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Abstract

Many chemically-complex cyanobacterial polyketides and nonribosomal peptides are of great
pharmaceutical interest, but the levels required for exploitation are difficult to achieve from native
sources. Here we develop a framework for the expression of these multifunctional cyanobacterial
assembly lines in Escherichia coli using the lyngbyatoxin biosynthetic pathway, derived from a
marine microbial assemblage dominated by the cyanobacterium Moorea producens. Heterologous
expression of this pathway afforded high titers of both lyngbyatoxin A (25.6 mg L'1) and its
precursor indolactam-V (150 mg L™1). Production, isolation and identification of all expected
chemical intermediates of lyngbyatoxin biosynthesis in E. coli also confirmed the previously
proposed biosynthetic route setting a solid chemical foundation for future pathway engineering.
The successful production of the nonribosomal peptide lyngbyatoxin A in E. coli also opens the
possibility for future heterologous expression, characterization and exploitation of other
cyanobacterial natural product pathways.
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Cyanobacteria are prolific producers of natural products including nonribosomal peptides
(1), polyketides (2), terpenoids, alkaloids and ribosomally-synthesized peptides (3).
Cyanobacterial natural products exhibit a diverse range of bioactivities, ensuring they are
highly valued as lead pharmaceutical and industrial compounds (4). Large quantities of
compound are required for the medicinal use, characterization or generation of new
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structural analogs via semisynthetic chemistry. However, the cyanobacteria that produce
these compounds exhibit slow growth rates and are intractable to genetic manipulation.
Consequently, there is a supply shortage of these exploitable compounds from the native
producing microorganisms, which can be circumvented by the use of heterologous over-
production.

Cyanobacterial complex biosynthetic pathway characterization noticeably lags behind that
of other phyla, such as Streptomyces and Proteobacteria, due to an inability to
heterologously express entire pathways in a readily culturable and genetically amenable host
that would additionally offer opportunities for production optimization (5-14).
Biosynthetically much less complex ribosomal peptide natural products from cyanobacteria,
typically featuring extensive post-translational modifications, have previously been
expressed in Escherichia coli (15-18). Furthermore, the expression of small stand-alone
tailoring enzymes from cyanobacterial nonribosomal peptide synthetase (NRPS) and
polyketide synthase (PKS) pathways has also been achieved allowing characterization of
their biochemistry in vitro (19-22). However, the heterologous expression of a complete
cyanobacterial PKS or NRPS biosynthetic pathway, to yield the final biosynthetic product
has proven very difficult to attain. The hybrid PKS/NRPS barbamide derivative, 4-O-
demethylbarbamide, is to our knowledge the only successful heterologous production of a
cyanobacterial compound of this type (23), although yield in a Sreptomyces host was very
low (<1 g LY.

While not impossible, the heterologous expression of proteins in a distantly related organism
can be troublesome and requires a significant amount of optimization (24, 25). Here, we
selected the nonribosomal peptide-terpene hybrid lyngbyatoxin A (LTX, 1) as a model to
identify suitable conditions for the heterologous expression of a cyanobacterial non-
ribosomal peptide in E. coli. LTX is an indole alkaloid and a tumor promoter that elicits its
bioactivity via potent activation of protein kinase C (26) and is structurally related to the
actinobacterial compounds teleocidin and methylpendolmycin (Figure 1). The indole ring is
highly nucleophilic and all positions are susceptible to electrophilic attack, making this an
interesting precursor for semi-synthetic chemistry (27). Indolactam-V (ILV, 2), the
structural core of these molecules, induces cellular differentiation of stem cells to pancreatic
cells (28), with structural analogs investigated for the treatment of neurodegeneration and
cancer (29, 30).

