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CHAPTER 1: INTRODUCTION 
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1.1 Natural products as a source for drug discovery 

Since the initial discovery of penicillin by Alexander Fleming in the early 20th century, many 

pharmaceutical companies and scientist have extensively explored natural sources, including the kingdom 

of plants and the microbial world, to find biologically active compounds with therapeutic potential (Beut-

ler, 2009).  These efforts led to the discovery of several clinically important drugs, many of which have 

been used as life-saving drugs including antibiotics, immunosupressants and anti-cancer drugs (Figure 

1.1).  As evidenced by these examples, it is clear that natural products have played a central role as plat-

form for the discovery of front-line drugs during the past century. 

 

 

Figure 1.1 Some of the landmark drugs discovered from natural sources 

A recent review paper published by Newman and Cragg in 2012 included a statistical analysis of 

the sources for small molecule drugs, covering the 1,073 new chemical entries approved by FDA from 
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Natural products are often referred to as privileged structures that are shaped by evolutionary 

pressures to interact with a variety of biological targets for specific purposes, a view supported by the fact 

that natural products have become effective drugs for a wide variety of therapeutic indications  (Koehn, 

2005).  As described in details in the two reviews (Clardy and Walsh, 2004;  Ganesan, 2008), natural 

product drugs generally exhibit unique structural features that are significantly different from synthetic 

drugs.  One of the major structural features observed in natural products is their surprisingly high struc-

tural complexity.  These structures are created from relatively simple building blocks, but often contain 

multiple stereogenic centers.  Natural product drugs are also composed of higher numbers of carbon, hy-

drogen and oxygen atoms, but less nitrogen and other elements as compared to synthetic drugs.  Also, the 

molecular weights of many natural product drugs exceed 500 Da and display high polarity, thus violating 

Lipinski’s “rule of five” (TABLE I: Ganesan, 2008).  The rule is used as a guideline for medicinal chem-

ists to design drugs with oral bioavailability and desired pharmacokinetic properties.  Despite their rela-

tively high molecular weights and violation of Lipinski’s “rule of five”, natural products often display 

excellent pharmacokinetic properties; for example, half of natural product drugs, listed in TABLE I, are 

orally available.  In addition, natural products often exhibit well-defined 3D conformations.  This con-

formational rigidity, which is established by non-covalent interactions or by the presence of double bonds, 

allows the molecules to avoid entropy loss and retain sufficient binding energy as molecules bind to bio-

logical targets.  These distinct structural features observed in natural product drugs clearly demonstrate 

that natural products not only serve as a source for clinically important therapeutic drugs, but also teach 

us valuable lessons about how nature designs chemicals to achieve desired biological activities.  These 

lessons can again provide medicinal chemists with starting points to design the large pool of chemical 

libraries for combinatorial synthesis.  

As stated above, it is clear that natural products will continue to provide us unique chemotypes 

that have been never seen or synthesized before, and will be valuable as drugs as well as chemical probes 

to study and understand biological systems. 
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TABLE I: THE LIPINSKI PARAMETER OF SOME OF THE NATURAL PRODUCT LEADS  
(taken from Ganesan, 2008). 

Natural Product Formula MW Log P Hd Ha Rot PDA HA ST 

Validamycin C20H35NO13 498 -5.2 12 14 7 253 34 14 

Midecamycin C41H67NO15 814 2.1 3 16 14 206 57 9 

Pseudomonic acid C26H44O9 501 2.5 4 9 17 146 35 8 

Taxol C47H51NO14 854 3.0 4 14 14 221 62 11 

Echinocandin B C52H81N7O16 1060 1.8 14 16 20 368 75 15 

Rapamycin C51H79NO13 914 4.3 3 13 6 195 65 15 

Cyclosporine A C62H111N11O12 1203 5.2 5 12 15 279 85 12 

Lipstatin C29H49NO5 492 7.5 1 5 21 82 35 5 

Avermectin B1a C48H72O14 873 2.3 3 14 8 170 62 20 

FK506 C44H69NO12 804 3.3 3 12 7 178 57 14 

Daptomycin C72H101N17O26 1621 -3.7 22 29 35 702 115 13 

Calicheamicin γ1 C55H74IN3O21S4 1368 3.2 8 23 24 308 84 19 

Average C46H70N4O14 917 2.2 7 15 16 259 64 13 

MW, molecular weight; Log p, C logp; Hd, H-bond donors; Ha, H-bond acceptors; Rot, number of rotatable bonds; 
PSA, polar surface area; HA, heavy atom count of nonhydrogen atoms; St, stereogenic centers. 
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1.2 Cyanobacteria 

Cyanobacteria, also known as blue-green algae, are a phylum of photosynthetic bacteria.  These 

bacteria are found in a wide range of habitats including marine, freshwater and terrestrial environments.  

Due to their ability to perform oxygenic photosynthesis, it is believed that cyanobacteria changed the ear-

ly earth’s reducing environment into an oxidizing environment, thus shaping the current respiration-based 

life forms (Badger, 2003; Sleep, 2008).  This sub-chapter will cover the general characteristics, current 

taxonomic system, general habitats and ecology of cyanobacteria with an emphasis on freshwater and ter-

restrial species. 

 

1.2.1 General characteristics 

The name cyanobacteria comes from the presence of a blue-green pigment protein, phycocyanin.  

The overall ratio between phycocyanin and the red pigment protein, phycoerytherin, determines the char-

acteristic colors of individual cyanobacterial species, which vary from blue-green to purple, red, brown to 

black.  In terms of cell structures, cyanobacteria are classified as gram-negative bacteria, since their cellu-

lar structures contain LPS (lipopolysaccharide) layer as well as an outer cell membrane.  However, in 

contrast to other gram-negative bacteria, cyanobacteria have thick peptidoglycan layers, resembling those 

of gram-positive bacteria, and are also lacking teichoic acids (Hoiczyk, 2000).  In addition to this, cyano-

bacteria cells are surrounded by mucilaginous sheaths, made of polysaccharides (Tease & Walker, 1987).  

This gelatinous cellular structure provides protection, in addition it allows cyanobacteria to acquire trace 

elements for metabolism and hold colonies together. 

 

1.2.2 Taxonomic classification 

Cyanobacteria are considered to be a relatively shallow-branching phylum compared to other 

groups of bacteria, since variations in their 16S rRNA sequences are smaller than 20 %.  However, cya-

nobacteria are morphologically very diverse, and these morphological differences have traditionally been 
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The number of cyanobacterial 16S rRNA gene sequences available in public databases has dra-

matically increased during the past ten years, thus analyses of 16S rRNA gene sequences are now routine-

ly used in combination with morphological analysis for the taxonomic identification of cyanobacteria.  

However, the results of 16S rRNA gene analyses are not always consistent with the morphological classi-

fications, leading to the paraphyletic nature of most of the genera (Figure 1.3).  This has raised a need for 

revision of the current cyanobacterial taxonomic system (Komárek, 2006).  
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 Scytonemin is an indole-based yellow-brown pigment featuring a highly conjugated heterocyclic 

skeleton (Figure 1.6).  It is often found in the upper layers of microbial mats occupied by cyanobacteria.  

The precursors of scytonemin are L-tryptophan and p-hydroxyphenylpyruvic acid.  L-tryptophan is con-

verted to 3-indole pyruvic acid and subsequently coupled with p-hydroxyphenylpyruvic acid by a thia-

min-dependent enzyme.  The monomer synthesis involves decarboxylation, cyclization, and oxidation 

steps after conjugation, and oxidative dimerization finalizes the biosynthesis of scytonemin (Balskus, 

2008).  This biosynthesis of scytonemin is initiated in response to UV-A exposure, and it is accumulated 

within the extracellular sheath of the producing organisms to form a protective layer that absorbs almost 

90% of UV irradiation (λmax = 370 nm in vivo, 384 nm in vitro) (Garcia-Pichel & Castenholz, 1991). 

  

Figure 1.6 The structure and biosynthesis of the cyanobacterial sunscreen pigment scytonemin (adapted 

from Balskus, 2008) 

1.3.2 Bloom-forming cyanobacteria 

 Cyanobacteria also appear in the freshwater environments in the form of blooms, which are de-

fined by the massive population of certain bacterial species.  Planktonic (free-floating) cyanobacteria are 

the dominant cyanobacterial species found in freshwater blooms.  Most of the bloom-forming cyanobacte-
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blooms can cause environmental problems, particularly by contaminating drinking water supply (Blaha, 

2009).  For this reason, toxins found in cyanobacterial blooms have been the subject of research for toxi-

cologists rather than chemical ecologists or natural product chemists.  Major toxins produced by freshwa-

ter bloom-forming cyanobacteria include hepatotoxins, neurotoxins and cytotoxins, and these toxins cause 

serious human health problems (Blaha, 2009).  

  
 

Figure 1.7 The structures of microcystins and nodularin 

1) Microcystins and nodularins 

 Microcystins are cyclic heptapeptides and the major class of cyanobacterial hepatotoxin (Rinehart 

et al., 1988; Yoshizawa et al., 1990).  Their expression is frequently observed in blooms of taxonomically 

diverse freshwater cyanobacteria, including both unicellular cyanobacteria such as Microcystis and 

Planktothrix spp., and heterocystous cyanobacteria such as Anabaena, Aphanizomenon and Nostoc spp. 

(Matthiensen et al., 2000; Keil et al., 2002) (Figure 1.7).  The microcystins possess PK-NRP hybrid archi-
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tectures, and more than 70 variants have been identified to date.  The most common variant is micro-

cystins-LR, which displays several unique structural features such as a β-amino acid Adda (3-amino-9-

methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid), a N-methylated Dha (dehydroalanine) and a β-

methylated Asp residues.  The biosynthesis of microcystin-LR has been well-characterized and featured 

an integrated PKS and NRPS hybrid biosynthetic pathway, which requires ten genes, mcyA-J, composed 

of 11 modules, including a precursor-loading module, four PKS modules and six NRPS modules, and 

three modification enzymes (Figure 1.8) (Tillett, 2000).  The four PKS modules are responsible for the 

synthesis of the β-amino acid Adda, whereas the six NRPS modules incorporate Glu, Ser, Ala, Asp and 

Arg.  Of these, Ser, Ala and Asp are further modified by dehydration, epimerization and N-methylation, 

respectively.  The final TE domain cyclizes between the amino group of Adda and the carboxyl group of 

Arg to form a cyclic heptapeptide core structure. 

  Nodularins are cyclic pentapeptides and comprise another major class of hepatotoxins produced 

by the bloom-forming heterocystous cyanobacteria Nodularia spp (Jonasson et al., 2008).  The first struc-

ture of nodularin was reported in 1988 (Rinehart et al., 1988), and approximately 50 structural variants 

have been identified to date.  The structures of nodularins closely resemble those of microcystins, and 

differ by the absence of two amino acid residues (D-Ala and L-Leu from microcystin-LR).  

  Both microcystins and nodularins cause acute hepatotoxicity upon exposure, and the mechanism 

involves the irreversible inhibition of protein phosphatases 1 and 2A, two serine/threonine protein phos-

phatases.  These are key regulatory enzymes catalyzing dephosphorylation of serine/threonine residues in 

various phosphorproteins (Yoshizawa, 1990).  Inhibition of protein phosphatases results in the loss of cy-

toskeletal integrity and subsequent cytolysis or apoptosis, primarily in hepatocytes.  The interaction of 

microcystin-LR with protein phosphatase 1 and 2A follow a two steps mechanism: microcystin-LR first 

binds to the enzyme and subsequently forms covalent adducts during prolonged reaction time (Campos & 

Vasconcelos, 2010).  X-ray crystallography studies indicated that microcystin-LR binds to the PP-1c α 

isoform, through interactions at three sites of the enzyme including the hydrophobic groove, C-terminal 
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groove and catalytic site.  The α-carboxyl group of the γ-linked D-Glu residue, the carboxyl group of the 

D-MeAsp residue and the hydrophobic Adda residue play significant roles for the activity by interacting 

with the C-terminal groove, the catalytic site and the hydrophobic groove, respectively. 

 
 

Figure 1.8 The schematic description of the microcystin-LR biosynthetic pathway (adapted from Tillett, 

2000) 
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al algal blooms in the local drinking water supply.  An epidemiological study later suggested that treat-

ment with copper sulfate to control the bloom formation caused lysis of the cyanobacterial cells, releasing 

a toxin into the water.  Animal studies later confirmed that Cylindrospermopsis raciborskii was highly 

toxic out of three cyanobacterial strains that were identified in the algal bloom sample (Hawkins et al., 

1985).  The compound responsible for toxicity was later isolated from cultures of the toxic strain and 

named cylindrospermopsin (Figure 1.9) (Ohtani et al., 1992). 

 
 

Figure 1.9 The originally proposed and revised structures of cylindrospermopsin 

 
 

Figure 1.10 The structure and biosynthetic pathway of cylindrospermopsin (adapted from Mihali et al., 

2008). 
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  The structure of cylindrospermopsin was fully characterized by Moore’s group in 1992 by NMR 

and MS analyses and featured a tricyclic guanidine (rings A, B and C) and a uracil (ring D)  (Ohtani et al., 

1992).  However, later total synthesis indicated that the absolute configuration of the hydroxy-bearing 

carbon was misassigned, revising it to S (Heintzelman et al., 2001).  The biosynthetic gene cluster for 

production of cylindrospermopsin was cloned and characterized from the strain C. raciborskii AWT205 

(Mihali et al., 2008).  The 45 kb-long gene cluster was comprised of 15 ORFs containing all genes re-

quired for biosynthesis, regulation and export of cylindrospermopsin (Figure 1.10).  Cyra A, amidi-

notransferase, initiates the biosynthesis by transferring an amidino group onto Gly, followed by five 

polyketide extensions with subsequent reductions.  The tricyclic guanidine was formed by Michael addi-

tion in a stepwise manner.  The formation of a uracil ring involves a pyrimidine biosynthesis mechanism 

and tailoring reactions, including sulfation and hydroxylation, completing the biosynthesis of cylin-

drospermopsin. 

  Cylindrospermopsin showed a broad spectrum of toxicity, including hepatotoxicity, cytotoxicity 

(Runnegar et al., 1994, 1995 & 2002) and neurotoxicity (Kiss et al., 2002).  In addition, potential carcino-

genic effect has also been reported (Humpage et al., 2000).  The mechanisms for these broad toxicities are 

proposed to be the result of its ability to interact with multiple targets, including glutathione and protein 

synthesis as well as cytochrome P450.  

3) Anatoxin-a 

  Anatoxin-a is a cyanobacterial neurotoxin, known to be produced by the freshwater bloom-

forming cyanobacterium Anabaena flos-quae (Smith et al., 1987).  Production of anatoxin-a was also re-

ported from the other genera including Aphanizomenon (Wood et al., 2007), Planktothrix (Viaggiu et al., 

2004) and Oscillatoria sp. (Edwards et al., 1992).  The structure of anatoxin-a features an azabicy-

clo[4.2.1]non-2-ene ring system, and the biosynthesis of anatoxin-a involves the initial loading of Pro by 

an adenylation domain (anaC) followed by three polyketide extensions, which were catalyzed by three 
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putative type I PKS enzymes (anaE, F and G) (Figure 1.11) (Méjean et al., 2009).  The unique azabicy-

clo[4.2.1] nonane ring system is proposed to be formed by Michael addition type cyclization, and in-

volves the nucleophilic addition of the α-carbonyl carbon of the growing polyketide chain to the imine 

carbon of the 3,4-dihydro-2H-pyrrole ring.  Anatoxin-a is a potent antagonist of the nicotinic acetylcho-

line receptor, leading to severe acute asphyxia (Wonnacott & Gallagher, 2006). 

 

 

 
Figure 1.11 The structure and biosynthetic pathway of anatoxin-a (adapted from Méjean et al., 2009). 
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4) Saxitoxin 

 
 

Figure 1.12 The structure and biosynthetic pathway of saxitoxin (adapted from Kellmann et al., 2008) 
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and includes 26 proteins with 30 catalytic functions (Figure 1.12) (Kellmann et al., 2008).  The initial step 

of the saxitoxin biosynthesis involved a Claisen condensation between Arg and propionate, which was 

derived from methylation of acetate, putatively catalyzed by new type of PKS.  The next steps involved 

several enzymes catalyzing three heterocyclizations and tailoring steps including carbamidation and dioli-

zation.  Saxitoxin is one of the most potent natural neurotoxin known to date.  The potent neurotoxicity of 

saxitoxin arises from its ability to selectively block the voltage-gated sodium channels of nerve cells, pre-

venting normal cellular function and leading to paralysis  (Huot et al., 1989).  Due to its potent paralyzing 

effect without killing nerve cells, an attempt was made to develop saxitoxin as an anesthetic; however, the 

innate systemic toxicity makes it unlikely for saxitoxin to be developed as a drug. 

