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SUMMARY

Ribosomal peptide natural products are ubiquitous,
yet relatively few tools exist to predict structures
and clone new pathways. Cyanobactin ribosomal
peptides are found in �30% of all cyanobacteria,
but the connection between gene sequence and
structure was not defined, limiting the rapid identifi-
cation of new compounds and pathways. Here, we
report discovery of four orphan cyanobactin gene
clusters by genome mining and an additional
pathway by targeted cloning, which represented
a tyrosine O-prenylating biosynthetic pathway.
Genome mining enabled discovery of five cyanobac-
tins, including peptide natural products from Spiru-
lina supplements. A phylogenetic model defined
four cyanobactin genotypes, which explain the
synthesis of multiple cyanobactin structural classes
and help direct pathway cloning and structure
prediction efforts. These strategies were applied to
DNA isolated from a mixed cyanobacterial bloom
containing cyanobactins.

INTRODUCTION

Cyanobactin ribosomal peptides are widespread in cyanobacte-

ria and may be produced by up to 30% of cyanobacterial strains

(Donia et al., 2008; Donia and Schmidt, 2010; Leikoski et al.,

2009, 2010; Schmidt et al., 2005; Sivonen et al., 2010). The

compounds have been isolated from cyanobacteria, marine

sponges, mollusks, and ascidians, and many are potently active

in bioassays. In ascidians it has been shown that cyanobactins

are synthesized by cyanobacterial symbionts, and based upon

structural analysis, it has been proposed that the remaining

marine invertebrate cyanobactins also originate in symbiotic

cyanobacteria (Donia et al., 2008; Donia and Schmidt, 2010;

Schmidt and Donia, 2009). More than 100 cyanobactin natural

products are known, exemplifying diverse structural types with

diverse biological activities, and many more are apparent from

genetic methods (see Figure S6 available online).

The first cyanobactin gene cluster to be analyzed was pat,

leading to the patellamide group of cyanobactins (Schmidt

et al., 2005). Like pat, all cyanobactin biosynthetic gene clusters

share in common the presence of two proteases, which cleave

precursor peptides and macrocyclize the resulting fragments
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from their N to C termini (Figure S5) (Lee et al., 2009; Leikoski

et al., 2010; McIntosh et al., 2010b; Schmidt et al., 2005). These

cycles are commonly six to eight amino acids in length, but cya-

nobactins have been described comprising up to 20 amino

acids. Many cyanobactins are simple peptide macrocycles,

but most are further decorated with a plethora of other

posttranslational modifications, including: regioselective Cys,

Ser, and Thr heterocyclization to thiazol(in)e and oxazol(in)e;

Tyr, Ser, and Thr O-prenylation; His N-methylation; and Trp

C-prenylation; among others. Simple, ribosomally translated

precursor peptides act as substrates for these posttranslational

modifications. In addition to the posttranslational chemical diver-

sity, cyanobactin precursor peptides are hypervariable, meaning

that identical enzymes can often synthesize numerous products

depending upon discrete changes in small cassettes (Donia

et al., 2006). This mechanism enables bacteria to synthesize

many nonribosomal peptide-like compounds with small

(<20 kbp) gene clusters.

The minimal set of genes present in cyanobactin gene clusters

includes the precursor peptide gene, two proteases, and two

short conserved hypothetical proteins, which are named here

for their similarity to the canonical patellamide (pat) gene cluster

(Figure S5) (Donia and Schmidt, 2010). The first protease (PatA

homolog) cleaves the N terminus of the product-encoding

cassette, whereas the second (PatG homolog) cleaves its C

terminus in tandem with macrocyclization (Lee et al., 2009).

The two conserved hypothetical proteins, PatB and PatC homo-

logs, probably do not function as enzymes, whereas PatE homo-

logs are precursor peptides. Three further protein groups are

commonly encoded in cyanobactin clusters but are not

universal. The first, homologs of PatD, act as heterocyclases

that regioselectively install thiazoline and oxazoline residues

using Cys, Ser, and Thr (McIntosh et al., 2010a; McIntosh and

Schmidt, 2010). The second, homologs of PatF, are uncharacter-

ized proteins with no close relatives of known function. Based

upon genetic and biochemical studies that clearly demonstrate

the function of all other proteins in these pathways, we proposed

that this group is responsible for catalysis of prenylation (Donia

et al., 2008; Lee et al., 2009; McIntosh et al., 2010a, 2010b.).

Finally, an oxidase domain is sometimes present either in a single

protein with PatG or as a freestanding protein. This domain is

almost certainly responsible for oxazoline and/or thiazoline

oxidation (McIntosh et al., 2010a; Donia et al., 2008; Sudek

et al., 2006).

Cyanobactins have chemical features that are related to those

in many types of natural products, including other bacterial and

eukaryotic ribosomal peptides (McIntosh et al., 2009; Oman and

van der Donk, 2010; Hallen et al., 2007; Ireland et al., 2010).
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Figure 1. Prenylagaramide Gene Cluster

from P. agardhii

(A) Genetic organization of the pag cluster and

sequences of all pag precursor peptides. Black

indicates precursor peptides, blue the N-terminal

protease, light green the C-terminal protease/

macrocyclase, and white shows transposon.

