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Abstract

Alpiniamide A is a linear polyketide produced by Streptomyces endophytic bacteria. Despite its 

relatively simple chemical structure suggestive of a linear assembly line biosynthetic construction 

involving a hybrid polyketide synthase-nonribosomal peptide synthetase enzymatic protein 

machine, we report an unexpected nonlinear synthesis of this bacterial natural product. Using a 

combination of genomics, heterologous expression, mutagenesis, isotope-labeling, and chain 

terminator experiments, we propose that alpiniamide A is assembled in two halves and then ligated 

into the mature molecule. We show that each polyketide half is constructed using orthogonal 

biosynthetic strategies, employing either cis- or trans-acyl transferase mechanisms, thus prompting 

an alternative proposal for the operation of this PKS-NRPS.
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Streptomyces and allied actinobacterial genera are responsible for the production of the 

majority of known bacteria bioactive natural products.1,2 In particular, their large genomes 

encode diverse biosynthetic gene clusters housing polyketide synthases (PKS) and 

nonribosomal peptide synthetases (NRPS), chain-building megasynthases that use a modular 

paradigm for the construction of some of the most potent and structurally diverse chemicals 

in microbiology.

A large number of PKS and NRPS multienzymes exhibit a colinear arrangement between 

gene sequence and the encoded modules and domains, allowing relatively confident 

prediction of gene structure from the chemical nature of the product, and vice versa. In a 

canonical modular PKS, such as the PKSs for biosynthesis of erythromycin,3 nystatin,4 and 

candicidin,5 each extension module contains core ketosynthase (KS), acyl carrier protein 

(ACP), and acyltransferase (AT; cis-AT) domains, which select the extender unit and 

promote a specific cycle of polyketide chain elongation. The optional presence of amending 

ketoreductase (KR), dehydratase (DH), and enoylreductase (ER) domains accounts for the 

vast number of structurally complex and diverse metabolites accessible by this common 

pathway.6,7

Typical modular NRPSs8–10 follow a similar processive and flexible assembly logic to 

produce nonribosomal peptides, using core condensation (C), adenylation (A), and thiolation 

(peptidyl carrier protein) (T) domains, together with optional modifying domains including 

methyltransferase (MT), epimerase (E), and cyclization (Cy) domains which act on the 

chain-extension intermediates.7 A number of colinear PKS–NRPS modular systems have 

also been uncovered in which ketide and amino acids are incorporated in a single hybrid 

assembly line.11–14

The assembly line paradigm also embraces so-called trans-AT (or AT-less) PKSs,15 whose 

hallmark is the absence of AT domains integrated into each extension module. In these 

systems, the AT activity is supplied by a trans-acting AT enzyme encoded within the gene 

cluster, which docks at a specific site (ATd) in each extension module.16–18 The free-

standing AT shows high specificity for malonyl-CoA extender units.15,19 Trans-AT PKS 

(and PKS-NRPS) multienzymes typically feature unusual domain order, modules shared 
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between adjacent proteins, and enzymatic activities acting iteratively across module 

boundaries.15,19–23 Nevertheless, detailed phylogenetic analysis of KS domains has 

permitted increasingly accurate assignment of function to domains and modules.24 

Deciphering these and other notable departures from colinearity25–27 provides valuable 

insights into the evolution and scope of assembly line enzymology.

Whole genome sequencing (WGS) has become an essential tool to identify and decipher 

biosynthetic assembly lines,28,29 as fragmented draft sequences have increasingly been 

supplanted by near-finished sequence data.30 We have previously identified 35 putative 

biosynthetic gene clusters in the genome of Streptomyces sp. CBMAI 2042, an endophytic 

bacteria from Citrus sinensis.31 Within this extensive biosynthetic potential, we were 

particularly intrigued by an apparently novel hybrid PKS–NRPS assembly line with both 

cis- and trans-AT domains, an organization for which there are few precedents.15

During our study, a nearly identical cluster was reported from Streptomyces sp. 

IB2014/011-12 isolated from Lake Baikal sediments32 and shown to govern the biosynthesis 

of alpiniamide A (1, Figure 1) and several congeners. This (or a closely related compound) 

was previously isolated from the endophytic Streptomyces sp. YIM66017 in Alpinia 
oxyphylla.33

These authors have proposed32 that 1 is assembled by a mechanism in which a cis-AT 

domain recruits a propionate starter unit, and a trans-AT domain dictates the incorporation of 

four malonyl-CoA extender units flanking an NRPS-specified glycyl unit. These malonate 

units are methylated by integrated methyltransferase domains to provide the additional 

three-carbon “propionate” units of alpiniamide. However, their data left open the possibility 

of an alternative origin of these units. In the present work, we describe the production of 

alpiniamide A by the endophytic strain Streptomyces sp. CBMAI 2042. Our analysis of this 

system establishes a different biochemistry for alpiniamide A biosynthesis that provides a 

rare example of mixed origins of propionate units to provide the methyl-branched polyketide 

scaffold.

RESULTS AND DISCUSSION

Genome Mining.

We previously reported that the genome-sequenced endophytic strain Streptomyces sp. 

CBMAI 204231 produces cyclodepsipeptide derivatives, valinomycin34 and its analogues,
35,36 and the peptide blue pigment indigoidine.31 Of the eight PKS gene clusters identified 

by antiSMASH analysis,31 a DNA region located on contig1 (GenBank: RCOL00000000, 

from 122974 to 152587 bp) was assigned with an unusual cis/trans-AT PKS-NRPS cluster 

arrangement (Figure S1a). Bioinformatic analysis indicated three biosynthetic genes 

encoding, respectively, a type I PKS, housing a single cis-AT module and a trans-AT module 

(ctg1_117 – alpA1); a trans-AT-like pentadomain protein (ctg1_118 – alpA2); and a hybrid 

trans-AT PKS-NRPS (ctg1_119 – alpA3). Gene ctg1_115 (alpT) encodes a malonyl-CoA-

specific bidomain protein (AT-ACP), suggesting a free-standing AT function as required in 

trans-AT type systems15,37 (Figures 2a and b, Table S1).
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PKS multienzymes containing both cis- and trans-AT are rare,15 and at the time of our initial 

investigation of the alp locus in CBMAI 2042, it was an orphan gene cluster. When the alp 
gene cluster from Streptomyces sp. IB2014/011-12 (GenBank: QEIK00000000.1) was 

published and connected to alpiniamides,32 it was evident that it shared 90% sequence 

similarity with the gene cluster in Streptomyces sp. CBMAI 2042 and had an identical 

organization of modules and domains (Figures 2c and S1b). However, our independent 

bioinformatic analysis suggested the possibility of a different assembly logic for the ketide 

units in alpiniamide than earlier reported by Luzhetskyy and co-workers.32 The crude extract 

of Streptomyces sp. CBMAI 2042 was very complex, and our attempts to connect the gene 

cluster to a chemical entity in wild type (WT) cultures during the initial studies were 

unsuccessful. In order to test our hypothesis, we captured the CBMAI 2042 alp gene cluster 

for heterologous expression in an optimized host.

Whole Genome Cluster Reconstitution and Heterologous Expression of Alpiniamide A.

Initial bioinformatic analysis identified a region comprising 29.8 kb from alpF to alpQ 
(Figure 2b, Table S1) as likely to be involved in assembly of alpiniamide. PCR-based 

transformation-associated recombination (TAR) cloning38–42 was used to capture the gene 

cluster into the pCAP03_p21 vector,42,43 with insertion of the strong constitutive p21 

promoter44 upstream of the cloning site. The 29.8 kb alp BGC was divided into seven DNA 

fragments ranging from 3.5 kb to 5 kb containing ~150 bp homology overlaps between the 

fragments and 40 bp arms homologous to the linearized vector. The amplified PCR products 

were confirmed by restriction analysis (Figures S2 and S3) and transformed with the linear 

vector in Saccharomyces cerevisiae VL6–48N38 for recombination. After restriction analysis 

(Figure S4) to confirm the correct construct of assembled plasmids, pRSalp_6B (~40.3 kb) 

was selected for conjugation with Streptomyces coelicolor M114645 and heterologous 

expression. The recombinant strain S. coelicolor M1146_RSalp was confirmed by PCR for 

chromosomal integration of the cluster (Figure S5).