5) Ahp-containing depsipeptides 

  Depsipeptides containing an Ahp (3-amino-6-hydroxyl-2-piperidone) residue, likely derived from 

Glu, is a common class of cyanobacterial metabolites identified in taxonomically diverse bloom-forming 

cyanobacteria, including both freshwater and marine species (Grach-Pogrebinsky et al., 2003, Gesner-

Apter & Carmeli, 2009; Gunasekera et al., 2009).  This class of compounds has been reported to be pro-

duced at significant levels upon bloom formation.  The structures of Ahp-containing depsispeptides ob-

tained directly from bloom samples are shown in Figure 1.13 (Banker & Carmeli, 1999; Gesner-Apter & 

Carmeli, 2009; Grach-Pogrebinsky et al., 2003; Kodani et al., 1999; Ploutno & Carmeli, 2002; Ploutno et 

al., 2002; Reshef & Carmeli, 2001; Zafrir & Carmeli, 2009).  Additional Ahp-containing depsipeptides 

have been found in cultured material, comprising over 100 structural variants reported up to date; howev-

er all of them share common structural features.  All of the Ahp-containing depsipeptides possess cyclic 

hexapeptide cores with an ester linkage between the side chain hydroxy group of Thr and the carboxyl 

group of Val or Ile.  Structural diversity of Ahp-containing depsipeptides is created by substrate promis-

cuity observed for several amino acid residues in the depsipeptide core, composition of the amino acid 

branch stretching out from NH of Thr, and various acylation patterns at the N-terminal of the amino acid 

branch. 
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Figure 1.13 Structures of cyanobacterial Ahp-containing depsipeptides isolated from bloom samples of 
freshwater cyanobacteria  
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Most of cyanobacterial Ahp-containing depsipeptides are inhibitors of serine-proteases such as 

trypsin, chymotrypsin and elastase with different selectivity, depending on variations in their structures.  

Co-crystallographic data of elastase with scyptolin A suggested that the protease selectivity of this class 

of compound depends on the type of amino acids located between Ahp and Thr, due to different binding 

preferences to the enzyme’s specificity pocket (Matern et al., 2003).  Preferences for the inhibition of 

chymotrypsin and elastase were conferred by a bulky hydrophobic amino acid (Phe, Tyr or Trp) and a 

small neutral amino acid (Ala, Gly or Val), respectively.  On the other hand, a positively charged amino 

acid (Arg or Lys) was preferred for the inhibition of trypsin.  Due to the ability of Ahp-containing dep-

sipeptides to inhibit serine proteases, their ecological role is believed to be as inhibitors of digestive en-

zymes and a chemical defense against crustacean predators (Berry et al., 2008).  However, studies by 

Sedmak et al. showed that the Ahp-containing depsipeptide planktopeptin BL1125 induced cyanobacteri-

al cell lysis, leading to the hypothesis that these protease inhibitors could play an important ecological 

role by controlling cyanobacterial population density in the natural environment (Sedmak et al., 2008 and 

2009).  

 
1.3.3 Symbiotic cyanobacteria 

Most of cyanobacteria are free-living, but some cyanobacteria maintain symbiotic relationships 

with other organisms.  In marine environments, cyanobacteria participate in symbiosis with diatoms, 

sponges, tunicates and dinoflagellates (Carpenter & Foster, 2002; Janson, 2002).  In terrestrial ecosystems, 

cyanobacteria have been found in diverse symbiotic systems with a wide range of hosts, including fungi, 

bryophytes, Azolla (water fern), cycads (gymnosperm) and Gunnera (angiosperm) (Rai et al., 2000).  The 

genus Nostoc, which is mostly found in terrestrial ecosystems, is the dominating cyanobacterial genus 

involved in symbiotic associations with fungi and plants.  This is due to its capability to fix nitrogen (Ad-

ams & Duggan, 2008; Svenning, 2005; Rikkinen et al., 2002).  The other genera such as Scytonema and 

Chroococcus have also been identified in various symbiotic systems (Lücking et al., 2009).  The most 

well-studied symbiotic cyanobacterial species is Nostoc punctiforme that maintain diazotrophic symbiosis 



23 
 

   

with many organisms such as the bryophytes Anthocerus punctatus and Blasia pusilla, water ferns from 

the genus Azolla, the cycads Macrozamia spp. and the angiosperm Gunnera (Meeks et al., 2001 & 2002; 

Liaimer et al., 2011).  Full genome sequencing of the symbiotic strain, N. punctiforme ATCC 29133, re-

vealed the presence of an extraordinary large number of secondary metabolite biosynthetic gene clusters.  

Lichens are symbiotic associations that are composed of fungi as mycobionts and algae as photobionts.  

Cyanobacteria occur in approximately 10 % of lichens as photobionts, and the representative genera of 

lichen cyanobacteria include Nostoc and Scytonema (Svenning et al., 2005; Rikkinen et al., 2002).  In li-

chen symbiotic systems, cyanobacteria play an important role in providing organic matters to their fungal 

symbiotic partners by oxygenic photosynthesis.  Although there have not been many natural products iso-

lated from lichen cyanobacteria, studies have indicated that lichen cyanobacteria would be prolific pro-

ducers of biologically active secondary metabolites.   

 The most compelling example of symbiotic cyanobacterial secondary metabolites would be the 

promising anti-cancer drug leads cryptophycins.  Cryptophycin A was first isolated as an antifungal agent 

from the lichen cyanobacterium Nostoc sp. ATCC 53789 by a group from Merck.  The structure was pro-

posed by this group; however, no further studies were carried out due to the severe toxicity associated 

with this compound.  A later study by a group at U. of Hawai obtained cryptophycin A from a closely 

related Nostoc sp. GSV 224, and fully characterized the structure of cryptophycin A along with six minor 

analogues.  This group also reported potent anti-tumor activity for these compounds (Trimurtulu, 1994).  

Since then, several analogues have been described, and over 25 structural variants have been reported to 

date (Chaganty, 2004; Subbaraju, 1997).  Cryptophycin A, the major component, consisted of four resi-

dues, including a phenyl-octenoic acid, 3-chloro-O-methyl-D-tyrosine, methyl β-alanine and L-leucic acid.  

All the other cryptophycins differ from cryptophycin A in one or two residues of the molecule. 

  The high degree of structural variation found among analogues of cryptophycin family indicated 

flexibility and versatility of the biosynthetic pathway.  The gene cluster encoding the biosynthesis of 

cryptophycins has been identified and characterized from the lichen cyanobacterial symbiont Nostoc sp. 
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ATCC 53789 by Dr. Sherman’s group (Magarvey et al., 2006).  The cryptophycin-biosynthetic gene clus-

ter (crp A-H) is composed of two PKS enzymes harboring a loading module and three PKS modules, two 

NRPS enzymes harboring three NRPS modules, and four tailoring enzymes including a CYP450 epoxi-

dase, an inron-containing 2-oxoglutarate dependent oxygenase, an amino acid decarboxylase and a non-

heme halogenase (Figure 1.14).  The third NRPS module, which incorporates the leucic acid residue, con-

tained a ketoreductase domain to catalyze the reduction of ketone into hydroxyl group after transamina-

tion. 

 

 

 
Figure 1.14 The structure of cryptophycin 1 and its biosynthetic pathway (adapted from Magarvey et al., 

2006). 
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and arrested tumor cells at the G1-M phase (Smith et al., 1994).  This caused hyper-phosphorylation of 

Bcl-2, triggering the apoptotic cascades (Lu et al., 2001).  In addition, cryptophycins were resistant to p-

glycoprotein pumps, thus effective against multidrug-resistant tumor cell lines (Smith et al., 1994).  These 

attractive and promising biological activities lead to the development of a synthetic analogue, cryptophy-

cin 52, that entered the phase II clinical trial.  However, the initial result indicated severe toxicity associ-

ated with this molecule, preventing further development as an anticancer drug (Edelman et al., 2003). 

1.3.4 Other non-bloom forming cyanobacteria in freshwater and terrestrial environments 

Most cyanobacteria are non-bloom forming and free-living, and these dominant life form of cya-

nobacteria can be found in diverse freshwater and terrestrial environments.  Some of them, mainly fila-

mentous cyanobacteria, form visible small colonies under favorable growth conditions.  To access the 

secondary metabolites produced by non-bloom forming cyanobacteria, a culture-dependent approach is 

necessary, since in most cases sufficient biomass required for the chemical investigation cannot be ac-

quired directly by environmental collections.  However, it can be difficult to use cultured cyanobacteria 

for chemical investigations due to their inherent slow-growing properties.  Doubling times for most fila-

mentous cyanobacteria usually range from 15 to as long as 48 hrs (Meeks & Elhai, 2002), thus optimizing 

the culture condition for each strain and culturing a large number of strains for the activity screening is 

often an extremely time-consuming process.  For these reasons, most culture efforts have been focused on 

bloom-forming cyanobacteria, including the genera Microcystis and Anabaena for the study of their toxin 

production.  The majority of cyanobacterial secondary metabolites reported to date have been isolated 

from field-collected samples collected either freshwater or marine environments (Harada, 2004; Tan, 

2007).  Accordingly, there are relatively few examples of cyanobacterial secondary metabolites reported 

from cultured non-bloom forming cyanobacteria that are originated from freshwater and terrestrial envi-

ronments.   

Studies of biologically active secondary metabolites from cultured non-bloom forming freshwater 
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and terrestrial cyanobacteria was pioneered by Moore’s group at University of Hawaii during in the 1980s 

and the 1990s.  During this period, several novel cyanobacterial secondary metabolites were reported, and 

representative classes include polyketide-derived macrolides (Ishibashi et al., 1986; Moore et al., 1986), 

boron-containing compounds, indole alkaloids (Moore et al., 1984), [7.7]paracyclophanes (Moore et al., 

1990) and cyclic lipopeptides (Moore et al., 1989), all of which displayed a wide spectrum of biological 

activities. 

 

Figure 1.15 The structures of tolytoxin and scytophycins. 
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to this class and was isolated from a field-collected sample of the terrestrial cyanobacterium Tolypothrix 

conglutinata found at Fanning Island in 1977.  Determination of the full structure could not be achieved 

due to insufficient biomass acquired at that time.  In 1986, Moore’s group isolated the closely related 

compounds, scytophycins A-E, from the cultured terrestrial cyanobacterium Scytonema pseudohofmanni 

and fully characterized their structures (Moore et al., 1986; Ishibashi et al., 1986).  Later, tolytoxin was 

re-isolated along with several scytophycin analogues from several cultured Scytonema strains, enabling 

the determination of the tolytoxin structure (Carmeli et al. 1990).  Tolytoxin and scytophycins shared a 

highly oxygenated 22-membered macrolide core structure with an aliphatic branch stretched out from the 

oxygenated carbon.  This aliphatic branch was highly functionalized with methyl, hydroxy and methoxy 

groups, and also contained an acid labile enamide system.  All of the compounds belonging to this class 

possessed the same carbon skeleton, and the structure diversity originated from the various degrees of 

hydroxylation and methoxylation of the macrolide core structures.  Tolytoxin and the scytophycins were 

microfilament-depolymerizing agents, thus exhibited potent cytotoxicity against various cancer cell lines 

(Smith et al., 1993).  These compounds were also resistant to a P-glycoprotein-mediated efflux system, 

therefore considered to be effective against multi-drug resistant cancer cells. 

  Indole alkaloids are a group of cyanobacterial secondary metabolites produced by terrestrial true-

branching cyanobacteria of the order Stigonematales.  These alkaloids can be divided into several sub-

groups based on their ring structures, including hapalindoles (Moore et al., 1984 & 1987), hapalonamides 

(Moore et al., 1987), welwitindolinones (Stratmann et al., 1994), fischerindoles (Park et al., 1992) and 

ambiguine isonitriles (Smitka et al., 1992) (Figure 1.16).  This family of compounds shared common 

structural features, represented by an indole heterocycle with a monoterpene unit appended at C-3 and the 

presence of either isonitrile or isothiocyanate.  This core structure further diversified through oxidation, 

chlorination, dehydrogenation, ring formation and rearrangement, and nearly 70 structural analogues have 

been reported to date (Richter et al., 2008).  This family of compounds displayed a broad range of biolog-

ical activities.  For examples, both antibacterial and antimycotic activities were reported for hapalindoles 
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(Moore et al., 1987), and ambiguine isonitriles showed fungicidal activity (Smitka et al., 1992).  Wel-

witindolinones were found to be responsible for the multidrug resistance reversing activity of Hapalosi-

phon welwitschii and the insecticidal activity of Westiella intricata (Stratmann et al., 1994). 

 

 

Figure 1.16 The structures of cyanobacterial indole alkaloids reported from Moore’s group. 
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Figure 1.17 The structures of naturally occurring [7.7]paracyclophanes isolated from terrestrial cyano-

bacteria by Moore’s group during the early 1990s. 
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compounds belonging to this class were reported in 1990 by Moore’s group, and included cylindrocyclo-

phane A and nostocyclophane D (Moore et al., 1990).  Since then, several analogues have been reported 

with the same basic carbon skeletons, comprising the cylindrocyclophanes and nostocyclophanes as the 

two classes of cyanobacterial [7.7]paracyclophanes (Figure 1.17) (Chen et al., 1991; Moore et al., 1992).  

These two classes of cyclophanes shared common structural features.  First, two benzene rings containing 

a resorcinol moiety are connected in para positions by seven carbons.  Second, the benzylic carbons were 

further branched out at C-7/14 by four carbons-long aliphatic chain, conferring a C2 axis of symmetry to 

the cyclophane core structures. 

 

 

Figure 1.18 Proposed biosynthetic pathways for cyclindrocyclophane D by 13C feeding experiments 

(adapted from Bobzin & Moore, 1993) 
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molecules (Bobzin & Moore, 1993).  The presence of a C2 axis of symmetry in the cyanobacterial cy-

clophanes led to the hypothesis that the biosynthetic pathway of these molecules would involve the di-

merization of two nonaketides (Figure 1.18).  This cyclophane core structure was further diversified by 

methylation at C-2/15 (β-position) and chlorination at C-3/17 (α-position) to complete the cylindrocyclo-

phane and nostocyclophane core structures.  However, whether these modifications occur before or after 

dimerization is still not clearly understood.  The nostocyclophanes were further modified by hydroxyla-

tion or methoxylation at C-1/14 and/or glycosylation on the phenolic hydroxyl groups.  For the cylindro-

cyclophanes, structural analogues with various modifications at C-1/14 by hydroxylation, acetylation or 

carbamidation as well as chlorination at C-30/34 have been reported, creating further diversity of this 

compound family (Moore et al., 1992; Bui et al., 2007; Chlipala et al., 2010).  These diverse cyanobacte-

rial [7.7]paracyclophanes exhibited a broad spectrum of biological activities, including antibacterial, anti-

fungal and cytotoxic activities. 

  Several structurally related cyclic lipodecapeptides, calophycin and puwainaphycins A-E, were 

reported by Moore’s group in early 1990s from two cultured terrestrial cyanobacteria of the genera Calo-

thrix and Anabaena (Moore et al., 1989; Gregson et al., 1992; Moon et al., 1992).  These cyanobacterial 

cyclic lipodecapeptides shared common features represented by the presence of one lipophilic β-amino 

acid with a 2-hydroxy-3-amino-4-methyl functionality and the conserved amino acid sequence of Val-β-

amino acid-Pro-NMeAsn.  The structure diversity of these molecules derived from differences in β-amino 

acid chain lengths, β-amino acid modifications, and amino acid compositions of the variable region (Fig-

ure 1.19).  The calophycin showed a broad-spectrum fungicidal activity, while puwainaphycins showed 

cardiotonic activity (Moore et al., 1989; Gregson et al., 1992; Moon et al., 1992). 
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Figure 1.19 Structures of cyclic lipodecapeptides isolated from terrestrial Anabaena spp.by Moore’s goup. 

(Red: conserved amino acids, Black: variable amino acids) 
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1.4 Rationalization and objective of the study 
 

  Cyanobacteria are one of the oldest organisms, and their existence dates back 3.5 billion years 

ago.  This long evolutionary history, combined their important ecological roles, implies that their biosyn-

thetic capabilities to produce biologically active secondary metabolites have evolved to create a large pool 

of active compounds with diverse structures.  As shown above, in freshwater and terrestrial environments, 

cyanobacteria are present as diverse ecotypes, including microbial mats, blooms, symbionts and small 

colonies (non-bloom forming).  Most of the studies on cyanobacterial secondary metabolites to date have 

been biased to bloom-forming cyanobacteria, mainly due to the environmental significances associated 

with the production of toxic substances.  These studies however showed that freshwater and terrestrial 

cyanobacteria have a high capacity to produce biologically active secondary metabolites of diverse bio-

synthetic origins, comparable to that of their more studied marine counterparts.   

