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Abstract

Cyanobacteria are prolific producers of natural products and genome mining has shown that many 

orphan biosynthetic gene clusters can be found in sequenced cyanobacterial genomes. New tools 

and methodologies are required to investigate these biosynthetic gene clusters and here we present 

the use of Anabaena sp. strain PCC 7120 as a host for combinatorial biosynthesis of natural 

products using the indolactam natural products (lyngbyatoxin A, pendolmycin, and teleocidin B-4) 

as a test case. We were able to successfully produce all three compounds using codon optimized 

genes from Actinobacteria. We also introduce a new plasmid backbone based on the native 

Anabaena 7120 plasmid pCC7120ζ and show that production of teleocidin B-4 can be 

accomplished using a two-plasmid system, which can be introduced by co-conjugation.
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Cyanobacteria are prevalent producers of natural products with diverse structures and 

interesting bioactivities. Over 1,100 secondary metabolites have been identified from 

cyanobacteria, and the majority of those are produced by only four genera: Hapalosiphon, 

Lyngbya (now known as Moorea), Microcystis, and Nostoc.1 Natural products of known or 

predicted cyanobacterial origin account for roughly 20% of marine-inspired small molecules 

currently in clinical trials.2 The compounds produced by cyanobacteria can be quite 

complex, often tailored with rare and unique modifications.3 The ability to produce such an 

array of compounds hints at the likely untapped biosynthetic capacity of the cyanobacteria. 

One group of compounds based on the indolactam-V (ILV, 1) core has been the focus of our 

recent research.

To date, at least three gene clusters have been shown to produce ILV as a biosynthetic 

intermediate: the ltxA-C genes from the filamentous marine cyanobacterium Moorea 
producens (formerly Lyngbya majuscula) yield lyngbyatoxin A (2),4–5 a protein kinase C 

activator;6 the mpnB-D genes from the marine actinomycete Marinactinospora 
thermotolerans SCSIO 00652 yield pendolmycin (3),7 a compound shown to inhibit 

phosphatidylinositol turnover;8 and the tleA-D genes of Streptomyces blastmyceticus NBRC 

12747 yield teleocidin B-4, teleocidin B-1, and O-desmethylolivoretin C (4–6),9 which are 

protein kinase C activators.10 The first gene of each of these clusters encodes a two module 

non-ribosomal peptide synthetase (NRPS; LtxA, MpnB, and TleA, respectively) that forms 

N-methyl-L-valyl-L-tryptophanol (NMVT, 7). Following the reductive release of 7, a 

cytochrome P450 (LtxB, MpnC, and TleB, respectively) cyclizes 7 into 1. Pendolmycin and 

lyngbyatoxin A are formed by reverse prenylation of 1 by MpnD or LtxC/TleC in the 

presence of dimethylallyl diphosphate or geranyl diphosphate, respectively. Finally, 4, 5, and 

6 are formed by the methylation and cyclization of the prenyl group of lyngbyatoxin A onto 

the indole ring by TleD (Figure 1). The presence of multiple tailoring enzymes that modify 

the common intermediate (1) has led to a natural combinatorial library of compounds across 

genera.
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The production of desirable cyanobacterial compounds is often hampered by slow growth of 

the producing strain, low compound yields, recalcitrance to laboratory culture or genetic 

manipulation, and the spontaneous cessation of compound production. To overcome these 

hurdles, Anabaena sp. strain PCC 7120 (herein Anabaena 7120) was assessed as a general 

heterologous expression host for cyanobacterial natural products.11 Introduction of the ltxA-

C genes into Anabaena 7120 on a replicative plasmid resulted in lyngbyatoxin A production 

with no biosynthetic intermediates (1 or 7) being observed. Exchange of the native ltxA 
promoter region with the glnA promoter from Anabaena 7120, coupled with a preliminary 

optimization of growth conditions, resulted in a 13-fold increase in lyngbyatoxin A yield up 

to 3.2 mg/L. Promoter regions from four other cyanobacterial natural products gene clusters 

were recognized and expressed by the native Anabaena 7120 transcriptional machinery. 

Taken together, these results indicate that Anabaena 7120 is a viable candidate for a general 

cyanobacterial heterologous expression host.11

Here we describe our efforts to expand the toolbox for heterologous expression of natural 

products in Anabaena 7120 using the indolactam family as a proof of concept. To expand the 

functional capacity of Anabaena 7120 as a heterologous host, we used different 

combinations of cyanobacterial (ltxA-C) and codon-optimized non-cyanobacterial genes 

(mpnD, tleC, and tleD) to produce 2, 3, and 4 in good yields. Here we describe compound 

production in both BG-11(Nit) and BG-11(NH4) media and utilize fructose to increase the 

resulting dry cell mass. We also capitalize on the introduction of the glnA promoter to 

increase compound titers as previously described.11 A new replicative origin of replication, 

based on the endogenous plasmid pCC7120ζ, was defined and validated for plasmid 

selection and maintenance in Anabaena 7120. Assessment of the introduction of one or two 

plasmids simultaneously into Anabaena 7120 demonstrated that, though possible, the 

efficiency drops with complexity of the conjugation mixture.

Videau et al. Page 3

ACS Synth Biol. Author manuscript; available in PMC 2020 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results and Discussion

Heterologous Production of Pendolmycin and Teleocidin B-4 in Anabaena 7120 Using 
Codon-Optimized Genes from Cyanobacterial and Non-Cyanobacterial Genera in Mixed 
Gene Clusters.

To extend the utility of Anabaena 7120 as a heterologous host, we sought to determine 

whether derivations of 1 could be accomplished using tailoring genes of non-cyanobacterial 

origin. Given the increased yields we previously observed using solid media over liquid 

media, our experiments were performed primarily using BG-11(Nit) and BG-11(NH4) solid 

media.11

Three tailoring genes were chosen for study: tleC and tleD from S. blastmyceticus NBRC 

12747,9 which encode proteins responsible for the formation of 2 from 1 and the conversion 

of 2 to 4, 5, and 6 respectively; and mpnD from M. thermotolerans SCSIO 00652,7 which 

encodes a prenyltransferase that catalyzes the production of 3 from 1. As tleC, tleD, and 

mpnD are derived from Actinobacteria with high G+C content genomes, the coding regions 

of tleC, tleD, and mpnD were codon optimized for Anabaena 7120 and commercially 

synthesized for the following experiments.