Amino acid sequences of prenylagaramides B and

C are boxed, prenylated Tyr residues are high-

lighted in blue, whereas the actual or predicted

C-terminal cleavage site Pro is highlighted in red.

Asterisks indicate 100% conservation among

variants. Light blue-highlighted sequences indi-

cate the more conserved N and C termini of the

peptides versus the hypervariable inner region.

(B) Prenylated tyrosine residues are highlighted in

blue. Structures and HRFTMS and IRMPD-MS/

MS analysis of prenylagaramides B (Murakami

et al., 1999) and C showing the molecular ion and

the loss of one isoprenyl group. For 2 the indicated

configuration is predicted based upon biogenetic

considerations and on the structures of other

compounds in the series.

See also Table S1 and Figure S1.
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However, cyanobactin biosynthetic sequences are very deeply

branched within the ribosomal peptide family. Predictive models

for cyanobactin biosynthesis have been described (Donia et al.,

2008; Leikoski et al., 2009, 2010; Sudek et al., 2006; Ziemert

et al., 2008), but significant gaps remained: biosynthetic genes

had not yet been described for several different cyanobactin

structure types and several important posttranslational modifi-
Chemistry & Biology 18, 508–519, April 22, 2011
cations. These gaps havemade it difficult

to predict chemical structures from gene

and genome sequences, and directed

cloning of divergent cyanobactin path-

ways, where the genes may be <90%

identical to known cyanobactin path-

ways, was still challenging.

One of the most important of these

biochemical gaps involved TyrO-prenyla-

tion by dimethylallyl pyrophosphate

(DMAPP), an otherwise rare modification

that is found in several cyanobactins

(Donia et al., 2008; Donia and Schmidt,

2010), but for which no gene clusters

had been reported. In a previous

manuscript we predicted that a pathway

identified in Lyngbya aestuarii might

be Tyr O-prenylating, but this could

not be confirmed through chemical

analysis (Donia et al., 2008). Murakami

et al. (1999) previously reported the

isolation and structure elucidation of two

TyrO-prenylatedcyclicpeptides,prenyla-

garamides A and B (1) (Figure 1). Because

the producing strains of Planktothrix

agardhii were deposited in a culture

collection, we selected P. agardhii as
a model for the genetic study of Tyr O-prenylation. Prenylagara-

mides bear some structural resemblance to anacyclamide,

a cyanobactin for which a gene cluster was previously identified

(Leikoski et al., 2010). Thus, we expected that the prenylagara-

mide cluster would resemble the known anacyclamide cluster,

acy. A major difference is that anacyclamide is a bare N-C cycle,

lacking TyrO-prenylation or other posttranslationalmodifications.
ª2011 Elsevier Ltd All rights reserved 509
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The acy gene cluster study led to the identification of 18 additional

AcyE-likeprecursorpeptides fromdifferent strainsofcyanobacte-

ria, four of which were shown to be prenylated using LC-MS. The

resulting manuscript elegantly revealed the widespread nature of

acy-like products and their hypervariability (Leikoski et al., 2010).

However, position of modification, the regioselectivity of DMAPP

addition (either forward or reverse prenylation), and the possibility

of Tyr prenylation were not addressed. More importantly, the

authors did not sequence any of the enzyme-coding genes

from these prenylating pathways, leaving the Tyr O-prenylation

problem unsolved.

It was expected that a thorough exploration of cyanobactin

pathway types would enable both prediction of cyanobactin

structures from genome sequencing and cloning of novel cyano-

bactin genes, especially from highly heterogeneous environ-

mental metagenomes. Similar detailed comparisons of many

related gene clusters and subsequent phylogenetic analysis

have been greatly useful in the study of nonribosomal peptides

and polyketides (Ansari et al., 2008; Challis et al., 2000;

Chiu et al., 2001; Liu et al., 2003; Nguyen et al., 2008), but it

has only rarely been applied to ribosomal peptides (Sudek

et al., 2006; Haft et al., 2010; Lee et al., 2008; Li et al., 2010).

So far, relatively blunt phylogenetic tools have been applied to

ribosomal peptides in comparison to those available for other

pathway types. For example, lantibiotics have been classified

into families on the basis of known biosynthetic genes and

chemicals (Chatterjee et al., 2005), but phylogenetic information

has not been precise enough to apply when other information is

limited, such aswhen a compound originates in a heterogeneous

environmental sample. Here, we report discovery of five cyano-

bactin pathways, allowing us to create a phylogenetic model

linking cyanobactin chemistry and genetics. We further demon-

strate the application of this approach in cloning partial cyano-

bactin pathways from a metagenomic sample and by identifying

four previously undescribed compounds from a genome-

sequenced cyanobacterium that is used widely as a food

supplement.

RESULTS AND DISCUSSION

The Prenylagaramide Gene Cluster
P. agardhii NIES-596 was cultivated, and a fragment encoding

a protease with 70% identity to AcyG was obtained by PCR

from its genomic DNA. In order to sequence the intact pathway,

an 8000-member fosmid library was constructed and screened

with exact-match primers (Figure S2). Two fosmids were used

for sequencing, and the resulting pag cluster (13.4 kbp) was

highly similar to acy (Table 1 and Figure 1A). As expected and

like acy, pag encoded homologs of the PatA andPatGproteases,

responsible for N-C circularization, whereas it lacked a hetero-

cyclizing PatD homolog. A PatF homolog protein was present,

which previous studies of the tru pathway associate with preny-

lation (Donia et al., 2008). Expected homologs of the conserved

hypothetical proteins PatB andPatCwere also identified. In addi-

tion, multiple open reading frames encoding for hypothetical

proteins were identified in the pag genomic region (Table 1).