S. coelicolor M1146_RSalp, Streptomyces sp. CBMAI 2042 (WT), and S. coelicolor M1146 

(empty strain, control) were each cultivated in triplicate in an MP medium for 7 days. As an 

additional control, in-frame deletion46,47 of the adenylation (A) domain from the NRPS gene 

alpA3 resulted in the mutant RSalpΔAdomain, expected to be specifically disrupted in 

alpiniamide production (Figure S6). From the comparative analysis using a C18 reversed 

phase HPLC-MS, we observed a distinct metabolite in extracts of both the native and 

heterologous M1146_RSalp strains evidencing that the cis/trans-AT product was produced 

by the wild type strain. As expected, extracts of the RSalpΔAdomain showed no production of 

alpiniamide (Figures 2d and S7).

HPLC isolation provided approximately 3 mg of the major expressed product from a 500 

mL culture extract of S. coelicolor M1146_RSalp. Based on (+)-HR-ESI-MS analysis 

(Figure S8), we identified a molecular formula of C17H29NNaO6 (four degrees of 

unsaturation) corresponding to a sodium adduct ion at m/z 366.1886 [M + Na]+ and the 

molecular formula C17H27NO5 (five degrees of unsaturation) corresponding to the 

dehydrated molecule at m/z 326.1960 [M-H2O+H]+ (Table S2). 1H NMR spectroscopic data 

(Table S3 and Figure S9) and additional COSY, HSQC, and HMBC (Figures S10, S11, and 
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S12) cross-peak analysis, together with SciFinder and Streptome DB48 searches, allowed 

elucidation of the structure of alpiniamide A (Figure S13) as the main product, with 

analytical and spectroscopic data consistent with those reported for 1 isolated from 

Streptomyces sp. IB2014/011-1232 and Streptomyces sp. YIM66017.33 Luzhetskyy and 

colleagues were able in their work to establish the structures of additional alpiniamides B–E, 

coproduced as minor components together with 1,32 affording valuable evidence of plasticity 

of the alpiniamide assembly line. HPLC-MS and NMR analysis did detect trace levels of 

such species in extracts of S. coelicolor M1146_RSalp, but our analysis presented below 

relates specifically to the mechanism of production of 1.

cis/trans-AT Assembly Line in Alpiniamide A Biosynthesis.

Previous studies have shown that trans-AT domains are highly specific for malonyl-CoA as 

substrate15,16,37,50 and that the introduced two-carbon unit may subsequently undergo α-

methylation by S-adenosylmethionine (SAM)-dependent integrated MT domains to yield a 

methyl-branched extension unit. In contrast AT domains of cis-ATs are highly specific for 

recruiting either malonyl- or (2S)-methylmalonyl-CoA or (more rarely) other alkylmalonyl-

CoA esters.

The results of heterologous cluster expression, as well as previous deletion analysis of the 

alpD and alpR genes in IB2014/011-1232 showing them to be dispensable, confirmed that 

the region from alpF to alpA3 is likely to be essential for alpiniamide A biosynthesis. AlpA1 

encodes a multidomain type I PKS with predicted domain order KS, AT, ACP, KS, DH, KR, 

and ACP. It comprises a candidate starter module (KSs, cis-AT, ACP) predicted to recruit a 

propionate unit, followed by a single extension module lacking an AT domain and also 

lacking a docking domain for a discrete trans-AT enzyme (ATd). Multienzyme AlpA2 

encodes a trans-AT-like protein with domains cMT, ACP, KS, ATd, ACP, and a thioesterase 

(TE) domain. AlpA3 is a multidomain hybrid trans-AT PKS-NRPS comprising domains C, 

A (glycine-specific), PCP, KS, ATd, cMT, ACP, KS, DH, and KR. AlpT provides a 

candidate external malonyl-CoA-specific trans-AT activity.

To identify the respective roles of the annotated trans- and cis-AT enzymes in alpiniamide A 

biosynthesis, feeding experiments were performed with labeled precursors, L-methionine-

(methyl-13C) and sodium propionate-1-13C, followed by comprehensive MS/MS analyses 

(Figure 3). By performing these experiments in the heterologous strain S. coelicolor 
M1146_RSalp, the undesired competition for these biosynthetic precursors was reduced.

LC-MS analysis revealed a reproducible pattern of incorporation: when L-methionine-

(methyl-13C) was added to M1146_RSalp cultures, strong M+1 and M+2 isotopic peaks 

were observed, indicating that two methyl groups of alpiniamide were derived from SAM, 

rather than from propionate, the direct precursor of methylmalonyl-CoA (Figure 3a). This is 

convincing evidence that conventional trans-AT enzymology incorporates only two of the 

five ketide units in alpiniamide, not four as in the previously advanced mechanistic proposal.
32

Crucially, when S. coelicolor M1146_RSalp was grown in the presence of sodium 

propionate-1-13C, the results suggested the incorporation of three three-carbon methyl-
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branched building blocks from methylmalonyl-CoA, as shown by strong M+1, M+2, and M

+3 isotopic peaks (Figure 3b). Labeled propionate was not fed in the previous work,32 and 

so this feature of alpiniamide biosynthesis would have been overlooked.

To confirm the location of the introduced 13C labels, tandem mass (MS/MS) spectra were 

obtained from labeled and unlabeled samples of alpiniamide A. Consistently altered isotopic 

patterns were seen in MS/MS when compared to unlabeled alpiniamide A (Figure S14). 

From L-methionine-(methyl-13C) feeding experiments (Figure 3b), MS/MS spectra showed 

the presence of fragment ions (m/z 137.0594 (M+2) and m/z 154.0852 (M+2)) 

corresponding to the presence of two methyl-13CH3 in accordance with L-methionine-

(methyl-13C) incorporation promoted by the (SAM)-dependent integrated MT domains only 

in the “post-NRPS subunit” (red portion, Figure 3a). The ion fragments from the “pre-NRPS 

subunit” (m/z 109.1002, m/z 137.0955, and m/z 154.1213; blue portion, Figure 3a) evidence 

no incorporation of a labeled methyl group. The reciprocal labeling pattern was observed 

after sodium propionate-1-13C feeding (fragment ions m/z 109.1015 (M+2), m/z 137.0953 

(M+2), and m/z 154.1233 (M+3); Figure 3c) demonstrating the presence of either two or 

three 13C-labels in the “pre-NRPS subunit” (blue portion, Figure 3a). Here, the ion 

fragments from the “post-NRPS subunit” (m/z 137.0600 and m/z 154.0860; red portion, 

Figure 3a) display no presence of a label.

Taken together, these results are consistent with the discrete AT AlpT providing extender 

units in trans to each of two post-NRPS extension modules (one in AlpA2 and one in 

AlpA3). Both these multienzymes have an ATd domain, proposed to accommodate the 

docking of a trans-AT enzyme (Figure S1), while AlpA1 has none. Furthermore, both 

extension module 3 in AlpA3 and extension module 4 (split between AlpA3 and AlpA2) 

have an integral methyltransferase (MT) domain, which would methylate the growing 

polyketide chain at these positions. In contrast, the three propionate units in the pre-NRPS 

part of the assembly line are likely to be introduced by incorporation of methylmalonyl-

CoA. The N-terminal loading module of AlpA1 contains a methylmalonyl-CoA-specific AT 

domain, an ACP, and a so-called KSs domain, in which the active site cysteine (Cys) residue 

of a ketosynthase is replaced by serine (Ser; Figure S15). As in several polyene biosynthetic 

pathways,51–53 KS-Ser is proposed to act as a decarboxylase converting methylmalonyl-

ACP into propionyl-ACP to provide the starter unit for polyketide chain synthesis.

