room temperature. The supernatant was recovered and precipitated DNA by adding 1/10 volume of 5 M NaCl and 2.5 volume of cold 100% ethanol. The tube was placed at −80°C for 15 min and centrifuged at 12,000 rpm for 5 min. The pellet was washed with 70% ethanol, dried, and resuspended in water. To delete the AT1-1 domain, two sgRNAs (AT1-1D_sg1 and AT1-1D_sg2, Supplementary Table S1) were designed and synthesized (Bioneer, Daejeon, Korea) for double-strand breaking of both the 5′ and 3′ ends of the AT1-1 region. The plasmid with the target region removed was religated and transformed into E. coli. Positive clones were selected via colony PCR using appropriate primer pairs (AT1D_scF and AT1D_scR) and sequencing (Supplementary Figure S3). For site-directed mutagenesis of the AT1-1 and AT1-2 domains, four sgRNAs (AT1-1_sg1 and AT1-1_sg2 for AT1-1 and AT1-2_sg1 and AT1-2_sg2 for AT1-2, Supplementary Table S1) were designed, synthesized, and used for digestion with the Cas9 enzyme as mentioned above. Oligomers were designed to inactivate the AT domain by replacing the active serine site with alanine (AT1-1_A for AT1-1 and AT1-2_A for AT1-2). Oligomers were annealed with 1 μL of 10 × PCR buffer, incubated at 95°C for 10 min, and cooled down to 30°C for 20 min. CRISPR-Cas9 digested plasmid and annealed oligomers were mixed with Gibson Assembly Master mix (New England Biolabs), incubated at 50°C for 1 h, and transformed into E. coli according to the manufacturer’s protocol. Positive constructs were screened via digestion of PCR products amplified with appropriate primer pairs (AT1D_scF and AT1D_scR for AT1-1 inactivation and AT1-2_scF and AT1-2_scR for AT1-2 inactivation) (Supplementary Figure S3).



Construction of gene disruption vectors and mutant strains

Gene knockout recombinants were generated using homologous recombination. The target region was replaced with a kanamycin resistance gene. The kanamycin resistance cassette was digested with KpnI and PstI from plasmid pFD-NEO-S (Supplementary Table S2). Two homologous regions were amplified using the appropriate primers (Supplementary Table S1). To inactivate kid13, a 1.4 kb EcoRI/KpnI fragment generated using kid13-H1-F and kid13-H1-R (Supplementary Table S1) and a 1.2 kb PstI/HindIII fragment generated using kid13-H2-F and Kid13-H2-R (Supplementary Table S1) were digested, ligated, and cloned in the EcoRI and HindIII sites of pKC1139 to yield pKC1139-Kid13H12neo. To generate a mutant strain, three fragments were ligated with plasmid pKC1139 and introduced into Streptomyces sp. W2061. The W2061 strain was conjugated with E. coli ET12567/pUZ8002. Exconjugants were selected based on antibiotic resistance (kanamycin and apramycin) and PCR genotyping. Double-crossover mutants were screened based on kanamycin resistance and PCR genotyping (kid13_scF/R for ∆Kid13 mutant) (Supplementary Table S1).

For deletion of the AT1-1 domain in the Streptomyces sp. W2061 strain, the pCRISPomyces-2 system was used (Cobb et al., 2014). The sequence of the two sgRNAs was the same as that used to generate the Kidm2-AT1D construct. The recombination template was obtained from kidm2-AT1D by PstI digestion and cloned into the T-Blunt vector PstI site (BioFact, Daejeon, Korea) to generate the AT1DH_TA construct. AT1DH_TA was digested with SpeI and XbaI and cloned into the pCRISPomyces-2 vector at the XbaI site. The final vector (pCRI-AT1D) was conjugated from E. coli ET12567/pUZ8002 to the Streptomyces sp. W2061 strain. Following conjugation, individual exconjugants were incubated on an R2YE liquid medium supplemented with 50 mg/mL apramycin at 28°C for 3 days. Clearance of the temperature-sensitive plasmid was accomplished with high-temperature cultivation (42°C) for 2–5 days, followed by replica plating on selective and non-selective plates to confirm loss of apramycin resistance. To determine the in-frame deletion, each selected apramycin-sensitive colony was subjected to PCR using appropriate primer pairs (AT1D_scF and AT1D_scR) (Supplementary Figure S4).



