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Comparative analysis of related biosynthetic gene clusters can provide new insights into the versatility of
these pathways and allow the discovery of new natural products. The freshwater cyanobacterium Microcystis
aeruginosa NIES298 produces the cytotoxic peptide microcyclamide. Here, we provide evidence that the cyclic
hexapeptide is formed by a ribosomal pathway through the activity of a set of processing enzymes closely
resembling those recently shown to be involved in patellamide biosynthesis in cyanobacterial symbionts of
ascidians. Besides two subtilisin-type proteases and a heterocyclization enzyme, the gene cluster discovered in
strain NIES298 encodes six further open reading frames, two of them without similarity to enzymes encoded
by the patellamide gene cluster. Analyses of genomic data of a second cyanobacterial strain, M. aeruginosa PCC
7806, guided the discovery and structural elucidation of two novel peptides of the microcyclamide family. The
identification of the microcyclamide biosynthetic genes provided an avenue by which to study the regulation of
peptide synthesis at the transcriptional level. The precursor genes were strongly and constitutively expressed
throughout the growth phase, excluding the autoinduction of these peptides, as has been observed for several

peptide pheromone families in bacteria.

Cyanobacteria are known as a prolific source of secondary
metabolites exhibiting unique structural features and biologi-
cal activities. Various cyanobacterial compounds (e.g., curacin
A, aeruginosin, and cryptophycin) have great potential for
drug development (33, 36). However, due to their adverse
effects on higher organisms, several cyanobacterial metabolites
are regarded as health-threatening toxins and have caused
serious concern among water authorities worldwide. A major-
ity of these compounds, in particular, those that were isolated
from planktonic freshwater cyanobacteria belonging to the
genera Microcystis, Planktothrix, Nostoc, and Anabaena, can be
classified as peptides or possess peptidic substructures often
comprising highly modified amino acid moieties. Several of
these peptides, such as the hepatotoxin microcystin or the
protease inhibitors aeruginosin and anabaenopeptolide, were
shown to be produced by nonribosomal peptide synthetase
assembly lines (13, 27, 34).

The recent characterization of the patellamide biosynthetic
pathway from the as-yet-nonculturable cyanobacterial symbi-
ont of the ascidian Lissoclinum patella has revealed that there
are biosynthetic pathways independent from nonribosomal
peptide synthetase systems capable of producing modified and
cyclic peptide structures in cyanobacteria (29). The patell-
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amide family of cyclic pseudosymmetrical octapeptides is char-
acterized by the presence of thiazole and oxazole moieties.
Although nonribosomal biosynthesis was anticipated for the
formation of these peptides, heterologous expression of a mi-
crocin-like gene cluster discovered in the genome of the sym-
biotic cyanobacterium Prochloron didemni unambiguously
showed that these peptides are produced by a ribosomal path-
way (20, 29). In a more recent study, the patellamide biosyn-
thetic pathway could be used as a template for the design of a
highly flexible expression platform for the production of librar-
ies of cyclic peptides (7). This experimental breakthrough has
revealed the large biotechnological potential of cyanobacterial
natural product biosyntheses. An increasing number of further
cyclic peptides containing heterocyclic amino acids have re-
cently been isolated from other symbiotic and free-living cya-
nobacteria, including nostocyclamide (16), tenuecyclamide (1),
venturamides (19), dendroamides (25), and microcyclamide
(14). The variety of structures is reflected in an equally large
variety of bioactivities, such as antibacterial, cytotoxic, and
antimalarial activities. Moreover, the investigation of a patel-
lamide-like gene cluster in the bloom-forming organism 77vi-
chodesmium erythraeum has guided the discovery of the cyclic
heptapeptide trichamide (31).

Small oligopeptides synthesized from ribosomal prepeptides
via peptide maturation are also known from bacteria distantly
related to cyanobacteria. Two well-studied groups of peptides
are the microcins of Escherichia coli and the lanthionine-con-
taining lantibiotics of gram-positive bacteria. Members of both
groups exhibit antibiotic activities against other bacteria and
were shown to increase the permeability of cell membranes
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and to inhibit DNA gyrases and RNA polymerases (3, 15).
Lantibiotics such as nisin are also used for food preservation
(5). Particular microcins share some structural properties with
patellamides, such as the cyclic microcin J25 (2) and hetero-
cycle-containing microcin B17 (24). Besides their role in de-
fense against other bacteria, lantibiotics of gram-positive bac-
teria were shown to play a role in the cell-cell signaling of
bacteria (17).