The pag cluster was positively identified by the presence of

a precursor peptide gene, pagE6, which directly encoded the

exact peptide sequence found in prenylagaramide B (1). How-
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ever, unlike any previously reported cyanobactin gene cluster,

aside from the ones described in this paper, multiple (seven)

precursor peptides were found in this single gene cluster. Most

precursor peptides were bordered by repeating nucleotide

sequences, indicating a possible mechanism for gene duplica-

tion and divergence, and additionally two copies of a transpo-

sase with �80% identity to a transposase from the acy cluster

were found around the precursor region. The precursor peptides

were closely related, but identifying the N-terminal proteolysis

sites was quite challenging, whereas the C-terminal cleavage

site was readily identified. Fortunately, one of these peptides

encoded prenylagaramide B (1) (INPYLYP), allowing both

proteolysis sites to be defined. The C-terminal recognition

sequence (P/FAGDDAE, where the slash indicates the site of

proteolysis) was found in four out of the seven pag precursor

peptides and was identical to the one in AcyE, whereas the

N-terminal cleavage site was quite different than that for any

other known cyanobactin.

To determine which prenylagaramide variants were produced

by pag, the strain was cultivated continuously over a 1-year

period. This long period culture was performed to allow access

to enough cell pellets for chemical extraction from small-scale

cultures because P. agardhii did not grow in large scale in our

hands. The cell pellet extract was applied to a HPLC-electro-

spray-Fourier transform mass spectrometer, leading to identifi-

cation of the known compound, prenylagaramide B (1), as the

major component of the extract (Figure 1B; Figure S1 and

Table S1). PagE6 is identical to PagE7 except that the region en-

coding for 1 (INPYLYP) is mutated to (QAYLGIPLP), suggesting

that a similar cyanobactin could be synthesized from this

peptide. Indeed, LC-FT-ICR-MS led to the identification of

a compound with the expected mass and a similar prenylation

pattern on tyrosine. We then applied our prenylation-specific

FT-IRMPD-MS/MS method to show that this cyanobactin

(termed prenylagaramide C 2) is indeed prenylated (Donia

et al., 2011). In this method, gentle application of IRMPD specif-

ically eliminates isoprene, providing a high-resolution molecular

ion and a high-resolution product ion resulting from elimination of

the prenyl group. In addition to these data, high-resolution frag-

mentation provided the amino acid sequences of the resulting

prenylagaramides and confirmed their main-chain circulariza-

tion. Both prenylagaramides B and C behaved in similar fashions

in this analysis, allowing the structures to be unambiguously as-

signed. No peaks for any other possible predicted pag precursor

product could be identified despite an exhaustive search. The

configuration of 2 was tentatively assigned on the basis of the

biosynthetic pathway, which encodes all-L ribosomal peptides.

Genome Mining for Cryptic Cyanobactin Clusters
We wished to construct a phylogenetic model that would allow

accurate prediction of structures in the known cyanobactin

groups. In order to do so, more representative pathways of

each type were required. Cyanobactin gene clusters are present

in �30% of cyanobacteria (Leikoski et al., 2009), and cyanobac-

terial genome mining has already led to the discovery of several

new compounds (Portmann et al., 2008a, 2008b; Sudek et al.,

2006; Ziemert et al., 2008). Indeed, in the course of this

study using BLAST searching, we found cryptic cyanobactin

clusters in genome sequences of Cyanothece sp. PCC 7425,
Ltd All rights reserved



Table 1. Analysis of Coding Sequences in pag

Proteins highlighted in gray are homologs of those known to be associated with cyanobactin biosynthesis in other systems.
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Microcystis aeruginosa NIES-843 (Kaneko et al., 2007),

Arthrospira platensis NIES-39 (Fujisawa et al., 2010), and

Oscillatoria sp. PCC6506 (Mejean et al., 2010) (Figure 2). Genome

regions containing the probable clusters were downloaded and

analyzedmanually using Vector NTI and Artemis. Only gene clus-

ters containing an identifiable precursor peptidewere considered

‘‘intact.’’ Many other clusters could be identified by BLAST

searching inGenBank, but theyappeared tobe fragmentedor de-

activated andwere disregarded. Four intact putative cyanobactin

clusters are described here that substantially expand the known

genotypes.

The Cyanothece sp. PCC 7425 genome encodes thc, which

spans about 16.5 kbp and is present as one operon between

the coordinates 306123 and 322611 of the circular chromosome.

thc is unique in its organization and represents a separate

cyanobactin genotype, with unusual features for cyanobactins
Chemistry & Biology 18,
including an ABC transporter and a methyltransferase. Amaz-

ingly, thc contains a linear array of nine copies of the precursor

peptide gene, each encoding for a different product. An align-

ment of precursor peptides clearly defines the hypervariable

product regions and separates them from the more conserved

leader peptide region. Although the C-terminal cleavage site

can be unambiguously identified (because all products end

with Cys), the N-terminal site could not be definitively assigned.