LTX was originally isolated from a cyanobacterial bloom dominated by Lyngbya majuscula
(Supplementary Web-Enhanced Object) (31, 32), which has since been taxonomically
reclassified as Moorea producens (33). Despite numerous attempts, we have been unable to
establish a culture of an LTX-producing strain of Moorea producens. Consequently,
environmental sources remain the only available routes for accessing both the compound
and the genetic basis for biosynthesis. Elucidation of the lyngbyatoxin biosynthetic pathway
(22) revealed four open reading frames (ItxA-D) spanning 11.3 kb, thus comprising the
smallest cyanobacterial NRPS reported to date. The LtxA protein is a bimodular NRPS that
condenses L-methyl-valine and L-tryptophan to form the linear dipeptide N-methyl-L-valyl-
L-tryptophan which is released from the synthetase via a NADPH-dependent reductive
cleavage to form the corresponding alcohol (NMVT, 3) rather than the usual thioesterase
mechanism of NRPSs, which typically couple chain release and cyclization (34). A P450-
dependent monooxygenase (LtxB) then catalyzes the formation of ILV through the
oxidation and cyclisation of the dipeptide (21). The final step of LTX biosynthesis is
performed by LtxC, a reverse prenyltransferase that transfers a geranyl pyrophosphate
(GPP) to the C7 position of ILV. The isoforms lyngbyatoxin B (4) and C (5) are presumed
to be formed though the action of an oxidoreductase (LtxD). Earlier endeavors to express the
entire lyngbyatoxin gene cluster in Streptomyces coelicolor were not successful due to
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premature transcriptional termination of the ItxA gene (35). However, the tailoring enzymes
LtxB and LtxC have been expressed individually in both E. coli (21, 22) and S. coelicolor
(35).

We rationally adapted methodology, developed through the successful heterologous
expression of NRPS and PKS gene clusters from diverse phyla (13, 14), to perform
expression of the LTX biosynthetic gene cluster in E. coli. Previous accounts of the
heterologous expression of cyanobacterial NRPS (35) or hybrid PKS/NRPS (23)
biosynthesis pathways in Sreptomyces have demonstrated limited success, which is
probably — at least in part — a result of the disparity in GC content between biosynthetic
genes and the host genome. Genomic GC content determines bacterial codon usage (36) and
the median GC content of 38 cyanobacterial genomes is ~45%. As the lyngbyatoxin
biosynthetic genes exhibit a GC content of 46%, E. coli was a logical host with a genomic
GC content of 50%.

While the functionality of cyanobacterial promoters from biosynthetic pathways have been
studied in E. coli using reporter genes (37), initial attempts to produce LTX from the native
lyngbyatoxin biosynthesis pathway yielded no detectable levels of the compound, or any
intermediates, irrespective of growth temperature or media constituents. This suggested that
the native lyngbyatoxin transcriptional regulatory regions are not sufficiently functional to
facilitate heterologous expression of the pathway in E. coli. However, the transcription of
the pathway under the control of native promoters in E. coli was not investigated further.

The E. coli GB05-MtaA host carries a heterologous myxobacterial PPTase with broad-range
substrate activity (38) and is capable of expressing a range of NRPS clusters at 30°C from
the tetO tetracycline-inducible promoter (Pieto) (13, 14). We utilized a similar approach for
the heterologous expression of the lyngbyatoxin biosynthetic pathway, however, under the
same conditions at 30°C, production of LTX or any pathway intermediates was not observed
(Supplementary Figure 1). In light of our experience and other NRPS expression studies
described in the literature (9, 39), we reduced the expression temperature to 18°C yielding
substantial levels of LTX in the crude methanol extract (Supplementary Figure 2). In
addition to LTX, the biosynthetic intermediates NMVT and ILV were also detectable in the
methanol extracts of E. coli fermentations (Figure 3, Supplementary Figure 1 and 3a-c). The
total production levels of both ILV and LTX were quantified using HPLC by comparison to
a standard curve derived from known quantities of analytical standards (Supplementary
Figure 4 and 5). NMVT was not quantified due to lack of a standard. The average total
yields, in the crude extract of cells and media, from three independent cultures of E. coli
GBO05-MtaA harboring tetracycline-induced pCC-Ptet-Itx were 150 + 4.36 mg L of ILV
and 25.6 + 0.77 mg L1 of LTX. HPLC-ESI-HRMS analysis of the extract also showed very
low abundance peaks corresponding to the expected masses of the lyngbyatoxin B or C
isoforms (Supplementary Figure 6) in all induced cultures but were absent in the uninduced
culture. To confirm the absolute identity of the compounds quantified, ILV and LTX were
isolated analyzed by NMR. The IH NMR data for LTX and ILV were in agreement with
published spectra (Supplementary Tables 1 and 2) (40, 41). In comparison to the amount
expected from directly scaled cultures, the yields obtained from unoptimized large-scale
cultures totaled 30% of ILV and approximately 10% of LTX. This reduced yield correlated
with a reduction in the culture growth rate and likely losses during purification. LTX yields
from the native producer represented 0.02% of the extracted environmental material (31). As
the native producer has yet to be established in culture, production in E. coli is a necessary
measure to enable exploitation of these compounds.