The tleC gene encodes a prenyltransferase that has been shown to transfer a geranyl group to 

1 to create 2.9, 12 To verify the function of TleC in Anabaena 7120, ltxC was replaced with 

codon-optimized tleC to retain the gene order if these are transcribed as an operon and use 

the native promoters if they are not, creating pPJAV642, which was introduced into 

Anabaena 7120. The resulting strain was cultured on BG-11(Nit) plates, which contain 

sodium nitrate as the nitrogen source. The cells were collected, lyophilized, and extracted as 

previously described,11 and the extract was analyzed by HPLC-MS/MS and HPLC-HRMS 

as described in the Experimental Section. A peak was present only for the extract from the 

culture harboring ltxAB-tleC (pPJAV642, Figure 2) with a HRESIMS (m/z 438.3112; calcd 

438.3115, 0.7 ppm error), and MS/MS fragmentation (Figure S1) pattern consistent with 

2.11, 13 To confirm the produced compound was 2 and not the epimer at the C-18 position we 

pursued isolation of the compound. To facilitate the isolation we exchanged the native 

promoter with the strong, constitutive PglnA promoter to create pPJAV647.11 Introduction of 

pPJAV647 to Anabaena 7120 was followed by cultivation in 20 L of liquid BG11(Nit) media 

supplemented with 50 mM fructose. Addition of fructose was previously shown to increase 

the growth of Anabaena 7120 under mixotrophic conditions.14 Here we utilized the addition 

of 50 mM fructose to BG-11(Nit) to increase the yield of dried cell mass that we obtained, 

which increases the total yield of compound. This allowed sufficient compound to be 

isolated for characterization via 1H NMR spectroscopy. Comparison to literature data 

validated that this compound was 2 (Figure S2). These results show that TleC is functional 

in Anabaena 7120 and can convert 1 to 2 as previously described.9

The tleD gene encodes a protein with C-methyltransferase and terpene cyclase activities that 

converts 2 to 4 as the major product, while 5 and 6 are produced in lower yield.9 To verify 

the function of TleD in Anabaena 7120, tleD was cloned into the position of ltxD in 

ltxABCD to create pPJAV644, such that tleD was expressed at the native level of the ltxD 
gene. Following plasmid introduction, extraction, and analysis (see Experimental Section), 
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four peaks were present between 29.2–30.4 min for the extract from the culture carrying 

ltxABC-tleD (pPJAV644, Figure 2). Each of these peaks displayed a UV absorption 

spectrum (Figure S3), high-resolution protonated molecules of 452.3247, 452.3263, 

452.3277, and 452.3268 ([M+H]+ calcd 452.3272, Figure S4), and MS/MS fragmentation 

patterns consistent with teleocidin B-like compounds (Figure S5). To definitively identify 

the structure of the compounds produced we placed ltxABC-tleD under the control of PglnA 

to create pPJAV657 (Table S8). Roughly 1.1 mg of the major compound was isolated from 

Anabaena 7120 containing pPJAV657 (PglnA-ltxABC-tleD) cultivated in 20 L of BG11(Nit) 

medium supplemented with 50 mM fructose and analyzed by 1H NMR, which confirmed the 

major product to be 4 (Figure S6, Table S1) in agreement with previous work.9 The other 

three compounds were produced at low levels and co-eluted with contaminating compounds 

despite the use of multiple HPLC columns and conditions, which prevented definitive 

structure characterization.

Under our standard culture conditions, the PltxA-ltxABC-tleD construct produced the four 

compounds in a 1.6 ± 0.3:1.1 ± 0.1:1.0 ± 0.0:6.0 ± 0.6 ratio as determined through peak area 

integration in the MRM chromatogram (Figure 2, Figure S7), and inclusion of fructose in 

the growth medium resulted in a similar distribution of metabolites (2.1 ± 0.5:1.1 ± 0.2:1.1 ± 

0.2:6.3 ± 1.1). The production of four compounds here is in contrast to the observation of 

three compounds by Abe and co-workers.9 However, we note that it is possible that a fourth 

compound in the in vitro reaction co-eluted with unreacted 2 and was therefore 

unobservable.9 Given the previous work, two of the other teleocidin B-like peaks are 

presumed to be O-desmethylolivoretin C and teleocidin B-1. Though the structure of the 

fourth compound is currently unknown, we postulate that it could be either 9 or 10 (Figure 

S8), possibly arising from deprotonation of the carbocation intermediate as proposed by Abe 

and co-workers.9 Experiments to identify the fourth compound are underway in our lab. 

Production levels of the teleocidin B-like compounds were consistent with those from our 

previous data on lyngbyatoxin A,11 and the addition of fructose had variable effects on 

compound production (Figure 3, Table S2–S3). While fructose did occasionally reduce the 

yield per dried cell mass, as calculated in ng/mg of dried cell mass (Figure 3, Table S2–S3), 

it almost universally increased the mass of the cells harvested (Table S4), which often 

increased total compound yield.

Multiple metabolites with an m/z of 436 (16 amu less than teleocidin B-4) were found in 

minor quantities in strains producing teleocidin B-4 (Figure S9), and one of the compounds 

was targeted for isolation and structure determination. HRESIMS produced a protonated 

molecule at m/z 436.2956 which corresponds to the molecular formula C27H38N3O2
+ (calcd 

436.2956, 0.46 ppm error, Figure S10). Examination of the 1H, COSY, HSQC, HMBC, and 

NOESY NMR data established the structure as 8, a presumed oxidative degradation product 

of teleocidin B-4 (4), the major compound isolated above. In this structure, the 

hydroxymethylene group has been lost and replaced by a carbonyl group to generate an 

imide through an oxidative degradation (8, Figure S11–S17, Table S5). Conversion of 4 to 8 
results in a single conformer being observed in the 1H NMR spectrum, which is in contrast 

to the mixture of two conformers found in the other members of the indolactam natural 

products. Given the extremely low quantities in the extract compared to teleocidin B-4 and 
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related compounds (Figure S9), we propose that these are non-enzymatic degradation 

products that accumulate during purification and the initial oxidation could be catalyzed by 

contaminating chlorophyll, which elutes at a similar time. Given that the oxidation occurs at 

C-9 of teleocidin B-4, we propose that the configurations of the remaining centers are 

unchanged. Because the XIC of m/z 435.5–436.5 showed four compounds with a similar 

distribution to the teleocidin B family of compounds, we propose that all four compounds 

can undergo this oxidative degradation process; however, we only characterized one because 

the others co-elute with contaminating compounds.

The mpnD gene encodes a prenyltransferase that, unlike TleC or LtxC, transfers a 

dimethylallyl group to the C-7 position of ILV to complete the biosynthesis of pendolmycin.
7 Like the verification of tleC above, mpnD was cloned into the position of ltxC to create 

pPAJV643 (ltxAB-mpnD). After introduction, culture, and extraction, and LCMS analysis, 

we noted the presence of a peak only for the extract from the culture containing ltxAB-

mpnD and not for plasmids containing ltxC or tleC (Figure 4). This peak had a shorter 

retention time (23.6 min) than both 2 or 4 and displayed a protonated molecule of 370.2474 

Da, consistent with the molecular formula of pendolmycin (calcd 370.2489, 4.0 ppm error, 

Figure S18). Additionally, the MS/MS fragmentation pattern showed a loss of 28 Da, which 

was identical to the loss observed in the MS/MS fragmentation of 2 and 4 (Figure S1, S5, 

S19). Isolation of this compound from a 20 L culture of Anabaena 7120 containing 

pPJAV659 (PglnA-ltxAB-mpnD) in BG11(Nit) media supplemented with 50 mM fructose, 

followed by 1H NMR analysis, confirmed it to be pendolmycin (Figure S20, Table S6). 

Pendolmycin production levels were comparable with our previous data on lyngbyatoxin A 

production,11 and the addition of fructose had variable effects on the production of 

pendolmycin, as mentioned above (Figure 5).