Cyanothece sp. 7425 harbors three plasmids. In plasmid

pP742501 (�197 kbp), a tenth precursor peptide gene was

identified.

Another cluster, mae, was identified in M. aeruginosa NIES-

843 and spans a region of 17 kbp between the coordinates

35212 and 52235 of the circular chromosome. This cluster in

particular was harder to identify because it is interrupted by

multiple transposases and hypothetical proteins. There is only
508–519, April 22, 2011 ª2011 Elsevier Ltd All rights reserved 511



Figure 2. Cryptic Pathways Discovered by

Genome Mining

(A) Cryptic gene clusters. Black indicates pre-

cursor peptides, blue the N-terminal protease, red

the heterocyclase, light green the C-terminal

protease/macrocyclase, yellow shows oxidase,

and white indicates transposon. The size of the

pathways is not shown to the exact scale.

(B) Precursor peptide sequences from the gene

clusters. Highlighted sequences indicate the more

conserved N and C termini of the peptides versus

the hypervariable inner region. Residues high-

lighted in red indicate the predicted C-terminal

cleavage site. Asterisks indicate 100% conserva-

tion among variants.

See also Figure S3.
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one precursor peptide in mae, which is similar in the primary

sequence to the pag precursor peptide pagE1. Other strains of

M. aeruginosa produce kawaguchipeptins and microphycin

AL82, which are similar to the predicted products of mae and,

to our knowledge, for which no biosynthetic genes have been

identified (Gesner-Apter and Carmeli, 2008; Ishida et al., 1996,

1997).

A cyanobactin gene cluster (osc) was identified in the draft

genome of Oscillatoria sp. PCC 6506 (same as Oscillatoria sp.

PCC 9029). osc spans �11.5 kbp on a single contig (contig

300, coordinates 26620–37905). osc represents the first hybrid

of two cyanobactin genotypes. osc contains all the modifying

enzymes necessary to form oxidized heterocycle-containing

cyanobactins, but in an arrangement that is closely related to

pathways that do not make heterocycles. osc also encodes

two precursor peptides.

The art gene cluster was found in the genome of A. platensis

NIES-39 spanning �19 kbp on the circular chromosome

between the coordinates 5,664,409 and 5,683,212. art exhibits

typical features for cyanobactin pathways except that it also

contains multiple precursor peptides (a total of six) encoding

different products. Moreover, a transposase was identified

between artF and artG (Figure 3A). All art genes except for the

precursor peptides are also present in the draft genome of

a second Arthrospira strain: A. platensis str. Paraca. Unlike

NIES-39, for which the genome was largely complete, the

Paraca genome was highly fragmented on small contigs,

explaining the absence of the precursor peptide. More recently,

a third edible Arthrospira strain was sequenced (Janssen et al.,

2010), and its genome also contains a closely related cluster
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spanning at least three contigs of the

fragmented assembly. Interestingly, this

third genome harbors three additional

precursor peptides encoding for different

products (Figure 3A). A comparison

between the art genes in the three strains

is shown in Table 2.

We attempted to isolate peptides from

two of these genera. For the Cyanothece

strain, continuous growth over a 2-year

period yielded insufficient material for

characterization. A. platensis (‘‘Spiru-
lina’’) is a commercial product that is widely used as a health

food supplement. Two preparations of dried A. platensis were

purchased from Whole Foods Market. The methanol extracts

of both commercial products contained cyanobactins derived

from the ArtE3 and ArtE5 precursor peptides, as judged by

low-resolution LC-MS. These compoundswere partially purified,

and FT-ICR MS/MS confirmed the predicted amino acid

sequences and high-resolution molecular ions for these

compounds, which we have named arthrospiramides A (3) and

B (4) (Figure 3B; Figure S4 and Table S2). Moreover, the sulfox-

ides (5) and (6) of both compounds were also identified in the

extracts, further validating the structures. Configurations of 3–6

were tentatively assigned based upon biochemical consider-

ations. Two stereocenters were not defined because they are

adjacent to thiazole residues, making them chemically labile.

These compounds could not be easily observed in the extracts

by NMR, allowing us to estimate that they are present in

a concentration of <10�4% of dry weight in these products.

Despite the low abundance of the compounds, their pharmaco-

logical properties should be investigated.

Phylogenetic Analysis
With the growing number of sequenced cyanobactin pathways

(seven previously reported and five identified here), phylogenetic

relationships of the major family groups could be assessed.

Maximum likelihood analysis was performed using PROMLK

(PHYLIP) for the conserved proteins and verified using bootstrap

tests andMaximumParsimony analysis (MEGA 4.0) (Felsenstein,

1989; Tamura et al., 2007). In the resulting trees, proteins always

branched based upon the cyanobactin structure and genotype,



Figure 3. Cyanobactins from Spirulina

Supplement Powders

(A) Genetic organization of the art cluster and

sequences of all art precursor peptides. Color

codes are the same as in Figures 1 and 2. The

exact sequences of arthrospiramides A and B are

boxed, and the heterocyclized cysteine residues

are underlined.