Conceivably, the loading module AT could also service the adjacent extension module of 

AlpA1. In the assembly line biosynthesis of enacyloxin54 in Burkholderia ambifaria, two 

cis-AT domains located in extension modules 1 and 6 appear to act in trans to incorporate all 

malonyl extender units into the polyketide chain.42 An alternative possibility is suggested by 

the presence in the alp cluster of the essential gene alpE,32 which encodes a 3-oxoacyl-ACP 

synthase III (KASIII) enzyme. The sequence of AlpE most closely resembles that of 

specialized KS domains that transfer alkylmalonate units onto PKS ACPs, such as DpsC in 

daunorubicin biosynthesis55 and OzmC in oxazolomycin biosynthesis.55 AlpE may 

therefore act as a methylmalonyl-CoA:ACP acyltransferase to provide propionate extension 

units for AlpA1.
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In this revised proposal for the alpiniamide assembly line, the multienzymes are used in the 

order AlpA1-AlpA3-AlpA2 (Figure 4). The single extension module of AlpA1 is used 

iteratively to create a branched triketide acyl chain on the “pre-NRPS” left-hand side of 1. 

Such iterative behavior in a modular PKS is uncommon but has been invoked in the 

biosynthesis of the fatty acid synthase inhibitor thiolactomycin56 and in the pathway to 

lankacidin antibiotics.57

Detailed bioinformatic analysis of the domains of the Alp PKS-NRPS was undertaken to 

assess how closely their predicted functions match the requirements of the revised scheme in 

Figure 4. Key active site sequence motifs were initially detected using the automated 

genome annotation pipeline antiSMASH58,59 and then curated manually. The Alp PKS-

NRPS was also analyzed by the trans-AT PKS polyketide structure predictor TransATor 

(https://transator.ethz.ch).24 This software exploits the previous finding that in trans-AT 

PKSs KS phylogeny reports directly on the chemical nature of the growing chain substrate.
60 The results showed that, in accordance with the scheme of Figure 4, the N-terminal KS of 

AlpA1 is predicted as a starter KS, and the second KS of AlpA1 is predicted to act on either 

β-hydroxy-α-methylated chains or α,β-unsaturated, α-methyl chains. Similarly, the KS of 

module 3 in AlpA3 is predicted to prefer an aminoacyl substrate and the KS of module 4 

(shared between AlpA3 and AlpA2) to prefer β-d-hydroxy-α-L-methylated chains. All the 

KSs in the Alp assembly line contain the Cys-His-His triad of active site residues essential 

for condensing enzyme activity. However, TransATor24 analysis revealed that the KS of 

AlpA2 is found in a clade of nonelongating KS (KS° – module 5) domains, in good 

accordance with the scheme in Figure 4.

The active site sequences of KR domains in modular PKSs provide information about the 

configuration of the β-hydroxacyl thioester product.61 antiSMASH analysis showed in 

accordance with the proposed scheme that the KR of AlpA1 is predicted to be active (B1 

type). The KR of AlpA3 should from the scheme of Figure 4 be active but is predicted to be 

inactive (C2 type) because an essential active site asparagine residue is substituted by 

cysteine. The reason for this discrepancy is unclear.

All the essential active site sequence motifs are present in the two annotated Alp PKS 

dehydratase (DH) domains. The scheme illustrated in Figure 4 requires that the DH domain 

of AlpA1 (module 1) is active in the first extension cycle but inactive in the second. A 

precedent for such conditional use of a domain is found for example in the 2-fold use of the 

first extension module of the azalomycin PKS62 where an enoylreductase (ER) domain is 

active only in the second extension cycle. Similarly, the DH of module 4 in AlpA3 is 

predicted to be active but is apparently skipped in order to produce 1.

A more radical feature of the proposed scheme in Figure 4 is that it envisages that the two 

halves of the alpiniamide molecule are separately assembled and the two chains are then 

joined in amide linkage. In the assembly of all previously characterized hybrid PKS–NRPS 

products in which a glycine unit is flanked by polyketide units, such as oxazolomycin,63 

jamaicamide,64 and pederin/onnamide,65,66 a single chain-building process has been 

invoked. This conventional strategy in particular prevents the production of short enzyme-

bound thioester intermediates having an exposed N-amino group, which might abort chain 
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synthesis through intramolecular nucleophilic attack on the thioester. Such considerations 

have been used to rationalize the use of natural protective group strategies in the 

biosynthesis of butirosin,67 macrolactams,68 and marginolactones.69 On the other hand, 

there are now well-documented modular PKS and PKS/NRPS systems in which separately 

assembled chains are then connected. For example, malleilactone/burkholderic acid70,71 

arises from distinct polyketide chains further linked through an ester bond catalyzed by a 

condensation (C) domain. In other systems, a KASIII-type ketosynthase enzyme catalyzes 

head to head Claisen-like condensation of two chains,72 for example, in myxopyronin73 and 

coallopyronin74 biosynthesis.

In an effort to confirm the proposed noncolinear arrangement of modules in alpiniamide 

biosynthesis, and to investigate whether the alpiniamide backbone might be synthesized as 

two separate chains, we tested malonyl- and methylmalonyl-mimic probes (chain 

terminators) in feeding experiments75–77 to offload and detect enzyme-bound intermediates 

from the assembly line(s) in vivo.

Evidence that Alpiniamide A Biosynthesis Involves Postassembly Connection of Two 
Separate Chains.

Streptomyces M1146_RSalp was grown in the presence of either of the chemical probes 2 

and 3 (Figure 5), mimics, respectively, of the extender units malonyl- and methylmalonyl-

CoA.75–78 The method relies upon successful competition by the mimic for condensation 

with the growing chain, and offloading of shorter chains is generally found to be more 

effective. A summary of the intermediates intercepted in vivo and detected by LC-HRMS 

analyses is given in Figure 5. Using the malonyl-mimic probe 2, several off-loaded 

intermediates were observed from the trans-AT (post-NRPS) multienzymes, as judged by the 

detection of ions with m/z 201.1228 (Figure S16) corresponding to the capture of glycine; 

m/z 243.1339 (Figure S17) corresponding to the malonyl-mimic probe 2 plus an acetate unit 

condensed to glycine; and the ion with m/z 257.1500 (Figure S18), corresponding to an 

intermediate in which the acetate unit is methylated, evidence of the action of the integral C-

methyltransferase in AlpA3. These data provide the first evidence for chain extension on 

AlpA3 initiated by a free glycine unit, a key feature of the revised scheme (Figure 4). From 

feeding experiments using the methylmalonyl-mimic 3, we observed the ion m/z 214.1440 

(Figure S19) corresponding to offloading of a propionyl unit from the start of the cis-PKS 

chain in AlpA1.

However, we cannot yet exclude the possibility that the detected species arise from a low-

level aberrant functioning of a single assembly line, the normal intermediates from which 

were not captured.

The nature of the enzyme that would link two separate chains to form alpiniamides is 

unclear. The KASIII-like protein AlpE has already been referred to as a candidate AT 

supplying extender propionate units to AlpA1. This enzyme was previously proposed32 to 

furnish the propionate starter unit for AlpA1. Interestingly, in the benzoxazole antibiotic 

A3385379 formed from two moieties of 3-hydroxyanthranilic acid (3-HAA) and one 3-

hydroxypicolinic acid (3-HPA), a KASIII-like protein (BomK) has been shown to catalyze 

amide bond formation between 3-HPA and the 3-HAA dimer as its thioester. Against this, as 
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previously noted,32 phylogenetic analysis of AlpE places it in a distinct clade of KASIII 

enzymes acting as specific short-chain acyltransferases and condensing enzymes (Figure 

S20). Alternatively, the N-terminal C domain of AlpA3 may catalyze amide linkage between 

the amino-diketide released from AlpA3/AlpA2 and the AlpA1-tethered triketide.