Although the discovery of patellamides has provided first
insights into the biosynthesis of microcin-like peptides in cya-
nobacteria and the distribution and versatility of such peptides
in cyanobacteria, their biological function and evolution are
still under debate. Investigation of these questions is limited by
the number of biosynthetic systems analyzed.

This study therefore aimed to elucidate the molecular basis
of the biosynthesis of cyclic hexapeptides of the patellamide
family, the microcyclamides produced by the planktonic fresh-
water genus Microcystis. The analysis could not only provide
new lessons on microcin-like biosyntheses in cyanobacteria and
the transcriptional dynamics of their genes but could also fa-
cilitate the precursor-guided discovery and structural elucida-
tion of a cryptic microcyclamide-like compound.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Microcystis aeruginosa strains PCC
7806 and NIES298 were obtained from the Pasteur Culture Collection of Cya-
nobacteria (Institut Pasteur, Paris, France) and the National Institute of Envi-
ronmental Studies (Tsukuba, Japan), respectively. The cyanobacteria were cul-
tivated in BG-11 (26) or Z8 medium (18) under continuous light at 30 pmol
photons m~2 s~ with continuous shaking at 40 rpm at 23°C. For the light
experiment, the cells were grown at 18 pmol photons m~2 s~ ! until they reached
the required cell densities (optical densities at 750 nm of 0.3, 0.5, and 1.0) and
then exposed for 2 h to different light intensities as follows: 0 pmol photons m ™2
s~!, dark (D); 18 wmol photons m~2 s~ !, low light (L); 68 wmol photons m™
s~!, high light (H); 180 wmol photons m~2 s, very high light (VH). Light
intensities were measured with a Li-Cor LI250 light meter (Walz, Effeltrich,
Germany). Mass cultivation of M. aeruginosa PCC 7806 for purification of mi-
crocyclamides was performed with BG-11 medium in 20-liter flasks under con-
tinuous aeration. E. coli strain EPI300-T1R was used for fosmid library construc-
tion and cultivated according to the suggestions of the manufacturer (Epicenter
Technologies, Madison, WI).

Fosmid library construction and screening. Genomic DNA was prepared from
M. aeruginosa PCC 7806 and NIES298 as reported previously (8). DNA frag-
ments of approximately 30 to 40 kb were directly ligated to the pCC1FOS vector
(Epicenter Technologies, Madison, WI) by following the manufacturer’s instruc-
tions. Screening of the library was performed by hybridization under standard
conditions (28). The mcaA gene fragment used as a probe was obtained by PCR
with primers mcaAdegFw (5'-TTYGGNACYGAAGCNCGNGG-3') and
mcaAdegRv (5'-AGAAGACCAAGAACGAACTTGGCC-3") at an annealing
temperature of 55°C under standard conditions. The DNA probe was radioac-
tively labeled with the HexaLabel kit (Fermentas, St. Leon-Rot, Germany).
Colony hybridization was performed in hybridization buffer containing 50%
formamide at 42°C according to standard protocols (28).

DNA seq ing and seq e analysis. DNA sequencing by a primer-walking
strategy was performed by SMB GbR (Berlin, Germany) with the Big Dye
Terminator cycle sequencing kit (ABI, Foster City, CA). The assembly was
performed with the software package Vector NTI (Invitrogen, Karlsruhe, Ger-
many). Analyses of DNA sequences and deduced protein sequences were per-
formed with the NCBI (National Institute for Biotechnology Information,
Bethesda, MD) BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/).

RNA isolation and Northern blot analysis. Cells were harvested by centrifu-
gation at 4°C and homogenized in liquid nitrogen with a mortar and pestle.
RNAs were isolated with the Trizol kit (Invitrogen, Karlsruhe, Germany) ac-
cording to the manufacturer’s instructions. DNA blotting and DNA-RNA hy-
bridization were performed as previously described (28).