LC-MS analysis

The samples were dissolved in methanol and analyzed using a Thermo U3000-LTQ XL ion trap mass spectrometer (Thermo Scientific, Waltham, MA, United States) equipped with an electrospray ionization (ESI) mass source. Chromatographic separation of the compounds was achieved using a Waters HSS T3 C18 column (2.1 × 150 mm, 2.5 μm) at a flow rate of 0.3 mL/min. The mobile phases A and B contained 0.1% formic acid, water, and acetonitrile, respectively. Gradient elution was performed as follows: 5–100% B for 0–15 min with a linear gradient, followed by 5 min of 100% B. The MS/MS system was operated in ESI mode. Mass spectra were acquired in the m/z range of 100–2,000 by applying three microscans and a maximum ion injection time of 100 ms. Data-dependent mass spectrometry experiments were controlled using the menu-driven software provided in the Xcalibur system (version 4.0; Thermo Scientific).



Compound isolation

To isolate compounds 3–5, the crude extract (2.0 g) of the Kidm2 mutant was fractionated using a CombiFlash RF (Teledyne ISCO, United States) medium-pressure chromatography system (MPLC) on a Redisep RF C18 reverse-phase 43 g column, under stepwise gradient elution with MeOH-H2O (from 20:80, 30:70, 40:60, 50:50, 60:40, 80:20 to 100:0; 200 mL for each step). The MPLC 100% MeOH fraction 7 (81.0 mg) was separated using semi-preparative HPLC (Waters Atlantis T3 C18 column: 10 × 250 mm, 5 μm) with a gradient flow solvent system (70–100% MeOH-H2O [0.05% trifluoroacetic acid (TFA)] for 20 min, UV 420 nm detection, flow rate: 3 mL/min) to obtain a fraction containing compounds 3–5. The separated fraction (16.0 mg) was further purified using semipreparative HPLC [Waters Atlantis T3 C18 column (10 × 250 mm, 5 μm)], a gradient solvent system (80–100% CH3CN-H2O (0.05% TFA) to 100% CH3CN, 3 mL/min) over 20 min to yield compounds 3 (tR = 18.0 min, 4.1 mg), 4 (tR = 18.8 min, 3.0 mg), and 5 (tR = 16.3 min, 2.2 mg). The structures of the compounds were determined based on nuclear magnetic resonance (NMR) analysis (Supplementary Table S3). Those compounds (3–5) are identified based on a comparison of previously reported NMR data and molecular formula (Mabit et al., 2017; Heo et al., 2022).




Results and discussion


One type I/II hybrid PKS system is responsible for the production of kidamycin and rubiflavinone C-1

Kidamycin (1) is a member of the pluramycin family, along with pluramycin A, hedamycin, saptomycin B, and DC92-B, which have anthrapyran aglycones as their core structures. We previously reported the kid BGC from Streptomyces sp. W2061 (Heo et al., 2022), which is similar in content and organization to the known hedamycin BGC (Bililign et al., 2004). We also confirmed that Kid19, a ketosynthase of type II PKS, is responsible for the biosynthesis of the angucycline core (Heo et al., 2022).

In this study, we inactivated the type I PKS gene (kid13), which may be involved in the production of the aglycone side chain moiety. The gene disrupted mutant (Δkid13) results revealed a complete loss of productivity of 1, photokidamycin (2), and rubiflavinone C-1 (3), which is a similar production pattern with the type II PKS gene mutant (Δkid19) (Figure 2). This indicated that two types of anthrapyran aglycones with different side chains at C2 can be synthesized from one type I PKS (Kid13) and type II PKS. Collectively, type I PKSs, including Kid13 and Kid14, can supply two types of precursors to type II PKSs (Kid15–19), which are responsible for the synthesis of the two types of anthrapyran backbones. Therefore, we became interested in the mechanism by which the two types of anthrapyran can be synthesized in a hybrid type I/II PKS system.



Sequence analysis of two type I PKS (Kid13 and Kid14) in the Kid BGC

First, kid BGC was compared with hedamycin BGC because its structure is similar to that of hedamycin, except for the bis-epoxide moiety at the C2 position. The 2-methyl-2,4-hexadiene moiety at the C2 position of 3 may also be formed via the same biosynthetic pathway as the bis-epoxide side chain of hedamycin. The bis-epoxide side chain originates from a 2,4-hexadienyl primer unit synthesized from type I PKS, encoded by hedT and hedU in the hedamycin BGC (Bililign et al., 2004; Das and Khosla, 2009). Kid13, which corresponds with HedT, is a loading module including the KSQ domain and has a unique dual AT system with the domain architecture consisting of AT1-1-KSQ-AT1-2-ACP (Figure 1).