CONCLUSIONS

This work presents a new proposal for alpiniamide A biosynthesis based on the surprising 

finding that the five propionate units of this natural product arise by two entirely different 

mechanisms. The type I modular PKS encoded by alpA1 is proposed to incorporate a 

propionate starter unit using an integrated cis-AT domain, as well as incorporating 

propionate extender units catalyzed by a discrete KASIII enzyme acting as a dedicated 

methylmalonyl-CoA:ACP acyltransferase. In contrast, the trans-AT PKS-NRPS 

multienzyme AlpA2–AlpA3 recruits extension units from malonyl-CoA that are then 

methylated by integrated S-adenosylmethionine (SAM)-dependent methyltransferase 

domains. Such an arrangement is highly unusual but not unprecedented: the cyanobacterial 

natural product nosperin80 has a pre-NRPS portion predicted to incorporate acetate, and 

methyl branches arise from SAM-dependent methylation, while the post-NRPS final 

extension module recruits malonyl-CoA by a classical cis-AT route. We have also obtained 

initial evidence that alpiniamide assembly may take place on two parallel assembly lines, the 

products of which are then linked together, an unusual arrangement which has interesting 

evolutionary implications. These insights, together with the independent findings of 

Luzhetskyy and colleagues,32 provide a valuable foundation for future biochemical 

exploration of this intriguing biosynthetic pathway.

METHODS

DNA Fragments.

Genomic DNA (gDNA) extracted from Streptomyces sp. CBMAI 2042 was used as a 

template for all PCR reactions to obtain seven PCR fragments covering the alp gene cluster. 

Primer pairs were designed using Geneious v. 10.2.3 (Table S4). Fragments were 

concentrated with a DNA Clean & Concentrator kit (Zymo Research), purified from agarose 

gel with QIAquick Gel Extraction Kit (Qiagen). Vector pCAP03_p21 was linearized with 

restriction enzymes (NdeI and EcoRI) and recovered from a 0.5% agarose gel with 

QIAquick Gel Extraction Kit (Qiagen).

TAR Cloning.

A single colony of S. cerevisiae VL6–48N strain was inoculated in 10 mL of YPD liquid 

medium (glucose 2%, peptone 1%, yeast extract 0.5%) supplemented with adenine 

hemisulfate salt (100 mg/L) at 30 °C and 220 rpm overnight, and a previously optimized 

protocol was followed.38,43,81 A total of 20 μL of transforming DNA mix (120 ng linearized 

vector and ~100 ng of each PCR amplified fragments) was prepared for yeast cell 

transformation according to Table S5. Isolated colonies were selected and transferred to a 

fresh YPD agar plate containing 5-fluorootic acid (5-FOA).82 After 48 h, six random 

selected yeast colonies were selected and grown on YPD liquid medium for 24 h at 30 °C 
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and 200 rpm for DNA extraction with Zymoprep Yeast Plasmid Miniprep II (ZYMO 

RESEARCH) and screened by PCR (Table S4). Positive plasmids (Figure S4) were 

transferred into electrocompetent E. coli DH10B cells. Plasmids were then purified from 

antibiotic resistant E. coli clones with a Qiagen Plasmid extraction kit, and resulting 

constructions were confirmed by restriction analysis (BamHI; EcoRi+EcoRV; KpnI

+HindIII; BamHI+HindIII).

Intergeneric Triparental Conjugation.

pRSalp_6B plasmid (~41 kb) was transferred to chemically competent E. coli ET12567. For 

conjugation, ET/pRSalp_6B and ET1257/pUB307 (helper strain) colonies were inoculated 

into 10 mL of 2TY medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl) with appropriated 

antibiotics at 37 °C and 250 rpm overnight. A total of 100 μL of inoculum was transferred to 

10 mL of fresh 2TY medium containing antibiotics, incubated at 37 °C until A600 was 0.4–

0.6. The cells were spun down and washed twice with 2TY medium and resuspended in 0.4 

mL of 2TY. S. coelicolor M1146 mycelia from a 36 h culture in TSBY liquid medium (3% 

tryptic soy broth, 10.3% sucrose, 0.5% yeast extract) were washed twice with 2TY and 

resuspended in 1 mL. For conjugation, 0.2 mL of E. coli cells and 0.5 mL of S. coelicolor 
M1146 were mixed, and 150 μL of mixture was plated on SFM agar (2% D-mannitol, 2% 

soya flour, 2% agar, 10 mM MgCl2). Plates were incubated for 16 h at 30 °C and followed 

by overlay with 1 mL of antibiotic solution (final concentration 40 μg mL−1 of kanamycin 

and 20 μg mL−1 nalidixic acid). Incubation at 30 °C for 5–7 days resulted in exconjugants, 

which were streaked on an SFM agar plate containing nalidixic acid (25 μg mL−1) and 

kanamycin (50 μg mL−1).

Heterologous Expression.

M1146_RSalp was routinely precultivated in TSBY liquid medium containing a half 

concentration of kanamycin and nalidixic acid at 30 °C for 48 h. A total of 400 μL of the 

preculture was inoculated into 40 mL of MP medium (1% glucose, 1% soluble starch, 0.5% 

NaCl, 0.3% yeast extract, 0.3% soytone, 0.2% peptone, 0.2% malt extract, 25 mM TES pH 

7.2) and incubated for 7 days at 30 °C (250 mL flasks) and 250 rpm.

Alpiniamide A Isolation and Purification.

Extraction of cultures was performed by adding 20 g L−1 of Amberlite XAD7HP resin 

(SIGMA) to the cultures followed by rotary shaking (250 rpm) for 30–60 min. The resin and 

cell pellet were recovered from the fermentation broth by centrifugation at 8000 rpm, for 20 

min. The supernatant was removed, and 15 mL of methanol was added and stirred for 1–2 h 

to elute adsorbed metabolites from the resin. Solvent was evaporated under a vacuum 

followed by lyophilization. The extract was dissolved in MeOH and separated on a 

HyperSep C18 SPE Cartridge (Thermo Fisher Scientific), which was washed with increasing 

MeOH concentrations. Fractions containing alpiniamide A were combined, and organic 

solvent was evaporated under a vacuum followed by lyophilization. Further purification was 

achieved by preparative high-performance liquid chromatography (HPLC) using a 

Phenomenex Luna C18 column (5 mm, 100 mm × 2 mm) coupled to an Agilent 

Technologies system composed of a PrepStar pump, a ProStar 410 autosampler, and a 

ProStar UV. The solvent systems used was as follows: deionized water (A) and acetonitrile 
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(B) buffered with0.1% trifluoroacetic acid (TFA; v/v). The HPLC separation profile 

consisted of 5 min of isocratic development at 5% B, 20 min of linear gradient from 5% to 

70% B, 5 min of linear gradient from 70% to 100% B, 2 min of isocratic development at 

100% B, and 3 min of linear gradient from 100% to 5% B, 15 mL/min flow rate and 

monitored UV at 200–600 nm. Fractions of interest were combined; solvent was evaporated 

to completion in vacuo and lyophilized, yielding 3 mg of brown oil, for NMR analysis.

In Frame Gene Deletion.

For A domain knockout, a deletion plasmid was obtained by cloning ~2 kb regions flanking 

the targeted gene into the suicide plasmid pYH7.46,47 The two fragments and linearized 

pYH7 (NdeI restriction enzyme) were isothermally assembled according to the Gibson 

Assembly protocol.83 Final construction was confirmed by restriction analyses with NdeI 

endonuclease and Sanger sequencing. pRSalpΔAdomain plasmid was transformed into E. coli 
ET12567/pUZ8002 and then was transferred into the Streptomyces sp. CBMAI 2042 

chromosome by conjugation. Exconjugants obtained on an SFM plate were streaked on fresh 

agar containing apramycin (Apr) and nalidixic acid (Nal) for selection of the first crossover 

event. Next, apramycin-resistant colonies were restreaked on antibiotic-free SFM agar plates 

for a second crossover. Single colonies from nonselective plates were replica-plated on Apr-

free and Apr-containing plates. Six clones that were sensitive to Apr (AprS) were screened 

by PCR resulting in two double-crossover mutants containing the desired gene deletion 

(Figure S6B).

Feeding Experiments with Labeled Precursors.