  The majorities of cyanobacteria in freshwater and terrestrial environments are non-bloom forming 

and appear as only small colonies even under favorable growth conditions.  Previous studies on secondary 

metabolites, produced by this cyanobacterial ecotype, proved that their chemical structures occupy a dis-

tinct chemical space divergent from those of well-studied bloom-forming cyanobacteria, probably due to 

their distinct evolutionary paths.  For example, the cyclophane scaffold is only found in terrestrial non-

bloom forming cyanobacteria belonging to the order nostocales.  Therefore, it can be rationalized that 

studying the chemistries of small-colony forming cyanobacteria, which are widespread all over the globe 

in freshwater and terrestrial environments, would provide not only new classes of molecules with new 

scaffolds, but also new structural analogs of known scaffolds that might result in improved biological ac-

tivities.   

  Cyanobacteria are phototrophs and therefore use carbon dioxide as their major carbon source 

while most of other bacteria are chemotrophs that use glucose as a carbon source.  Due to this reason, it 

could be rationalized that cyanobacteria do not need to compete with other bacteria to acquire nutrients 

necessarily for their growth in the environments.  Instead, most of cyanobacteria appear as visible colo-
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nies in the environments where cyanobacterial cells are held together by mucopolysaccharides produced 

as the result of photosynthesis.  These polysaccharides-rich cyanobacterial colonies would be a good 

source of nutrients for small animals such as crustacean species.  Based on this ecological assumption, it 

would be reasonable to conclude that cyanobacteria have evolved to produce diverse toxic compounds as 

a chemical defense mechanism, and cytotoxicity would comprise one of the major toxicity mechanisms as 

shown in above examples.  Therefore, the scope of this study is to isolate cytotoxic compounds from rela-

tively under-explored non-bloom forming cyanobacteria found in freshwater and terrestrial environments 

and to evaluate the potential of those compounds as anticancer drug leads. 

To this end, we employed culture-dependent approach to explore chemistries of non-bloom form-

ing cyanobacteria in freshwater and terrestrial environments.  The culture collection has been established 

on the basis of strains isolated from field-collected samples (UIC strains) and strains acquired from estab-

lished culture collections (UTEX, SAG and CCALA strains).  Extracts were prepared from a 4L scale 

culture of each strain and evaluated for antiproliferative activity against cancer cells as well as brine 

shrimp toxicity.  Active extracts were subjected to fractionation followed by dereplication using LC-MS 

and 1H NMR in combination with HPLC-based activity profiling that associates LC chromatogram with 

activity.  This dereplication method allowed us to classify active strains based on structural groups of ac-

tive compounds.  Based on the result, UTEX 1613, UIC 10035, UIC 10062 and SAG 74.79 were selected 

for chemical investigation.  The following chapters describe the isolation and structure determination of 

biologically active compounds from these selected strains. 
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CHAPTER 2: 

ANTIPROLIFERATIVE CYCLIC LIPODECAPEPTIDES FROM 

THE TWO CULTURED CYANOBACTERIA, Anabaena minutis-

sima (UTEX 1613) and Cf. Anabaena sp. (UIC 10035) 
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2.1 Introduction 

Cyclic lipopeptides represent a large subclass of non-ribosomal peptides that often contain non-

standard amino acids such as Dhb (α, β-dehydro-α-aminobutyric acid), β-hydroxy amino acids, and N- 

and/or O-methylated amino acids (Sieber et al., 2005; Strieker et al., 2009).  This subset of non-ribosomal 

peptides has shown a wide spectrum of biological activities, including antibacterial and antifungal as well 

as cytotoxic activities, and some of these are regarded as promising candidates for clinical evaluation 

(Baltz et al., 2005; Barrett, 2002).  Mode of action studies of the phytotoxin syringomycin from Pseudo-

monas syringae and the antibiotic daptomycin from Streptomyces roseosporus revealed that the lipophilic 

residues played a key role for the biological activities of these molecules (Takemoto et al., 1991; Straus et 

al., 2006).  The presence of lipophilic residues allows these molecules to penetrate into cell membranes 

and form transmembrane pores, leading to rapid depolarization of cells by the leakage of intracellular ions. 

Cyanobacteria (blue-green algae) have been shown to be prolific producers of bioactive second-

ary metabolites (Tan, 2007; Wagoner et al., 2007; Harada, 2004), and are well-known producers of cyclic 

lipopeptides (Welker et al., 2006).  Numerous cyclic lipopeptides have been isolated from both freshwater 

and marine cyanobacteria, with a ring size of up to 12 peptide residues.  Cyclic deca- and undecapeptides, 

containing 10 and 11 residues, have been reported to exhibit a wide spectrum of biological activities, in-

cluding antifungal (MacMillan et al., 2002; Frankmölle et al., 1992), cardiotonic (Moore et al., 1989; 

Gregson et al., 1992), and cytotoxic (Gerwick et al., 1992; Bonnard et al., 2007) activities.  A common 

structural feature of cyclic deca- and undecapeptides is the occurrence of one lipophilic β-amino acid res-

idue (Weler and Von Döhren, 2006).  Most of the cyclic lipopeptides in this class also possess non-

standard amino acids, such as N-methylated α-amino acids, α- and/or β-hydroxy amino acids, and Dhb (α, 

β-dehydro-α-aminobutyric acids).  A recent study done by Hrouzek et al. revealed a possible mode of ac-

tion of cyanobacterial lipopeptides for cytotoxic activity (Hrouzek et al., in press).  An elevated concen-

tration of intracellular Ca2+ and subsequent cell necrosis was observed after addition of the cyanobacterial 

cyclic lipodecapeptides, puwainaphycins F/G, indicating that these molecules interacted with cell mem-
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brane, causing rapid membrane depolarization similar to other well-known pore-forming lipoeptides such 

as daptomycin and syringomycin. 

In our continuing search for biologically active secondary metabolites from laboratory-cultured 

cyanobacteria, we evaluated the cell extracts of Anabaena minutissima (UTEX 1613) and Cf. Anabaena 

sp. (UIC 10035).  In this chapter, we describe the isolation, structure determination and biological activity 

of twelve structurally related cyclic lipodecapeptides, named minutissamides A-D and homesteadamides 

A-H, possessing one/two Dhbs, one N-methylated Asn and one lipophilic β-amino acid residue with 2-

hydroxy-3-amino-4-methyl moiety.  The planar structures were determined by spectroscopic techniques 

including HRESIMS, tandem MS, and 1D and 2D NMR (COSY, TOCSY, HSQC, HMBC and ROESY) 

experiments.  The absolute configurations of the α-amino acid residues were determined by Marfey’s 

method, whereas the stereoconfiguration of the lipophilic β-amino acid residue was solved by a combina-

tion of the advanced Marfey’s method, J-based configurational analysis and ROE correlations. 

 

2.2 Minutissamides A-D, cyclic lipodecapeptides from the cultured cyanobacterium Ana-

baena minutissima (UTEX 1613) 

2.2.1 Isolation of minutissamdes A-D (1 – 4) 

Anabaena minutissima (UTEX 1613) was grown in Z media (Falch et al., 1995).  The freeze-

dried cells were extracted with a mixture of CH2Cl2 and MeOH (1:1), and dried in vacuo.  The cell extract 

was subsequently fractionated by column chromatography using Diaion HP-20 resin and an increasing 

amount of iPrOH in water.  LC-MS analysis of the fraction eluting at 40% iPrOH indicated the presence 

of potentially new peptides with molecular weights of 1118, 1152, 1188 and 1190.  Subsequent Sephadex 

LH-20 column chromatography followed by reversed-phase HPLC yielded minutissamides A – D (1 – 4).  
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2.2.2 Structure determination of minutissamides A-D 

 

Minutissamide A (1) was obtained as a colorless amorphous powder.  The molecular formula of 1 

was determined as C51H83N13O15 by HRESIMS analysis (m/z 1140.6049 [M+Na]+).  The 1H NMR spec-

trum in DMSO-d6 showed a signal distribution typical for a lipopeptide, including several exchangeable 

amide NH signals (6.5 – 10.5 ppm), signals in α-proton region (4 – 6 ppm), methylene signals (1.2 – 1.3 

ppm), and numerous aliphatic doublet and triplet methyl signals (0.5 – 2.0 ppm).  The structures of the 

amino acid residues were elucidated by interpretation of the COSY and TOCSY spectra (Figure 2.1 and 

TABLE II), and indicated the presence of ten residues, including nine α-amino acid residues and one lip-

ophilic β-amino acid residue.  Six of the α-amino acid residues were identified as the common amino ac-

ids: proline (Pro), threonine (Thr), alanine (Ala), valine (Val) and two asparagines (Asn).  In addition, the 

structures of three non-standard amino acid residues were determined by analysis of the COSY, HSQC 

and HMBC spectra (Figure 2.1).  A HMBC correlation from the N-Methyl singlet (δH 2.96) to the C-

2NMeAsn (δC 49.4) in combination with a COSY correlation between NMeAsn H-2 (δH 5.53) and NMeAsn 

H2-3 (δH 2.00 and 3.02) identified the structure of N-methyl asparagine (NMeAsn).  The presence of two 

N

HN

O

R

HO

O

O

N

HN

HN

NH

O

O

H2N
O

O

NH

NH

O

O HN

NH

O O

NH2

O

HO

H2N

O

L-NMeAsn

D-Ala

L-Val

L-Thr

L-Pro
O

OH

Cl

L-Asn 1

E-Dhb 2

L-Asn 2

E-Dhb 1

1     R =

2     R =

4     R =

3     R =

CH3

1
2

3

4 5

6 7

8 9

10 11

14



39 

Dhb residues was deduced from a COSY correlation observed between the methyl protons (H3-4Dhb1, δH 

1.90 and H3-4Dhb2, δH 1.66) and the corresponding olefinic proton (H-3Dhb1, δH 5.71 and H-3Dhb2, δH 5.30), 

combined with a HMBC correlation from the methyl protons (H3-4Dhb1 and H3-4Dhb2) to the corresponding 

olefinic carbon (C-2Dhb1, δC 130.1 and C-2Dhb2, δC 133.0).  The 2-hydroxy-3-amino-4-methyl portion of 

Hamd (2-hydroxy-3-amino-4-methyldodecanoic acid) was identified by sequential COSY correlations 

between H-2 (δH 4.18)/H-3 (δH 3.93)/H-4 (δH 1.65), as well as the COSY correlations between H-3 (δH 

3.93) and 3-NH (δH 6.85) and between H-4 (δH 1.65) and 4-Me (δH 0.58).  Further COSY correlations 

from H-4 (δH 1.65) to H2-5 (δH 1.17 and 1.61), H2-5 to H2-6 (δH 1.18 and 1.24), and H2-6 to the region of 

highly overlapped methylene signals (H2-7-11, δH 1.26-1.27), which corresponded with five carbons in 

the HSQC spectrum (δC 30.1, 29.2, 29.7, 31.8 and 22.6) and finally to the methyl triplet proton H3-12 (δH 

0.87), completed the structure of Hamd. 

 The sequence of the 10 residues was established by analysis of the ROESY and selective HMBC 

spectra (Figures 2.1 and 2.2, and TABLE II).  The selective HMBC spectrum of the carbonyl region was 

used to resolve the largely overlapped amide carbonyl signals (Claridge et al., 2003).  Starting from the 

Dhb2 residue, ROE correlations between Dhb2-NH (δH 9.17) and Val H-2 (δH 4.29), between Val-NH (δH 

6.85) and Hamd H-2 (δH 4.18), and between Hamd-NH (δH 6.85) and Pro H-2 (δH 4.19) suggested a par-

tial sequence of Dhb2-Val-Hamd-Pro.  HMBC correlations from Dhb2-NH (δH 9.17) to Val C-1 (δC 

169.2), from Val H-2 (δH 4.29) to Hamd C-1 (δC 170.1) and from Hamd H-3 (δH 3.93) to Pro C-1 (δC 

171.9) confirmed this partial sequence.  HMBC correlations from Pro H-2 (δH 4.19) to NMeAsn C-1 (δC 

168.3) and from NMeAsn N-Me (δH 2.96) to Thr C-1 (δC 170.4), together with ROE correlations between 

Pro H2-5 (δH 4.10) and NMeAsn H-2 (δH 5.53) and between NMeAsn N-Me (δH 2.96) and Thr H-2 (δH 

4.63), further expanded the sequence to Dhb2-Val-Hamd-Pro-NMeAsn-Thr.  ROE correlations between 

Thr-NH (δH 7.30) and Ala H-2 (δH 4.29), and between Ala-NH (δH 8.27) and Asn1 H-2 (δH 4.40), com-

bined with HMBC correlations from Thr NH (δH 7.30) to Ala C-1 (δC 172.5) and from Ala NH (δH 8.27) 

to Asn1 C-1 (δC 171.2) established the sequence of Dhb2-Val-Hamd-Pro-NMeAsn-Thr-Ala-Asn1, leaving 
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two residues (Dhb1 and Asn2) unassigned.  The complete sequence of Dhb2-Val-Hamd-Pro-NMeAsn-Thr-

Ala-Asn1-Dhb1-Asn2 was deduced by a HMBC correlation from Asn1-NH (δH 8.45) to Dhb1 C-1 (δC 

163.4) and a ROE correlation between Dhb1-NH (δH 10.18) and Asn2 H-2 (δH 4.92).  Lastly, HMBC cor-

relations from Asn2 H-2 (δH 4.92) and NH (δH 8.73) to Dhb2 C-1 (δC 163.6) closed the ring, completing 

the planar structure of minutissamide A (1). 

 

 
Figure 2.1 Key 2D correlations used for the determination of the planar structure of minutissamide A (1). 

Mass fragmentation analysis was performed to further verify the 2D structure of minutissamide A 
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Dhb2]
+ (Figure 2.3).  This fragmentation pattern was in complete agreement with the structure determined 

by 2D NMR analysis.  

 

Figure 2.2 Sequential ROE correlations for the determination of amino acid sequence of minutissamide A 
(1) (600 MHz, DMSO-d6): Mixing time was set to 200 ms. 

 

 

Figure 2.3 ESI-MS/MS data of minutissamide A (1) acquired using CID fragmentation method. 
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Figure 2.4 Newman projections for (a) C-2/C-3 and (b) C-3/C-4.  All the possible relative conformations 
are shown.  The DQF-COSY and phase-sensitive HMBC spectra were used for the calculation of homo- 
and hetero nuclear coupling constants.  Labels below projections denote the predicted size of coupling 
constants.  The predicted values that are consistent with observed values are highlighted by a box.  Ob-
served rOe correlations are presented as arched lines: (a) H-2/H-4 and (b) H-2/H2-5. 
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or δH 9.17) and the corresponding olefinic proton (H-3, δH 5.71 or δH 5.30) was observed for both Dhb1 

and Dhb2, assigning the geometric configuration of both double bonds as E (Figure 2.1).  The absolute 

configurations of the common amino acids and NMeAsn were assigned as L-Pro, L-Thr, L-Asn1, L-Asn2, 

L-Val, D-Ala and L-NMeAsn by chromatographic comparison of Marfey’s derivatives between the acid 

hydrolysate of 1 and appropriate amino acid standards (Bhushan et al., 2004).   

The β-amino acid residue Hamd of 1 contained three asymmetric centers, C-2, C-3 and C-4.  