Videau et al. Page 6

ACS Synth Biol. Author manuscript; available in PMC 2020 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These results show that the codon-optimized tleC, tleD, and mpnD all produce active 

proteins with the expected activity when heterologously expressed in Anabaena 7120.9, 15 

This demonstrates that the native levels of transcriptional and translational regulation exerted 

when these genes occupy the same positions as ltxC (tleC, mpnD) and ltxD (tleD) in the ltx 
gene cluster are sufficient to produce proteins that efficiently catalyzed the desired reactions; 

each protein completely converted its substrate to the expected product(s) because 1 was not 

observed in extracts of ltxABC-tleD or ltxAB-mpnD. We did note the presence of trace 

amounts of 2 in Anabaena 7120 containing pPJAV644. We also note that no other 

compounds were identified by LC-HRESIMS analysis other than the expected products (e.g. 

pendolmycin in extracts of Anabaena 7120/pPJAV642) despite the fact that purified TleC 

and MpnD were found to accept C5-C25 prenyl groups in vitro.15

Creation and Validation of a New Plasmid Vector for Use in Anabaena 7120.

In the above section, we used traditional synthetic biology to stitch together gene clusters, 

which is a labor-intensive process, and so we endeavored to create a new vector (with 

orthogonal antibiotic resistance) and co-transformation protocols for synthetic biology 

efforts in Anabaena 7120 that could be used to quickly screen potential natural product 

tailoring genes from diverse sources. To date, only the pDU1, pANS, and RSF1010 origins 

of replication (oriV), derived from Nostoc sp. strain PCC 7524,16 Synechococcus elongatus 
strain PCC 7942,17 and Salmonella typhimurium,18 respectively, have been shown to 

facilitate plasmid replication in Anabaena 7120.19–20 To provide another oriV for use in 

Anabaena 7120, we sought to define a region harboring the oriV from the endogenous 

Anabaena 7120 plasmid pCC7120ζ.21 Plasmid pCC7120ζ is 5.58 kb in size and has a copy 

number of roughly six plasmids per chromosome;22 Anabaena 7120 is thought to carry 10 to 

20 copies of its chromosome per cell.23 This low copy number is advantageous when 

carrying larger inserts as lower copy numbers typically correspond with greater insert 

stability.

We amplified pCC7120ζ using PCR such that every quarter, half, three‐quarter, and 

linearized whole-plasmid combination was prepared and cloned onto the pBR322 oriV and 

Sp/Smr cassette from pPJAV361 for replication in E. coli (Figure S15B). Of the nine 

amplification products generated, only three of these products produced positive clones: the 

half segments of PCC7120ζ derived from amplification with the primers zeta-SmaI-3F and 

zeta-SmaI-1R and zeta-SmaI-1F and zeta-SmaI-3R, respectively, and the three-quarter 

segment derived from the primers zeta-SmaI-2F and zeta-SmaI-1R, which were used to 

create pPJAV504, pPJAV505, and pPJAV506, respectively (Tables S7 and S8). Anabaena 
7120 colonies transformed with plasmid pPJAV504 grew on selection following conjugation 

(carrying pCC7120ζ DNA nucleotides 4533–1703, relative to the annotated starting 

position, e. g. the region between primers 3F and 1R, (Figure S21A)). Two independent 

isolates of pPJAV504, named pPJAV579 and pPJAV580, were re-isolated from Anabaena 
7120 using a DNA methylation-deficient strain of E. coli. Sequencing of pPJAV579 and 

pPJAV580 showed that both had acquired an IS10-type transposon insertion in the 

pCC7120ζ portion of the plasmids (Figure S21B).24 When pPJAV579 and pPJAV580 were 

re-conjugated into Anabaena 7120, pPJAV579 displayed a far higher conjugation efficiency 

so the remaining studies were conducted with this isolate.
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To determine which fragment of pCC7120ζ DNA flanking the transposon insertion was 

required for replication, as well as whether the transposon was involved in this process, the 

pCC7120ζ DNA fragments and the proximal IS10 insertion sequence were individually 

deleted from pPJAV579 and the ability to replicate in Anabaena 7120 was assessed. Only 

introduction of pPJAV606 (harboring the segment of pCC7120ζ proximal to primer zeta-

SmaI-1R, Figure S21C), and not pPJAV607 (harboring the segment of pCC7120ζ proximal 

to primer zeta-SmaI-3F, Figure S21D, Table S8), resulted in Anabaena 7120 colonies 

following antibiotic selection harboring a plasmid that could be re-isolated. This indicates 

that the DNA necessary for replication of pCC7120ζ is contained with nucleotides 5427–

1703 of pCC7120ζ (relative to the annotated starting condition). Additionally, the ability of 

the transposon to transpose out of the plasmid was not involved in plasmid replication 

because pPJAV606, which harbored the transposon with an insertion sequence removed to 

prohibit transposition, yielded colonies upon introduction in Anabaena 7120. To increase the 

utility of this finding, a kanamycin/neomycin resistant version of pPJAV606 was also 

generated (pPJAV626). It was also possible to create a version of pPJAV626 harboring an 

~42 kb DNA fragment from Moorea producens (pPJAV655) that was introduced and 

maintained in Anabaena 7120 (Figure S22).4 This indicates that the pCC7120ζ oriV can 

support the replication of plasmids much larger than the native pCC7120ζ plasmid (5.58 

kb). After nearly two years of repeated cultivation following the initial introduction and 

continued selection of pPJAV504 and, later, pPJAV606, we were unable to cure native 

pCC7120ζ. The inability to cure pCC7120ζ indicates that it may contain an essential factor 

for Anabaena 7120 growth or a portion of it aids in the replication or maintenance of 

pPJAV504 and pPJAV606. In previous work, a copB homolog (asl9502), shown to be 

involved in plasmid replication in other systems,25 was required for plasmid maintenance in 

Anabaena 7120.22 It is possible that curing pCC7120ζ did not occur because replication of 

pPJAV504 and pPJAV606 required the continued presence of asl9502 and curing of 

pCC7120ζ would have resulted in colony death on continued antibiotic selection.

Determination of Plasmid Copy Numbers in Anabaena 7120.

Anabaena 7120 is thought to maintain 10–20 copies of its chromosome per cell.23 Previous 

studies have shown that pDU1-based vectors can be maintained at up to 1800 copies per 

chromosome while roughly six copies of pCC7120ζ per chromosome have been observed.
25–26 To determine the influence of relevant growth conditions and cargo of plasmids on 

plasmid copy number, qPCR was conducted and the copy number was assessed relative to 

the chromosomal concentration. The growth conditions tested were liquid and solid medium 

supplemented with ammonia or nitrate and liquid diazotrophic growth. In general, the copy 

numbers observed for pDU1- and pCC7120ζ-based plasmids used in this study are similar 

to those previously published (Table 3).16–20 Though copy numbers were commonly higher 

in liquid medium than from cultures on solid medium, they were not significantly different 

(t-test, p = 0.19). In our previous work, strengths of promoters tested with plasmid-borne 

transcriptional fusions were highest during growth in liquid cultures.11 It is very likely that 

the increased levels of expression previously recorded were due to the comparably higher 

copy numbers of pPJAV361-based plasmids during liquid growth. Copy numbers recorded 

in this work were statistically higher during growth on media supplemented with ammonia 