(B) Chemical structures of four cyanobactins iso-

lated from Arthrospira spirulina. Below each

structure is shown the corresponding FT-MS

showing the molecular ion and representative

fragment ions verifying the cyclic peptide

sequence. The configurational assignments are

based upon biogenetic considerations. Assign-

ments are ambiguous adjacent to thiazole resi-

dues because these stereocenters are generally

chemically labile.

See also Table S2 and Figure S4.
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not the taxonomy of the producing strain. This observation

suggests that each genotype evolved separately and was prob-

ably acquired horizontally by different species, and it also

suggests a phylogeny-based strategy for further pathway

cloning and structure prediction. The possibility of lateral transfer

was previously noted by the Sivonen group (Leikoski et al.,

2009), which described a clear phylogenetic incongruence

between cyanobactin synthetase and 16S rRNA genes from

different cyanobacteria. Based upon phylogenetic analysis,

four genotypes were identified (Figures 4; Figure S6). Because

the phylogeny was predictive of function and not of taxonomic

origin, structure and sequence could be clearly linked (Figure 5).

Importantly, even within these genotypes, phylogenetic analysis

of individual proteins enabled prediction. For example all of the

PatF homologs from prenylating gene clusters are focused in

one clade, whereas the homologs from nonprenylating gene

clusters group in another. Regioselectivity of PatD-like activity

can also be predicted using phylogenetic analysis. Therefore,

the phylogenetic approach leads to a predictive model for cya-

nobactin synthesis.
Phylogenetic Model of Cyanobactin Synthesis
Amodel was created that predictively links genes and chemicals

in this series. Genotype I, represented by pat, is the most

common in the sequenced cyanobactin gene clusters and

consists of a typical single operon starting with a patA homolog
Chemistry & Biology 18, 508–519, April 22, 2011
and ending with a patG homolog,

although sometimes additional open

reading frames encoding hypothetical

proteins are present between these

genes. A heterocyclase (patD homolog)

is always present and leads to thiazoline,

and sometimes oxazoline; this selectivity

is predictable from phylogenetic analysis.

The presence of an oxidase domain in

patG homologs is diagnostic for the

oxidation to thiazole and, sometimes,

oxazole, although the regiochemistry is
still not predictable. Some additional clades can be observed,

corresponding to the structure of the resulting cyanobactins.

For example, in some cases compounds are prenylated on Ser

and Thr. These modifications can be readily and accurately

predicted: the TruF group putative prenyltransferases cluster

together in the phylogenetic tree, and separately from the non-

prenylating PatF-like proteins (Figure 4).

Genotype II is represented by pag, acy, and mae and is

missing the heterocyclase and oxidase proteins. Genes usually

occupy two putative operons. The mae cluster is slightly differ-

ently organized due to the extensive interruption by multiple

transposition events. Genotype II leads to cyclic peptides of

different sizes that lack heterocyclization, consistent with the

absence of a patD homolog. Prenylation events can also occur

on Tyr or, putatively, Trp, as suggested in a recent paper

(Leikoski et al., 2010), and truF homologs are diagnostic of this

modification. osc-modifying enzymes fall in between genotypes

I and II, which is consistent with the overall organization of the

pathway. Although osc contains all the genes required for the

biosynthesis of oxidized heterocycle-containing cyanobactins

(genotype I), it is organized in a manner similar to genotype II.

Therefore, to our knowledge, it represents the first example of

hybrid pathway type or an evolutionary link between two geno-

types. As expected from its organization, osc proteins respon-

sible for heterocyclization and oxidization cluster with genotype

I, whereas the ones responsible for macrocyclization cluster with

genotype II (Figure S3). Based upon this result, osc is predicted
ª2011 Elsevier Ltd All rights reserved 513



Table 2. Analysis of the Open Reading Frames in art

Proteins highlighted in gray are known to be associated with cyanobactin biosynthesis. Str.2, A. platensis str. Paraca; Str.3, Arthrospira sp. PCC 8005;

P, partial hit due to incomplete sequencing; NO, absent in the genome of Str.2 or Str.3.
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to produce products that contain features of both genotypes. For

example, myriastramides and haliclonamides are cyclic

peptides isolated from marine sponges that contain heterocycl-

ized Ser/Thr residues (as found in chemotype I) and prenylated

Tyr residues (as found in chemotype II) (Erickson et al., 2003;

Guan et al., 2001; Sera et al., 2002). Interestingly, Oscillatoria

spp. are known to exist abundantly in marine sponges (Flatt

et al., 2005; Ridley et al., 2005a, 2005b; Thacker and Starnes,

2003).

Genotype III, exemplified by tri, contains most of the same

genes as genotype I, but with some unique features. First, unlike

genotype I, genotype III contains the oxidase domain as a sepa-

rate open reading frame. Second, the organization of the genes

in genotype III is completely different than in genotype I. Third,

the precursor peptide sequence of genotype III is much different

than the ones in genotype I. More sequences are required to

further elucidate the resulting chemotypes of this relatively rare

pathway variant. Genotype IV is exemplified by the thc pathway.

Its organization is, so far, unique, and its products are not easily

predictable. It is almost certain that further genotypes await

discovery, but they will be easily related to the scheme proposed

here.

Sequence Analysis of Precursor Peptides
The large number of precursor peptides identified in this and

previous studies (Donia et al., 2006; Haft et al., 2010; Li et al.,

2010) reinforces the notion that similar enzymes are responsible

for the synthesis of diverse products, allowing relatively small

gene clusters to produce a large variety of compounds.