Extraction and purification of microcyclamides. Freeze-dried cyanobacterial
cells (24.36 g from ca. 90 liters of culture) were extracted with 80% (vol/vol)
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methanol (MeOH; 960 ml X 2) and MeOH (960 ml). The combined 80%
(vol/vol) MeOH and MeOH extracts were concentrated in vacuo. Dried residue
was extracted with diethyl ether and H,O. The aqueous layer was concentrated
and then extracted with 1-butanol (n-BuOH). The n-BuOH layer was subjected
to octyldecyl silane chromatography (YMC GEL ODS A 60-S50, 5 by 28 cm)
with aqueous acetonitrile (20% [vol/vol], 40% [vol/vol], and 80% [vol/vol]),
MeOH, and CH,Cl,. The 40% and 80% acetonitrile fractions were subjected to
reversed-phase column high-performance liquid chromatography (RP-HPLC;
Nucleosil 100-5 Cyg, 21 by 250 mm; 25 to 83% [vol/vol] aqueous acetonitrile
containing 0.1% [vol/vol] trifluoroacetic acid [TFA]; flow rate, 10 ml/min; UV
detection at 220 nm). Crude fractions containing peptides 1 and 2 were resub-
jected to RP-HPLC (Nucleosil 100-5 Cg, 21 by 250 mm; 25 to 83% [vol/vol]
aqueous acetonitrile containing 0.1% [vol/vol] TFA; flow rate, 10 ml/min; UV
detection at 220 nm) to yield microcyclamide 7806A (peptide 1; 6.8 mg) and
microcyclamide 7806B (peptide 2; 2.1 mg).

Spectroscopic techniques. The UV spectra were recorded on a Specord 200
spectrophotometer. Optical rotations were measured on a JASCO P-1020 po-
larimeter. Infrared (IR) spectra were measured on a JASCO FT/IR-4100 spec-
trometer. 'H and '3C nuclear magnetic resonance (NMR) spectra were obtained
with Bruker Avance DPX 300 and DRX 500 in dimethyl sulfoxide-d, at 30°C.
The high-resolution electron spray ionization mass spectra (HR-ESI-MS) were
measured on a Finnigan TSQ Quantum Ultra AM.

Ozonolysis and acid hydrolysate. Microcyclamides 7806A and 7806B (each 0.1
mg) were dissolved in CH,Cl, (3 ml) and ozonized at —78°C for 20 min, respec-
tively. After removal of the solvent in vacuo, the resulting residue was suspended
in 6 M HCI and heated at 105°C overnight. To the reaction residue, which was
removed from the solvent by reduced pressure, 1 M NaHCO; (100 wl) and
1-fluoro-2,4-dinitrophenyl-5-L-alanine-amide (L-FDAA; 50 pl of 10 mg ml~! in
acetone) were added and the reaction mixture was incubated at 50°C for 1 h. The
reaction mixture was quenched by 2 N HCI (50 wl) and diluted with 50% (vol/vol)
acetonitrile (200 wl). L-FDAA derivatives were analyzed by RP-HPLC with
Cosmosil 5 C;5-MS, 4.6 by 250 mm, a flow rate of 1 ml min~!, UV detection at
340 nm, and a gradient time program of buffer A (0.1% [vol/vol] TFA) and buffer
B (100% acetonitrile) of buffer A/B at 80:20 to buffer A/B at 65:35 in 30 min to
buffer A/B at 45:55 in 20 min to buffer A/B at 0.5:99.5 in 1 min. The retention
times (minutes) of standard amino acids were as follows: L-Thr/allo Thr, 16.61;
p-allo Thr, 18.90; p-Thr, 21.54; L-Ala, 23.33; p-Ala, 28.09; L-Val, 33.82; p-Val,
40.61; v-Ile/allo Tle, 39.84; p-lle/allo Tle, 45.50; peptide 1, L-Thr/allo Thr, 16.61;
L-Ala, 23.34; p-Ala, 28.14; L-Val, 33.86; p-Ile/allo Ile, 45.50; peptide 2, L-Thr/allo
Thr, 16.59; r-Ala, 23.32; 1-Val, 33.85; p-lle/allo 1le, 45.62. To separate the
L-FDAA-Thr derivatives, different RP-HPLC conditions, consisting of Cosmosil
5 C,¢-MS (4.6 by 250 mm), a 1-ml-min ™' flow rate, UV detection at 340 nm, and
a gradient time program of buffer A (0.1% [vol/vol] TFA) and buffer B (100%
acetonitrile) of buffer A/B at 80:20 for 5 min to buffer A/B at 70:30 in 10 min to
buffer A/B at 0.5:99.5 in 5 min, were used. The retention times (minutes) of
standard amino acids were as follows: L-Thr, 17.68; L-allo Thr, 17.92; p-allo Thr,
19.22; p-Thr, 20.66; peptide 1, L-Thr, 17.66; peptide 2, L-Thr, 17.62. To separate
the L-FDAA-Ile derivatives, different RP-HPLC conditions were used, i.e., Phe-
nomenex Synergi 4 p. Fusion-RP80, 4.6 by 250 mm, a flow rate of 1 ml min~!, UV
detection at 340 nm, and 60% (vol/vol) buffer A (0.1% [vol/vol] TFA)-40%
(vol/vol) buffer B (100% acetonitrile). The retention times (minutes) of standard
amino acids were as follows: L-allo Ile, 16.70; L-le, 17.37; p-allo 1le, 24.05; p-1le,
24.69; peptide 1, p-Ile, 24.43; peptide 2, p-Ile, 24.53.