(t-test, p > 0.0001), possibly because of the ease of assimilation into metabolic processes. 
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The copy number of the native pCC7120ζ plasmid remained fairly constant within each 

growth condition irrespective of the presence of pCC7120ζ-based plasmids pPJAV626 or 

pPJAV632. In most cases, the copy number of pPJAV500 was higher than pPJAV361, which 

is consistent with previous work indicating that the cargo of the plasmid can influence the 

copy number of pDU1-derived plasmids in Anabaena 7120.27 The copy numbers of 

pCC7120ζ-based plasmids with either neomycin or spectinomycin/streptomycin resistance 

were not statistically different (t-test, p = 0.98), which suggests that the resistance 

mechanism does not exert much control over copy number. In most growth conditions, the 

presence of a pDU1-based plasmid resulted in an increased copy number of the pCC7120ζ-

based plasmids (pPJAV626 or pPJAV632), though not to a statistically different level (t-test, 

p = 0.13). In contrast, the pDU1-based plasmid copy number was not generally altered by 

the presence of a pCC7120ζ-based plasmid (t-test, p = 0.31). This suggests that the 

pCC7120ζ oriV controls replication in Anabaena 7120 because these two construct types 

contain the same E. coli oriV. Together, these results indicate that pDU1- and pCC7120ζ-

based plasmids can be maintained individually or together in Anabaena 7120 and that their 

relative copy numbers are modulated by growth condition, plasmid cargo, and, in some 

cases, the presence of additional plasmids.

Simultaneous Addition of Multiple Plasmids Via Conjugation.

Plasmids are generally introduced into Anabaena 7120 via conjugation from E. coli host 

strains28 containing a self-mobilizable plasmid such as pRK24 or pRK2013.29 To increase 

the efficiency of plasmid maintenance following the conjugal event, an Anabaena 7120 DNA 

methylase on plasmid pRL528 is included to methylate mobilizable plasmids so they are not 

digested by the native Anabaena 7120 restriction systems.28 This can proceed as a bi- or 

triparental mating. In a biparental mating, the E. coli donor strain UC585 (or similar 

conjugal strain) harbors three plasmids: pRK24, pRL528, and the mobilizable plasmid to be 

introduced, which contains a compatible oriT.30 In a triparental mating, two E. coli strains 

are utilized: one carrying pRK2013 and pRL528 (e.g. strain JCM113) and a second strain 

with the oriT-containing mobilizable plasmid to be introduced into Anabaena 7120. Using 

biparental, triparental, or quadriparental mating strategies, it is theoretically possible to 

introduce up to two plasmids into Anabaena 7120 simultaneously. As a triparental mating, 

both mobilizable plasmids are introduced separately into E. coli strain UC585, and a 

quadriparental mating proceeds when E. coli strain JCM113 is mixed with two E. coli strains 

each harboring only a single mobilizable plasmid for transfer. We introduced pPJAV361 

(pDU1-based empty vector, Spectinomycin/Streptomycin resistant (Sp/Smr)), pPJAV500 

(harboring ltxABC, Sp/Smr),11 pPJAV626 (pCC7120ζ-based empty vector, Neomycin 

resistant (Neor)), and pPJAV632 (harboring PltxD-tleD, Neor) into Anabaena 7120 singly or 

in combinations of two plasmids with different selectable markers (Neor or Sp/Smr), and 

utilized both triparental and quadriparental mating strategies to demonstrate the feasibility of 

simultaneous addition of two plasmids to Anabaena 7120. We successfully selected for the 

introduction of two plasmids using both triparental mating and quadriparental mating with 

varying efficiencies (Table S7).

This is the first report of simultaneous addition of multiple plasmids into Anabaena 7120 

and indicates that pDU1 and pCC7120ζ are in different plasmid incompatibility groups. 
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This work also opens up the possibility of cloning multiple biosynthetic gene clusters 

(BGCs) into a single Anabaena 7120 strain or splitting a BGC into two vectors to facilitate 

conjugation and maintenance of said BGC.

The Use of Multiple Plasmids for Heterologous Compound Production.

Following the assessment of a new oriV for plasmid maintenance in Anabaena 7120 and 

ascertaining that multiple plasmids can be conjugated into Anabaena 7120 simultaneously, 

we set out to determine if both plasmids (pPJAV500 and pPJAV632) were functional in 

tandem. Anabaena 7120 strains carrying either pPJAV361 (empty vector) and pPJAV626 

(empty vector), or pPJAV500 (PltxA-ltxABC) and pPJAV632 (PltxD-tleD) were cultured, 

harvested, extracted, and assessed for the production of 2 and/or 4. While the negative 

control did not display peaks corresponding to either compound, the two-plasmid 

combination resulted in the production of the teleocidin B family of compounds in every 

condition tested (Figure 2, Table S2–S3). We observed incomplete conversion of 2 to the 

teleocidin B family from the pPJAV500/pPJAV632 dual-plasmid system. During the media 

optimization experiments noted above, we noted that the addition of fructose (50 mM) 

increased both LTXA yield and cell mass obtained, greatly increasing the overall yield. We 

tested the effect of fructose addition on compound production in Anabaena 7120 containing 

pPJAV500/pPJAV632. Cultivation on BG-11(Nit) supplemented with 50 mM fructose 

resulted in no 2 being observed as well as an increased yield of the teleocidin B family 

(Figure 3, Table S2–S3). This observation and the experiments modulating plasmid copy 

number described above suggest that incomplete conversion of intermediates, formed by the 

action of proteins encoded on one plasmid, by accessory proteins encoded by the second 

plasmid may be overcome by media optimization, promoter exchange, or shuffling genes 

between plasmids.

In the S. blastmyceticus NBRC 12747 genome, the tleD gene is located distally from 

tleABC.9 It is entirely possible that the tailoring genes associated with other natural product 

gene clusters are spread throughout the producers’ genomes. Using this two-plasmid system, 

it would be possible to clone the main gene cluster into one plasmid and then create a 

cosmid library using the other plasmid to screen for tailoring genes of interest. This strategy 

could also be employed to test a library of random mutants of a single gene to identify 

amino acids required for function.

Conclusions/Summary

In this study, we showed that Anabaena 7120 is a viable host for combinatorial biosynthesis 

of natural products and introduced a new plasmid backbone to enable these investigations. 

Using the indolactam natural products as a test case and codon optimized genes from 

Actinobacteria, we were able to produce pendolmycin and teleocidin B-4 in acceptable 

yields in Anabaena 7120. We were also able to isolate and structurally characterize a 

previously unknown oxidative degradation product of the indolactam natural product family. 

We believe that the co-conjugation protocols and new plasmid backbone described in this 

paper will be useful in studying cyanobacterial natural products and in combinatorial 

biosynthesis studies in the future.
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Experimental Section

General Experimental Procedures.

All UV-vis spectroscopy was performed using a BioSpectrometer Kinetic (Eppendorf). 

NMR spectra were obtained on a Bruker DPX-500 MHz instrument with a 5mm TXI triple 

resonance (HCN) probe or a Bruker Avance III-800 MHz instrument equipped with a 4-

channel 5 mm TCI cryoprobe using TopSpin version 3.5pl7. Data was processed using 

TopSpin version 4.0 (Bruker). Quantitation of metabolites was obtained using a Shimadzu 

Prominence HPLC (consisting of a degasser, two LC-10AD HPLC pumps, an autosampler, a 

photodiode array, and system controller) upstream of a 3200 QTrap mass spectrometer 

(AbSciex) operated using the Analyst software package. Data was analyzed offline using 

Peakview version 2.2 software. High-resolution mass spectrometry was performed using an 

Agilent 6230 time-of-flight mass spectrometer downstream of an Agilent 1260 Infinity 

HPLC system consisting of a degasser, quaternary pump, autosampler, and diode array 

detector. The instrument was operated using MassHunter software and data was processed 

offline using MassHunter Qualitative software.