The soluble protein fraction was visualized by SDS-PAGE (Supplementary Figure 7) to
shed light as to whether or not the high production levels were due to an over-expression of
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the biosynthesis enzymes. The 276 kDa LtxA NRPS was faintly visible as a minor
constituent of the total soluble protein on day four of the cultivation. The tailoring enzymes
LtxB (52 kDa) and LtxC (43 kDa) were difficult to differentiate from endogenous host
proteins in the soluble fraction, presumably due to their low relative abundance. Therefore,
we speculate that the high compound levels may be influenced by the relatively low burden
that production of the small product places on the cell following the initial synthesis of the
biosynthetic machinery, and the very high culture density achieved during cultivation.

Despite the absence of ILV from M. producens extracts, it has been isolated from teleocidin-
producing strains of Streptomyces (42). Due to the structural relatedness of the
lyngbyatoxins and teleocidin, ILV was predicted to be a biosynthetic intermediate and was
confirmed via in vitro prenylation by LtxC (22). The levels of ILV present in the
heterologous host suggest an inefficient prenylation reaction with only 10% of ILV being
converted to LTX. Due to the hybrid NRPS-terpenoid nature of LTX, yields would most
likely be improved by augmentation of the isopentyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) availability. This can be achieved via an enhancement of flux though
the deoxyxylulose 5-phosphate (DXP) pathway (43) or heterologous expression of a
mevalonate pathway (44) to increase the levels of available geranyl pyrophosphate for
prenylation. However, our present focus was to create a foundation for cyanobacterial
secondary metabolite heterologous biosynthesis and was beyond the scope of this study. In
future, LTX yield optimization using a metabolically-engineered E. coli strain may be
possible, however, we also observe that ILV is a useful candidate for semi-synthetic
chemistry and was produced in abundance by this system.

Extracellular export of intermediates prior to conversion is an alternate reasoning for their
accumulation, hence the levels of NMVT, ILV, and LTX in the cell-free spent culture media
were examined and compared to the total production levels. Extractions of spent cell-free
culture media showed that approximately 50% of the total yield of NMVT is extracellular,
while approximately 20% of both ILV and LTX were extracellular (Figure 4). The large
proportion of extracellular NMVT relative to ILV/LTX indicates that this dipeptide may be
actively exported from the cell and may negatively influence the conversion of NMVT to
ILV. However, this does not seem to be the case with ILV and LTX, with the poor
conversion rate most likely due to geranyl pyrophosphate limitation.

The replacement of the native promoter and regulatory regions of the lyngbyatoxin
biosynthetic pathway with an inducible promoter and new ribosome-binding site eventuated
in the successful heterologous expression of LTX in the genetically unrelated host E. coli.
Following successful production of LTX from the modified pathway, LTX production from
the native pathway was reassessed in parallel with identical conditions to confirm the
necessity for these modifications (Supplementary Figure 4). The inability to detect LTX
production under the control of the native promoter, supports the notion that these elements
do not function in E. cali, however, the possibility remains that suitable induction conditions
were simply not achieved. Additional features, which we speculate may have been vital for
our success, include the use of a host with a similar GC-content to the biosynthetic genes.
The moderate production levels rather than overexpression of biosynthetic enzymes, in
particular the NRPS LtxA (24), was additionally influenced by the intentional use of a very
low-copy-number and, by our experience, a stable plasmid backbone. As well as the
combination of using a low growth temperature, to allow time for the correct folding of the
large NRPS, with a rich buffered growth media providing an abundance of essential amino
acids for biosynthesis. Whilst none of these factors were shown to be unequivocally
essential, the combination of these factors in addition to the presence of the heterologous
phosphopantetheinyl transferse MtaA (38), ensuring efficient posttranslational activation of
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the NRPS (13, 14, 45), proved sufficient for the heterologous expression of the
cyanobacterial NRP LTX.