Microcyclamide 7806A (peptide 1). Microcyclamide 7806A is a colorless,
amorphous powder with the following characteristics: UV (MeOH) A, 204 (&,
20,900) nm; [, —43.1° (¢ 0.1, MeOH); IR (ATR), 2,965, 1,748, 1,661, 1,597,
1,543, 1,301, 1,198, 1,135, 1,029, 833, and 797 cm™~!; HR-ESI-MS (positive), m/z
517.2228 [M+H]" (calculated for C,,H3305N,S, 517.2233).

Microcyclamide 7806B (peptide 2). Microcyclamide 7806B is a colorless,
amorphous powder with the following characteristics: UV (MeOH) A, 204 (&,
25,500) nm; [«]*°p, —120.4° (¢ 0.1, MeOH); IR (ATR), 2,967, 1,780, 1,652, 1,599,
1,514, 1,378, 1,206, 1,161, 1,104, 924, 888, and 797 cm ™~ !; HR-ESI-MS (positive),
m/z 5352318 [M+H] ™ (calculated for C,4H3504N¢S, 535.2339).

Nucleotide sequence accession number. The sequence of the mca gene cluster
and flanking regions has been deposited in the EMBL database under accession
number AM774406.

RESULTS AND DISCUSSION

Identification of the microcyclamide biosynthesis genes. The
striking structural similarity of microcyclamide to patellamides
(14) prompted us to search for a patellamide-like pathway in
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FIG. 1. Microcyclamide gene cluster in M. aeruginosa. (A) Sche-
matic representation of the mca biosynthetic gene cluster in strains
NIES298 and PCC 7806. Genes with similarity to patellamide biosyn-
thesis genes in P. didemni are in gray. The precursor protein is high-
lighted in black. The light gray arrows represent ORFs that could not
directly be assigned to microcyclamide biosynthesis. (B) McaE se-
quence of M. aeruginosa NIES298. The bold sequences show the prod-
uct-coding sequences. The proposed start and stop cyclization se-
quences are underlined. The structure of microcyclamide from
NIES298 is shown on the right. (C) McaE sequence. The bold se-
quences show the product-coding sequences. The proposed start and
stop cyclization sequences are underlined. Predicted microcyclamide
structures in PCC 7806 are shown below.