LCMS grade H2O and MeOH were purchased from MilliporeSigma, while all restriction 

enzymes, polynucleotide kinase, Escherichia coli NEB10β and DH5αMCR cells, and T4 

DNA ligase were purchased from New England Biolabs. The QIAquick PCR purification 

kit, QIAquick gel extraction kit, and QIAprep Spin Miniprep Kit were purchased from 

Qiagen and were used according to the manufacturer’s instructions. LCMS grade H2O, 

MeCN, and formic acid were purchased from Fisher Chemicals. All other chemicals were 

purchased from Sigma-Aldrich and used without further purification unless otherwise 

specified. Sanger sequencing was performed with Big Dye Terminator chemistry at the 

Center for Genome Resources and Biocomputing (Oregon State University). Primestar GXL 

was purchased from CloneTech and KOD Hot Start DNA polymerase was purchased from 

EMD Millipore and both were used according to the manufacturer’s instructions. 

Oligonucleotides were purchased from IDT Technologies with standard desalting and used 

without further purification.

Bacterial Strains and Growth Conditions.

The strains used in this study are listed in Table S8. E. coli was routinely cultured in 

Lysogeny Broth (LB), Miller supplemented with spectinomycin (100 μg/mL), kanamycin 

(50 μg/mL), ampicillin (100 μg/mL), or chloramphenicol (30 μg/mL) for plasmid selection 

as previously described and solidified with 1.5% agar for plate culture.11 Anabaena PCC 

7120 was routinely grown on BG-11 medium with nitrate (BG-11(Nit)) or ammonia 

(BG-11(NH4)) as the nitrogen source and supplemented with streptomycin and 

spectinomycin (2.5 μg/mL each) or neomycin (90 μg/mL) for plasmid selection as 

previously described.11, 31 Plasmids were introduced into Anabaena 7120 by conjugation 

from E. coli as previously described.28, 32 Bacteria were handled using aseptic technique and 

all molecular biology protocols were performed according to standard procedures unless 

otherwise stated.33
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Plasmid Construction.

The plasmids used in this study are listed in Table S8. The oligonucleotides used in this 

study are listed in Table S9. The preparation of inserts and vectors for ligase-mediated 

cloning and λ/Red recombination using pKD46 in E. coli strain BW25113 were conducted 

as previously described.11, 34 Plasmids pUC57-tleC, pUC57-tleD, and pUC57-mpnD, which 

contain codon-optimized genes encoding TleC and TleD from Streptomyces blastmyceticus 
NBRC 12747 and MpnD from Marinactinospora thermotolerans SCSIO 00652, respectively, 

were purchased from GenScript, and individually cloned into the EcoRV site of pUC57 to 

create pUC57-tleC, pUC57-tleD, and pUC57-mpnD.

Construction of Plasmids pPJAV504, pPJAV505, and pPJAV506.—Plasmids 

pPJAV504, pPJAV505, and pPJAV506 are mobilizable shuttle vectors based on pPJAV36111 

with fragments of the endogenous Anabaena 7120 Zeta plasmid individually replacing the 

pDU1 oriV.16, 21 Fragments 2, 3, and 6 of the Zeta plasmid were amplified by PCR from 

Anabaena 7120 chromosomal DNA with the primer pairs zeta-SmaI-3F and zeta-SmaI-1R, 

zeta-SmaI-4F and zeta-SmaI-2R, zeta-SmaI-2F and zeta-SmaI-1R, respectively (Figure 

S16A, Table S9), and all digested with SmaI. A fragment from pPJAV361 containing the 

pBR322 oriV, oriT, and the Spr/Smr Ω interposon was amplified by PCR from pPJAV361 

with the primers pAM504-pBR-F and pAM504-pBR-R and each fragment of Zeta was 

individually cloned with the product to create pPJAV504, pPJAV505, and pPJAV506.

Construction of Plasmids pPJAV579 and pPJAV580.—Plasmids pPJAV579 and 

pPJAV580 are mobilizable shuttle vectors based on pPJAV361 harboring a transposon 

insertion within the fragment of Zeta DNA (pCC7120ζ). Following introduction and 

selection of pPJAV504 in Anabaena 7120, positive colonies were isolated, genomic DNA 

was extracted, and transformed into E. coli strain DH5αMCR. Plasmids were extracted from 

the spectinomycin resistant E. coli colonies arising from transformation with DNA extracted 

from two independent Anabaena 7120 isolates. PCR analysis showed that the Zeta fragment 

amplified from each isolate was larger than analogous fragment amplified from pPJAV504. 

The region was sequenced with the walking primers 505-BamHI, pAM504Ecoliup-R, 

Zeta2-1-walk1-F, Zeta2-1-walk1-R, and zeta-SmaI-4R. Both isolates harbor a transposon 

insertion within the fragment of Zeta DNA to create pPJAV579 and pPJAV580.

Construction of Plasmids pPJAV606 and pPJAV607.—Plasmids pPJAV606 and 

pPJAV607 are mobilizable shuttle vectors based on pPJAV361 harboring half of the 

fragment of Zeta DNA on either side of the transposon insertion present in pPJAV579. 

pPJAV579 was linearized by PCR with the primer pairs Tnp-int-F and pAM504-pBR-R and 

Tnp-int-R and pAM504-pBR-F, respectively, and phosphorylated with polynucleotide 

kinase). The products were self-ligated removing the up- and downstream portions of Zeta 

DNA and the transposon insertion sequence relative to the orientation of the transposon in 

pPJAV579 to create pPJAV606 and pPJAV607.

Construction of Plasmid pPJAV626.—Plasmid pPJAV626 is a mobilizable shuttle 

vector based on pPJAV50435 harboring the fragment of Zeta DNA allowing pPJAV606 to 

replicate in Anabaena 7120. A fragment containing Zeta and transposon DNA was amplified 
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by PCR from pPJAV606 with the primers Zeta-SmaI-3F and pAM504-Ecoliup-R, which was 

phosphorylated with polynucleotide kinase. This product was digested with SmaI and cloned 

onto the portion of pAM504 required for kanamycin resistance, conjugation, and replication 

in E. coli, amplified by PCR from pAM504 with the primers pAM504-pBR-F and pAM504-

pBR-R, to create pPJAV626.

Construction of Plasmid pPJAV631.—Plasmid pPJAV631 is a source of the ltxA 
promoter. The ltxA promoter was amplified by PCR from the fosmid fos-DE3–864 with the 

primers PlxtA-XhoI-F and Pltx-R. The product was cloned into the EcoRV site of 

pBlueScript SK+ (Stratagene) and screened for directionality by PCR such that the promoter 

reads toward the SmaI site to create pPJAV631.