An isolated colony of M1146_RSalp was precultivated in TSBY containing a half 

concentration of kanamycin and nalidixic acid at 30 °C for 48 h. A total of 1% of the 

preculture was inoculated into different flasks containing 30 mL of MP medium and 

supplemented with labeled precursor every 10–12 h (four time points) up to a final 

concentration of 1 mM L-methionine-(methyl-13C) (Cambridge Isotope Laboratories) and 

12.9 mM sodium propionate-1-13C (Sigma-Aldrich). Duplicates were prepared for each 

labeled feeding experiment. After 7 days of incubation, the cultures were extracted as 

previously described. The extracts were evaluated by LC-MS.

Feeding Experiments with Chain Termination Synthetic Probes.

An isolated colony of M1146_RSalp was precultivated in TSBY containing a half 

concentration of kanamycin and nalidixic acid at 30 °C for 48 h. A total of 1% of the 

preculture was inoculated into different flasks containing 25 mL of MP liquid medium. After 

24 h of incubation, daily additions of chain termination synthetic probes (dissolved in 

methanol, up to 50 μL) were carried out over the next 4 days to reach a 5 mM final 

concentration as previously described.77 Control experiments were set up with no probes. 

Feeding experiments were set up in duplicate. After 7 days of incubation, the cultures were 

extracted as previously described. The extracts were evaluated by LC-MS.
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LC-MS Analysis of Alpiniamide A.

Methanol extracts were filtered with 0.2 mm PTFE filters for LC-MS analysis. A 2 μL 

aliquot was injected onto a Phenomenex Luna C18 reversed-phase HPLC column (5 μm, 

150 × 4.6 mm) and analyzed with an Agilent Technologies 1200 Series system coupled to an 

Agilent Technologies 6530 Accurate-Mass Q-TOF mass spectrometer in positive ionization 

mode. Data were analyzed with Agilent MassHunter software B.05.01. A solvent system of 

water (A) and acetonitrile (B) buffered with 0.1% formic acid (v/v) and the following 

analytical method were used: 0.75 mL min−1 flow rate, 0–2 min 95% A/5% B; 2–27 min, 

95% A/5% B to 0% A/100% B; 27–32 min, 0% A/100% B; 32–32.5 min, 0% A/100% B to 

95% A/5% B; 32.5–35 min, 95% A/5% B. Data acquisition for feeding experiments is 

shown in the Supporting Information.

NMR Analysis.
1H NMR spectra and 2D correlation maps (COSY, HSQC and HMBC) were recorded on a 

JEOL ECA 500 spectrometer (500.16 MHz) using deuterated methanol (CD3OD) as a 

solvent. 13C chemical shifts were inferred from 2D correlation maps HMBC/HSQC. 

Chemical shifts were recorded using an internal deuterium lock for 13C and residual 1H in 

CD3OD (δH 3.31, δC 49.0) and are given in parts per million on a scale relative to δTMS = 

0. NMR data were analyzed with MestReNova V.12.0 software (Table S3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was financially supported by São Paulo Research Foundation - FAPESP (2019/10564-5, 2014/12727-5, 
and 2014/50249-8 (L.G.O.); 2016/25735-1 and 2015/01013-4 (R.S.); 2017/24017-0 (I.D.J)), and NIH grant R01-
GM085770 to B.S.M. S.M.K.M acknowledges a postdoctoral fellowship from the Natural Sciences and 
Engineering Research Council of Canada (NSERC-PDF). A.F.S. was financed by Coordination for the 
Improvement of Higher Education Personnel (CAPES - Finance Code 001). L.G.O. received Research Fellowship 
from National Council for Scientific and Technological Development - CNPq (313492/2017-4). L.G.O. is also 
grateful for the Grant For Women in Science (2008, Brazilian Edition). The Brazilian authors acknowledge CAPES 
(Coordination for the Improvement of Higher Education Personnel) for supporting the postgraduation programs in 
Brazil. We thank V. Larionov for the yeast strain S. cerevisiae VL6-48N and P. Leadlay for all helpful discussions 
and suggestions.

REFERENCES

(1). Katz L, and Baltz RH (2016) Natural product discovery: past, present, and future. J. Ind. 
Microbiol. Biotechnol 43, 155–176. [PubMed: 26739136] 

(2). Genilloud O (2017) Actinomycetes: still a source of novel antibiotics. Nat. Prod. Rep 34, 1203–
1232. [PubMed: 28820533] 

(3). Bevitt DJ, Cortes J, Haydock SF, and Leadlay PF (1992) 6-Deoxyerythronolide-B synthase 2 from 
Saccharopolyspora erythraea. Cloning of the structural gene, sequence analysis and inferred 
domain structure of the multifunctional enzyme. Eur. J. Biochem 204, 39–49. [PubMed: 
1740151] 

(4). Brautaset T, Sekurova ON, Sletta H, Ellingsen TE, Strøm AR, Valla S, and Zotchev SB (2000) 
Biosynthesis of the polyene antifungal antibiotic nystatin in Streptomyces noursei ATCC 11455: 
analysis of the gene cluster and deduction of the biosynthetic pathway. Chem. Biol 7, 395–403. 
[PubMed: 10873841] 

Sigrist et al. Page 12

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(5). Campelo AB, and Gil JA (2002) The candicidin gene cluster from Streptomyces griseus IMRU 
3570. Microbiology 148, 51–59. [PubMed: 11782498] 

(6). Khosla C (2009) Structures and Mechanisms of Polyketide Synthases. J. Org. Chem 74, 6416–
6420. [PubMed: 19711990] 

(7). Weissman KJ (2015) The structural biology of biosynthetic megaenzymes. Nat. Chem. Biol 11, 
660–670. [PubMed: 26284673] 

(8). Miao V, Coeffet-LeGal M-F, Brian P, Brost R, Penn J, Whiting A, Martin S, Ford R, Parr I, 
Bouchard M, Silva CJ, Wrigley SK, and Baltz RH (2005) Daptomycin biosynthesis in 
Streptomyces roseosporus: cloning and analysis of the gene cluster and revision of peptide 
stereochemistry. Microbiology 151, 1507–1523. [PubMed: 15870461] 

(9). Zhang C, Kong L, Liu Q, Lei X, Zhu T, Yin J, Lin B, Deng Z, and You D (2013) In Vitro 
Characterization of Echinomycin Biosynthesis: Formation and Hydroxylation of L-Tryptophanyl-
S-Enzyme and Oxidation of (2S,3S) β-Hydroxytryptophan. PLoS One 8, e56772. [PubMed: 
23437232] 

(10). Demain AL (2014) Importance of microbial natural products and the need to revitalize their 
discovery. J. Ind. Microbiol. Biotechnol 41, 185–201. [PubMed: 23990168] 

(11). Schwecke T, Aparicio JF, Molnar I, Konig A, Khaw LE, Haydock SF, Oliynyk M, Caffrey P, 
Cortes J, and Lester JB (1995) The biosynthetic gene cluster for the polyketide 
immunosuppressant rapamycin. Proc. Natl. Acad. Sci. U. S. A 92, 7839–7843. [PubMed: 
7644502] 

(12). Molnár I, Aparicio JF, Haydock SF, Ee Khaw L, Schwecke T, König A, Staunton J, and Leadlay 
PF (1996) Organisation of the biosynthetic gene cluster for rapamycin in Streptomyces 
hygroscopicus: Analysis of genes flanking the polyketide synthase. Gene 169, 1–7. [PubMed: 
8635730] 

(13). Du L, Sánchez C, Chen M, Edwards DJ, and Shen B (2000) The biosynthetic gene cluster for the 
antitumor drug bleomycin from Streptomyces verticillus ATCC15003 supporting functional 
interactions between nonribosomal peptide synthetases and a polyketide synthase. Chem. Biol 7, 
623–642. [PubMed: 11048953] 

(14). Fisch KM (2013) Biosynthesis of natural products by microbial iterative hybrid PKS–NRPS. 
RSC Adv. 3, 18228–18247.