Since these three asymmetric centers were consecutively located, the relative configuration was first de-

termined by J-based configurational analysis, and the advanced Marfey’s method was then used to deter-

mine the absolute configuration at C-3.  The relative configuration of the Hamd residue was established 

by combination of J-based configurational analysis and ROE correlations as shown in Figure 2.4.  Homo-

nuclear (3JH-H) coupling constants were acquired from the DQF-COSY spectrum, and the phase-sensitive 

HMBC spectrum was used for the calculation of heteronuclear (2JCH and 3JCH) coupling constants (Ding, 

2000).  The small 3JHH (5.6 Hz) between H-2 and H-3, the large 3JCH (5.4 Hz) between H-3 and C-1, and 

the large 2JCH (-5.1 Hz) between H-3 and C-2 allowed for two possible conformations (A2 and A6) out of 

the six conformations shown in Figure 2.4a.  The conformation A6 was found to be the correct confor-

mation based on a ROE correlation observed between H-2 and H-4, assigning the relative configuration 

between C-2 and C-3 as erythro.  The same method was applied for the assignment of the relative config-

uration between C-3 and C-4.  On the basis of the large 3JHH (11.0 Hz) measured between H-3 and H-4, 

only two conformations (B3 and B4) were possible as shown in Figure 2.4b.  A ROE correlation observed 

between H-2 and H2-5 confirmed B3 as the correct confirmation assigning the relative configuration be-

tween C-3 and C-4 as threo.  The nearly identical carbon chemical shifts of C-1, C-2, C-3 and C-4 (δC 

170.1, 70.0, 56.6 and 32.6) of Hamd to those (δC 169.8, 69.9, 56.2 and 32.4) of HAMP in puwainaphycin 

E provided further evidence for these relative configurations (Gregson et al, 1992).  Since the relative 

configurations of C2-C3 and C3-C4 were erythro and threo, respectively, the absolute configurations of 

the three chiral centers (C-2, C-3 and C-4) in the Hamd residue could be either RRS or SSR.  Lastly, the 
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advanced Marfey’s method was applied to assign the absolute configuration of the Hamd residue (Figure 

2.5) (Fujii et al., 1997; Harada et al., 1996).  The acid hydrolysate of 1 was derivatized with L- and DL-

FDLA, respectively.  These L- and D-FDLA derivatives of the HAML residue adopt well-defined 3D 

conformations due to hydrogen bonds formed between amino acid NHs and nitro groups of the benzene 

ring.  Two hydrophobic side chains from the amino acid leucine and the β-amino acid Hamd could be ar-

ranged in cis or trans conformation, and cis conformation is considered to be more hydrophobic (Fujii et 

al., 1998).  Therefore, chromatographic method can be used to compare hydrophobicity of L- and D-

FDLA derivatives of the Hamd residue in 1.  LC-MS analysis of DL-FDLA derivatives identified two 

peaks (m/z 538 [M-H]-) at 43.3 and 48.8 min that corresponded to the molecular weight of the FDLA de-

rivatives of Hamd, while the L-FDLA derivative of Hamd gave one peak at 48.8 min, indicating that the 

L-FDLA derivative is more hydrophobic than the D-FDLA derivative.  Thus, the absolute configuration 

of C-3 was assigned as R configuration.  Previous application of this method for the determination of the 

absolute configuration of Ahda (amino-2-hydroxy decanoic acid) also showed that the R-L and S-D de-

rivatives are more hydrophobic than the R-D and S-L derivatives (Fujii et al., 1998).  As a result, the ab-

solute configuration of the Hamd residue in 1 was assigned as 2R,3R,4S. 

 

Figure 2.5 The advanced Marfey’s method used to determine the absolute configuration of the β-amino 
acid residue at C-3. 
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Minutissamide B (2) was obtained as colorless, amorphous powder.  The molecular formula of 2 

was deduced as C51H82ClN13O15 on the basis of HRESIMS analysis (m/z 1174.5790 [M+Na]+).  The M+2 

isotope peak found at 1176.6 verified the presence of chlorine in 2.  The 1H and 13C NMR spectra of 2 

were almost identical to those of 1 except for in the Hamd residue, where the terminal methyl proton sig-

nal had been replaced by a new triplet methylene resonance at 3.62 ppm.  This indicated that chlorine was 

positioned on the terminal methyl carbon of Hamd, thus re-naming it Hamcd (2-hydroxy-3-amino-4-

methyl-12-chlorododecanoic acid).  The sequential COSY correlation network of H2-12/H2-11/H2-10 and 

the slightly down-fielded chemical shifts of H2-11 (δH 1.70) and H2-10 (δH 1.37) further supported the 

structure of 2.  The stereoconfiguration of 2 was determined by comparison of proton and carbon chemi-

cal shifts as well as optical rotation to those of 1.  The carbon chemical shifts of all the stereogenic centers 

in 2 were similar to those observed for 1 (deviation, < 0.2 ppm), suggesting the same relative configura-

tions.  The specific rotations of both 1 and 2 displayed positive values (1, [α]D +4; 2, [α]D +5).  On the 

basis of these data, we submit that the absolute configurations of all the stereogenic centers in 2 are the 

same as those found in 1. 

Minutissamide C (3) was obtained as colorless amorphous powder.  The HRESIMS analysis (m/z 

1210.6610 [M+Na]+) suggested the molecular formula of 3 to be C55H89N13O16.  Detailed comparison of 

1H and 13C NMR spectra indicated that compounds 1 and 3 share the same cyclic decapeptide core struc-

ture.  The only difference was the replacement of the dodecanoic acid residue found in 1 with an oxidized 

hexadecanoic acid residue in 3 (TABLE III).  The 1H NMR spectrum of 3 displayed three additional 

methylene protons, H2-12 (δH 1.44), H2-13 (δH 2.38) and H2-15 (δH 2.40), as compared to 1.  In addition to 

the three methylene carbon signals (δC 23.6, δC 41.9 and δC 35.4), a signal characteristic of a ketone (δC 

211.5) was also apparent in the 13C NMR spectrum.  The molecular weight difference of 70 between 1 

and 3 corresponded to three methylenes and one ketone, indicating the presence of Hamoh (2-hydroxy-3-

amino-4-methyl-14-oxohexadecanoic acid) in 3.  The location of ketone group at C-14 in Hamoh was 

determined by the proton chemical shifts of H2-13 (δH 2.38) and H2-15 (δH 2.40), and the TOCSY correla-
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tion observed between H2-15 (δH 2.40) and H3-16 (δH 0.90).  A three bond HMBC correlation from the 

terminal methyl protons (H3-16, δH 0.90) to the ketone carbon (C-14, δC 211.5) further confirmed this lo-

cation.  The stereoconfiguration of 3 was assigned by comparison of spectroscopic data to those of 1.  No 

significant difference (deviation, < 0.1ppm) was found for 13C chemical shifts of all the stereogenic cen-

ters in 3 when compared to 1.  Also, compound 3 displayed the positive specific rotation ([α]D +3).  To-

gether, these data suggested the absolute configurations of the stereogenic centers in 3 to be identical to 

those of 1. 

Minutissamide D (4) was also obtained as colorless amorphous powder.  The HRESIMS spec-

trum of 4 displayed a major ion peak at 1212.6740 [M+Na]+, suggesting a molecular formula of 

C55H91N13O16.  The 1H and 13C NMR spectra of 4 were almost identical to those of 3, except that the ke-

tone in Hamoh had been replaced by resonances for a carbinol moiety (δH 3.28 and δC 71.5).  This, to-

gether with the molecular weight difference of 2 between 3 and 4, suggested that the ketone in Hamoh of 

3 had been reduced to a hydroxyl group in 4, forming a Hamhh residue (2-hydroxy-3-amino-4-methyl-14-

hydroxyhexadecaonic acid).  The structure of Hamhh was further supported by analysis of the COSY and 

HMBC spectra.  Sequential COSY correlations between H3-16 (δH 0.83)/H2-15 (δH 1.16 and 1.35)/H-14 

(δH 3.28) and a HMBC correlation from H3-16 (δH 0.83) to C-14 (δC 71.5) placed the hydroxyl group at C-

14.  The absolute configurations of the amino acid residues and the three chiral centers in the Hamhh res-

idue appeared to be the same as those found for 1 by comparison of 13C chemical shifts and optical rota-

tion ([α]D +2).  Compound 4 possessed one more stereogenic hydroxyl-bearing carbinol carbon (C-14) in 

the Hamhh residue.  Mosher ester analysis was attempted in an effort to assign the absolute configuration 

of this carbinol stereogenic center.  However, the presence of three hydroxyl groups (one in Thr and two 

in Hamhh) resulted in a mixture of products and a very complex 1H NMR spectrum of Mosher ester prod-

uct of 4.  Hydrolysis of 4 followed by isolation of the Hamhh residue would be necessary for Mosher es-

ter analysis, but was not attempted due to the limited amount of sample available.  Thus, the absolute con-

figuration of C-13 carbinol carbon in Hamhh could not be assigned conclusively.  
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The structure of minutissamides A – D (1 – 4) was characterized by the presence of a lipophilic β-

amino acid residue, a 2-hydroxy-3-amino-4-methyl dodecanoic or hexadecanoic acid, and three nonstand-

ard amino acids (NMeAsn and two Dhbs).  The β-amino acid residue was further modified by chlorina-

tion in 2, by oxidation to ketone in 3 or by hydroxylation in 4.  The structures of minutissamides A – D (1 

– 4) revealed some similarities to the cyclic decapeptides, puwainaphycins A – E, isolated from a Hawai-

ian terrestrial Anabaena sp (Gregson et al., 1992).  The sequence of five residues in the puwainaphycins, 

including Dhb, Val, β-amino acid unit, Pro and NMeAsn, was conserved in the minutissamides.  The oth-

er five amino acid residues, OMT (O-methyl-Thr), Gly, Gln, Thr-2 (or Val-2) and Thr-1 found in the pu-

wainaphycins, were replaced by Thr, Ala, Asn1, Dhb1 and Asn2 in the minutissamides.  The core struc-

ture of the lipophilic β-amino acid residues, characterized by 2-hydroxy-3-amino-4-methyl substitution, 

and the modification pattern of this residue by chlorination and oxidation were also similar to those ob-

served in the puwainaphycins.    
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TABLE II: NMR SPECTROSCOPIC DATA FOR MINUTISSAMIDES A AND B IN DMSO-d6 

 Minutissamide A (1) Minutissamide B (2) 

  δC
a   δH

b 
mult. 

(J in Hz) 
COSY HMBC ROESY   δC

e   δH
c 

mult. 
(J in Hz) 

Hamd  
or 
Hamcd 

1 170.1     170.0  
2 70.0 4.18 d (4.8) 3 3  70.0 4.18 overlapped 
3 56.6 3.93 m 2, 4 1e, 2, 1Pro

e  56.6 3.92 M 

4 32.6 1.65 m 
3, 5, 4-

Me 
  32.6 1.65 m 

5 33.8
1.17 m 

4, 6   33.7
1.17 m 

1.61 m 1.61 m 

6 25.9
1.18 m 

5, 6   25.9
1.16 m 

1.24 m 1.23 m 
 7 30.1 1.26 m 6, 8   30.1 1.23 m 
 8 29.2 1.26 m 7, 9   29.7 1.23 m 
 9 29.7 1.26 m 8, 10   29.1 1.26 m 
 10 31.8 1.26 m 10, 11   26.6 1.37 m 
 11 22.6 1.27 m 11, 12   32.4 1.70 m 
 12 14.5 0.87 t (7.2) 11 10, 11  45.8 3.62 t (6.6) 
 2-OH 5.51 br s 2   ndc 

 3-NH 6.85
partly over-
lapped 

3 1Pro
e 3, 2Pro 6.88

partly over-
lapped 

 4-Me 16.3 0.58 d (6.6) 4 3, 4, 5 3 16.4 0.57 d (6.6) 
       
Pro 1 171.9     171.9  
 2 60.5 4.19 m 3 3, 4, 1NMeAsn  60.4 4.18 m 
 3 30.7 1.91 m 2, 4 1  30.7 1.92 m 

 4 24.2
1.85 m 

3, 5   24.2
1.83 m 

1.92 m 1.92 m 

 5 47.3
3.26 m 

4 2 2NMeAsn 47.3
3.25 m 

4.10 m 4.09 m 
       
NMeAsn 1 168.3     168.3  
 2 49.4 5.53 dd (12.0, 3.0) 3 1 e, 3, 4

e 5Pro, 3, N-Me 49.3 5.53 brd (12.0) 

 3 34.4
2.00 m 

2, 4 1 e, 2e, 4 e  34.4
2.00 m 

3.02 dd (15.6, 12.0) 3.01 m 
 4 172.1     172.1  
 N-Me 30.7 2.96 s  2, 1Thr

e 2Thr, 3Thr 30.7 2.95 s 

 NH2 
5.92 s 

 3  
6.03 m 

7.52 s 7.52 m 
       
Thr 1 170.4     170.4  
 2 55.3 4.63 dd (8.4, 3.6) 2-NH, 3 1e, 3, 1Ala

e N-Me, 3, 4 55.3 4.62 m 
 3 66.8 3.92 m 2, 4   66.8 3.92 m 
 4 20.0 1.00 d (6.0) 3 2, 3  19.9 0.99 d (6.6) 
 3-OH 5.13 br s    ndd 
 NH 7.30 d (7.8) 2 1Ala 2, 3 7.30 d (8.4) 
       
Ala 1 172.5     172.5  
 2 48.9 4.29 q (7.2) 2-NH, 3 1e, 1Asn1

e  48.7 4.28 m 
 3 17.3 1.23 d (7.2) 2 1e, 2  17.3 1.22 d (7.2) 

 NH 8.27 d (8.4) 2 2, 1Asn1 
2, 2Asn1, NHThr, 

NHAsn1 
  

        
Asn1 1 171.2     171.2  
 2 50.5 4.40 m 2-NH, 3 3 3 50.3 4.39 m 

 3 36.2
2.56 m 

2 1e, 2, 4e  36.2
2.53 m 

2.87 dd (18.6, 7.2) 2.88 dd (16.8, 7.2) 
 4 173.2     173.2  
 NH 8.45 d (7.2) 2 1Dhb1 2 8.45 d (7.2) 

 NH2 
7.04 s 

 3  
7.04 s 

7.58 s 7.59 s 
       
Dhb1 1 163.4     163.4  
 2 130.1     130.1  
 3 125.6 5.71 q (7.2) 4 1, 2, 4 NH 125.6 5.71 q (7.2) 
 4 13.7 1.90 d (7.2) 3 2, 3  13.6 1.89 d (7.2) 
 NH 10.18 s  1, 1Asn2

e 3, 2Asn2 10.20 s 
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Asn2 1 172.4     172.4  
 2 49.4 4.92 q (7.2) 2-NH, 3 1e, 3, 1Dhb2

e 3 49.4 4.91 q (7.8) 

 3 39.1
2.67 dd (15.0, 7.2) 

2 1e, 2, 4e  39.2
2.67 dd (15.0, 7.2) 

2.77 dd (15.0, 7.8) 2.77 dd (15.0, 7.8) 
 4 172.6     172.7  
 NH 8.73 d (7.8) 2 1Dhb2  8.74 d (7.8) 

 NH2 
7.11 s 

 3  
7.12 s 

7.58 s 7.59 s 
       
Dhb2 1 163.6     163.6  
 2 133.0     133.0   
 3 116.5 5.30 q (7.2) 4 1, 2, 4 NH 116.4 5.29 q (7.2) 
 4 13.5 1.66 d (7.2) 3 2, 3  13.3 1.65 d (7.2) 
 NH 9.17 s  1e, 3, 1Val

e 3, 2Val 9.21 s 
       
Val 1 169.2     169.2  
 2 56.2 4.29 d (10.8) 2-NH, 3 1e, 1HAML

e  56.2 4.28 m 
 3 33.1 1.75 m 2, 4 1e  33.1 1.74 m 
 4 19.4 0.83 d (6.6) 3 2, 3, 4’  19.3 0.82 d (6.6) 
 4’ 19.1 0.90 d (6.6) 3 2, 3, 4  19.0 0.89 d (6.6) 

 NH 6.85
partly over-
lapped 

2  2HAML 6.88
partly over-
lapped 

a carbon chemical shifts were assigned from DEPT-Q spectrum measured at 226 MHz, b measured at 600 MHz, c nd: not detected, d assigned from 
the selective HMBC spectrum, e assigned from the HSQC and HMBC spectra. 

 

 

TABLE III: 1H AND 13C NMR DATA FOR MINUTISSAMIDES C AND D IN DMSO-d6 

  Minutissamide C (3) Minutissamide D (4) 

     δC
a    δH

b 
mult.  