the microcyclamide-producing strain M. aeruginosa NIES298.
To detect orthologous genes in strain NIES298, we therefore
designed a set of degenerated primers based on the pat4 se-
quence from P. didemni (29) and the corresponding #7iA se-
quence from Trichodesmium erythraeum ISM101 (31). As a
result, we obtained a PCR product exhibiting 79% and 68%
identity to the patA and triA genes, respectively. In order to
determine the entire biosynthetic gene cluster in Microcystis, a
genomic fosmid library of M. aeruginosa NIES298 was con-
structed and hybridized with the Microcystis patA-like PCR
product as a probe. Sequencing of the positive clones led to the
identification of a patellamide-like gene cluster consisting of
nine genes (Fig. 1A). The putative precursor protein encoded
by the cluster comprised two copies of the amino acid sequence
HCATIC, as expected from the composition and order of the
amino acids in the microcyclamide molecule (Fig. 1B). The
cluster could therefore unambiguously be assigned to micro-
cyclamide biosynthesis, and the genes were designated mca.
Seven of the mca genes resemble those of the patellamide
biosynthesis cluster, although the top-scoring BLAST hits for
five of these genes were annotated as hypothetical proteins in
the genome of the mat-forming cyanobacterium Lyngbya sp.
strain PCC 8106 (Table 1). The mca gene cluster is flanked by
two genes encoding a putative transposase and a restriction-
modification enzyme (not shown).
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In silico analysis of the mca gene cluster of M. aeruginosa
NIES298. Table 1 summarizes the results of the analysis of the
mca region (13 kb). The order of the mcaA to -G genes in M.
aeruginosa NIES298 is congruent with the order of the patel-
lamide biosynthesis genes in P. didemni. The deduced gene
product of mcaA is 68% identical to PatA from P. didemni and
encodes a multidomain enzyme comprising a putative subtili-
sin-like protease domain at the N terminus. No conserved
motif was detected in the C-terminal part of McaA. Subtilisin
proteases are frequently involved in the posttranslational tai-
loring of peptide pheromones in gram-positive bacteria (30,
35). Accordingly, the PatA protease was predicted to be re-
sponsible for the processing of the patellamide precursor pep-
tide in P. didemni (29). McaA is expected to play a similar role
in strain NIES298. McaB and McaC are 72% and 53% iden-
tical to PatB and PatC, respectively. Both proteins do not show
significant similarity to characterized proteins in the database
and were shown to be dispensable for patellamide biosynthesis
in E. coli (7). A PatB homolog is nevertheless encoded in all
patellamide-like gene clusters and may thus be related to the
functional role of the cyclic peptides.

McaD is 77% identical to the PatD protein from P. didemni
that comprises two domains. Like PatD, McaD shows low
similarity to MccB from microcin biosynthesis (11) and to a
possible hydrolase, SagD, from Streptomyces iniae (10). McaD
is therefore proposed to be involved in the heterocyclization of
cysteine, threonine, and/or serine into thiazoline and oxazoline
rings. The putative microcyclamide precursor McaE partially
differs from the corresponding ortholog in P. didemni (Table
1). The leader sequence of 49 amino acids and the proposed
cyclization signals surrounding the peptide-coding region
(GAEAS. . .AFD, Fig. 1) resemble the corresponding parts of
the patellamide precursor. However, whereas the patellamide
precursor in P. didemni encodes two different patellamides,
two copies of the same peptide are encoded in M. aeruginosa
NIES298. Another feature of the microcyclamide precursor
peptide that diverges from the patellamide precursor is the
presence of a double-glycine motif at the C-terminal part of
the leader sequence, suggesting possible transport through the
inner cell wall, since this motif is known to play a role in
peptide translocation in different groups of bacteria (22).

McaF shares 52% identity with PatF from P. didemni. The
protein was shown to be essential for patellamide biosynthesis
but is not encoded in the trichamide gene cluster (7, 31). As the
protein does not contain any conserved domain motifs, no
functional role in microcyclamide biosynthesis could be de-
duced. A PatG homolog, McaG, is encoded at the 3’ end of the
microcyclamide cluster. This putative protein shows similarity
to McaA and to the subtilisin-like family of proteases. Further-
more, the N-terminal domain reveals characteristic features of
NAD(P)H oxidoreductases. Similar to its homolog in P.
didemni, the McaG protein is predicted to play a role in oxi-
dizing thiazoline rings to the thiazole oxidation state in the
patellamide biosynthetic pathway (29).