Construction of Plasmid pPJAV632.—Plasmid pPJAV632 is a mobilizable shuttle 

vector based on pPJAV626 carrying PltxD-tleD. The ltxD promoter region was amplified by 

PCR from the fosmid fos-DE3–86 with the primers PltxD-tleC-red-F and PltxD-R and the 

coding region of tleD was amplified from pUC57-tleD with the primers tleD-PltxD-OEX-F 

and tleD-R. The products were fused by overlap extension,36 cloned into the SmaI site of 

pPJAV626, and screened for directionality by PCR to read away from the Zeta DNA 

involved in replication to create pPJAV632.

Construction of Plasmid pPJAV642.—Plasmid pPJAV642 is a mobilizable shuttle 

vector based on pPJAV361 carrying PltxA-ltxAB-tleC. The coding region of tleC was 

amplified by PCR from pUC57-tleC with the primers tleC-ltxB-red-F and tleC-R and cloned 

into the SmaI site of pPJAV631. A fragment containing PltxA-tleC was amplified by PCR 

from the previous construct with the primers PltxA-XhoI-F and tleC-R, cloned into the SmaI 

site of pPJAV361, and checked for directionality such it read away from the spectinomycin/

streptomycin resistance cassette. The resulting plasmid was linearized by PCR with the 

primers Pltx-R and tleC-ltxB-red-F and electroporated into competent E. coli as described 

above for lambda red recombination to recombineer ltxA-C. Resulting transformants were 

screened by PCR for the presence of ltxA-C to create pPJAV642.

Construction of Plasmid pPJAV643.—Plasmid pPJAV643 is a mobilizable shuttle 

vector based on pPJAV361 carrying PltxA-ltxAB-mpnD. The coding region of mpnD was 

amplified by PCR from pUC57-mpnD with the primers mpnD-ltxB-red-F and mpnD-R and 

cloned into the SmaI site of pPJAV631. A fragment containing PltxA-mpnD was amplified by 

PCR from the previous construct with the primers PltxA-XhoI-F and mpnD-R, cloned into 

the SmaI site of pPJAV361, and checked for directionality such it read away from the 

spectinomycin/streptomycin resistance cassette. The resulting plasmid was linearized by 

PCR with the primers Pltx-R and mpnD-ltxB-red-F and electroporated into competent E. 
coli as described above for lambda red recombination to recombineer ltxA-C. Resulting 

transformants were screened by PCR for the presence of ltxA-C to create pPJAV643.

Construction of Plasmid pPJAV644.—Plasmid pPJAV644 is a mobilizable shuttle 

vector based on pPJAV361 carrying PltxA-ltxABC-tleD. The coding region of tleD was 

amplified by PCR from pUC57-tleD with the primers tleD-PltxD-OEX-F and tleD-R and 

PltxD was amplified by PCR from fos-DE3–86 with the primers PltxD-tleC-red-F and 
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PltxD-R. These products were fused by overlap extension and cloned into the SmaI site of 

pPJAV631. A fragment containing PltxA-PltxD-tleD was amplified by PCR from the previous 

construct with the primers PltxA-XhoI-F and tleD-R, cloned into the SmaI site of 

pPJAV361, and checked for directionality such it read away from the spectinomycin/

streptomycin resistance cassette. The resulting plasmid was linearized by PCR with the 

primers Pltx-R and PltxD-tleC-red-F and electroporated into competent E. coli as described 

above for lambda red recombination to recombineer ltxA-C. Resulting transformants were 

screened by PCR for the presence of ltxA-C to create pPJAV644.

Construction of Plasmid pPJAV647.—Plasmid pPJAV647 is a mobilizable shuttle 

vector based on pPJAV361 carrying PglnA-ltxAB-tleC. A fragment harboring PglnA-ltxA was 

amplified by PCR from pPJAV50311 with the primers PglnA-XhoI-F and ltxA-int-SmaI-R. 

The product was cloned as an XhoI-NdeI fragment into the same sites of pPJAV642 to create 

pPJAV647.

Construction of Plasmid pPJAV650, pPJAV657, and pPJAV659.—Plasmids 

pPJAV650, pPJAV657, and pPJAV659 are mobilizable shuttle vectors based on pPJAV361 

carrying PglnA-ltxAB-mpnD-tleD, PglnA-ltxABC-tleD, and PglnA-ltxAB-mpnD, respectively. 

A fragment harboring PglnA-ltxA was amplified by PCR from pPJAV503 with the primers 

PglnA-XhoI-F and ltxA-int-SmaI-R, digest with XhoI, and cloned into the XhoI-EcoRV 

sites of pBlueScript SK+. Fragments containing mpnD-tleD, ltxC-tleD, tleC-tleD, and mpnD 
were amplified by PCR from pPJAV645, pPJAV644, pPJAV646, and pPJAV643, 

respectively, with the forward primer ltxB-int-NdeI-F and the corresponding reverse primer 

tleD-R or mpnD-R. The products were digested with NdeI and individually cloned into the 

NdeI-SmaI sites downstream of PglnA-ltxA in pBlueScript SK+. Fragments containing 

PglnA-ltxA-mpnD-tleD, PglnA-ltxA-ltxC-tleD, and PglnA-ltxA-mpnD were excised from 

pBlueScript SK+ via XhoI-SacI digestion and cloned into the SalI-SacI sites of pPJAV361. 

Each of the resulting constructs was linearized by NdeI digestion and electroporated into 

competent E. coli as described above for Lambda Red recombination to recombineer ltxAB. 

Resulting transformants were screened by PCR for the presence of ltxAB, ltxC, tleC, tleD, 

and mpnD as appropriate to create pPJAV650, pPJAV657, and pPJAV659, respectively.

Construction of Plasmid pPJAV653.—Plasmid pPJAV653 is a mobilizable shuttle 

vector based on pAM50437 carrying the coding region of hetR as well as an Ω interposon 

conferring resistance to spectinomycin and streptomycin. The coding region of hetR was 

amplified by PCR from Anabaena 7120 chromosomal DNA with the primers HetR-NdeI-F 

and HetR-R and the product was cloned into the SmaI site of pAM504. This construct was 

digested with EcoRI, blunt-ended, and the Ω interposon from pDW938 was cloned in as a 

blunt-ended HindIII fragment to create pPJAV653.

Construction of Plasmid pPJAV655.—Plasmid pPJAV655 is a mobilizable shuttle 

vector based on pPJAV626 carrying the ~40 kb M. producens DNA fragment from fos-DE3–

86. Regions up- and downstream of the M. producens insert were amplified by PCR from 

fos-DE3–86 with the primer pairs fos-up-F and fos-up-BamHI-R and fos-dn-BamHI-F and 

fos-dn-EcoRI-R, respectively. The up- and downstream products were digested with BamHI 
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and cloned into the SmaI site of pPJAV626. The resulting plasmid was linearized by PCR 

with the primers fos-dn-BamHI-F and fos-up-BamHI-R and electroporated into competent 

E. coli as described above for Lambda Red recombination to recombineer the M. producens 
DNA fragment from fos-DE3–86. Resulting transformants were screened by PCR for the 

presence of ltxA-D to create pPJAV655.

Quantification of Conjugation Efficiency.