To determine the substrate specificity of each AT in Kid13, phylogenetic tree analysis was conducted with known type I PKS ATs. Phylogenetic tree analysis based on the amino acid sequences of the AT domains showed that both AT1-1 and AT1-2 grouped with malonyl-CoA-specific ATs. Interestingly, AT1-1 belongs to the malonyl-CoA-specific group but shows a far greater distance in this group (Figure 3A). It is commonly known as the conserved amino acids, such as the “HAFH motif” to predict malonyl-CoA specificity, the “YASH motif” to predict methylmalonyl-CoA, and the “VASH motif” to predict ethylmalonyl-CoA; however, the “HASH motif” is used to predict both malonyl-CoA and methylmalonyl-CoA (Dunn and Khosla, 2013). Specifically, AT1-1 has “QAFH” while AT1-2 has “VAGH,” and these motifs are not typical sequences found in the ATs of KSQ type loading modules, so no precise prediction of its substrate preference can be made (Figure 3B; Supplementary Figure S2). These data indicated that the substrate specificity of ATs in Kid13 is not predictable, Kid13 may have a different loading mechanism compared with general type I PKS, and the unusual dual AT architecture of Kid13 can be attributed to the synthesis of the two types of products from one gene cluster. Therefore, we hypothesized that each AT has a different substrate specificity and can load two types of precursors to produce two types of anthrapyran, i.e., 1 and 3.
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FIGURE 3
 Sequence analysis of three AT domains in Kid13 and Kid14. (A) Phylogenetic tree analysis of AT domains in Kid13 and Kid14. (B) The conserved motif with color boxes (red for ethylmalonyl-CoA (EmCoA; VASH); green for methylmalonyl CoA (MmCoA; YASH); blue for malonyl CoA (MCoA; HAFH and HASH); and purple for this study).


In addition, the second module encoded by the kid14 gene was also different from that encoded by hedamycin (hedU). Kid14 contains a methylmalonyl-CoA-specific AT and an additional reducing domain, the ER domain (Figure 1). The second module (Kid14) was estimated to synthesize side chains different from HedU, and the second module of hedamycin biosynthesis was proposed to synthesize hexanoate units by iteratively extending two malonyl-CoA units (Das and Khosla, 2009). It has also been estimated that the C15 methyl residue of the hexanoate side chain in hedamycin is introduced by a methyltransferase; however, the methylation reaction has not yet been proven. However, the C15 methyl residues of 1 and 3 may originate from methylmalonyl-CoA because the AT2 domain of Kid14 has a methylmalonyl-CoA conserved motif, whereas the AT domain of HedU has a malonyl-CoA conserved motif (Figure 3). Additionally, we previously reported that all three methyltransferases in kid BGC are involved in the biosynthesis of amino sugars, such as N,N-dimethylvancosamine and angolosamine (Heo et al., 2022). Collectively, these results suggest that there is an important difference between 1 and hedamycin in side-chain biosynthesis.



Dual AT system of Kid13 involved in the formation of two different side chains

We attempted to identify the role of the dual AT system in heterogeneous strains with a minimal PKS region, containing biosynthetic genes for anthrapyran aglycone. The minimal PKS region was cloned using TAR methods (Yamanaka et al., 2014; Kouprina and Larionov, 2016). The selected heterologous recombinant Kidm2 strain was inserted into hybrid type I/II PKS genes (kid12 to kid20), CYP450 (kid10), monooxygenase (kid11), and a regulatory gene (kidR-1) on the chromosome of Streptomyces albus (Figure 4A; Supplementary Figure S1). The Kidm2 strain produced three new peaks compared with those of the parent S. albus. New peaks were identified as aglycones [kidamycinone (4) and epoxykidamycinone (5)] of 1 and 3 (Figure 4; Supplementary Table S3). The 1H NMR spectral data for 4 isolates in this study were identical to those described in the literature (Mabit et al., 2017). The other aglycone (5) had an epoxide bond at the C14,16 positions. The structure was elucidated by the upfield shift of the oxygenated carbon NMR signal (δC 57.6 and δC 62.0) compared with δC 127.5 and δC 134.7 in 4, and the degree of unsaturation was 15 (Heo et al., 2022). The presence of 5 may form an epoxide state, in which a reduction in C–C bonds occurs at C14–16. The reduction reaction is estimated to involve Kid10, which showed a high similarity to the HedR involved in introducing the bis-epoxide group of hedamycin (Bililign et al., 2004).