(J in Hz) 
   δC

a    δH
b 

mult.  
(J in Hz) 

Hamoh 
or 
Hamhh 

1  170.0  170.1   
2  70.0 4.17 d (4.8) 70.0 4.18 d (4.2) 
3  56.5 3.92 m 56.6 3.92 m 
4  32.6 1.65 m 32.6 1.65 m 

5  33.8 
1.17 m 

33.9
1.17 m 

1.62 m 1.61 m 

6  25.9 
1.16 m 

25.9
1.16 m 

1.23 m 1.23 m 
 7  30.1 1.23 m 30.1 1.25 m 
 8  29.1 1.23 m 29.1 1.25 m 
 9  29.7 1.23 m 29.7 1.25 m 
 10  29.4 1.23 m 29.4 1.25 m 
 11  29.4 1.23 m 29.4 1.25 m 

 12  23.6 1.44 q (7.2) 25.8
1.16 m 
1.35 m 

 13  41.9 2.38 t (7.2) 35.4
1.26 m 
1.32 m 

 14  211.5  71.5 3.28 m 

 15  35.4 2.40 q (7.8) 30.1
1.16 m 
1.35 m 

 16  8.2 0.90 t (7.8) 10.6 0.83 t (7.2) 
 2-OH   ndc ndc 
 3-NH   6.84 partly overlapped 6.87 partly overlapped 
 4-CH3  16.4 0.57 d (6.6) 16.5 0.57 d (6.6) 
       
Pro 1  171.9  172.0   
 2  60.6 4.18 m 60.6 4.18 m 
 3  30.8 1.92 m 30.8 1.92 m 

 4  24.2 
1.84 m 

24.3
1.83 m 

1.91 m 1.91 m 

 5  47.3 
3.26 m 

47.3
3.25 m 

4.10 m 4.09 m 
      
NMeAsn 1  168.2  168.3  
 2  49.4 5.52 dd (12.0, 3.0) 49.1 5.53 dd (12.0, 3.0) 
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 3  34.4 
2.00 m 

34.4
1.99 m 

3.01 dd (16.2, 12.6) 3.01 dd (15.6, 12.6) 
 4  172.1  172.1  
 N-Me  30.8 2.95 s 30.8 2.95 s 

 NH2   
5.95 s 6.01 s 
7.52 s 7.52 s 

      
Thr 1  170.4  170.4  
 2  55.3 4.62 dd (9.0, 3.6) 55.3 4.62 dd (8.4, 3.6) 
 3  66.8 3.93 m 66.8 3.91 m 
 4  20.0 0.99 d (6.0) 20.0 0.98 d (7.8) 
 3-OH   ndd ndd 
 NH   7.29 d (9.0) 7.30 d (7.8) 
      
Ala 1  172.6  172.6  
 2  48.9 4.28 m 49.0 4.28 m 
 3  17.3 1.22 d (7.2) 17.4 1.22 d (7.2) 
 NH   8.26 d (8.4) 8.26 d (8.4) 
      
Asn1 1  171.2  171.2  
 2  50.5 4.39 td (7.2, 3.0) 50.5 4.39 td (7.2, 3.0) 

 3  36.2 
2.53 m 

36.2
2.52 m 

2.87 dd (16.8, 7.2) 2.87 dd (16.8, 7.2) 
 4  173.2  173.2  
 NH   8.45 d (7.2) 8.44 d (7.2) 

 NH2   
7.04 s 7.04 s 
7.58 s 7.59 s 

      
Dhb1 1  163.4  163.4  
 2  130.1  130.1  
 3  125.6 5.70 q (7.2) 125.8 5.70 q (7.8) 
 4  13.7 1.89 d (7.2) 13.7 1.89 d (7.8) 
 NH   10.18 s 10.19 s 
      
Asn2 1  172.4  172.4  
 2  49.4 4.90 q (7.2) 49.5 4.91 q (7.2) 

 3  39.0 
2.66 dd (15.0, 7.2) 

39.2
2.67 dd (15.0, 7.2) 

2.76 dd (15.0, 7.8) 2.76 dd (15.0, 7.8) 
 4  172.6  172.7  
 NH   8.73 d (7.8) 8.73 d (7.8) 

 NH2   
7.12 s 7.12 s 
7.59 s 7.59 s 

      
Dhb2 1  163.6  163.7  
 2  133.0  133.0  
 3  116.4 5.29 q (7.2) 116.5 5.29 q (7.2) 
 4  13.5 1.65 d (7.2) 13.5 1.64 d (7.2) 
 NH   9.18 s 9.19 s 
      
Val 1  169.2  169.3  
 2  56.2 4.28 m 56.3 4.28 m 
 3  33.1 1.74 m 33.1 1.74 m 
 4  19.4 0.82 d (6.6) 19.4 0.82 d (6.6) 
 4’  19.1 0.89 d (6.6) 19.1 0.89 d (6.6) 
 NH   6.84 partly overlapped 6.86 partly overlapped 
acarbon chemical shifts were assigned from DEPT-Q spectrum measured at 226 MHz, b measured at 600 MHz, c nd: not detected 
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2.3 Homesteadamides A-H, cyclic lipodecapeptides from the cultured cyanobacterium Cf. 

Anabaena sp. (UIC 10035) 

2.3.1 Isolation of homesteadamides A – H (5 – 12) 

Cf. Anabaena sp. UIC 10035 was isolated from the sample collected in the town of Homestead, 

South Florida, 2007.  The isolated strain was maintained and cultured in inorganic Z medium (Falch et al., 

1995).  For chemical investigation, the freeze-dried cells (7.5 g) were extracted with the mixture of 

CH2Cl2 and MeOH (1:1), and dried in vacuo.  The resulting extract (0.5 g) was fractionated using Diaion 

HP-20 resin with an increasing amount of iPrOH in H2O.  Fractions eluting at 40 and 60 % aqueous 

iPrOH exhibited antiproliferative activity against MD-MB-435 cells (95 % and 100 % at 25 µg/ml, re-

spectively).  LC-MS analysis of these fractions indicated the presence of a series of nitrogen-containing 

compounds with molecular weights ranging between 1150 and 1250 Da.  These fractions were combined 

and subjected to HPLC purification using reversed-phase columns to yield eight cyclic lipodecapeptides, 

named homesteadamides A – H (5 – 12). 

 

 

 

2.3.2. Structure determination of homesteadamides A-H 
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Figure 2.6 Key 2D correlations used for the determination of the planar structure of homesteadamide A 
(5). 

Homesteadamide A (5) was obtained as a colorless, amorphous powder.  The molecular formula 

of 5 was determined as C59H101N12O17 by HRESIMS analysis.  The signal distribution pattern observed in 

the 1H NMR spectrum (DMSO-d6) suggested this compound to be a lipopeptide by the presence of largely 

overlapped aliphatic methylene proton signals (δH 1.25) along with amide NH (δH 6.0 – 10.0), amino acid 

αH (δH 3.5 – 5.5) and aliphatic doublet methyl (δH 0.5 – 2.0) proton signals.  Analysis of the COSY and 

TOCSY spectra identified ten amino acids including six standard amino acids (Pro, Ala, Gln, two Thrs 

and Val).  The structures of three non-standard amino acids (NMeAsn, OMeThr and Dhb) were deter-

mined by 2D NMR analysis including COSY, HSQC and HMBC.  The structure of the β-amino acid resi-

due was determined as Hamoo (2-hydroxy-3-amino-4-methyl-15-oxooctadecanoic acid) by analysis of 2D 

NMR data (Figure 2.6).  COSY correlations between NH (δH 6.77) and H-3 (δH 3.92), and between a dou-

blet methyl (δH 0.57) and H-4 (δH 1.68), as well as sequential COSY correlations from H-2 (δH 4.17) to 

H2-5 (δH 1.17 and 1.62), which in turn further coupled with the overlapped methylene signals (δH 1.25), 
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indicated the presence of the 2-hydroxy-3-amino-4-methyl moiety in the β-amino acid residue.  The iso-

lated TOCSY correlation fragment of H2-16/H2-17/H3-18 and HMBC correlations from H2-13 (δH 1.44) 

and H2-17 (δH 1.47) to a ketone carbon (δC 210.6) indicated that the ketone was positioned at C-15, de-

termining the structure of the Hamoo residue. 

The ten amino acid residues were connected by analysis of the HMBC and ROESY spectra (Fig-

ure 2.6).  Starting from the Hamoo residue, HMBC correlations from Hamoo NH to Pro C-1 (δC 171.2) 

and from N-Me (δH 2.93) to NMeAsn C-2 (δC 49.7) and OMeThr C-1 (δC 169.6), along with ROE correla-

tions between Hamoo NH (δH 6.77) and Pro H-2 (δH 4.25), between Pro H2-5 (δH 3.11 and 4.21) and 

NMeAsn H-2 (δH 5.52), established a partial sequence of Hamoo-Pro-NMeAsn-OMeThr.  This partial 

sequence was further expanded into Hamoo-Pro-NMeAsn-OMeThr-Ala-Gln-Thr1 by HMBC correlations 

from OMeThr NH (δH 6.74) to Ala C-1 (δC 171.9), from Ala NH (δH 7.58) to Gln C-1 (δC 171.1) and from 

Gln NH (δH 7.25) to Thr1 C-1 (δC 170.4), as well as ROE correlations between OMeThr NH (δH 6.74) and 

Ala H-2 (δH 4.19), between Ala NH (δH 7.58) and Gln H-2 (δH 4.08), and between Gln NH (δH 7.25) and 

Thr1 H-2 (δH 3.90).  The complete sequence of Hamoo-Pro-NMeAsn-OMeThr-Ala-Gln-Thr1-Thr2-Dhb-

Val was determined by HMBC correlations from Thr2 NH (δH 8.37) to Dhb C-1 (δH 163.9) and from Dhb 

NH to Val C-1 (δC 168.8), together with ROE correlations between Thr1 NH (δH 8.84) and Thr2 H-2 (δH 

5.02), and between Dhb NH (δH 9.08) and Val H-2 (δH 4.31).  Lastly, HMBC correlations from Val NH 

(δH 6.85) and Val H-2 (δH 4.31) to Hamoo C-1 (δC 169.6), and a ROE correlation observed between Val 

NH and Hamoo H-2 indicated homesteadamide A (5) to be a cyclic peptide, completing the planar struc-

ture of 5. 

To confirm the amino acid sequence of 5, fragmentation analysis was carried out using quadru-

pole ion trap CID MS/MS data (Figure 2.7).  In the MS1 analysis, the most intense peak corresponded to 

the sodium adduct ion of 5 (m/z 1271.7 [M+Na]+).  CID fragmentation of this sodiated precursor ion gen-

erated a set of y-type fragment ions instead of b-type, which are commonly observed in CID fragmenta-

tion of protonated precursor ions.  This predominant formation of y-type fragments by CID of sodiated 
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precursor ions has been previously reported (Sabareesh and Balaram, 2006).  The two most intense ions at 

m/z 1227.7 and 1183.7 corresponded to [M+Na-CONH2]
+ and [M+Na-2CONH2]

+, and resulted from the 

sequential loss of the side chain amides from NMeAsn and Gln.  Ring-opening at two different sites 

yielded two sets of y-type fragment ions.  Ring-opening between Dhb and Thr yielded ions at m/z 755.5, 

870.5, 941.6 and 1069.6, corresponding to y5, y6, y7 and y8 fragments, respectively (Figure 2.7A).  The 

second set of fragment ions, resulted from ring-opening between NMeAsn and Pro, included m/z 465.2, 

667.3, 750.3, 849.4 and 1174.7, corresponding to y4, y6, y7, y8 and y9 (Figure 2.7B).  This fragmentation 

pattern agreed well with the sequence determined by 2D NMR analysis, thus further supporting the planar 

structure of 5.  

 

Figure 2.7 ESI-MS/MS fragmentation of homesteadamides A (5) and E (9). 
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The stereoconfiguration of 5, including the geometric configuration of Dhb and the absolute con-

figurations of α- and β-amino acids, was determined on the basis of ROE correlations and the advanced 

Marfey’s method as well as comparison of 1H and 13C NMR chemical shifts.  A strong ROE correlation 

observed between Dhb NH and Dhb H-3 assigned the E configuration to the Dhb residue.  For the as-

signment of amino acid configurations, advance Marfey’s analysis was carried out as previously de-

scribed (Fujii et al., 1997, 1998; Harada et al., 1996).  LC-MS comparison between L-FDLA and DL-

FDLA derivatives of the acid hydrolysate of 5 assigned L-configuration to Pro, Gln, and Val, and D-

configuration to Ala.  The L-FDLA derivative of the acid hydrolysate of 5 was further compared with 

those of authentic standards of Thr (L-Thr, D-Thr, L-allo-Thr and D-allo-Thr), NMeAsn (NMe-L-Asn 

and NMe-D-Asn) and OMeThr (OMe-L-Thr, OMe-DlThr, OMe-L-allo-Thr, OMe-D-allo-Thr), assigning 

L configuration to these amino acids.  Homesteadamide A (5) shares the same asymmetric centers, 2-

hydroxy-3-amino-4-methyl, in the β-amino acid residue as the puwainaphycins and minutissamides 

(Gregson et al., 1992).  These three consecutive asymmetric centers in Hamoo showed nearly identical 1H 

(< 0.1 ppm) and 13C (< 1 ppm) NMR chemical shifts to those of the puwainaphycins and minutissamides, 

suggesting the same relative configuration.  In LC-MS analysis, the DL-FDLA derivative of the acid hy-

drolysate of 5 exhibited two peaks at 67.0 and 72.2 min, corresponding to the molecular weight of the 

FDLA derivative of Hamoo (m/z 638.3 [M+H]+), while the L-FDLA derivative resulted in one peak at 

72.2 min.  This result was consistent with those reported for the β-amino acids Ahda (3-amino-2-

hydroxydecanoic acid) in microginin (Fujii et al., 1998) and Hamd (2-hydroxy-3-amino-4-

methyldodecanoic acid) in minutissamide A, suggesting the same absolute configuration (R at C-3) in 

Hamoo.  Taken together, the absolute configuration of the three consecutive asymmetric carbons (C-2, C-

3 and C-4) in Hamoo was assigned as RRS, completing the stereoconfiguration of 5. 

Homesteadamide B (6) was obtained as a colorless, amorphous powder.  The molecular formula 

was determined as C55H93ClN12O16 based on HRESIMS, which exhibited the molecular ion peak at m/z 

1213.6645 ([M+H]+) and M+2 isotope peak.  Comparison of the 1D and 2D NMR spectra of 6 and 5 re-
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vealed that compound 6 shared the same amino acid sequence with 5 and differed only in the β-amino 

acid residue.  The four carbon differences in the molecular formula suggested that the β-amino acid resi-

due of 6 was composed of 14 carbons (tetradecanoic acid) instead of 18 carbons.  The down-fielded pro-

ton signal of H-12 (δH 3.99), as well as sequential COSY correlations from the terminal methyl H3-14 (δH 

0.96) to this down-fielded proton H-12 via one diastereotopic methylene H2-13 (δH 1.64 and 1.78), posi-

tioned the chlorine at C-12, establishing Hamct (2-hydroxy-3-amino-4-methyl-12-chlorotetradecanoic 

acid) as the the β-amino acid residue.  An HMBC correlation from the terminal methyl H3-14 to the chlo-

rinated C-12 (δC 66.4) further confirmed the structure of Hamct.  Compound 6 showed nearly identical 1H 

and 13C NMR chemical shifts to those of 5 at all of the stereogenic centers and the negative specific rota-

tion ([α] D -19) similar to that of 5 ([α] D -29), thus indicated the stereoconfiguration of 6 to be the same as 

that of 5.  The absolute configuration for the additional chlorine-bearing stereocenter (C-12), located dis-

tant from other stereocenters in Hamct, could not be assigned. 

Homesteadamide C (7) was also obtained as a colorless, amorphous powder.  The HRESIMS 

spectrum of 7 displayed a molecular ion at m/z 1251.7564 ([M+H]+), suggesting the molecular formula as 

C59H102N12O17, which is two mass units higher than that of 5.  The 1H NMR spectrum of 7 also closely 

resembled that of 5 except for the β-amino acid residue.  The notable difference was the up-fielded chem-

ical shifts of H2-14 (δH 1.26 and 1.30) and H2-16 (δH 1.28) as compared to those of 5, both of which were 

connected by the oxygenated methine proton H-15 (δH 3.35) in the COSY spectrum, indicating the pres-

ence of Hamho (2-hydroxy-3-amino-4-methyl-15-hydrxyoctadecanoic acid) in 7.  The stereoconfiguration 

of 7 was suggested to be the same as that of 5 based on the nearly identical NMR chemical shifts, except 

for the terminal region of Hamho combined with the negative specific rotation ([α]D -22), which was 

similar to that of 5 ([α] D -29).  The assignment of the absolute configuration for the additional hydroxyl-

bearing carbinol carbon (C-15) in Hamho was not attempted due to the limited amount of sample availa-

ble. 
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Homesteadamide D (8) was obtained as a colorless, amorphous powder.  The molecular formula 

of 8 was deduced as C60H102N12O16 on the basis of HRESIMS analysis (m/z 1247.7622 [M+H]+).  The 

detailed analysis of the COSY and TOCSY spectra of 8 revealed that it was similar to that of 5, but dif-

fered by one amino acid in the cyclic peptide core.  In the TOCSY spectra, a new spin system, corre-

sponding to the amino acid Val, had replaced the spin system of Thr1, indicating the presence of Val1 

instead of Thr1.  The absolute configuration of this Val residue was determined by advanced Marfey’s 

analysis in the same way as described for 5.  LC-MS comparison between the L- and DL-FDLA deriva-

tives of the acid hydrolysate of 8 assigned the L-configuration to Val.  The result of advanced Marfey’s 

analysis, together with comparison of 1H and 13C NMR chemical shifts between 8 and 5, also suggested 

that the absolute configurations of all of the other amino acids found in 8 are the same as those found for 

5. 