Anabaena 7120 was cultured in 100 mL of BG-11 (Nit) until mid-log phase (OD750 of 0.6 – 

0.9), cells were pelleted using centrifugation at 2,000 × g for 3 min, all but 10 mL of the 

supernatant was decanted, and then the cells were transferred to a glass culture tube. The 

culture was disrupted by sonication with a Branson 3510 sonicator until the average filament 

length was roughly 10 cells long as determined by visual assessment. E. coli strains 

NEB10β (New England Biolabs) and UC585,30 individually harboring pPJAV361, 

pPJAV500, pPJAV606, or pPJAV636, and JCM113 (HB101 with pRL528 and pRK2013 for 

conjugation, a kind gift of J. C. Meeks) were grown overnight in 2 mL liquid cultures of LB 

containing the appropriate antibiotic, and were used to inoculate fresh 2 mL LB cultures in 

the morning (1:100 dilution). Once these new cultures grew to an OD600 of 0.7–0.9, they 

were pelleted by centrifugation at 7,000 × g and washed twice with BG-11(Nit). For 

conjugation, 200 μL of sonicated Anabaena 7120 (about 5.6 × 108 CFU) was mixed with 50 

μL of each washed E. coli strain (about 2.1 × 108 CFU) and allowed to dry onto the surface 

of BG-11(Nit) plates supplemented with 5% LB broth as previously described.32 Every bi-, 

tri-, and quadraparental mating was mixed in triplicate to create all possible combinations 

that would result in the introduction of one or two plasmids. After 2 days of growth on the 

conjugation plates, each mix was individually resuspended in 1 mL of BG-11(Nit) and used 

to create five ten-fold serial dilutions from which 300 uL was plated onto BG-11(Nit) 

supplemented with the appropriate antibiotics. Colonies were counted 3 weeks later and 

used to calculate the combined efficiency of conjugation, plate transfer, and selection as 

compared to the possible growth of the unconjugated sonicated Anabaena 7120 culture. The 

data was expressed in this manner because it more accurately represents the number of 

colonies expected following completion of this protocol rather than solely an approximation 

of conjugal efficiency.

Production, Purification, and LC-MS/MS Quantification of Lyngbyatoxin A, Pendolmycin A, 
and Teleocidin B.

Assays for the production of heterologously expressed compounds were prepared, carried 

out, and compounds were extracted as previously described.11 Assay conditions were 

identical to those previously published.11 LC-MS/MS analyses were conducted as 

previously described with minor modifications. Briefly, a Shimadzu Prominence HPLC 

consisting of a degasser, two LC-10AD HPLC pumps, an autosampler, a photodiode array, 

and system controller, upstream of a 3200 QTrap mass spectrometer (AbSciex) was used for 

separation and quantitation. Separation was achieved using a Luna C18(2) column (2.0 Å~ 

150 mm, 3 μm, Phenomenex) with a flow rate of 0.2 mL/min with line A containing H2O + 

0.1% (v/v) formic acid and line B containing MeCN + 0.1% (v/v) formic acid, which 

operated under the following program. The column was pre-equilibrated in 95% A/5% B, 

and upon injection, this composition was held for 1 min. The composition of mobile phase 
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was then changed to 0% A/100% B over 29 min utilizing a linear gradient. This composition 

was held for 5 min, followed by changing to 95% A/5% B over 3 min. The column was 

equilibrated in 95% A/5% B for 5 min prior to the next injection. Under these 

chromatographic conditions, pendolmycin eluted at 23.6 min, lyngbyatoxin A eluted at 29 

min, and the four compounds with protonated molecules at m/z 452.3 eluted from 29.2–30.4 

min. MS/MS analysis was done in MRM mode for pendolmycin (Q1, 370.3; Q2, 242.3; 40 

ms), lyngbyatoxin A (Q1, 438.3; Q2, 410.2; 40 ms), and m/z 452.3 compounds (Q1, 452.3; 

Q2, 424.2; 40 ms). The instrument was operated with Analyst 1.5.1, build 5218, and data 

analysis was performed with PeakView, ver. 2.1.0.11041 (AbSciex). Known concentrations 

of purified pendolmycin, lyngbyatoxin A, and teleocidin B-4 were run on the same program 

and standard curves were created for the low range from the MRM programs described 

above and for the high range by integrating the area under the UV curve at 300 ± 2 nm.

DNA Extraction and Plasmid Copy Number Determination by qPCR.

Anabaena 7120 strains harboring pPJAV361, pPJAV500, pPJAV606, pPJAV626, and/or 

pPJAV636 were grown on plates or in 30 mL liquid cultures in identical conditions to those 

used for heterologous expression, as well as in liquid BG-11(NH4) or liquid BG-11(Nit) 48 

h after the removal of combined nitrogen, to represent many physiologically relevant growth 

conditions. After the required culture duration, cells were scraped from plates or pelleted by 

centrifugation at 2,000 × g for 3 min, washed with TES (10 mM Tris HCl, pH 7.5; 25 mM 

EDTA, pH 8.0, 500 mM NaCl) to remove exopolysaccharides as previously described,39 and 

stored at −80 °C until processing. The pellets were treated with lysozyme as previously 

described40 and DNA was purified by phenol-chloroform extraction as described.26, 41 DNA 

concentrations were measured using a BioSpectrometer kinetic (Eppendorf) and all samples 

were diluted to 100 pg/uL for use. All qPCRs were performed in MicroAmp Fast Optical 96 

well reaction plates (Thermo Fisher Scientific) covered with MicroAmp Optical Adhesive 

film (Thermo Fisher Scientific). qPCR reactions were assembled manually and contained 10 

pmol of each primer, 100 pg of template DNA, and 10 μL of iTaq Universal SYBR Green 

Supermix (Bio-Rad) in 20 μL reactions. The primers AMO-645 and AMO-646 were utilized 

to amplify a portion of the hetR coding region to assesses the concentration of Anabaena 
7120 chromosomes as previously described.22 Portions of the alr9504, nptII, and aadAI 
genes were amplified from purified plasmid DNA with the primer sets Zeta-qPCR-F and 

Zeta-qPCR-R, AMO-679 and AMO-680, and aadA1-F and aadA1-R, respectively, as 

previously described.22 The reaction profile was 3 min at 95 °C followed by 40 cycles of 30 

s at 95°C, 30 s at 56 °C, and 30 s at 72 °C. An annealing temperature of 56°C was used 

because this temperature elicited similar amplification levels from all primer sets. Negative 

controls (no template DNA) were included and a melting curve analysis was performed in 

all cases. qPCRs were performed with two biological replicates and technical triplicate of 

each DNA sample in a StepOnePlus Real-Time PCR System (Applied Biosystems). 