(15). Helfrich EJN, and Piel J (2016) Biosynthesis of polyketides by trans-AT polyketide synthases. 
Nat. Prod. Rep 33, 231–316. [PubMed: 26689670] 

(16). Piel J (2010) Biosynthesis of polyketides by trans-AT polyketide synthases. Nat. Prod. Rep 27, 
996–1047. [PubMed: 20464003] 

(17). Cheng Y-Q, Tang G-L, and Shen B (2003) Type I polyketide synthase requiring a discrete 
acyltransferase for polyketide biosynthesis. Proc. Natl. Acad. Sci. U. S. A 100, 3149–3154. 
[PubMed: 12598647] 

(18). Till M, and Race PR (2014) Progress challenges and opportunities for the re-engineering of trans-
AT polyketide synthases. Biotechnol. Lett 36, 877–888. [PubMed: 24557077] 

(19). Dunn BJ, Watts KR, Robbins T, Cane DE, and Khosla C (2014) Comparative Analysis of the 
Substrate Specificity of trans - versus cis- Acyltransferases of Assembly Line Polyketide 
Synthases. Biochemistry 53, 3796–3806. [PubMed: 24871074] 

(20). El-Sayed AK, Hothersall J, Cooper SM, Stephens E, Simpson TJ, and Thomas CM (2003) 
Characterization of the Mupirocin Biosynthesis Gene Cluster from Pseudomonas fluorescens 
NCIMB 10586. Chem. Biol 10, 419–430. [PubMed: 12770824] 

(21). Mast Y, Weber T, Gölz M, Ort-Winklbauer R, Gondran A, Wohlleben W, and Schinko E (2011) 
Characterization of the ‘pristinamycin supercluster’ of Streptomyces pristinaespiralis. Microb. 
Biotechnol 4, 192–206. [PubMed: 21342465] 

(22). Pulsawat N, Kitani S, and Nihira T (2007) Characterization of biosynthetic gene cluster for the 
production of virginiamycin M, a streptogramin type A antibiotic, in Streptomyces virginiae. 
Gene 393, 31–42. [PubMed: 17350183] 

(23). Zhang JJ, Tang X, Huan T, Ross AC, and Moore BS (2020) Pass-back chain extension expands 
multimodular assembly line biosynthesis. Nat. Chem. Biol 16, 42–49. [PubMed: 31636431] 

Sigrist et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(24). Helfrich EJN, Ueoka R, Dolev A, Rust M, Meoded RA, Bhushan A, Califano G, Costa R, 
Gugger M, Steinbeck C, Moreno P, and Piel J (2019) Automated structure prediction of trans-
acyltransferase polyketide synthase products. Nat. Chem. Biol 15, 813–821. [PubMed: 
31308532] 

(25). Tang X, Li J, and Moore BS (2017) Minimization of the Thiolactomycin Biosynthetic Pathway 
Reveals that the Cytochrome P450 Enzyme TlmF is Required for Five-Membered Thiolactone 
Ring Formation. ChemBioChem 18, 1072–1076. [PubMed: 28393452] 

(26). Luo Y, Huang H, Liang J, Wang M, Lu L, Shao Z, Cobb RE, and Zhao H (2013) Activation and 
characterization of a cryptic polycyclic tetramate macrolactam biosynthetic gene cluster. Nat. 
Commun 4, 2894. [PubMed: 24305602] 

(27). Li Y, Wang H, Liu Y, Jiao Y, Li S, Shen Y, and Du L (2018) Biosynthesis of the Polycyclic 
System in the Antifungal HSAF and Analogues from Lysobacter enzymogenes. Angew. Chem., 
Int. Ed 57, 6221–6225.

(28). Boddy CN (2014) Bioinformatics tools for genome mining of polyketide and non-ribosomal 
peptides. J. Ind. Microbiol. Biotechnol 41, 443–450. [PubMed: 24174214] 

(29). Ziemert N, Alanjary M, and Weber T (2016) The evolution of genome mining in microbes – a 
review. Nat. Prod. Rep 33, 988–1005. [PubMed: 27272205] 

(30). Baltz RH (2019) Natural product drug discovery in the genomic era: realities, conjectures, 
misconceptions, and opportunities. J. Ind. Microbiol. Biotechnol 46, 281–299. [PubMed: 
30484124] 

(31). Gonzaga de Oliveira L, Sigrist R, Sachetto Paulo B, and Samborskyy M (2019) Whole-Genome 
Sequence of the Endophytic Streptomyces sp. Strain CBMAI 2042, Isolated from Citrus sinensis. 
Microbiol. Resour. Announc 8, 1–2.

(32). Paulus C, Rebets Y, Zapp J, Rückert C, Kalinowski J, and Luzhetskyy A (2018) New 
Alpiniamides From Streptomyces sp. IB2014/011-12 Assembled by an Unusual Hybrid Non-
Ribosomal Peptide Synthetase trans-AT Polyketide Synthase Enzyme. Front. Microbiol 9, 1–15. 
[PubMed: 29403456] 

(33). Zhou H, Yang Y, Zhang J, Peng T, Zhao L, Xu L, and Ding Z (2013) Alkaloids from an 
Endophytic Streptomyces sp. YIM66017. Nat. Prod. Commun 8, 1393–1396. [PubMed: 
24354182] 

(34). Paulo B, Sigrist R, Angolini C, Eberlin M, and de Oliveira L (2019) Gene Deletion Leads to 
Improved Valinomycin Production by Streptomyces sp. CBMAI 2042. J. Braz. Chem. Soc 30, 
673–679.

(35). Paulo BS, Sigrist R, Angolini CFF, and De Oliveira LG (2019) New Cyclodepsipeptide 
Derivatives Revealed by Genome Mining and Molecular Networking. ChemistrySelect 4, 7785–
7790.

(36). Sigrist R, Paulo BS, Angolini CFF, and De Oliveira LG (2020) Mass Spectrometry-Guided 
Genome Mining as a Tool to Uncover Novel Natural Products. J. Visualized Exp 157, e60825.

(37). Cheng Y-Q, Tang G-L, and Shen B (2003) Type I polyketide synthase requiring a discrete 
acyltransferase for polyketide biosynthesis. Proc. Natl. Acad. Sci. U. S. A 100, 3149–3154. 
[PubMed: 12598647] 

(38). Yamanaka K, Reynolds KA, Kersten RD, Ryan KS, Gonzalez DJ, Nizet V, Dorrestein PC, and 
Moore BS (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. [PubMed: 
24449899] 

(39). Bonet B, Teufel R, Crüsemann M, Ziemert N, and Moore BS (2015) Direct Capture and 
Heterologous Expression of Salinispora Natural Product Genes for the Biosynthesis of Enterocin. 
J. Nat. Prod 78, 539–542. [PubMed: 25382643] 

(40). Ross AC, Gulland LES, Dorrestein PC, and Moore BS (2015) Targeted Capture and 
Heterologous Expression of the Pseudoalteromonas Alterochromide Gene Cluster in Escherichia 
coli Represents a Promising Natural Product Exploratory Platform. ACS Synth. Biol 4, 414–420. 
[PubMed: 25140825] 

Sigrist et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(41). Zhang JJ, Yamanaka K, Tang X, and Moore BS (2019) Direct cloning and heterologous 
expression of natural product biosynthetic gene clusters by transformation-associated 
recombination. Methods Enzymol. 621, 87–110. [PubMed: 31128791] 

(42). Bauman KD, Li J, Murata K, Mantovani SM, Dahesh S, Nizet V, Luhavaya H, and Moore BS 
(2019) Refactoring the Cryptic Streptophenazine Biosynthetic Gene Cluster Unites Phenazine, 
Polyketide, and Nonribosomal Peptide Biochemistry. Cell Chem. Biol 26, 724–736. [PubMed: 
30853419] 

(43). Tang X, Li J, Millán-Aguiñaga N, Zhang JJ, O’Neill EC, Ugalde JA, Jensen PR, Mantovani SM, 
and Moore BS (2015) Identification of Thiotetronic Acid Antibiotic Biosynthetic Pathways by 
Target-directed Genome Mining. ACS Chem. Biol 10, 2841–2849. [PubMed: 26458099] 

(44). Myronovskyi M, and Luzhetskyy A (2016) Native and engineered promoters in natural product 
discovery. Nat. Prod. Rep 33, 1006–1019. [PubMed: 27438486] 