Due to fast growth rates, extensive characterization, the availability of a suite of genetic
tools and a relatively robust tolerance to exogenous proteins, E. coli is considered the
preferred option for heterologous expression. The relative simplicity of the lyngbyatoxin
biosynthetic pathway compared to most NRPSs makes it an ideal choice for the production
of new compounds targeting protein kinase C. For the generation of new compound analogs
it is essential that all downstream enzymatic reactions tolerate any upstream changes to the
substrate (46, 47). The tailoring enzymes, LtxB and LtxC, exhibit relaxed specificity for
NMVT analogs where the valyl group is substituted by other aliphatic groups (21).
Therefore, our E. coli heterologous system provides an extremely feasible route for the
generation of new ILV-based protein kinase C modulators.

Cyanobacteria are prolific producers of natural products exhibiting a wide range of
biological activities. We have demonstrated the biological synthesis, via a multienzyme
thiotemplate mechanism, and overproduction of such molecules in a heterologous
expression system. This technological development will allow the exploitation of molecules
with commercial significance from sources whereby previously the only feasible route was
synthetic chemistry. The next step for cyanobacterial natural products will utilize the
amenability of heterologous hosts to genetically engineer pathways for the generation of
structural analogs with modified pharmacological properties.

Bacterial strains and culture conditions

E. coli strain GB05-red (13) was used for propagation and recombineering, cultured in Luria
Bertani (LB) medium 37°C supplemented with the appropriate antibiotic (chloramphenicol
15 29 mL™1, gentamicin 2 zg mL™1). E. coli strain GB05-MtaA, with the promiscuous
PPTase MtaA from the myxobacterium Sigmatella aurantiaca chromosomally integrated
via transposition (13), was used for expression and cultured in 50 mL Terrific Broth (TB)
supplemented with antibiotics in 250 mL Erlenmeyer flasks stoppered with a cotton bung.

Expression vector construction

The fosmid fos-DE3-86 (22) carries ~ 35 kb of genomic DNA from Moorea producens,
including the 11.3 kb lyngbyatoxin biosynthesis pathway, within a pPCC1FOS (Epicentre)
backbone. The tetracycline-inducible promoter cassette, consisting of gentamicin resistance
(aacC1), tetracycline repressor (tetR) and Pyeio regions (gentaR-tetR-Pyeio) from plasmid
pR6K-Tps-Genta (14) was inserted immediately upstream of the ItxA ATG start codon of
fos-DE3-86 (Supplementary Figure 8) using the primers ltx-genta5 (5’-
TATTCCTTATACCATCAAGATCCTTTGATTTTGAGGGCTAGAAGGCACGAACCC
AGTTGAC-3’) and Itx-tetR3 (5’-
TATCGCCCGCCTACTTCCACTCCAAGGTTGATTCATAATCATGTCGATCCTC
TTCTCTATCACTGATAGG-3’). Sequences homologous to fos-DE3-86, to facilitate
recombineering, are underlined. This new construct was named pCC-Ptet-ltx. In detail, PCR
amplification was performed using Phusion DNA polymerase (New England Biolabs). The
product was purified and concentrated by ethanol precipitation. E. coli GB-red harboring
plasmid fos-DE3-86 were inoculated (1:40 dilution) from an overnight culture and grown in
a thermomixer (Eppendorf) at 37°C shaking 950 rpm. At ODgqg 0.2, 0.2% (w/v) L-arabinose
was added to induce expression of recombinases. Cells were cultured to an ODgqg 0f 0.4,
harvested, washed three times with ice-cold dH,0, and resuspended in 40 z dH,O. The
cells were mixed with 0.2-0.3 zg of PCR product and transferred to a sterile 1 mm
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electroporation cuvette. Electroporation was performed at 1300 V using an Electroporator
2510 (Eppendorf), followed by the immediate addition of 1 mL LB media. The cells were
transferred to 37°C shaking 950 rpm for 75 min, concentrated, and plated on LB agar plates
containing 15 z«g mL"1 chloramphenicol and 1 .9 mL™1 gentamicin. The plates were
incubated overnight at 37°C. Correct recombinants were determined by restriction digestion.