Two open reading frames (ORFs) present in the microcy-
clamide gene cluster are not part of the trichamide and patel-
lamide gene clusters. The first one encodes a protein of 267
amino acids that shows no significant similarity to any in the
database except a hypothetical protein encoded in the respec-
tive peptide gene cluster from Lyngbya. The second ORF en-
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TABLE 1. Deduced functions of ORFs in the microcyclamide biosynthetic gene clusters

Protein and strain NO' Of. . l_’rote_i n Deduced function Protein with similar sequence % Identity{simila_rity
amino acids identification no. (no. of amino acids)

McaA

Nies298 657 CA082081 Subtilisin-like protease PatA; Prochloron didemni 68/78 (702)

PCC 7806 657 CAP64335 69/78 (702)
McaB

Nies298 83 CAO82082  Conserved hypothetical protein PatB; Prochloron didemni 72/79 (83)

PCC 7806 83 CAP64336 69/78 (83)
McaC

Nies298 80 CAO82083  Conserved hypothetical protein PatC; Prochloron didemni 53/67 (70)

PCC 7806 80 CAP64337 50/65 (72)
McaD

Nies298 776 CAO82084  Adenylation/heterocyclization PatD; Prochloron didemni 77/86 (785)

PCC 7806 776 CAP64338 77/86 (785)
McaE

Nies298 74 CAO82085  Microcyclamide precursor protein Patellamide precursor protein; 68/78 (69)

PCC 7806 97 CAP64339 Prochloron didemni 60/74 (70)
McaF

Nies298 321 CAO82086  Conserved hypothetical protein PatF; Prochloron didemni 52/69 (311)

PCC 7806 321 CAP74572 54/70 (312)
McaG

Nies298 1351 CAO82089  Thiazoline oxidase/subtilisin-like protease PatG; Prochloron didemni 71/81 (729)

PCC 7806 1313 CAP64342 71/81 (729)
ORF1

Nies298 267 CAO82087  Unknown Hypothetical; Lyngbya sp. 90/94 (267)

PCC 7806 267 CAP64340 strain PCC 8106 91/95 (267)
ORF2

Nies298 115 CAO82088  Unknown PatG; Prochloron didemni 54/70 (37)

PCC 7806 115 CAP64341 54/70 (37)

codes a small protein of 115 amino acids with partial similarity
to McaG, suggesting that this gene could represent a pseudo-
gene (Table 1).

The microcyclamide gene cluster does not code for a protein
possessing methyltransferase domain signatures that could be
responsible for the methylation of histidine in microcyclamide
(Fig. 1B). Therefore, it remains unclear whether one of the
uncharacterized enzymes in the gene cluster or factors en-
coded in trans provide the required methylation activity.

Taken together, a detailed analysis of the microcyclamide
gene cluster in M. aeruginosa NIES298 has revealed the ex-
pected similarity but also clear differences from the recently
described patellamide and trichamide gene clusters. Our work
provides the first evidence for the biosynthesis of a cyclic
hexapeptide from a ribosomal precursor in cyanobacteria.

Identification of a similar peptide gene cluster in M. aerugi-
nosa PCC 7806. Although M. aeruginosa NIES 298 is the only
strain of the genus Microcystis that was previously shown to
produce a microcyclamide-like structure, the genetic potential
to produce this family of cyclic peptides may be far more
widespread than expected. In order to test this hypothesis, the
genome database (AM778843 to AM778958) of a second
strain, M. aeruginosa PCC 7806, was searched for the presence
of similar genes. Blastp analysis revealed a gene cluster encod-
ing proteins with more than 90% identity to the nine proteins

encoded in NIES298 (Fig. 1C and Table 1), suggesting the
capability of strain PCC 7806 to produce a microcyclamide-like
peptide. Detailed analysis of the precursor peptide McaE in
strain PCC 7806 revealed an almost identical leader peptide
and the same cyclization signals as in M. aeruginosa NIES298.
However, the peptide-coding sequences differ. Whereas the
precursor in NIES298 contains two peptide-coding regions, the
corresponding protein in strain PCC 7806 encodes four (Fig.
1C). The entire sequence of the microcyclamide gene cluster of
M. aeruginosa PCC 7806 is available under accession number
AM931579. Using microcyclamide from NIES298 as a model,
three different hexapeptides containing thiazole and oxazole
rings could be predicted (Fig. 1C). The accurate prediction of
chemical structures produced by cryptic pathways can guide
the structure-based detection and elucidation of the corre-
sponding compounds (12). Therefore, a reanalysis of the me-
tabolite spectrum produced by M. aeruginosa PCC 7806 aimed
at the detection of novel microcyclamide-like compounds was
initiated.