Standard curves were performed with eight ten-fold serial dilutions for each primer set in 

technical triplicate, using purified PCR products, derived from either pPJAV653 or 

chromosomal DNA, as templates. The relative quantities of each sample were calculated 

using the ΔΔCt method, considering each primer’s specific efficiency calculated from the 

standard curves. All values are expressed as the plasmid copy number per chromosome as 

previously described.22
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BG-11(NH4) BG-11 media with ammonium chloride as the nitrogen 

source

BG-11(Nit) BG-11 media with sodium nitrate as the nitrogen source

BGC biosynthetic gene cluster

COSY correlation spectroscopy

DNA deoxyribonucleic acid

HMBC heteronuclear multiple bond correlation

HPLC high pressure liquid chromatography

HRESIMS high resolution electrospray ionization mass spectrometry

HSQC heteronuclear single quantum coherence quantum 

correlation

ILV indolactam V

MRM multiple reaction monitoring

MS/MS tandem mass spectrometry

Neor neomycin resistant

NMR nuclear magnetic resonance

NMVT N-methyl-L-valyl-L-tryptophanol

NOESY Nuclear Overhauser spectroscopy

NRPS non-ribosmal peptide synthetase

ori origin of replication
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oriT origin of transfer

Smr spectinomycin resistant

Spr spectinomycin resistant

XIC extracted ion chromatogram
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Figure 1. 
Biosynthetic pathway for the formation of indolactam natural products.
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Figure 2. Production of lyngbyatoxin A (2) and teleocidin B-4 (4).
Zoomed LCMS MRM chromatogram showing the constructs used and production of 2 
(438.3 → 410.3), left column; and constructs used and production of 4 (452.3 → 424.3), 

right column. Traces are from a single replicate of culture grown on BG-11(Nit) media 

containing 1.5% agar (1 plate = approximately 40 mL) and are representative of all samples.
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Figure 3. Total “Teleocidin B” Production in Anabaena 7120.
This is the summed total amount of all four compounds displaying the MRM transition m/z 

452.3 → 424.3. Production of the individual compounds can be seen in Table S2. Values are 

given as the average ng/mg of dried cell mass ± standard deviation from three replicates. 

Each replicate culture was grown on media containing 1.5% agar (1 plate = approximately 

40 mL). afruc, denotes media containing 50 mM fructose.
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Figure 4. Production of pendolmycin.
Zoomed LCMS MRM chromatogram showing the constructs used and production of 3 
(370.3 → 342.3). Y-axis are all scaled identically. Traces are from a single replicate of 

culture grown on BG-11(Nit) media containing 1.5% agar (1 plate = approximately 40 mL) 

and are representative of all samples.
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Figure 5. Pendolmycin Production in Anabaena 7120.
Values are given as the average ng/mg of dried cell mass ± standard deviation from three 

replicates. Each replicate culture was grown on media containing 1.5% agar (1 plate = 

approximately 40 mL). afruc, denotes media containing 50 mM fructose.
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Table 1.
Copy Number of pDU1- and Zeta-based Plasmids in Anabaena 7120 During Culture in 
Liquid or Solid BG-11 Medium Supplemented with Nitrate or Ammonia as Nitrogen 
Sources or Grown Diazotrophically.

Experiments not conducted are denoted as N/A.

Liquid BG-11

Plasmids pDU1 Zeta-Sp/Km Native Zeta

pPJAV606 N/A 4.9 ± 0.01 12.9 ± 0.6

pPJAV626 N/A 2.1 ± 0.2 1.9 ± 0.1

pPJAV632 N/A 4.2 ± 0.1 12.2 ± 0.2

pPJAV361 2.9 ± 0.1 N/A 10.7 ± 0.3

pPJAV500 15.9 ± 0.3 N/A 12.2 ± 0.9

pPJAV361 + pPJAV626 15.5 ± 0.0 1.4 ± 0.1 11.8 ± 0.5

pPJAV361 + pPJAV632 3.2 ± 0.2 3.6 ± 0.1 9.9 ± 0.1

pPJAV500 + pPJAV626 8.1 ± 0.1 8.9 ± 0.2 9.9 ± 0.2

pPJAV500 + pPJAV632 4.4 ± 2.1 4.9 ± 2.5 10.4 ± 0.2

Liquid BG-11(NH4)

Plasmids pDU1 Zeta-Sp/Km Native Zeta

pPJAV606 N/A 6.1 ± 0.8 15.6 ± 2.1

pPJAV626 N/A 1.7 ± 0.1 1.5 ± 0.1

pPJAV632 N/A 5.0 ± 1.0 17.3 ± 5.3

pPJAV361 182.2 ± 8.7 N/A 17.4 ± 5.3

pPJAV500 414.5 ± 64.1 N/A 25.4 ± 5.4

pPJAV361 + pPJAV626 296.4 ± 84.3 2.8 ± 0.7 30.3 ± 5.1

pPJAV361 + pPJAV632 93.9 ± 16.6 92.2 ± 15.5 13.9 ± 1.4

pPJAV500 + pPJAV626 237.7 ± 5.2 230.5 ± 6.4 19.0 ± 3.4

pPJAV500 + pPJAV632 199.0 ± 44.7 206.9 ± 34.8 20.1 ± 1.2

Liquid BG-11 Diazotrophy

Plasmids pDU1 Zeta-Sp/Km Native Zeta

pPJAV606 N/A 5.9 ± 0.7 1.5 ± 0.01

pPJAV626 N/A 2.4 ± 0.2 2.2 ± 0.02

pPJAV632 N/A 5.2 ± 0.4 2.2 ± 0.2

pPJAV361 3.1 ± 0.1 N/A 1.7 ± 0.02

pPJAV500 17.9 ± 1.4 N/A 1.9 ± 0.01

pPJAV361 + pPJAV626 6.7 ± 0.1 1.3 ± 0.04 1.9 ± 0.2

pPJAV361 + pPJAV632 13.0 ± 1.0 3.8 ± 0.4 2.0 ± 0.1

pPJAV500 + pPJAV626 2.9 ± 0.1 9.0 ± 2.3 1.5 ± 0.3

pPJAV500 + pPJAV632 7.4 ± 1.9 7.5 ± 1.1 1.4 ± 0.1

BG-11 Plates

Plasmids pDU1 Zeta-Sp/Km Native Zeta

pPJAV606 N/A 7.5 ± 1.5 1.9 ± 0.1
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pPJAV626 N/A 4.2 ± 0.2 1.9 ± 0.05

pPJAV632 N/A 4.7 ± 0.6 1.4 ± 0.1

pPJAV361 2.8 ± 0.1 N/A 1.5 ± 0.01

pPJAV500 12.9 ± 0.3 N/A 1.4 ± 0.05

pPJAV361 + pPJAV626 2.7 ± 0.2 13.8 ± 0.04 1.7 ± 0.1

pPJAV361 + pPJAV632 1.8 ± 0.5 23.3 ± 1.7 1.3 ± 0.1

pPJAV500 + pPJAV626 1.9 ± 0.02 24.6 ± 1.9 1.1 ± 0.01

pPJAV500 + pPJAV632 2.2 ± 0.02 29.7 ± 1.0 1.2 ± 0.01

BG-11(NH4) Plates

Plasmids pDU1 Zeta-Sp/Km Native Zeta

pPJAV606 N/A 10.4 ± 5.3 1.3 ± 1.2

pPJAV626 N/A 1.1 ± 0.3 1.1 ± 1.0

pPJAV632 N/A 38.0 ± 0.1 1.9 ± 0.04

pPJAV361 99.5 ± 33.0 N/A 2.3 ± 0.2

pPJAV500 244.8 ± 12.8 N/A 5.6 ± 0.6

pPJAV361 + pPJAV626 203.4 ± 39.5 30.8 ± 1.2 3.5 ± 0.2

pPJAV361 + pPJAV632 493.7 ± 149.5 438.1 ± 56.4 1.5 ± 0.1

pPJAV500 + pPJAV626 692.7 ± 17.3 744.1 ± 2.9 1.7 ± 0.1

pPJAV500 + pPJAV632 763.7 ± 28.6 828.1 ± 77.0 1.8 ± 0.01
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