Homesteadamide E (9), a colorless, amorphous powder, displayed a molecular ion peak at m/z 

1235.7328 ([M+H]+) in HRESIMS analysis, indicating a molecular formula of C58H99N12O17.  The molec-

ular weight of 9 was smaller than that of 5 by 14 mass units and identical to that of the previously report-

ed cyclic lipodecapeptide, puwainaphycin A (Gregson et al., 1992).  Detailed analysis of the 2D NMR 

spectra revealed that the structure of 9 differed from that of 5 by the presence of Gly instead of Ala, thus 

sharing the same cyclicpeptide core as puwainaphycin A.  The only difference found between 9 and pu-

wainaphycin A was the position of a ketone in the β-amino acid residue.  An isolated spin system, com-

posed of the three proton signals H3-18 (δH 0.83), H2-17 (δH 1.46) and H2-16 (δH 2.36), was found in the 

TOCSY spectrum.  This, together with HMBC correlations from H3-18 and H2-17 to C-15, indicated a 

ketone to be positioned at C-15 in 9 instead of at C-16 as found for puwainaphycin A.  The amino acid 

sequence of 9 was further confirmed by analysis of tandem MS data, which showed a nearly identical 

fragmentation pattern to that of 5 (Figure 2.7).  Lastly, advanced Marfey’s analysis of the acid hydroly-

sate of 9, as well as 1H and 13C NMR data, suggested that the absolute configurations of all of the amino 

acids to be the same as those reported for puwainaphycin A. 
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Homesteadamide F (10) was also obtained as a colorless, amorphous powder.  The HRESIMS 

spectrum of 10 displayed a molecular ion peak at m/z 1199.6477 ([M+H]+) as well as a M+2 isotope peak, 

indicating the presence of a chlorine, thus the molecular formula of 10 was deduced as C54H91ClN12O16.  

Analysis of 1D and 2D NMR data of 10 revealed that the structure of 10 is similar to that of 9 except for 

the β-amino acid residue.  Considering the 36 Da mass difference between 10 and 9 and the presence of a 

chlorine, the β-amino acid residue of 10 was suggested to be Hamct, the same as found in 6.  The chlorine 

was placed at C-12 by an HMBC correlation from the terminal methyl protons H3-14 (δH 0.96) to the 

chlorinated carbon C-12 (δC 66.4).  The stereoconfiguration of 10 was considered to be the same as that 

found for 9 based on the nearly identical 1H and 13C NMR chemical shifts at all of the stereogenic centers 

and the negative specific rotation ([α]D -19) similar to that of 9 ([α]D -26).  The absolute configuration of 

the additional chlorine-bearing stereocenter (C-12) in Hamct of 10 could not be assigned. 

The last two compounds, homesteadamides G (11) and H (12), were not separable in reversed-

phase HPLC, thus obtained as a mixture in a ratio of 3:5 as determined by 1H NMR analysis.  The 

HRESIMS spectrum of the mixture showed the two molecular ion peaks at and m/z 1237.7381 (11, 

[M+H]+) and m/z 1233.7482 (12, [M+H]+), suggesting the molecular formulas as C58H100N12O17 and 

C59H100N12O16, respectively.  Attempts to separate 11 and 12 using reversed-phase HPLC failed due to 

complete overlap of the two peaks, thus structure determination was carried out using the mixture.  The 

majority of signals in the 1H NMR spectrum appeared to be identical between 11 and 12, except for one 

amino acid and the β-amino acid residue.  In the TOCSY spectrum, two doubled NH (δH 9.03 and δH 8.67) 

and α-H (δH 3.80 and δH 3.82) signals, the sum of which showed the same integration as other signals, 

indicating them to belong to different spin systems (Thr1 and Val1).  In addition, COSY and HMBC 

analysis identified the presence of two β-amino acids, Hamho and Hamoo.  The molecular weight and the 

integration ratio suggested the presence of Thr1 and Hamho in 11, and Val1 and Hamoo in 12.  Advanced 

Marfey’s analysis of the acid hydrolysate of the mixture assigned the L-configuration to all of the amino 

acids present in 11 and 12.  Nearly identical 1H and 13C NMR data of stereogenic centers (C2, C3 and C4) 
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in the β-amino acid residue to those of other compounds (5 – 10) as well as the minutissamides and pu-

wainaphycins suggested the absolute configuration of the β-amino acid residue for both 11 and 12 to be 

RRS.  The determination of the absolute configuration at C-15 in Hamho was not attempted in this study 

due to the limited amount of sample. 

Cf. Anabaena sp. UIC 10035 produced a range of cyclic lipodecapeptides in a laboratory culture 

that are structurally related to the previously reported cyclic lipodecapeptides, puwainaphycins A – E iso-

lated from Anabaena sp. BQ-16-1 (Gregson et al, 1992).  The homesteadamides showed higher structural 

diversity than the puwainaphycins and minutissamides.  This high structural diversity of cylic 

lipodecapeptides produced by the strain UIC 10035 could be attributed to its biosynthetic flexibility to 

incorporate two different amino acids (Ala/Gly and Thr1/Val1) by adenylation domains in two NRPS 

modules, and two different fatty acids by an acyl ligase in a PKS module followed by variable modifica-

tions including oxidation, chlorination and hydroxylation.  Thus, homesteadamides A – H (5 – 12) pro-

duced by the strain UIC 10035 represents a good example of nature’s strategy to diversify their products 

using substrate promiscuity. 
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TABLE IV: 1H AND 13C NMR DATA FOR HOMESTEADAMIDES A-D IN DMSO-d6 

 homesteadamide A (5)  homesteadamide B (6) homesteadamide C (7)  homesteadamide D (8) 

  δC
a   δH

b 
mult. (J in 

Hz) 
   δC

a   δH
b mult. (J in 

Hz) 
  δC

d   δH
c mult. (J in 

Hz) 
   δC

d   δH
c 

mult. (J in 
Hz) 

Hamoo,  
Hamct 
or 
Hamho 

1 169.6   169.6  169.6   169.5  
2 69.6 4.17 d (4.8)  69.6 4.17 d (4.8) 69.6 4.17 d (4.8)  69.6 4.16 d (4.8) 
3 56.0 3.92 td (10.8, 4.8)  55.9 3.94 td (10.8, 4.8) 56.0 3.94 td (10.8, 4.8)  56.0 3.94 td (10.8, 4.8) 
4 32.2 1.68 m  32.2 1.68 m 32.2 1.68 m  32.2 1.68 m 

5 33.4
1.17 m 

 33.4
1.17 m 

33.4
1.17 m 

 33.4
1.17 m 

1.62 m 1.62 m 1.61 m 1.62 m 

6 25.5
1.17 m 

 25.5
1.17 m 

25.5
1.17 m 

 25.5
1.17 m 

1.25 m 1.26 m 1.25 m 1.25 m 
 7 29.7 1.25 m  29.7 1.25 m 29.7 1.25 m  29.7 1.25 m 
 8 29.3 1.25 m  29.1 1.25 m 29.3 1.25 m  29.3 1.25 m 
 9 29.1 1.25 m  28.6 1.25 m 29.1 1.25 m  29.1 1.25 m 

 10 29.0 1.25 m  26.1
1.36 m 

29.0 1.25 m  29.0 1.25 m 
1.46 m 

 11 28.9 1.25 m  37.5
1.63 m 

28.9 1.25 m  28.9 1.25 m 
1.73 m 

 12 28.6 1.25 m  66.4 3.99 m 28.6 1.25 m  28.6 1.25 m 

 13 23.3 1.44 m  30.9
1.64 m 

30.8 1.25 m  23.3 1.44 m 
1.78 m 

 14 41.9 2.37 t (7.2)  10.8 0.96 t (7.2) 37.7
1.26 m 

 41.9 2.37 t (7.2) 
1.30 m 

 15 210.6    69.2 3.35 m  210.6  
 16 43.8 2.36 t (7.2)   39.9 1.28 m  43.8 2.36 t (7.2) 

 17 16.7 1.47 s (7.2)   18.9
1.26 m 

 16.7 1.47 s (7.2) 
1.38 m 

 18 13.6 0.83 t (7.2)   14.5 0.86 t (7.2)  13.6 0.83 t (7.2) 

 
3-
NH 

6.77 d (10.8)  6.77 d (10.8) 6.78 d (10.2)  6.76 d (10.7) 

 
4-
Me 

16.0 0.57 d (6.6)  16.0 0.58 d (6.6) 16.0 0.58 d (6.6)  16.0 0.57 d (6.6) 
        

Pro 1 171.2   171.2  171.2   171.2  
 2 59.9 4.25 dd (8.4, 2.4)  56.0 4.25 dd (8.4, 2.4) 56.0 4.26 dd (7.8, 2.4)  59.8 4.26 dd (7.8) 

 3 30.1
1.94 m 

 30.1
1.94 m 

30.1
1.94 m 

 30.1
1.94 m 

1.99 m 1.99 m 1.99 m 1.99 m 

 4 23.4
1.71 m 

 23.4
1.71 m 

23.4
1.71 m 

 23.3
1.70 m 

1.84 m 1.84 m 1.84 m 1.85 m 

 5 46.7
3.11 m 

 46.7
3.10 m 

46.7
3.11 m 

 46.7
3.10 m 

4.21 m 4.20 m 4.21 m 4.21 m 
        

NMeAsn 1 167.4   167.5  167.4   167.4  
 2 49.7 5.52 dd (11.4, 3.6)  49.7 5.52 dd (12.0, 3.0) 49.7 5.53 dd (12.0, 3.0)  49.7 5.52 dd (11.4, 3.6) 

 3 33.7
1.97 overlapped 

 33.7
1.97 overlapped 

33.7
1.97 overlapped 

 33.7
1.97 overlapped 

3.00
dd (15.6, 
12.0) 

3.00
dd (15.6, 
12.0) 

3.00 dd (5.6. 12.0) 2.99 dd (16.0, 11.9)

 4 171.5   171.5  171.5   171.5  

 
N-
Me 

30.5 2.93 s  30.5 2.93 s 30.5 2.93 s  30.5 2.92 s 

 NH2 
5.99 s 

 
6.00 s 6.01 s 

 
6.02 s 

7.49 s 7.49 s 7.50 s 7.49 s 
        

OMeThr 1 169.6   169.6  169.6   169.5  
 2 52.6 4.79 dd (9.0, 1.8)  52.6 4.79 dd (9.6, 2.4) 52.6 4.80 dd (9.6, 1.8)  52.6 4.80 dd (9.2, 1.4) 
 3 75.1 3.71 qd (6.0, 1.8)  75.1 3.71 qd (6.0, 2.4) 75.1 3.72 qd (6.0, 1.8)  75.0 3.72 qd (6.0, 1.4) 
 4 14.7 0.95 d (6.0)  14.7 0.95 d (6.0) 14.7 0.96 d (6.0)  14.6 0.95 d (6.0) 

 
O-
Me 

55.6 3.13 s  55.6 3.13 s 55.6 3.14 s  55.6 3.13 s 

 NH 6.74 d (9.0)  6.74 d (9.6) 6.75 d (9.6)  6.78 overlapped 
        

Ala 1 171.9   171.9  171.9   171.8  
 2 49.1 4.19 p (7.8)  49.1 4.19 p (7.8) 49.1 4.20 p (7.8)  49.1 4.20 p (7.8) 
 3 16.3 1.29 d (7.8)  16.3 1.29 d (7.8) 16.3 1.29 d (7.8)  16.3 1.29 d (7.8) 
 NH 7.58 d (7.8)  7.58 d (7.8) 7.59 d (7.8)  7.64 d (7.8) 
        

Gln 1 171.1   171.1  171.1   170.6  
 2 52.9 4.08 m  52.9 4.08 m 52.9 4.08 m  53.2 4.07 m 

 3 26.5
1.78 m 

 26.5
1.77 m 

26.5
1.78 m 

 26.1
1.81 m 

2.03 m 2.03 m 2.03 m 2.02 m 
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 4 31.8 2.15 m  31.8 2.14 m 31.8 2.15 m  31.7
2.15 m 
2.19 m 

 5 173.9   173.9  173.9   173.6  
 NH 7.25 d (9.0)  7.24  7.26 d (7.8)  7.41 d (8.0) 

 NH2 
6.80 s 

 
6.79 s 6.80 s 

 
6.77 s 

7.27 s 7.27 s 7.28 s 7.34 s 
        

Thr1 1 170.4   170.5  170.4   NAd  
or 2 61.3 3.90 m  61.3 3.90 dd (4.2, 3.0) 61.3 3.91 m  60.5 3.91 t (3.9) 
Val1 3 65.2 4.17 overlapped  65.2 4.18 overlapped 65.2 4.17 overlapped  28.8 2.20 m 
 4 20.6 1.25 overlapped  20.6 1.25 d (6.0) 20.6 1.25 overlapped  17.6 0.98 d (6.8) 
 4’      19.0 1.03 d (6.8) 
 NH 8.84 brs  8.96 brs 8.83 brs  8.54 brs 
        

Thr2 1 174.2   174.2  174.2   174.4  
 2 56.6 5.02 dd (10.2, 2.4)  56.6 5.02 dd (9.6, 2.4) 56.6 5.03 brd (11.4)  56.6 4.99 dd (9.7, 1.9) 
 3 70.3 4.57 brm  70.3 4.58 brm 70.3 4.58 brm  70.2 4.55 brm 
 4 19.0 1.25 overlapped  19.0 1.25 d (6.0) 19.0 1.25 overlapped  19.1 1.25 overlapped 
 NH 8.37 d (10.2)  8.37 d (9.6) 8.38 d (10.2)  8.42 d (9.7) 
        

Dhb 1 163.9   163.9  163.9   163.9  
 2 132.4   132.4  132.4   132.4   
 3 117.3 5.38 q (7.2)  117.4 5.38 q (7.8) 117.4 5.39 q (7.2)  117.3 5.39 q (7.2) 
 4 13.2 1.75 d (7.2)  13.2 1.75 d (7.8) 13.2 1.75 d (7.2)  13.2 1.74 d (7.2) 
 NH 9.08 s  9.08 s 9.09 s  9.10 s 
        

Val2 1 168.8   168.8  168.8   168.6  
 2 55.5 4.31 dd (9.0, 6.0)  55.5 4.31 dd (9.0, 6.6) 55.5 4.32 dd (9.0, 6.6)  55.5 4.32 dd (9.0, 6.3) 
 3 32.7 1.81 m  32.7 1.81 m 32.7 1.81 m  32.5 1.81 m 
 4 18.4 0.83 d (6.0)  18.4 0.83 d (6.6) 18.4 0.83 d (6.6)  18.3 0.82 d (6.8) 
 4’ 19.0 0.89 d (6.0)  19.0 0.89 d (6.6) 19.0 0.89 d (6.6)  19.0 0.87 d (6.8) 
 NH 6.85 d (9.0)  6.85 d (9.0) 6.86 d (9.6)  6.87 d (9.2) 
a assigned from the DEPT-Q spectrum recorded at 226 MHz, b measured at 600 MHz, c assigned from the HSQC and HMBC spectra. d NA: not 
assigned due to the signal missing 

 

TABLE V: 1H AND 13C NMR DATA FOR HOMESTEADAMIDES E-H IN DMSO-d6 

 homesteadamide E (9)  homesteadamide F (10) 
mixture 

homesteadamide G (11)  homesteadamide H (12) 

  δC
a   δH

b 
mult. (J in 

Hz) 
   δC

c   δH
b mult. (J in 

Hz) 
  δC

c   δH
b mult. (J in 

Hz) 
   δC

c   δH
b 

mult. (J in 
Hz) 

Hamoo,  
Hamct 
or 
Hamho 

1 169.8   169.9  169.8   169.8  
2 69.6 4.16 d (5.1)  69.7 4.16 d (5.1) 69.5 4.16 d (4.7)  69.5 4.16 d (4.7) 
3 56.2 3.93 td (10.6, 5.1)  56.0 3.93 td (10.3, 5.1) 56.2 3.92 brt (10.6)  56.2 3.92 brt (10.6) 
4 32.3 1.70 m  32.3 1.69 m 32.3 1.68 m  32.3 1.68 m 

5 33.5
1.17 m 

 33.4
1.17 m 

33.5
1.16 m 

 33.5
1.16 m 

1.60 m 1.61 m 1.61 m 1.61 m 

6 25.6
1.17 m 

 25.5
1.16 m 

25.6
1.16 m 

 25.6
1.16 m 

1.25 m 1.25 m 1.23 m 1.23 m 
 7 29.8 1.25 m  29.7 1.25 m 29.7 1.25 m  29.7 1.25 m 
 8 29.3 1.25 m  29.1 1.25 m 29.3 1.25 m  29.3 1.25 m 
 9 29.1 1.25 m  28.6 1.25 m 29.1 1.25 m  29.1 1.25 m 