[image: Figure 4]

FIGURE 4
 In-frame deletion and site-directed mutagenesis of AT domains of loading module (Kid13). (A) The region of minimal PKS genes cloned (pCAP03-Kidm2) and inserted on the chromosome of S. albus (Kidm2) for the production of the anthrapyran aglycone. (B) Comparative LC-MS extracted ion chromatograms produced from the heterologous expression in recombinant S. albus and domain organization of recombinants (AT1D, AT1M, and AT2M) of the Kid13 module. AT1D, the AT1-1 domain marked with a dotted circle, was inactivated by an in-frame deletion in the heterologous S. albus (Kidm2) chromosome (Supplementary Figure S3). AT1M and AT2M, the AT1-1 and AT1-2 domains marked with a cross, were inactivated via site-specific mutagenesis, respectively. (C) Chemical structures of 4 and 5.


This result demonstrated once again that the production of two types of anthrapyran aglycones can be achieved by cloning the hybrid type I/II PKS region. Therefore, we focused on the two AT domains in Kid13 and aimed to determine what happens to the production of the aglycones through inactivation experiments in the two AT domains of Kid13. Each AT in Kid13 was inactivated via site-directed mutagenesis by replacing serine, an active amino acid of AT, with alanine (Hans et al., 2003). The first step in site-directed mutagenesis was performed by inserting a synthetic DNA fragment with a mutation in each AT domain using an in vitro CRISPR-Cas9 reaction (She et al., 2018) on the pCAP03-kidm2 vector (Supplementary Figure S3). Mutations in pCAP03-kidm2, pCAP03-AT1M, and pCAP03-AT2M were confirmed by the insertion of restriction enzyme sites SphI and FspI, respectively, at the mutation sites. The final mutant vectors were integrated with the heterologous host S. albus to generate the AT1M and AT2M strains (Figure 4B). In addition, because AT1-1 is a unique extra domain that cannot be found in a general KSQ-type loading module, an in-frame deleted construct of the AT1-1 domain (AT1D) was generated for comparison with the parent strain (Figure 4B). The growth of mutant strains in the M2 medium was normal and comparable to that of the parent Kidm2 strain. Both the in-frame deletion (AT1D) and inactivated mutants (AT1M) of AT1-1 showed that short-chain molecules (4 and 5) were still produced, and the production of long-chain molecules (3) was markedly reduced to only the MS detection level (Figure 4B). The production levels of short-chain molecules (4 and 5) in AT1D and AT1M were lower than those of the parent construct. This indicated that malonyl-CoA for short-chain molecules (4 and 5) can be primarily loaded by AT1-2, and ethylmalonyl-CoA for the long chain of 3 can also be loaded; however, the efficiency is low when AT1-2 works alone. Short-chain molecule 4, compared to 5, on the AT1M mutant was detected with low production; however, the reason for this cannot be estimated. In contrast, the AT1-2 inactivated construct (AT2M) in the heterologous host produced only a small amount of 5, and the production of 3 was not detected (Figure 4B).

In addition, we deleted the AT1-1 domain of the Kid13 module in the wild-type Streptomyces sp. W2061 strain using the pCRISPomyces-2 system (Cobb et al., 2014; Supplementary Figure S4). The in-frame deletion mutant (W2061-AT1D) was found to have a 942-bp deletion at the 5′ end of the kid13 gene (Supplementary Figure S4). The W2061-AT1D mutant produced similar metabolic patterns as AT1D, which is a heterologous S. albus strain containing the same in-frame deleted AT1-1 domain (Figure 5). Glycosylated short-chain molecules (1 and 2) are normally produced, although their productivity is marginally lower than that of the wild type. However, it was evidently observed that the production of long chain 3 significantly decreased (Figure 5). These results suggested that AT1-2 is primarily involved in the transfer of malonyl-CoA for short-chain molecules and collaborates with AT1-1 in the efficient transfer of ethylmalonyl-CoA for long chains.

[image: Figure 5]

FIGURE 5
 Comparative LC-MS extracted ion chromatograms of culture extracts showing the wild type (A) and W2061-AT1D (B), which is an in-frame deleted mutant of AT1-1 domain in Streptomyces sp. W2061. Production levels are in the same order of magnitude.


Taken together, AT1-2 is the main acyl-CoA transferase in this PKS system for long and short chains, and AT1-1 plays an assistant role, especially for long chains, even if AT1-1 appears necessary. However, the production of short chains can be produced on AT1-2 alone; however, AT1-1 is also required for effective production. Overall, AT1-2 primarily transfers malonyl-CoA to Kid13, whereas AT1-1 also loads malonyl-CoA, but not as much as AT1-2. Ethylmalonyl-CoA for long chains was loaded efficiently when AT1-1 and AT1-2 coexisted, indicating that AT1-1 and AT1-2 were simultaneously required to transfer ethylmalonyl-CoA (Figure 6). Another possibility is that the low productivity of the two chains in the AT1-1 deletion mutants may be the result of protein instability or the discordant architecture of full Kid13 modules caused by the mutation.