However, the point of modification of precursor peptides was

not easily predictable, as shown by our results from the pag

cluster. Therefore, we analyzed the precursors by sequence

alignment and using JPred to predict secondary structure (Cuff
514 Chemistry & Biology 18, 508–519, April 22, 2011 ª2011 Elsevier
et al., 1998). All of the heterocycle-containing cyanobactin

leaders are similar to PatE and are uncovered by JPred. They

are predicted to be helical over a large region that overlaps

that identified in a recent NMR study (Houssen et al., 2010). By

contrast, the nonheterocycle precursors, such as those from

pag, acy, and mae, are only related to PatE in their extreme N

and C termini. They overlap the region defined as helical by

NMR, but they are missing a segment that is highly predicted

to be helical in nature and that is defined by the sequence

LAELSEEAL in PatE (Figure S3). Therefore, the presence of this

sequence or its homolog is probably a requirement for interac-

tion with the cyanobactin heterocyclase. Unfortunately, in the

reported NMR structure construct, this sequence was too close

to the C terminus, so that it was unstructured in the experimental

conditions employed (Houssen et al., 2010). Potentially helical

regions of the leader sequence have been shown essential for

the interaction with other ribosomal heterocyclases (Mitchell

et al., 2009; Roy et al., 1998; Sinha Roy et al., 1998).

The sequence alignments enable all of the C-terminal proteol-

ysis sites to be unambiguously predicted. Previously, it was diffi-

cult to predict N-terminal sites in new precursor peptide families,

such as those encoding arthrospiramides. However, distance

from the LAELSEEAL-like site is diagnostic for the N terminus

in heterocyclic cyanobactins, which allowed us to predict the

N terminus of arthrospiramides (see below). However, for new

groups of peptides lacking heterocyclization, the N-terminal

region remains difficult to call.

Application of Phylogeny: Discovery of Cyanobactins
from Genome Sequence and Cyanobactin Genes from
Metagenomic Samples
The phylogenetic findings described above were used in proof-

of-concept experiments. In the first, as described above, we
Ltd All rights reserved



Figure 4. Phylogeny of Cyanobactin

Proteins

Maximum likelihood with molecular clock analysis

(PROMLK, PHYLIP) was performed on all

conserved cyanobactin proteins. Numbers indi-

cate percentage of bootstrap replicates that

support the indicated branch point. Due to the

long computational times required, bootstrap

numbers varied: PatG, 448; PatF, 892; PatD, 466;

PatA, 602; oxidase, 442. Tree branches that were

also supported by Maximum Parsimony analysis

(MEGA 4.0) and verified using 1000 bootstrap

replicates are indicated in blue. Representatives

forming different genotypes are highlighted in

different colors. ‘‘Mat’’ indicates the protein

sequence of the metagenomic DNA fragments

isolated by targeted degenerate PCR from

a L. majuscula metagenomic bloom sample. See

also Figure S6.
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were able to accurately predict the structures of arthrospira-

mides using the approach. Distance from the LAELSEEAL

sequence defined the N-terminal cleavage site. Moreover, art

lies in genotype I and contains an oxidase and a PatD-like heter-

ocyclase, making its overall structure and posttranslational

modifications easily predictable. These features allowed the re-

sulting compounds to be found despite their low abundance.

Because many cyanobactins have been isolated from mixed

environments (Figure S6), such as cyanobacterial blooms,

sponges, ascidians, and mollusks, developing strategies for

identifying their biosynthetic pathways is of great importance.

Therefore, we designed degenerate primers to specifically

amplify all conserved cyanobactin genes (Figure S7). The

primers were designed to amplify small fragments and were

specifically engineered to capture all genotypes. Their utility

was verified by testing them against actual samples containing

multiple known pathways from different genotypes.

We selected a highly heterogenous cyanobacterial bloom of

Lyngbya majuscula for metagenomic analysis. This sample was

collected in Papua New Guinea and was known to contain the

trichamide-like large cyanobactin, wewakazole (Nogle et al.,

2003). A small sample of the original cyanobacterial mat was

provided generously by W. Gerwick (UCSD). Metagenomic

DNA was isolated from the sample and subjected to degenerate

PCR primers designed to specifically amplify short segments of

cyanobactin proteases, oxidases, and heterocyclases (Fig-

ure S7). Expected fragments were amplified, cloned, and se-
Chemistry & Biology 18, 508–519, April 22, 2011
quenced, leading to the identification of

at least five different cyanobactin gene

clusters, including five different

cyanobactin oxidases, two heterocy-

clases, and three proteases. In order to

determine whether we captured the ex-

pected pieces from a trichamide-like

gene cluster, we subjected them to

phylogenetic analysis. Indeed, individual

PatA, PatG, PatD, and oxidase homologs

strongly clustered with genotype III, and

translation products were closely related
to predicted proteins from tri, at 75% or greater identity. Other

identified fragments clustered with other genotypes (Figure 4).

Therefore, this phylogenetic method led to rapid identification

of the candidate genes from the mixed sample. Unfortunately,

the cyanobacterial DNA was highly degraded so that these frag-

ments could not be connected using any of multiple cloning or

PCR techniques.