Isolation of new microcyclamides and structural elucida-
tion. M. aeruginosa PCC 7806 is well known to produce micro-
cystins (6) and cyanopeptolins (21). However, the analysis of
the n-BuOH fraction from freeze-dried M. aeruginosa PCC
7806 cells by RP-HPLC revealed the presence of at least four
different peptide types (see Fig. S1 in the supplemental mate-
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FIG. 2. Structures of microcyclamides 7806A (peptide 1) and
7806B (peptide 2) from M. aeruginosa PCC 7806 as determined by
NMR and MS analyses.

rial). Whereas microcystins and cyanopeptolins could be as-
signed on the basis of their specific UV maxima at 238 and 280
nm, respectively, two of the putative peptide peaks did not
show any specific UV absorbance maxima but rather a spec-
trum similar to that of microcyclamide from M. aeruginosa
NIES298 (14).

The molecular formula of microcyclamide 7806A (peptide
1) was established as C,,H;,0sN4S by the HR-ESI-MS and
NMR spectral data (see Table S1 in the supplemental mate-
rial). The 'H NMR spectrum supported the peptidic nature of
peptide 1 from three doublet amide protons (3 8.05, 8.21, and
8.32). The 'H-'H correlation spectroscopy spectrum suggested
that peptide 1 contained an Ile-like unit (5-NH to H-9), a
Val-like unit (14-NH to H-16/17), a Thr-like unit (H-20 to
H-21), and an Ala-like unit (23-NH to H-24) (see Fig. S1 in the
supplemental material). These units were further identified as
thiazole-isoleucinyl, oxazole-valyl, and methyloxazoline-alanyl
units on the basis of the heteronuclear multiple quantum cor-
relation and heteronuclear multiple bond correlation (HMBC)
(see Fig. S2 in the supplemental material). The sequence of the
three units was determined by the HMBC correlations, i.e.,
H-5 to C-10, 14-NH to C-18, and 23-NH to C-1 (see Fig. S2 in
the supplemental material). The amino acid sequence of pep-
tide 1 could be deduced as ATVSIC, corresponding to the first
precursor peptide of McaE of strain M. aeruginosa PCC 7806
(Fig. 2).

The structure of microcyclamide 7806B (peptide 2) exhib-
ited a '"H NMR spectrum almost identical to that of peptide 1,
except for low field protons (7.3 ppm to 9.3 ppm). Further
inspection by means of HR-ESI-MS revealed that the molec-
ular mass of peptide 2 was increased by 18 mmu (H,O) com-
pared to that of peptide 1. The detailed analysis of the '*C
NMR spectrum of peptide 2 indicated that C-18 (8 169.8),
C-19 (3 59.6), C-20 (3 66.8), C-21 (3 20.5), and C-23 (8 51.3) of
peptide 2 were clearly different from C-18 (3 166.2), C-19 (3
55.0), C-20 (3 69.7), C-21 (3 17.1), and C-23 (& 47.7) in the
methyloxazoline-alanyl unit of peptide 1, providing evidence
for the presence of a threonyl-alanyl unit in peptide 2. The
'"H-"H correlation spectroscopy, heteronuclear multiple quan-
tum correlation, and HMBC results supported the structure of
peptide 2 as a variant of peptide 1 without threonine hetero-
cyclization (Fig. 2; see Fig. S1 in the supplemental material).

The absolute stereochemistry of peptides 1 and 2 was deter-
mined by HPLC analysis of the L-FDAA (9) derivatives of the
acid hydrolysates after ozonolysis of peptides 1 and 2. Detec-
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tion of L-Thr and L-Val derivatives indicated that C-14, C-19,
and C-20 were in the S, S, and R configurations, respectively.
Although both L- and p-Ala (ca. 50/50) derivatives of peptide
1 were detected, only L-Ala was detected in peptide 2. It was
concluded that p-Ala in peptide 1 could be the result of race-
mization during the process of ozonolysis or acid hydrolysis.
Finally, p-Ile was detected in both derivatives and C-5 and C-6
were in the R and S configurations, respectively. In conclusion,
peptide 1 was identified as cyclo-L-A-mOzI-L-V-OzI-D-I-TzI
and peptide 2 was identified as cyclo-L-A-L-T-L-V-OzI-D-I-
Tzl (Fig. 2). Milne et al. (23) proposed that epimerization of
single amino acids within patellamides occurs spontaneously
and is interdependent with macrocyclization of the linear
prepeptide. This may also explain the fact that different patel-
lamide and cyclic hexapeptide variants were shown to differ in
the stereochemistry of individual amino acids (1, 4, 14, 16).
The amount of the two microcyclamides per unit of dry cell
weight was estimated as 0.29% (wt/wt).