Expression and analysis of lyngbyatoxin A production

Overnight cultures of four different clones of GB05-MtaA harboring the pCC-Ptet-Itx
construct were inoculated into 50 mL TB media and grown at 30°C, shaking at 200 rpm to
an ODgqg of 0.17-0.18. Cultures were transferred to 18°C, shaking 200 rpm, for 30 min prior
to induction of three of the cultures at an OD600 of ~0.2 by the addition of 0.5 yg mL™!
tetracycline (final concentration). Cultures were transferred to 18°C, shaking at 200 rpm, for
5 days and 2% (v/v) Amberlite XAD-16 polymeric adsorbent resin (Sigma) was added to
adsorb extracellular compounds. Cultures were returned to 18°C for an additional 48 h prior
to harvesting the cells and resin by centrifugation. Cells and resin were extracted with
methanol and evaporated to dryness. Extracts were redissolved in 1 mL methanol and
analyzed by HPLC-ESI-HRMS/MS. Separation was performed on a Dionex UltiMate 3000
RSLC system using a Waters BEHC18 (100 x 2.1 mm, 1.7 zm dp) column by injection of 2
ul of concentrated sample. Separation was achieved using a linear gradient with (A1) water
+0.1% formic acid to (B) acetonitrile + 0.1% formic acid at a flow rate of 550 zL min1
and 45°C. The gradient was initiated by a 0.39 min isocratic step with 5% B followed by an
increase to 95% Bq within 18 min. HPLC was coupled to a Thermo Fisher Orbitrap via an
Advion Triversa Nanomate nano-ESI system. Mass spectra were acquired in centroid mode
with a range of 200-2000 vz at a resolution of R=30000. Fragmentation by collision-
induced dissociation was performed on ions corresponding to 302.20, 304.20, 438.31 m/z.
Extracts from induced cultures were compared to an uninduced negative control. The yields
of ILV and LTX were quantified in duplicate by comparing to a standard curve
(Supplementary Figure 5) derived from known amounts of each compound on a HP Agilent
series 1100 HPLC using an Agilent Zorbax SB-C18 (4.6 x 250 mm) column. Separation was
achieved using a linear gradient with (A,) water + 0.1% trifluoroacetic acid to (B,)
acetonitrile at a flow rate of 1.1 mL min-! and 27.5°C. The gradient was initiated with 5%
B, and increased to 95% B within 30 min, followed by 95% B, for 10 min. Results were
analyzed and production levels with SEM were determined using Prism 5.0 for Mac
(GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of nine-membered indolactam alkaloids.
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Lyngbyatoxin biosynthetic genes and proposed pathway for lyngbyatoxin A (1), B (4) and C
(5). LtxB. P450-dependent monooxygenase; LtxC, prenyltransferase; LtxD, oxidoreductase;
GPP, geranyl pyrophosphate; PP;, pyrophosphate.
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Figure 3.

Production of LTX in E. coli. HPLC-ESI-HRMS chromatograms of the tetracycline-induced
and the uninduced cultures. EIC mass ranges m/z 302-305 and m/z 435-440. Compounds and
experimentally observed masses ([M+H*]) are indicated with their respective peaks.
Retention times (min) NMVT 3.3, ILV 7.2, LTX 13.5. Theoretical exact masses (amu) are
NMVT 303.1947, ILV 301.1790, LTX 437.3042.
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Figure4.

Production levels of N-methyl-L-valyl-L-tryptophanol (NMVT), indolactam-V (ILV) and
lyngbyatoxin A (LTX) in E. coli. Striped bars, total culture production levels; unfilled bars,
extracellular levels. ILV and LTX were quantified by HPLC using analytical standards,
NMVT levels are depicted as the area under the respective HPLC trace peak. Values
represent the average levels from three independent cultures (N=3) depicted with SEM.

ACS Chem Biol. Author manuscript; available in PMC 2014 September 20.