(45). Gomez-Escribano JP, and Bibb MJ (2011) Engineering Streptomyces coelicolor for heterologous 
expression of secondary metabolite gene clusters. Microb. Biotechnol 4, 207–215. [PubMed: 
21342466] 

(46). Sun Y, Hong H, Samborskyy M, Mironenko T, Leadlay PF, and Haydock SF (2006) Organization 
of the biosynthetic gene cluster in Streptomyces sp. DSM 4137 for the novel neuroprotectant 
polyketide meridamycin. Microbiology 152, 3507–3515. [PubMed: 17159202] 

(47). Sun Y, He X, Liang J, Zhou X, and Deng Z (2009) Analysis of functions in plasmid pHZ1358 
influencing its genetic and structural stability in Streptomyces lividans 1326. Appl. Microbiol. 
Biotechnol 82, 303–310. [PubMed: 19066884] 

(48). Klementz D, Döring K, Lucas X, Telukunta KK, Erxleben A, Deubel D, Erber A, Santillana I, 
Thomas OS, Bechthold A, and Günther S (2016) StreptomeDB 2.0—an extended resource of 
natural products produced by streptomycetes. Nucleic Acids Res. 44, D509–D514. [PubMed: 
26615197] 

(49). Bunet R, Song L, Mendes MV, Corre C, Hotel L, Rouhier N, Framboisier X, Leblond P, Challis 
GL, and Aigle B (2011) Characterization and Manipulation of the Pathway-Specific Late 
Regulator AlpW Reveals Streptomyces ambofaciens as a New Producer of Kinamycins. J. 
Bacteriol 193, 1142–1153. [PubMed: 21193612] 

(50). Wong FT, Jin X, Mathews II, Cane DE, and Khosla C (2011) Structure and Mechanism of the 
trans -Acting Acyltransferase from the Disorazole Synthase. Biochemistry 50, 6539–6548. 
[PubMed: 21707057] 

(51). Brautaset T, Sekurova ON, Sletta H, Ellingsen TE, Strom AR, Valla S, and Zotchev SB (2000) 
Biosynthesis of the polyene antifungal antibiotic nystatin in Streptomyces noursei ATCC 11455: 
Analysis of the gene cluster and deduction of the biosynthetic pathway. Chem. Biol 7, 395–403. 
[PubMed: 10873841] 

(52). Aparicio JF, Fouces R, Mendes MV, Olivera N, and Martín JF (2000) A complex multienzyme 
system encoded by five polyketide synthase genes is involved in the biosynthesis of the 26-
membered polyene macrolide pimaricin in Streptomyces natalensis. Chem. Biol 7, 895–905. 
[PubMed: 11094342] 

(53). Seco EM, Pérez-Zúñiga FJ, Rolón MS, and Malpartida F (2004) Starter Unit Choice Determines 
the Production of Two Tetraene Macrolides, Rimocidin and CE-108, in Streptomyces diastaticus 
var. 108. Chem. Biol 11, 357–366. [PubMed: 15123265] 

(54). Mahenthiralingam E, Song L, Sass A, White J, Wilmot C, Marchbank A, Boaisha O, Paine J, 
Knight D, and Challis GL (2011) Enacyloxins Are Products of an Unusual Hybrid Modular 
Polyketide Synthase Encoded by a Cryptic Burkholderia ambifaria Genomic Island. Chem. Biol 
18, 665–677. [PubMed: 21609847] 

(55). Jackson DR, Shakya G, Patel AB, Mohammed LY, Vasilakis K, Wattana-Amorn P, Valentic TR, 
Milligan JC, Crump MP, Crosby J, and Tsai S-C (2018) Structural and Functional Studies of the 
Daunorubicin Priming Ketosynthase DpsC. ACS Chem. Biol 13, 141–151. [PubMed: 29161022] 

(56). Yurkovich ME, Jenkins R, Sun Y, Tosin M, and Leadlay PF (2017) The polyketide backbone of 
thiolactomycin is assembled by an unusual iterative polyketide synthase. Chem. Commun 53, 
2182–2185.

Sigrist et al. Page 15

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(57). Dorival J, Risser F, Jacob C, Collin S, Dräger G, Paris C, Chagot B, Kirschning A, Gruez A, and 
Weissman KJ (2018) Insights into a dual function amide oxidase/macrocyclase from lankacidin 
biosynthesis. Nat. Commun 9, 3998. [PubMed: 30266997] 

(58). Medema MH, Blin K, Cimermancic P, de Jager V, Zakrzewski P, Fischbach M. a, Weber T, 
Takano E, and Breitling R (2011) AntiSMASH: rapid identification, annotation and analysis of 
secondary metabolite biosynthesis gene clusters in bacterial and fungal genome sequences. 
Nucleic Acids Res. 39, W339–W346. [PubMed: 21672958] 

(59). Blin K, Shaw S, Steinke K, Villebro R, Ziemert N, Lee SY, Medema MH, and Weber T (2019) 
AntiSMASH 5.0: updates to the secondary metabolite genome mining pipeline. Nucleic Acids 
Res. 47, W81–W87. [PubMed: 31032519] 

(60). Nguyen T, Ishida K, Jenke-Kodama H, Dittmann E, Gurgui C, Hochmuth T, Taudien S, Platzer 
M, Hertweck C, and Piel J (2008) Exploiting the mosaic structure of trans-acyltransferase 
polyketide synthases for natural product discovery and pathway dissection. Nat. Biotechnol 26, 
225–233. [PubMed: 18223641] 

(61). Wagner DT, Stevens DC, Mehaffey MR, Manion HR, Taylor RE, Brodbelt JS, and Keatinge-Clay 
AT (2016) α-Methylation follows condensation in the gephyronic acid modular polyketide 
synthase. Chem. Commun 52, 8822–8825.

(62). Xu W, Zhai G, Liu Y, Li Y, Shi Y, Hong K, Hong H, Leadlay PF, Deng Z, and Sun Y (2017) An 
Iterative Module in the Azalomycin F Polyketide Synthase Contains a Switchable Enoylreductase 
Domain. Angew. Chem., Int. Ed 56, 5503–5506.

(63). Zhao C, Coughlin JM, Ju J, Zhu D, Wendt-Pienkowski E, Zhou X, Wang Z, Shen B, and Deng Z 
(2010) Oxazolomycin Biosynthesis in Streptomyces albus JA3453 Featuring an “Acyltransferase-
less” Type I Polyketide Synthase That Incorporates Two Distinct Extender Units. J. Biol. Chem 
285, 20097–20108. [PubMed: 20406823] 

(64). Edwards DJ, Marquez BL, Nogle LM, McPhail K, Goeger DE, Roberts MA, and Gerwick WH 
(2004) Structure and Biosynthesis of the Jamaicamides, New Mixed Polyketide-Peptide 
Neurotoxins from the Marine Cyanobacterium Lyngbya majuscula. Chem. Biol 11, 817–833. 
[PubMed: 15217615] 

(65). Piel J (2002) A polyketide synthase-peptide synthetase gene cluster from an uncultured bacterial 
symbiont of Paederus beetles. Proc. Natl. Acad. Sci. U. S. A 99, 14002–14007. [PubMed: 
12381784] 

(66). Piel J, Wen G, Platzer M, and Hui D (2004) Unprecedented Diversity of Catalytic Domains in the 
First Four Modules of the Putative Pederin Polyketide Synthase. ChemBioChem 5, 93–98. 
[PubMed: 14695518] 

(67). Llewellyn NM, Li Y, and Spencer JB (2007) Biosynthesis of Butirosin: Transfer and 
Deprotection of the Unique Amino Acid Side Chain. Chem. Biol 14, 379–386. [PubMed: 
17462573] 

(68). Xu Y, Kersten RD, Nam S-J, Lu L, Al-Suwailem AM, Zheng H, Fenical W, Dorrestein PC, 
Moore BS, and Qian P-Y (2012) Bacterial Biosynthesis and Maturation of the Didemnin Anti-
cancer Agents. J. Am. Chem. Soc 134, 8625–8632. [PubMed: 22458477] 

(69). Hong H, Samborskyy M, Lindner F, and Leadlay PF (2016) An Amidinohydrolase Provides the 
Missing Link in the Biosynthesis of Amino Marginolactone Antibiotics. Angew. Chem., Int. Ed 
55, 1118–1123.