Both of the microcyclamide structures detected in M. aerugi-
nosa PCC 7806 could be assigned to the first precursor of
McaE. The fact that no microcyclamides corresponding to the
other precursors comprised in McaE of PCC 7806 were found
might be due to detection problems. Alternatively, the three
remaining precursors of McaE of strain PCC 7806 are not
correctly processed or unstable. The generation of mutants of
the microcyclamide pathway that could have facilitated the
identification of unknown microcyclamide variants failed in
several independent experiments, probably because of the ex-
tensive restriction barrier of strains of the genus Microcystis
(32).

Microcyclamide function. Microcyclamide isolated from M.
aeruginosa NIES298 exhibited moderate cytotoxic activity
against P388 murine leukemia cells (14), suggesting a possible
antibiotic function of the metabolites. To further confirm this
assumption for a second Microcystis strain, the two microcycla-
mides identified in the course of this study were tested against
HeLa cells. However, both peptides did not show any inhibi-
tory activity. Microcyclamides 7806A and 7806B were also
negative in standard antiproliferative, antibacterial, and anti-
fungal assays (data not shown). These results argue against a
general antibiotic function of microcyclamides. The different
activities observed for individual cyclamide structures could be
incidental and may not reflect the true biological function of
the cyclic peptides (1, 14, 16, 19, 25). The striking diversity of
the cyclic heptapeptide variants suggests that microcyclamides
could potentially be involved in communication and self-rec-
ognition of Microcystis ecotypes. In order to get insights into a
possible communication role for the cyclic peptides, we initi-
ated transcriptional studies of microcyclamide biosynthesis
genes. Several of the peptide bacteriocins of gram-positive
bacteria like subtilin, nisin, and other lantibiotics are primarily
produced in the late growth phase and act as autoinducers of
their own biosynthetic genes and other target genes (17). To
elucidate the expression profile of microcyclamide genes in M.
aeruginosa NIES298, we performed DNA hybridizations with
RNA prepared from cells incubated under different light in-
tensities and collected at different growth phases (Fig. 3). Hy-
bridization with an mcaE probe showed similar transcript lev-
els, whatever the cell growth phase or light intensity. From
these data, it seems unlikely that microcyclamides act as auto-
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FIG. 3. Transcription analysis of the mcaE precursor RNA from M.
aeruginosa NIES298. Total RNA isolated from cells incubated under
different light intensities and collected at different cell densities (OD,
optical density at 750 nm). D, dark (0 wmol photons m~2s™'); L, low
light (16 pwmol photons m~2 s~ '); H, high light (68 wmol photons m 2
s~ 1); VH, very high light (180 wmol photons m~2 s™'). (A) Autora-
diogram of DNA-RNA hybridization with an mcaE probe. (B) Aga-
rose gel picture of the 16S rRNA stained with ethidium bromide under
UV light. b, bases.

inducers of their biosynthesis genes, as this should have been
reflected by cell density-dependent expression.

The size of the strong transcript of about 350 bases indicates
transcription of the precursor RNA independent from the
genes encoding microcyclamide-processing enzymes.

Conclusion. The number of cryptic biosynthetic pathways is
increasing steadily, first and foremost through microbial ge-
nome sequencing projects. Bioinformatic predictions have
been shown to be particularly useful for the bioassay-indepen-
dent discovery of natural products. Microcyclamides produced
by bloom-forming freshwater cyanobacteria provide another
example of the success of genomic mining strategies. It can be
speculated that similar approaches could help in elucidating
other and diverse cyclamide structures produced by Microcystis
strains. Some of them may prove useful for medical applica-
tions, whereas others could give us some insights into the
functional role of the peptides.
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