[image: Figure 6]

FIGURE 6
 The proposed biosynthetic mechanism for the production of two different side chains of anthrapyran aglycone with an unusual dual AT system in Kid13.


The presence of two AT domains in the type I PKS loading module has been reported in biosynthetic pathways such as ajudazol, aurafuron, chondramide, and gulmirecin (Rachid et al., 2006; Frank et al., 2007; Buntin et al., 2010; Schieferdecker et al., 2014). These are loading machinery and have an ACP in the N-terminus, but Kid13 does not have an ACP domain in the N-terminus, indicating a new type of dual AT system. Meanwhile, the AT gene (hedF), which is located far from the type I PKS gene (hedT) in hedamycin BGC, showed high similarity (79%) and shared the unique conserved motif QAFH with AT1-1 (Figure 3B). Notably, HedF is not involved in the chain initiation or elongation of the hexadine side chain (Das et al., 2010). Although it is estimated that the presence of an independent AT protein will lose its function in the chain formation of hedamycin, the AT1-1 domain included in type I PKS will maintain its role in the chain formation of 1 and 3. Therefore, these results are the first to demonstrate that a unique dual AT system of type I PKS can provide two types of precursors to hybrid type II PKS.

In summary, we found that type I PKSs containing an unusual dual AT domain in the loading module (Kid13) synthesized four- or six-carbon intermediates, which are subsequently transferred to type II PKSs in the 4 and 3 biosynthetic pathways, respectively (Figure 6). The presence of unusual loading and extension modules in these type I PKSs (Kid13/Kid14) led to the incorporation of two different primer units, C4 and C6, which were significantly different from the chain initiation of hedamycin and fredericamycin. The dual domains (AT1-1 and AT1-2) worked together to load two different primer units. The AT1-2 domain primarily loaded both malonyl-CoA and ethylmalonyl-CoA for 4 and 3; however, the AT1-1 domain cooperated to load ethylmalonyl-CoA efficiently for 3 by the AT1-2 domain.




Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

KH: Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. BL: Data curation, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. GH: Data curation, Methodology, Writing – review & editing. BP: Investigation, Methodology, Writing – review & editing. J-PJ: Data curation, Formal analysis, Methodology, Writing – review & editing. BH: Conceptualization, Formal analysis, Project administration, Writing – review & editing. J-HJ: Formal analysis, Funding acquisition, Project administration, Resources, Writing – review & editing. Y-SH: Conceptualization, Funding acquisition, Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the Basic Science Research Program (NRF 2020R1I1A206871314) of the Ministry of Education and the KRIBB Research Initiative Program (KGM5292322 and KGM1222312) funded by the Ministry of Science and ICT of the Republic of Korea.



Acknowledgments

We thank the Korea Basic Science Institute (KBSI), Ochang, Korea, for providing the NMR (Bruker). We also thank Hahk-Soo Kang (Konkuk University) for the Saccharomyces cerevisiae BY4727 strain and Streptomyces albus J1074 strain.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1274358/full#supplementary-material



References

 Bao, W., Sheldon, P. J., Wendt-Pienkowski, E., and Hutchinson, C. R. (1999). The Streptomyces peucetius dpsC gene determines the choice of starter unit in biosynthesis of the daunorubicin polyketide. J. Bacteriol. 181, 4690–4695. doi: 10.1128/JB.181.15.4690-4695.1999 

 Bibb, M. J., Sherman, D. H., Omura, S., and Hopwood, D. A. (1994). Cloning, sequencing and deduced functions of a cluster of Streptomyces genes probably encoding biosynthesis of the polyketide antibiotic frenolicin. Gene 142, 31–39. doi: 10.1016/0378-1119(94)90351-4 

 Bililign, T., Hyun, C. G., Williams, J. S., Czisny, A. M., and Thorson, J. S. (2004). The hedamycin locus implicates a novel aromatic PKS priming mechanism. Chem. Biol. 11, 959–969. doi: 10.1016/j.chembiol.2004.04.016 

 Binnie, C., Warren, M., and Butler, M. J. (1989). Cloning and heterologous expression in Streptomyces lividans of Streptomyces rimosus genes involved in oxytetracycline biosynthesis. J. Bacteriol. 171, 887–895. doi: 10.1128/jb.171.2.887-895.1989 