(70). Biggins JB, Ternei MA, and Brady SF (2012) Malleilactone, a polyketide synthase-derived 
virulence factor encoded by the cryptic secondary metabolome of Burkholderia pseudomallei 
group pathogens. J. Am. Chem. Soc 134, 13192–13195. [PubMed: 22765305] 

(71). Franke J, Ishida K, and Hertweck C (2012) Genomics-driven discovery of burkholderic acid, a 
noncanonical, cryptic polyketide from human pathogenic burkholderia species. Angew. Chem., 
Int. Ed 51, 11611–11615.

(72). Nofiani R, Philmus B, Nindita Y, and Mahmud T (2019) 3-Ketoacyl-ACP synthase (KAS) III 
homologues and their roles in natural product biosynthesis. MedChemComm 10, 1517–1530. 
[PubMed: 31673313] 

Sigrist et al. Page 16

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(73). Sucipto H, Sahner JH, Prusov E, Wenzel SC, Hartmann RW, Koehnke J, and Müller R (2015) In 
vitro reconstitution of α-pyrone ring formation in myxopyronin biosynthesis. Chem. Sci 6, 5076–
5085. [PubMed: 29308173] 

(74). Erol Ö, Schäberle TF, Schmitz A, Rachid S, Gurgui C, El Omari M, Lohr F, Kehraus S, Piel J, 
Müller R, and König GM (2010) Biosynthesis of the Myxobacterial Antibiotic Corallopyronin A. 
ChemBioChem 11, 1253–1265. [PubMed: 20503218] 

(75). Tosin M, Demydchuk Y, Parascandolo JS, Blasco Per C, Leeper FJ, and Leadlay PF (2011) In 
vivo trapping of polyketide intermediates from an assembly line synthase using malonyl 
carba(dethia)-N-acetyl cysteamines. Chem. Commun 47, 3460–3462.

(76). Tosin M, Betancor L, Stephens E, Ariel Li WM, Spencer JB, and Leadlay PF (2010) Synthetic 
Chain Terminators Off-Load Intermediates from a Type I Polyketide Synthase. ChemBioChem 
11, 539–546. [PubMed: 20135665] 

(77). Havemann J, Yurkovich ME, Jenkins R, Harringer S, Tao W, Wen S, Sun Y, Leadlay PF, and 
Tosin M (2017) Chemical probing of thiotetronate bio-assembly. Chem. Commun 53, 1912–
1915.

(78). Parascandolo JS, Havemann J, Potter HK, Huang F, Riva E, Connolly J, Wilkening I, Song L, 
Leadlay PF, and Tosin M (2016) Insights into 6-Methylsalicylic Acid Bio-assembly by Using 
Chemical Probes. Angew. Chem 128, 3524–3528.

(79). Lv M, Zhao J, Deng Z, and Yu Y (2015) Characterization of the Biosynthetic Gene Cluster for 
Benzoxazole Antibiotics A33853 Reveals Unusual Assembly Logic. Chem. Biol 22, 1313–1324. 
[PubMed: 26496684] 

(80). Kampa A, Gagunashvili AN, Gulder TAM, Morinaka BI, Daolio C, Godejohann M, Miao VPW, 
Piel J, and Andrésson ÓS (2013) Metagenomic natural product discovery in lichen provides 
evidence for a family of biosynthetic pathways in diverse symbioses. Proc. Natl. Acad. Sci. U. S. 
A 110, E3129–E3137. [PubMed: 23898213] 

(81). Kouprina N, and Larionov V (2008) Selective isolation of genomic loci from complex genomes 
by transformation-associated recombination cloning in the yeast Saccharomyces cerevisiae. Nat. 
Protoc 3, 371–377. [PubMed: 18323808] 

(82). Boeke JD, LaCroute F, and Fink GR (1984) A positive selection for mutants lacking orotidine-5′-
phosphate decarboxylase activity in yeast: 5-fluoro-orotic acid resistance. Mol. Gen. Genet 197, 
345–346. [PubMed: 6394957] 

(83). Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, and Smith HO (2009) Enzymatic 
assembly of DNA molecules up to several hundred kilobases. Nat. Methods 6, 343–345. 
[PubMed: 19363495] 

Sigrist et al. Page 17

ACS Chem Biol. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Structure of alpiniamide A, the product of the alp cis/trans-AT PKS-NRPS biosynthetic gene 

cluster from Streptomyces spp.
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Figure 2. 
(a) Organization of the alpiniamide (alp) biosynthetic gene cluster (BGC) in Streptomyces 
sp. CBMAI 2042. The designation alp is used here following the previous report,32 but 

attention is needed to avoid confusion with the well-studied kinamycin (alp) cluster of 

Streptomyces ambofaciens.49 (b) Candidate genes for alpiniamide A biosynthesis selected 

for TAR cloning, comprising the cis/trans-AT PKS-NRPS system. % identity: CBMAI 2042 

genes aligned with IB2014/011-12 (Geneious v. 10.2.3 software; Biomatters Ltd.). (c) 

Organization of the alp gene cluster from Streptomyces sp. IB2014/011-12.32 The dotted 

line below represents the deduced boundaries of the alp gene cluster (alpF to alpA3). (d) 

Comparative production of alpiniamide by alp BGC. Base peak chromatogram (BPC, m/z 
200–1800) corresponding to methanol extracts of (i) Streptomyces coelicolor M1146, (ii) 

M1146_RSalp, (iii) RSalpΔAdomain, and (iv) Streptomyces sp. CBMAI 2042 cultures. A 

common peak (rt 13.4 min) corresponding to alpiniamide A (1) is highlighted in the dashed 

rectangle.
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Figure 3. 
LC-HR-MS/MS analysis of extracts from cultures of M1146_RSalp strain, supplemented 

with stable isotope-labeled precursors. (a) Proposed fragmentation scheme for alpiniamide 

m/z 326.19 [M-H2O+H]+. Isotopic distribution and MS/MS spectrum after feeding with (b) 

S-[methyl-13C]methionine and MS/MS fragmentation evidencing ion fragments m/z 154, 

155, and 156 and m/z 137, 138, and 139 in the post-NRPS assembly. The ion fragment m/z 
109 is derived from the pre-NRPS subunit showing no labeled methyl group at this portion; 

(c) [1-13C]sodium propionate and MS/MS fragmentation into ion fragments m/z 154, 155, 

156, and 157; m/z 137, 138, and 139; and m/z 109, 110, and 111 in the pre-NRPS assembly. 

Blue: pre-NRPS assembly. Red: post-NRPS assembly.
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Figure 4. 
Proposed assembly line pathway for biosynthesis of alpiniamide A. Domains highlighted in 

blue correspond to pre-NRPS triketide unit assembly from cis-AT PKS AlpA1. The single 

extension module of AlpA1 is used iteratively to generate the AlpA1-linked triketide 

intermediate. Domains highlighted in red are involved in the post-NRPS ketide assembly, 

first by trans-AT PKS AlpA3 and then release of the aminoketide by AlpA2. Domains in 

green belong to the NRPS module. C-methyltransferases catalyzing methyl incorporation 

into acetate units are highlighted in orange. Alpiniamide A (1) then arises from the 

condensation of the two chains catalyzed either by the C domain at the N-terminus of AlpA3 

or possibly by AlpE. Domains: decarboxylase KS-Ser (KSs); ketosynthase (KS); 

acyltransferase (AT); acyl carrier protein (ACP); dehydratase (DH); ketoreductase (KR); C-

methyltransferase (MT); trans-AT docking domain (ATd); condensation (C); adenylation 

(A); peptidyl carrier protein (PCP); thioesterase (TE). DH* denotes an inactive domain.
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Figure 5. 
Overview of intermediates capture via chemical probes (malonyl- (2) and methylmalonyl-

mimic (3)) during alpiniamide A assembly in Streptomyces M1146_RSalp.
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