SIGNIFICANCE

Cyanobactins are among themajor natural products isolated

from cyanobacteria, which in turn are among the major

groups of natural product-synthesizing organisms. We

define the core genotypes of cyanobactin biosynthetic path-

ways, relate them to chemical structure, and use them for

pathway cloning. These genotypes encompass the known

chemical diversity of cyanobactin products andwill be useful

in cloningnewpathways, in predictionof newstructures, and

in engineering synthesis of new cyclic peptides. Indeed, in

the course of these studies using genomemining, we identi-

fiedpeptide natural products,whichdespite extensive inves-

tigation were unsuspected, in the widely used supplement

Spirulina. We also identified a pathway to Tyr O-prenylation

in ribosomal peptides and discovered a prenylagaramide

analog by genetic methods. There are several other related

cyclic peptides containing O-prenyl Tyr originating both in

other cyanobacteria and in marine sponges (Baumann
ª2011 Elsevier Ltd All rights reserved 515



Figure 5. Cyanobactin Genotypes and Che-

motypes

Cyanobactin biosynthetic pathways can be clas-

sified into four genotypes that correlate to the re-

sulting chemotypes of natural products. thc

products cannot be predicted and are indicated

by a question mark. Additional pathways used in

this figure include: pat, patellamide; ten, ten-

uecyclamide; mic, microcyclamide; tru, trunka-

mide; lyn, Lyngbya; tri, trichamide; and acy, ana-

cyclamide. See also Figure S7.
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et al., 2007; Erickson et al., 2003; Fujii et al., 2000; Guan et al.,

2001; Sano andKaya, 1996; Sera et al., 2002; Shin et al., 1996).

We propose that these metabolites also belong to the cya-

nobactin group and are synthesized through a pag-like

pathway of genotype II. Results of this study will be useful

in accessing these clusters and in discovering cyanobactin

gene clusters from other metagenomic samples, such as

sponges, ascidians, and mollusks, which have been the

source of �70% of the cyanobactins discovered to date

(Donia and Schmidt, 2010). Here, we provide proof-of-

concept for these approaches, discovering and analyzing

diverse cyanobactin genes from a highly heterogeneous

sample and providing an example of applying a phylogenetic

approach to pathway identification in the diverse ribosomal

peptide group of natural products. The results from this

study show that cyanobactins are indeed widespread every-

where from niche microbial environments to commercial

food products and provides the tools to investigate them.

EXPERIMENTAL PROCEDURES

Genome Mining

All conserved cyanobactin biosynthetic genes were compared to the NCBI

published genomes database using BLAST. Hits from cyanobacterial

genomes were analyzed further by downloading the genomic region of

interest. Vector NTI and Artemis were used to predict open reading frames

in these regions, and BLAST was used to identify neighboring cyanobactin

biosynthetic genes. Gene clusters containing precursor peptide genes were

considered ‘‘intact,’’ whereas ones lacking identifiable precursor peptide

genes were disregarded for the purpose of this study. In pathways containing

more than one precursor peptide gene, protein sequences of all the identified

variants were aligned using ClustalX and then fixed manually to identify hyper-

variable regions versus more conserved regions.

Phylogenetic Analysis

The amino acid sequences of all the homologous proteins from the identified

cyanobactin pathways were aligned using ClustalX. Maximum likelihood anal-
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ysis with molecular clock PROMLK (PHYLIP)

using the bootstrap test method was performed

to assess the phylogenetic relationship between

the different homologs. In most cases the same

tree branches were also supported using other

phylogenetic experiments such as Maximum

Parsimony (MEGA 4.0) using 1000 bootstrap

replicates.

Degenerate Primer Design and Application

Homologous genes from all cyanobactin gene

clusters described in this studywere aligned using

ClustalX. Conserved regions were identified

manually and used to design degenerate primers
by the CODEHOP algorithm (Rose et al., 1998). Primer pairs were selected

to preferably amplify genomic regions of 500 bp or less. Described primer pairs

were validated using multiple cyanobactin genotypes available in our lab to

demonstrate broad specificity. Primers and PCR conditions are described in

Supplemental Experimental Procedures.

Cyanobacterial Cultivation

P. agardhiiNIES-596 was obtained from theMicrobial Culture Collection at the

National Institute for Environmental Studies, Japan. The culture was main-

tained static at room temperature in a 12-hr light/12-hr dark cycle in 30 ml of

CT medium (Shirai et al., 1989; Sun et al., 2006). The culture was grown to

high density (1–2 months), then diluted 2- to 3-fold into fresh CT medium for

further growth. Cyanothece sp. (PCC 7425) was obtained from the ATCC

(ATCC number 29141) and grown in the laboratory in BG-11 medium accord-

ing to the recommended supplier protocol. Twelve-hour light/12-hr dark

cycles were set for four cultures of 500 ml. Each month repeatedly for 2 years,

400 ml of media was removed, and an additional 500 ml of fresh media was

added to the culture.

Chemical Analysis

P. agardhii NIES-596 was grown in small-scale cultures as mentioned above.

After reaching a high density (judged by color), cultures were spun down for

10 min at 4000 rpm, and pellets were combined and freeze-dried overnight.