 10 29.1 1.25 m  26.1
1.35 m 

29.0 1.25 m  29.0 1.25 m 
1.45 m 

 11 29.0 1.25 m  37.5
1.63 m 

28.9 1.25 m  28.9 1.25 m 
1.72 m 

 12 28.7 1.25 m  66.4 3.98 m 28.6 1.25 m  28.6 1.25 m 

 13 23.4 1.44 m  30.8
1.63 m 

30.8 1.25 m  23.3 1.43 m 
1.78 m 

 14 42.0 2.37 t (7.2)  10.7 0.96 t (7.2) 37.3
1.26 m 

 42.2 2.37 t (7.2) 
1.30 m 

 15 210.9    69.2 3.35 m  211.0  
 16 43.8 2.36 t (7.2)   39.7 1.26 m  43.7 2.36 t (7.2) 

 17 16.8 1.46 s (7.2)   18.9
1.26 m 

 16.7 1.45 s (7.2) 
1.38 m 

 18 13.7 0.83 t (7.2)   14.2 0.84 overlapped  13.7 0.82 t (7.2) 

 
3-
NH 

6.83 d (10.3)  6.83 d (10.5) 6.86 overlapped  6.86 overlapped 

 
4-
Me 

16.1 0.57 d (6.7)  16.1 0.57 d (6.7) 16.1 0.56 d (6.7)  16.1 0.56 d (6.7) 
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Pro 1 171.3   171.3  171.3   171.3  
 2 59.9 4.26 dd (8.0, 1.8)  60.0 4.26 dd (8.0, 1.8) 60.0 4.26 dd (8.0, 1.8)  60.0 4.26 dd (8.0, 1.8) 

 3 30.2
1.92 m 

 30.1
1.92 m 

30.2
1.92 m 

 30.2
1.92 m 

1.99 m 1.98 m 1.99 m 1.99 m 

 4 23.4
1.69 m 

 23.4
1.68 m 

23.4
1.68 m 

 23.4
1.68 m 

1.84 m 1.83 m 1.83 m 1.83 m 

 5 47.0
3.15 m 

 47.0
3.15 m 

47.0
3.16 m 

 47.0
3.16 m 

4.18 m 4.18 m 4.18 m 4.18 m 
        
NMeAsn 1 167.7   167.8  167.7   167.7  
 2 49.6 5.56 dd (11.5, 2.7)  49.7 5.56 dd (11.5, 2.7) 49.7 5.55 dd (11.5, 2.7)  49.7 5.55 dd (11.5, 2.7) 

 3 34.0
1.96 overlapped 

 34.0
1.96 overlapped 

33.9
1.95 overlapped 

 33.9
1.95 overlapped 

3.02
dd (15.5, 
11.5) 

3.02
dd (15.5, 
11.5) 

3.01 dd (15.5, 11.5) 3.01 dd (15.5, 11.5) 

 4 171.7   171.7  171.7   171.7  

 
N-
Me 

30.4 2.94 s  30.4 2.94 s 30.6 2.93 brs  30.6 2.93 brs 

 NH2 
5.99 s 

 
5.98 s 6.11 s 

 
6.11 s 

7.52 s 7.52 s 7.53 s 7.53 s 
        
OMeThr 1 169.8   169.9  169.9   169.9  
 2 53.2 4.71 dd (9.2, 2.7)  53.2 4.71 dd (9.2, 3.2) 53.1 4.71 brd (9.2)  53.1 4.72 brd (9.2) 
 3 74.9 3.72 qd (6.3, 2.7)  74.9 3.72 qd (6.3, 3.2) 75.0 3.72 qd (6.6, 2.4)  75.0 3.72 qd (6.6, 2.4) 
 4 15.2 0.99 d (6.3)  15.2 0.99 d (6.3) 15.2 0.98 d (6.6)  15.2 0.98 d (6.6) 

 
O-
Me 

55.9 3.16 s  55.9 3.16 s 55.8 3.15 s  55.8 3.15 s 

 NH 6.80 overlapped  6.80 overlapped 6.80 overlapped  6.80 overlapped 
        
Gly 1 169.0   169.0  169.1   169.1  
 2 

42.6
3.21 dd (17.1, 5.1)  

42.5
3.21 dd (17.1, 5.1)

42.6
3.20 dd (17.1, 5.1)  

42.6
3.20 dd (17.1, 5.1) 

 2’ 3.98 dd (17.1, 7.4)  3.98 dd (17.1, 7.4) 3.97 dd (17.1, 7.3)  3.97 dd (17.1, 7.3) 
 NH 7.95 brt (6.0)  7.95 brt (6.0) 7.97 overlapped   7.97 overlapped 
         
Gln 1 172.0   172.0  172.0   171.6  
 2 53.1 4.09 m  53.0 4.09 m 53.1 4.08 m  53.4 4.08 m 

 3 26.5
1.81 m 

 26.4
1.81 m 

26.3
1.83 m 

 26.5
1.83 m 

2.03 m 2.03 m 2.00 m 2.00 m 
 4 31.8 2.17 m  31.9 2.17 m 31.9 2.16 m  31.9 2.16 m 
 5 174.2   174.1  174.2   174.2  
 NH 7.36 brd  7.37 brd 7.35 brd  7.51 brd 

 NH2 
6.80 s 

 
6.81 s 6.86 s 

 
6.83 s 

7.29 s 7.29 s 7.33 s 7.39 s 
        
Thr1 1 170.8   170.8  170.8   171.2  
or 2 62.1 3.81 t (3.8)  62.1 3.82 t (4.0) 62.0 3.80 t (3.8)  61.4 3.82 t (4.0) 
Val1 3 65.5 4.11 m  65.5 4.11 M 65.5 4.10 m  28.6 2.14 m 
 4 20.7 1.23 overlapped  20.8 1.23 overlapped 20.7 1.23 overlapped  18.1 0.99 d (7.0) 
 4’      19.2 1.01 d (7.0) 
 NH 8.97 brs  8.84 brs 9.03 brs  8.67 brs 
        
Thr2 1 174.2   174.2  174.2   173.6  
 2 56.9 4.88 dd (9.1, 2.3)  56.9 4.88 dd (9.4, 2.5) 57.0 4.87 brd (9.4)  57.0 4.83 brd (9.1) 
 3 70.0 4.60 brm  70.0 4.60 brm 70.0 4.60 brm  70.0 4.60 brm 
 4 19.0 1.24 overlapped  19.0 1.24 overlapped 19.0 1.23 overlapped  19.1 1.23 overlapped 
 NH 8.35 d (9.3)  8.35 d (9.3) 8.39 d (9.1)  8.42 d (9.6) 
        
Dhb 1 164.2   164.2  164.2   164.6  
 2 132.4   132.5  132.5   132.5   
 3 117.4 5.35 q (7.3)  117.3 5.35 q (7.3) 117.7 5.35 q (7.3)  117.7 5.35 q (7.3) 
 4 12.4 1.73 d (7.3)  12.4 1.73 d (7.3) 12.5 1.72 d (7.3)  12.5 1.72 d (7.3) 
 NH 9.08 s  9.08 s 9.14 s  9.14 s 
        
Val2 1 168.9   168.8  168.9   168.9  
 2 55.9 4.29 dd (8.8, 6.5)  55.8 4.29 dd (8.8, 6.5) 55.9 4.28 dd (8.8, 6.1)  55.9 4.28 dd (8.8, 6.1) 
 3 32.8 1.81 m  32.7 1.80 m 32.7 1.79 m  32.7 1.79 m 
 4 18.5 0.82 d (6.8)  18.5 0.82 d (6.8) 18.5 0.81 brd  18.5 0.81 brd 
 4’ 18.1 0.88 d (6.8)  19.1 0.88 d (6.8) 19.1 0.87 brd  19.1 0.87 brd 
 NH 6.87 d (8.9)  6.87 d (9.2) 6.89 overlapped  6.89 overlapped 
a assigned from the DEPT-Q spectrum recorded at 226 MHz, b measured at 600 MHz, c assigned from the HSQC and HMBC spectra. 
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2.4 Antiproliferative activity of minutissamides A-D and homestedamides A-H against 

cancer cells 

Minutissamides A – D (1 – 4) were evaluated for their antiproliferative activity against the HT-29 

human colon cancer cell line.  Minutissamide A (1) displayed antiproliferative activity with an IC50 value 

of 2.0 μM, whereas lower activity was observed for minutissamides B – D (2 – 4) with IC50 values of 

20.0, 11.8, and 22.7 μM, respectively.  All four minutissamides share an identical cyclic peptide core and 

only differ in the lipophilic β-amino acid residue.  For example, the only structural difference between 

minutissamides A (1) and B (2) was the presence of a chlorine atom at C-12 of this residue, but minutis-

samide A (1) was found to be 10-fold more active in the HT-29 assay.  This suggests that the β-amino 

acid residue plays an important role in the antiproliferative activity of these compounds, and modification 

of the β-amino acid residue might decrease the activity by reducing their lipophilicity. 

Homestedamides A – H (5 – 12) were also evaluated for their antiproliferative activity against the 

MDA-MB-435 human melanoma cancer cell line.  All of the compounds exhibited the similar level of 

activity with IC50 values ranging between 1 and 10 μM (5, 2.9 μM; 6, 1.2 μM; 7, 9.9 μM; 8, 1.1 μM; 9, 2.9 

μM; 10, 2.6 μM; the mixture of 11 and 12, 2.9 μg/ml).  Since different cell lines were used (HT-29 and 

MDA-MB-435) for the antiproliferative activity evaluation of the minutissamides and homesteadamides, 

the amino acid change in the cyclic peptide core could not be correlated with antiproliferative activity for 

the structure-activity relationship study.  Considering the fact that compounds 5 – 12 all showed the simi-

lar level of activity, it was suggested that a methyl group of Ala and the change from Thr to Val do not 

significantly affect the antiproliferative activity of the cyclic lipodecapeptides. 
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2.5 Morphological and phylogenetic analyses for taxonomic identification of the strain 

UIC 10035 

 Taxonomic identification of the UIC 10035 strain was established on the basis of mor-

phological observation and phylogenetic analysis using a partial 16S rRNA gene sequence (1.2 

Kb).  The strain UIC 10035 was filamentous and developed heterocysts in nitrogen-deficient 

media, indicating it belonging to the order Nostocales.  Long straight and yellow-green colored 

trichomes and the lack of mucilage indicated UIC 10035 potentially being of the genus Anabae-

na (Figure 2.8).  However, the partial 16S rRNA gene sequence of UIC 10035 showed the high-

est sequence homology to those of Nostoc sp. PCC8112 (99.9 %), Nostoc sp. PCC8976 (98.5 %) 

and Nostoc elgonense TH3S05 (97.8 %).  In the phylogenetic tree constructed using cyanobacte-

rial 16S rRNA gene sequences (Figure 2.9), the monophyletic clade, containing the UIC 10035 

strain and three Nostoc spp., was not clustered with any of the genus reference strains for either 

Nostoc or Anabaena, complicating the taxonomic assignment of the UIC 10035 strain.  Pairwise 

distance analysis between clades indicated that this clade is the most closely related with the 

clade containing the minutissamides-producing strain Anabaena minutissima UTEX 1613 (0.03) 

and the clade of the genus Anabaenopsis (0.03).  Based on the morphological similarity and 

close phylogenetic relationship to the minutissamides-producing strain Anabaena minutissima 

UTEX 1613, the UIC 10035 strain was designated as a cf. Anabaena sp. 
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2.6 Experimental 

2.6.1 General Experimental Procedures 

Optical rotations were measured using a Perkin-Elmer 241 polarimeter.  UV spectra were record-

ed on a Shimadzu UV spectrometer UV2401 and scanned from 190 to 360 nm.  1D and 2D NMR spectra 

were obtained on a Bruker Avance DRX 600 MHz NMR spectrometer with a 5 mm CPTXI Z-gradient 

probe and a Bruker Avance II 900MHz NMR spectrometer with a 5 mm ATM CPTCI Z-gradient probe.  

1H and 13C NMR chemical shifts were referenced to the solvent signals (DMSO-d6).  A mixing time of 60 

ms was set for the TOCSY experiments and 200 ms for the T-ROESY experiments.  The HMBC spectra 

were recorded with the 3JC-H set to 8 Hz, and the HSQC spectra were collected with the 1JC-H set to140 Hz.  

High-resolution ESI mass spectra were obtained using a Shimadzu IT-TOF LC mass spectrometer.  Tan-

dem mass analysis was performed using a Micromass Q-TOF LC, Shimadzu IT-TOF and Thermo Finni-

gan LTQ-FT mass spectrometers. 

2.6.2 Biological Material 

2.6.2.1 Anabaena minutissima (UTEX 1613) 

Anabaena minutissima was acquired from the Culture Collection of Algae at the University of 

Texas at Austin (UTEX 1613).  The cyanobacterium was grown in 20 L flasks containing 18 L inorganic 

media (Z media) (Falch et al., 1995).  Cultures were illuminated with fluorescent lamps at 1.03 klx.  The 

temperature of the culture room was maintained at 22 ºC.  After 6-8 weeks, the biomass of cyanobacteria 

was harvested by centrifugation and freeze-dried. 

2.6.2.2 Cf. Anabaena sp. (UIC 10035) 

Cf. Anabaena sp. UIC 10035 was isolated from a sample collected in the town of Homestead, 

South Florida, in 2007 (N 25°24.2’, W 80°33.4’).  The strain was cultured in two 22 L glass flasks each 

containing 13 L of Z media (Falche et al., 1995) under sterile aeration.  Cultures were illuminated with 
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fluorescent lamps at 1.03 klx with 18/6 light/dark cycle.  The temperature of the culture was maintained at 

22 ºC.  After 6 weeks, the biomass of cyanobacteria was harvested by centrifugation and freeze-dried. 

2.6.3 Morphological and phylogenetic analyses for taxonomic identification 

Morphological studies were performed using the cultivated cyanobacterium UIC 10035.  Taxo-

nomic identification of the cyanobacterial specimen was made in accordance with the modern taxonomic 

system (Komárek et al.).  Genomic DNA of the strain UIC 1035 was extracted using the Wizard Genomic 

DNA purification kit (Promega) according to the manufacturer’s protocol.  PCR amplification and se-

quencing of the partial 16S rRNA gene sequence was carried out as previously described (Chlipala et al., 

2010) using the cyanobacterial specific primers 106F and 1509R (Nübel et al., 1997).  The resulting se-

quence was deposited in the NCBI GenBank under the accession number JX023442.  Phylogenetic analy-

sis was conducted using MEGA 5.0 (Tamura et al., 2011).  The sequence of UIC 10035 was aligned with 

those of other cyanobacteria belonging to the order Nostocales using ClustalW with standard gap opening 

and extension penalties.  The evolutionary history was inferred using the neighbor-joining, minimum evo-

lution and maximum parsimony methods, which showed nearly identical topology with similar bootstrap 

values. 

2.6.4 Extraction and isolation 

2.6.4.1 Minutissamides A-D  

The freeze-dried biomass (5.2 g) from the total 54 L (3×18 L) culture was harvested and extracted 

with the solvent of CH2Cl2-MeOH (1:1) and concentrated in vacuo to yield 1.1 g of the extract.  The ex-

tract was fractionated using Diaion HP-20 resin with increasing amounts of iPrOH in H2O to generate 8 

sub-fractions (0, 20, 40, 60, 70, 80, 90, 100 % aqueous iPrOH).  The faction eluting at 40 % iPrOH indi-

cated the presence of four new peptides by LC-MS.  This fraction was further purified by Sephadex LH-

20 column chromatography in MeOH.  Fractions 7-9 were found to contain new peptides, thus subjected 

to reversed phase HPLC (Varian C8 semi-preparative column, 10 mm × 250 mm, 3 mL/min) eluting with 
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a linear gradient from 60 to 80% aqueous MeOH for 45 min. Minutissamaides A – D (1 – 4) were eluted 

at 37.9 min (1, 1.4 mg), 31.6 min (2, 0.4 mg), 30.0 min (3, 1.0 mg) and 33.5 min (4, 0.7 mg), respectively. 