 Buntin, K., Weissman, K. J., and Muller, R. (2010). An unusual thioesterase promotes isochromanone ring formation in ajudazol biosynthesis. Chembiochem 11, 1137–1146. doi: 10.1002/cbic.200900712 

 Cairns, M. J., and Murray, V. (1998). The DNA sequence specificity of hedamycin damage determined by ligation-mediated PCR and linear amplification. Biochem. Mol. Biol. Int. 46, 267–275. doi: 10.1080/15216549800203782 

 Cobb, R. E., Wang, Y., and Zhao, H. (2014). High-efficiency multiplex genome editing of Streptomyces species using an engineered CRISPR/Cas system. ACS Synth. Biol. 4, 723–728. doi: 10.1021/sb500351f

 Das, A., and Khosla, C. (2009). In vivo and in vitro analysis of the hedamycin polyketide synthase. Chem. Biol. 16, 1197–1207. doi: 10.1016/j.chembiol.2009.11.005 

 Das, A., Szu, P. H., Fitzgerald, J. T., and Khosla, C. (2010). Mechanism and engineering of polyketide chain initiation in fredericamycin biosynthesis. J. Am. Chem. Soc. 132, 8831–8833. doi: 10.1021/ja102517q 

 Denis, F. O., and Brzezinski, R. (1991). An improved aminoglycoside resistance gene cassette for use in gram-negative bacteria and Streptomyces. FEMS Microbial. Lett. 81, 261–264. doi: 10.1111/j.1574-6968.1991.tb04769.x

 Dunn, B. J., and Khosla, C. (2013). Engineering the acyltransferase substrate specificity of assembly line polyketide synthases. J. R. Soc. Interface 10:20130297. doi: 10.1098/rsif.2013.0297 

 Fei, Z., and Mcdonald, F. E. (2005). Synthesis of the aglycones of altromycins and kidamycin from a common intermediate. Org. Lett. 7, 3617–3620. doi: 10.1021/ol0509742 

 Fei, Z., and Mcdonald, F. E. (2007). Stereo- and regioselective glycosylations to the bis-C-arylglycoside of kidamycin. Org. Lett. 9, 3547–3550. doi: 10.1021/ol7014219 

 Frank, B., Wenzel, S. C., Bode, H. B., Scharfe, M., Blocker, H., and Muller, R. (2007). From genetic diversity to metabolic unity: studies on the biosynthesis of aurafurones and aurafuron-like structures in myxobacteria and streptomycetes. J. Mol. Biol. 374, 24–38. doi: 10.1016/j.jmb.2007.09.015 

 Hans, M., Hornung, A., Dziarnowski, A., Cane, D. E., and Khosla, C. (2003). Mechanistic analysis of acyl transferase domain exchange in polyketide synthase modules. J. Am. Chem. Soc. 125, 5366–5374. doi: 10.1021/ja029539i 

 Heo, K. T., Lee, B., Jang, J. H., and Hong, Y. S. (2022). Elucidation of the di-c-glycosylation steps during biosynthesis of the antitumor antibiotic, kidamycin. Front. Bioeng. Biotechnol. 10:985696. doi: 10.3389/fbioe.2022.985696 

 Hertweck, C. (2009). The biosynthetic logic of polyketide diversity. Angew. Chem. Int. Ed. Engl. 48, 4688–4716. doi: 10.1002/anie.200806121 

 Hertweck, C., Luzhetskyy, A., Rebets, Y., and Bechthold, A. (2007). Type II polyketide synthases: gaining a deeper insight into enzymatic teamwork. Nat. Prod. Rep. 24, 162–190. doi: 10.1039/B507395M 

 Kanda, N. (1971). A new antitumor antibiotic, kidamycin. I. Isolation, purification and properties of kidamycin. J. Antibiot. 24, 599–606. doi: 10.7164/antibiotics.24.599 

 Katz, L., and Baltz, R. H. (2016). Natural product discovery: past, present, and future. J. Ind. Microbiol. Biotechnol. 43, 155–176. doi: 10.1007/s10295-015-1723-5 

 Kharel, M. K., Pahari, P., Shepherd, M. D., Tibrewal, N., Nybo, S. E., Shaaban, K. A., et al. (2012). Angucyclines: biosynthesis, mode-of-action, new natural products, and synthesis. Nat. Prod. Rep. 29, 264–325. doi: 10.1039/C1NP00068C 