The pellets extracted in this study were from combined cultures of about 1 liter

in total. Freeze-dried pellet was extracted three times with methanol (20 ml),

and extracts were combined and dried. The dried methanol extract was then

loaded on a small C18 column and washed with water and then 20% acetoni-

trile. The extract was finally eluted off the columnwith 100%acetonitrile, which

was then diluted and used directly for FTICR-MS/MS analysis. The previously

described prenylagaramide B (1) was confirmed to be produced by this strain,

and a previously undescribed compound prenylagaramide C (2) was found.

Earthrise Spirulina Natural Dietary Supplement (180 g dry powder) and

Whole Foods Pesticide-Free Spirulina (250 tablets, 500 mg each) were

obtained from Whole Foods Market in Salt Lake City, UT, USA. The powders

and tablets were extracted two times with 3 vol equivalents of methanol

(HPLC grade). The extracts were dried to �200 ml by rotary evaporation,

then diluted with �800 ml dH2O containing 200 ml HP20 resin. The resin

was filtered and washed two times with 300 ml each of water, then once

with 50%methanol. Products were then eluted in 100%methanol and applied

directly to a Waters Micromass ZQ HPLC-MS. Arthrospiramides A and B were
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predicted to be m/z = 866 and 924, respectively ([M+H]+). Indeed, these ions

were clearly present in extracts of both products, although they were more en-

riched in the Earthrise product. In both products the ion ratios of these peaks to

the major extract components were at least �1:1000. Therefore, this extract

was further fractionated in a packed C18 column, using an aqueous methanol

gradient with 10% steps. Arthrospiramides eluted in 80%–100% methanol

with maximum ion sizes approximately 5% of the major components. These

fractions were used directly for FTICR-MS, leading to discovery of arthrospir-

amides A and B and their sulfoxides (3–6).
DNA Extraction

Cyanobacterial and metagenomic DNA were extracted using three methods:

(1) a DNA extraction kit (PureGene; QIAGEN); (2) a protocol related to actino-

mycete DNA-isolation methods (Kieser et al., 2000); and (3) a method derived

from a cyanobacterial protocol (Cangelosi et al., 1986). For further extraction

details see Supplemental Experimental Procedures.
Fosmid Library Construction

Genomic DNA was cloned into the pCC1FOS or pCC2FOS fosmid vectors

(Epicenter) following the manufacturer’s protocol.
Discovery of pag Cluster

Exact match primers (Pren-prot-F and Pren-prot-R) were designed based on

the degenerate protease amplicon from P. agardhii and used to screen 8 3

96-well plates containing individual fosmid clones. Plates 3 and 8 were identi-

fied as positives and screened further, yielding clones 8A2 and 3C4 as positive

hits. A shotgun library was constructed from 3C4 using the TOPO� Shotgun

Subcloning Kit (Invitrogen). A combination of random sequencing reactions

in the shotgun library and directed walking sequencing reactions in 3C4 was

used to obtain the full pag sequence, which was assembled using Sequencher

(Gene Codes) and analyzed using Artemis.
Metagenomic Analysis of a Mixed Environmental Bloom Sample

A frozen environmental sample of L. majuscula from Papua New Guinea was

provided by W. Gerwick (UCSD). Genomic DNA from the mixed metagenome

sample was screened using a PCR approachwith degenerate primers for each

expected gene type: two proteases, oxidase, and heterocyclase. Additionally,

degenerate primers for possible precursor peptide sequences were applied.

PCR products were cloned into the pCR2.1 TOPO vector and sequenced by

walking in both directions, then used for phylogenetic analysis in comparison

to other sequences reported here.

Prenylagaramide B (1): FT-ICR MS: m/z = 929.5142 (expected for

C49H68N8O10, 929.5131 [M+H]+, D = 1.2 ppm); ms2 (IRMPD): 912.5096

(-OH, expected for C49H67N8O9, 912.5103, D = �0.8 ppm); 844.4501

(-prenyl ; expected for C44H59N8O9, 844.4477, D = 0.7 ppm). For a list of

other ions, see Table S1.

Prenylagaramide C (2): FT-ICR MS: m/z = 1021.6097 (expected for

C52H80N10O11, 1021.6080 [M+H]+, D = 1.7 ppm); ms2 (IRMPD): 953.5469

(-prenyl ; expected for C47H72N10O11, 953.5454, D = 1.6 ppm). For a list

of other ions, see Table S1.

Arthrospiramide A (3): FT-ICR MS: m/z = 866.3156 (expected for

C40H51N9O7S, 866.3146 [M+H]+, D = 1.2 ppm). For ms2 (CID), see

Table S2.

Arthrospiramide B (4): FT-ICR MS: m/z = 924.3944 (expected for

C44H61N9O7S3, 924.3929 [M+H]+, D = 1.6 ppm). For ms2 (CID), see

Table S2.

Arthrospiramide A sulfoxide (5): FT-ICR MS: m/z = 882.3109 (expected

for C40H51N9O8S, 882.3095 [M+H]+, D = 1.6 ppm). For ms2 (CID), see

Table S2.

Arthrospiramide B sulfoxide (6): FT-ICR MS: m/z = 940.3890 (expected

for C44H61N9O8S3, 940.3878 [M+H]+, D = 1.3 ppm). For ms2 (CID), see

Table S2.
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