 Kouprina, N., and Larionov, V. (2016). Transformation-associated recombination (TAR) cloning for genomics studies and synthetic biology. Chromosoma 125, 621–632. doi: 10.1007/s00412-016-0588-3 

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054 

 Lee, B., Lee, G. E., Hwang, G. J., Heo, K. T., Lee, J. K., Jang, J. P., et al. (2023). Rubiflavin G, photorubiflavin G, and photorubiflavin E: novel pluramycin derivatives from Streptomyces sp. W2061 and their anticancer activity against breast cancer cells. J. Antibiot. 76, 585–591. doi: 10.1038/s41429-023-00643-w 

 Lesnik, U., Lukezic, T., Podgorsek, A., Horvat, J., Polak, T., Sala, M., et al. (2015). Construction of a new class of tetracycline lead structures with potent antibacterial activity through biosynthetic engineering. Angew. Chem. Int. Ed. Engl. 54, 3937–3940. doi: 10.1002/anie.201411028 

 Mabit, T., Siard, A., Pantin, M., Zon, D., Foulgoc, L., Sissouma, D., et al. (2017). Total synthesis of gamma-indomycinone and kidamycinone by means of two regioselective Diels–Alder reactions. J. Org. Chem. 82, 5710–5719. doi: 10.1021/acs.joc.7b00544 

 Marti, T., Hu, Z., Pohl, N. L., Shah, A. N., and Khosla, C. (2000). Cloning, nucleotide sequence, and heterologous expression of the biosynthetic gene cluster for R1128, a non-steroidal estrogen receptor antagonist. Insights into an unusual priming mechanism. J. Biol. Chem. 275, 33443–33448. doi: 10.1074/jbc.M006766200 

 Moore, B. S., and Hertweck, C. (2002). Biosynthesis and attachment of novel bacterial polyketide synthase starter units. Nat. Prod. Rep. 19, 70–99. doi: 10.1039/b003939j 

 O’keefe, B. M., Mans, D. M., Kaelin, D. E., and Martin, S. F. (2011). Studies toward the syntheses of pluramycin natural products. The first total synthesis of isokidamycin. Tetrahedron 67, 6524–6538. doi: 10.1016/j.tet.2011.05.117 

 Rachid, S., Krug, D., Kunze, B., Kochems, I., Scharfe, M., Zabriskie, T. M., et al. (2006). Molecular and biochemical studies of chondramide formation-highly cytotoxic natural products from Chondromyces crocatus cm c5. Chem. Biol. 13, 667–681. doi: 10.1016/j.chembiol.2006.06.002 

 Schieferdecker, S., Konig, S., Weigel, C., Dahse, H. M., Werz, O., and Nett, M. (2014). Structure and biosynthetic assembly of gulmirecins, macrolide antibiotics from the predatory bacterium Pyxidicoccus fallax. Chemistry 20, 15933–15940. doi: 10.1002/chem.201404291 

 Schmitz, H., Crook, K. E., and Bush, J. A. (1966). Hedamycin, a new antitumor antibiotic. I. Production, isolation, and characterization. Antimicrob. Agents Chemother. 6, 606–612. doi: 10.1128/AAC.6.5.606 

 She, W., Ni, J., Shui, K., Wang, F., He, R., Xue, J., et al. (2018). Rapid and error-free site-directed mutagenesis by a PCR-free in vitro CRISPR/Cas9-mediated mutagenic system. ACS Synth. Biol. 7, 2236–2244. doi: 10.1021/acssynbio.8b00245 

 Staunton, J., and Weissman, K. J. (2001). Polyketide biosynthesis: a millennium review. Nat. Prod. Rep. 18, 380–416. doi: 10.1039/a909079g 

 Tang, X., Li, J., Millan-Aguinaga, N., Zhang, J. J., O’neill, E. C., Ugalde, J. A., et al. (2015). Identification of thiotetronic acid antibiotic biosynthetic pathways by target-directed genome mining. ACS Chem. Biol. 10, 2841–2849. doi: 10.1021/acschembio.5b00658 

 Umezawa, I., Komiyama, K., Takeshima, H., Hata, T., and Kono, M. (1973). A new antitumor antibiotic, kidamycin. IV. Pharmacokinetics of acetyl-kidamycin. J. Antibiot. 26, 669–675. doi: 10.7164/antibiotics.26.669 

 Wilson, M. C., and Moore, B. S. (2012). Beyond ethylmalonyl-CoA: the functional role of crotonyl-CoA carboxylase/reductase homologs in expanding polyketide diversity. Nat. Prod. Rep. 29, 72–86. doi: 10.1039/C1NP00082A 

 Yamanaka, K., Reynolds, K. A., Kersten, R. D., Ryan, K. S., Gonzalez, D. J., Nizet, V., et al. (2014). Direct cloning and refactoring of a silent lipopeptide biosynthetic gene cluster yields the antibiotic taromycin a. Proc. Natl. Acad. Sci. U. S. A. 111, 1957–1962. doi: 10.1073/pnas.1319584111 

 Zhang, J. J., Yamanaka, K., Tang, X., and Moore, B. S. (2019). Direct cloning and heterologous expression of natural product biosynthetic gene clusters by transformation-associated recombination. Methods Enzymol. 621, 87–110. doi: 10.1016/bs.mie.2019.02.026 



OPS/images/fmicb-14-1274358-g005.jpg
Intensity

a) WT

2
3
10000800 .
b) W2061-ATID
= 1

Time (min)





OPS/images/fmicb-14-1274358-g006.jpg
Kld12 Kid13 Kidl4

ammm
P09 @@@@@Q

o / ) o:( CoA _/‘ c:g__»

5

MalonykGoA Methylmalonyl-CoA

Kld12 Kidl3 Kidl4
@@@@@ 903989

CoA

%( Y :2 }

Ethylmalonyl-CoA Meﬂ‘ylmﬂk’"“ -CoA






OPS/images/fmicb-14-1274358-g003.jpg
FluA AT1
F1uC_ATS
MmCaA KircII
PikAIII_ATS
RapA_ATL
EryAII_AT3
EryAIII_AT6
EmCoA kgu_nz
RapA_AT2
EpoC_AT2
EpoC_AT3
FluA AT2
HedT_AT
MCoA HedU_AT
HedF
kid13_AT1-1
kid13_AT1-2






OPS/images/fmicb-14-1274358-g004.jpg
Type I PKS Type Il PKS

Intensity

Monooxygenase [ | cyc pH [ | cve
kidl1 kid12 kid13 kid14 kidl5  kid17 kid19 Kid15-2kidR- 1
kid10 5 kidl6  kidl8 kidl kid:
PR pCAPO03-kidm2 “ace
3000000
S. albus empty vector
0 Kidm2
3000000 3
= 5 4 %
L f g Kem 0VVY
0 AT1D
3000000
o N S
3000000
. A a
3000000 3
0 e






OPS/xhtml/Nav.xhtml




Contents





		Cover



		A unique dual acyltransferase system shared in the polyketide chain initiation of kidamycinone and rubiflavinone biosynthesis



		Introduction



		Materials and methods



		General experimental procedures



		Culture conditions and extraction



		Bioinformatics analysis



		Cloning of the kidamycin minimal PKS region



		In vitro CRISPR/Cas9-mediated gene editing



		Construction of gene disruption vectors and mutant strains



		LC-MS analysis



		Compound isolation









		Results and discussion



		One type I/II hybrid PKS system is responsible for the production of kidamycin and rubiflavinone C-1



		Sequence analysis of two type I PKS (Kid13 and Kid14) in the Kid BGC



		Dual AT system of Kid13 involved in the formation of two different side chains









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-14-1274358-g001.jpg
Hedamycin

HedS  HedT HedU
D D
@@G@ @G@@Q@ | Hedamycin
A /‘ ol Je ks e oA
°J>S 02\ = {ompen CYP4sO M 9 Oj\ \TEA? o ‘0,

. 2 ) s By e .
s e kS

Kidamycin §
Kid12 _Kid13 Kid14 T;PI:S“ "°;¢1 o o’
aE— 00 0 92000 > " N L
' 1 G p— 5 ®
Q00 voBIBY e e
g e X
4 3 Vs

Kidamycin (1)





OPS/images/fmicb-14-1274358-g002.jpg
Kid13_scF
iy

2.7kb
T S
Kid12  Kid13 Kid14 Kid13_scR b] M
KSll Tiiell’ks Tiie!PKs 3
" 2

[ neo > il 1: W2061 2.7kb
2: Akid13 2.9kb
| pouble-crossover

Kid12 Kid14
<HET neo TS
Kid13_scF —»
296 -
Kid13_scR
400000 1 3
200000 2 a)WT
]
400000
200000 b) Akid13
0
6 8 10 12 14 16 18 20 22
Time (min)

Kidamyein (1) Photokidamycin (2) Rubiflavinone C-1 (3)





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

A unique dual acyltransferase
system shared in the polyketide
chain initiation of kidamycinone

and rubiflavinone biosynthesis












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