Minutissamide A (1): colorless amorphous powder; [α]25
D + 4o (c 0.06, MeOH); UV (MeOH) λmax (log ε) 

243 (3.45) nm; IR (neat) 3317 (br), 2925, 2861, 1681, 1635 (br), 1561, 1541 cm-1;  1H and 13C NMR (see 

TABLE II); HRESIMS m/z 1140.6049 [M+Na]+ (calcd for C51H83N13O15Na, 1140.6029) 

Minutissamide B (2): colorless amorphous powder; [α]25
D + 5o (c 0.02, MeOH); UV (MeOH) λmax (log ε) 

230 (4.24) nm; IR (neat) 3315 (br), 2926, 2852, 1670, 1647 (br), 1545, 1516, 1459, 1402 cm-1; 1H and 13C 

NMR (see TABLE II); HRESIMS m/z 1174.5790 [M+Na]+ (calcd for C51H83ClN13O15Na, 1174.5640) 

Minutissamide C (3): colorless amorphous powder; [α]25
D + 3o (c 0.07, MeOH); UV (MeOH) λmax (log ε) 

242 (2.62) nm; IR (neat) 3315 (br), 2926, 2857, 1664, 1630 (br), 1533, 1447, 1402 cm-1; 1H and 13C NMR 

(see TABLE III);  HRESIMS m/z 1210.6610 [M+Na]+ (calcd for C55H89N13O16Na, 1210.6448) 

Minutissamide D (4): colorless amorphous powder; [α]25
D + 2o (c 0.05, MeOH); UV (MeOH) λmax (log ε) 

240 (3.94) nm; IR (neat) 3320 (br), 2926, 2852, 1664, 1636 (br), 1539, 1453, 1379 cm-1; 1H and 13C NMR 

(see TABLE III);  HRESIMS m/z 1212.6740 [M+Na]+ (calcd for C55H91N13O16Na, 1212.6604) 

2.6.4.2 Homesteadamides A – H 

The freeze-dried biomass (7.5 g) from the total 26 L (2×13 L) culture was harvested and extracted 

with CH2Cl2-MeOH (1:1) to yield the extract (458.7 mg).  The resulting extract was fractionated using 

Diaion HP-20 resin with increasing amounts of iPrOH in H2O to generate eight sub-fractions (0, 20, 40, 

60, 70, 80, 90, 100 % iPrOH in H2O).  Fractions eluting at 40 and 60 % iPrOH exhibited antiproliferative 

activity against MDA-MB-435 cells (95 % and 100% at 25 μg/ml, respectively).  LC-MS dereplication of 

these fractions indicated the presence of a series of nitrogen-containing compounds with molecular 

weights, ranging between 1,150 and 1,250 Da.  Reversed-phase HPLC of these fractions using C8 column 

(Varian 10 mm × 250 mm, 3 mL/min) with a linear gradient from 60 to 80% aqueous MeOH for 50 min 
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yielded three sub-fractions, and homesteadamides B (6, 1.1 mg) and E (9, 1.7 mg).  The resulting sub-

fractions were re-purified by reversed-phase HPLC using C18 column with the same gradient condition as 

described above to yield homesteadamides A (5, 1.3 mg), C (7, 0.5 mg), D (8, 0.6 mg) and F (10, 0.7 mg), 

and the mixture (1.1 mg) of homesteadamides F (11) and G (12). 

Homesteadamide A (5): colorless, amorphous powder; [α]25
D - 29 (c 0.09, MeOH); UV (MeOH) λmax (log 

ε) 203 (4.52), 234 (3.88) nm; IR (neat) 3325 (br), 2930, 2855, 1662 (br), 1535 cm-1; 1H and 13C NMR (see 

TABLE IV); HRESIMS m/z 1249.7411 [M+H]+ (calcd for C59H101N12O17, 1249.7408) 

Homesteadamide B (6): colorless, amorphous powder; [α]25
D - 19 (c 0.05, MeOH); UV (MeOH) λmax 

(log ε) 202 (4.39), 233 (3.69) nm; IR (neat) 3324 (br), 2926, 2855, 1630 (br), 1539 cm-1; 1H and 13C NMR 

(see TABLE IV); HRESIMS m/z 1213.6645 [M+H]+ (calcd for C55H94ClN12O16, 1213.6599) 

Homesteadamide C (7): colorless, amorphous powder; [α]25
D - 22 (c 0.02, MeOH); UV (MeOH) λmax 

(log ε) 202 (4.24), 233 (3.54) nm; IR (neat) 3338 (br), 2928, 2852, 1676 (br), 1540 cm-1; 1H and 13C NMR 

(see TABLE IV); HRESIMS m/z 1251.7608 [M+H]+ (calcd for C59H103N12O17, 1251.7564) 

Homesteadamide D (8): colorless, amorphous powder; [α]25
D - 30 (c 0.02, MeOH); UV (MeOH) λmax 

(log ε) 201 (4.16), 233 (3.42) nm; IR (neat) 3320, 2920, 2851, 1634 (br), 1535 cm-1; 1H and 13C NMR (see 

TABLE IV); HRESIMS m/z 1247.7622 [M+H]+ (calcd for C60H103N12O16, 1247.7615) 

Homesteadamide E (9): colorless, amorphous powder; [α]25
D - 26 (c 0.13, MeOH); UV (MeOH) λmax 

(log ε) 203 (4.46), 233 (3.81) nm; IR (neat) 3322 (br), 2929, 2855, 1658 (br), 1643 (br), 1537 cm-1;  1H 

and 13C NMR (see TABLE V); HRESIMS m/z 1235.7238 [M+H]+ (calcd for C58H99N12O17, 1235.7251) 

Homesteadamide F (10): colorless, amorphous powder; [α]25
D - 19 (c 0.05, MeOH); UV (MeOH) λmax 

(log ε) 202 (4.29), 233 (3.62) nm; IR (neat) 3294 (br), 2931, 2857, 1674 (br), 1540 cm-1; 1H and 13C NMR 

(see TABLE V); HRESIMS m/z 1199.6477 [M+H]+ (calcd for C54H92ClN12O16, 1199.6443) 
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Homesteadamides G (11) and H (12): colorless, amorphous powder; [α]25
D - 26 (c 0.04, MeOH); UV 

(MeOH) λmax (log ε) 202 (4.28), 233 (3.59) nm; IR (neat) 3291 (br), 2932, 2855, 1679 (br), 1541 cm-1; 1H 

and 13C NMR (see TABLE V); HRESIMS for 7 m/z 1237.7381 [M+H]+ (calcd for C58H101N12O17, 

1237.7408); HRESIMS for 8 m/z 1233.7482 [M+H]+ (calcd for C59H101N12O16, 1233.7459) 

2.6.5 Marfey’s analysis  

2.6.5.1 Amino acid configurations of minutissamides A - D 
Approximately 0.3 mg of minutissamide A (1) was hydrolyzed using 6 N HCl (500 μL) in a high-

pressure tube for 16 h at 110 ºC.  The hydrolysate was dried under vacuum and re-dissolved in H2O.  This 

procedure was repeated three times to completely remove the remaining HCl.  For the derivatization with 

Marfey’s reagent (FDAA), the hydrolysate (0.1 mg) or amino acid standards was dissolved in H2O (50 

μL), and 1N NaHCO3 (20 μL) and acetone (110 μL) were added.  The reaction was initiated by adding 

FDAA solution (20 μL, 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide, 10 mg/mL w/v in acetone), pro-

ceeded for 1h at 40 ºC and quenched by adding 1N HCl (20 μL).  The reactant was dried under vacuum 

and re-dissolved in CH3CN for HPLC analysis.  Chromatographic analysis of the FDAA derivatives was 

performed on an Altech C18 reversed phase column (5 μm, 250 × 4.6 mm) with the flow rate of 1.0 

mL/min.  Aqueous CH3CN containing 0.1% formic acid (FA) was used as a mobile phase eluting with a 

linear gradient from 10 % to 100 % (A: H2O containing 0.1 % FA and B: CH3CN containing 0.1 % FA, 

gradient condition: 0 min-10%B, 5min-10%B, 35 min-20%B, 65 min-30%B, 70 min-60%B, 72 min-

100%B and 80 min-100%B).  The absolute configurations of the amino acids were assigned by compar-

ing the retention times with those of the corresponding amino acid standards.  The retention times of the 

FDAA derivatives of the authentic amino acid standards were identified at 30.70 (L-Thr and N-Me-D-

Asp), 32.30 (L-Asp), 36.17 (N-Me-L-Asp), 36.94 (D-Asp), 41.06 (L-Ala), 42.54 (D-Thr), 44.57 (L-Pro), 

49.84 (D-Pro), 51.76 (D-Ala), 59.09 (L-Val) and 71.45 (D-Val) min.  The FDAA derivatives of the amino 

acids from the hydrolysate of 1 showed peaks at 32.30, 36.17, 44.57, 51.76 and 59.09 min corresponding 
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to L-Asp, N-Me-L-Asp, L-Pro and L-Val, respectively.  The peak at 30.70 min was identified as L-Thr by 

LC-MS analysis (m/z 372, [M + H]+). 

2.6.6 Advanced Marfey’s Analysis 

2.6.6.1 The absolute configuration of the β-amino acid residue in minutissamide A 
A total of 0.2 mg of the acid hydrolysate of minutissamide A (1), separated into 0.1 mg each for 

L-FDLA and DL-FDLA derivatization, were dissolved in H2O (50 μL) and then mixed with 1N NaHCO3 

(20 μL ) and acetone (110 μL).  Finally, L-FDLA or DL-FDLA (20 μL, 10 mg/mL w/v in acetone) was 

added, and then the mixtures were heated to 40 ºC for 1h.  The reaction mixtures were cooled down to 

room temp., and 1N HCl (20 μL) was added to quench the reaction.  After dryness, the FDLA derivatives 

were dissolved in CH3CN for LC-MS analysis.  The chromatograms of L-FDLA and DL-FDLA deriva-

tives were compared for the assignment of the absolute configuration of Hamd.  LC-MS analysis was per-

formed using a Varian reverse-phased C18 column (250 × 2.0 mm) at the flow rate of 0.4 mL/min.  The 

linear gradient eluting from 20 % to 75 % aqueous CH3CN (0.1% FA) for 50 min was used as a mobile 

phase, and ESI was used as an ionization method.  Two peaks corresponding to the L- and D-FDLA de-

rivatives of Hamd were observed at 43.33 and 48.84 min (m/z 538, [M–H]–), respectively.  The L-FDLA 

derivative of Hamd gave one peak at 48.84 min. 

2.6.6.2 Amino acid configurations of homesteadamides A-H 
Approximately 0.3 mg of homesteadamide A (5) was hydrolyzed with 6 N HCl (500 µL) for 16 h 

at 110 °C.  The resulting acid hydrolysate was separated into two equal portions for derivatization with 

either L-FDLA or DL-FDLA.  Each portion was dissolved in H2O (50 μL), and mixed with 1N NaHCO3 

(20 μL) and L-FDLA or DL-FDLA (20 μL, 10 mg/mL in acetone).   Then, acetone was added to a final 

volume of 200 µL, and the reaction mixtures were heated to 40 ºC and stirred for 1 h.  After cooling to rt, 

1N HCl (20 μL) was added, and the resulting reaction mixtures were air-dried and re-dissolved in CH3CN 

(300 μL).  LC-MS analysis was carried out using a reversed-phase column (Alltima C18, 250 × 4.6 mm, 5 

µm, 1.0 mL/min) with a linear gradient from 20 % to 65 % aqueous CH3CN containing 0.1% formic acid 
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for 50 min.  The selective ion chromatograms of L-FDLA and DL-FDLA for each amino acid were com-

pared for the assignment of amino acid configurations.  The DL-FDLA derivative exhibited two peaks 

corresponding to the L- and D-FDLA derivatives of each amino acid: Hamoo 67.0 (S, C-3) and 72.4 (R, 

C-3) min; Pro 30.4 (L) and 34.1 (D) min; NMeAsn 24.0 (D) and 26.1 (L) min; Ala 30.9 (L) and 35.4 (D) 

min; Gln 27.2 (L) and 28.7 (D) min; Thr 24.5 (L) and 30.6 (D) min; Val 35.8 (L) and 43.8 (D) min.  The 

L-FDLA derivative gave one peak for each amino acid at 72.4 (Hamoo), 30.5 (Pro), 26.3 (NMeAsn), 35.6 

(Ala), 27.4 (Gln), 24.7 (Thr) and 35.9 (Val) min, confirming the R configuration at C-3 for Hamoo, the D-

configuration for Ala and the L-configuration for Pro, Ala, Gln and Val.  The presence of NMe-L-Asn 

and L-Thr was confirmed by chromatographic comparison of the L-FDLA derivative with those of the 

amino acid standards NMe-L-Asn (26.1 min), NMe-D-Asn (24.1 min), L-Thr (24.5), D-Thr (30.6 min), L-

allo-Thr (25.7 min) and D-allo-Thr (27.9 min).  Advanced Marfey’s analysis of 8, 10 and the mixture of 

11 and 12 was carried out as described above. 

2.6.7 Preparation of OMeThr standards of the homesteadamides 

Prior to methylation, the amino group of L-Thr was protected according to the previously de-

scribed protocol (Shendage et al., 2004).  Briefly, a 2M Bac2O solution in THF (2.5 eq) and NaHCO3 (3 

eq) were added to a solution of L-Thr (200 mg) in H2O (3 mL), and stirred overnight at rt.  The turbid 

solution was extracted with Et2O twice, and the aqueous layer was carefully acidified to pH 3 at 0 °C us-

ing saturated citric acid.  The resulting acidic solution was extracted with CH2Cl2 three times.  The 

CH2Cl2 layer was dried using Na2SO4 and evaporated to yield NBoc-L-Thr (143 mg).  For methylation, 

2,6-di-tert-butylpyridine (0.5 mL) and methyl trifluoromethansulfonate (methyl triflate, 1 mL) were se-

quentially added to a solution of NBoc-L-Thr (50 mg) in CH2Cl2 (2 mL) at 0 °C.  The mixture was 

warmed to rt and stirred overnight.  The resulting yellowish solution was cooled to 0 °C, and saturated 

NaHCO3 was added.  The organic phase was washed with water and purified by silica gel column chro-

matography eluting with n-hexane:EtOAc (99:1) and EtOAc.  The EtOAc fraction was dried in vacuo to 

give NBoc-L-Thr methyl ester (40 mg) as light yellowish oil.  NBoc-L-Thr methyl ester (5 mg) was hy-



74 

drolyzed using 6 N HCl (1 mL) for 16 h at 110 °C to yield the final product OMe-L-Thr.  OMe-D-Thr, 

OMe-L-allo-Thr and OMe-D-allo-Thr standards were prepared in the same say.  The prepared OMeThr 

standards were derivatized with L-FDLA as described above and analyzed by LC-MS using a reversed-

phase column (Alltima C18, 250 × 4.6 mm, 5 µm, 1.0 mL/min) with a linear gradient from 30 % to 50 % 

aqueous CH3CN (0.1% formic acid) for 50 min.  L-FDLA derivatives of OMe-L-Thr, OMe-L-allo-Thr, 

OMe-D-Thr and OMe-D-allo-Thr standards were eluted at 33.0, 32.6, 44.1 and 47.6 min, respectively.  

The L-FDLA derivative of the acid hydrolysate of 5 gave a peak at 33.0 min corresponding to OMeThr, 

indicating the presence of OMe-L-Thr.  The L-FDLA peak was used as an internal standard to calibrate 

the retention time difference. 

2.6.8 Antiproliferative Assay 

Antiproliferative activity against the HT-29 cancer cell line was performed according to estab-

lished protocols (Seo et al., 2001).  Human melanoma MDA-MB-435 cells (Rae et al., 2007) were pur-

chased from the American Type Culture Collection, (Manassas, VA).  The cells were propagated at 37 °C 

in 5% CO2 in RPMI 1640 medium supplemented with fetal bovine serum (10%), penicillin (100 units/ml) 

and streptomycin (100 μg/ml).  Cells in log phase growth were harvested by trypsinization.  A total of 

5,000 cells were seeded per well of a 96-well plate and incubated overnight at 37 °C in 5% CO2.  Samples 

dissolved in DMSO were then sequentially diluted and added to the appropriate wells (total volume 100 

μL).  Each compound was tested at the following concentrations (μg/ml): 25, 5.0, 1.0, 0.2 and 0.04.  The 

cells were incubated in the presence of test substance for ninety-six hours at 37 °C and evaluated for via-

bility with a commercial absorbance assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay, 

Promega Corp, Madison, WI).  Activity was expressed as the percentage of viable cells present relative to 

the negative (solvent) control.  The positive control was vinblastine tested at 1 ng/mL, which had 49% 

viable cells after treatment. 

 



75 

 

 

 

 

 

 

 

 

CHAPTER 3: 

MEROCYCLOPHANES A AND B, ANTIPROLIFERATIVE 

CYCLOPHANES FROM THE CULTURED TERRESTRIAL 

CYANOBACTERIUM Nostoc sp. (UIC 10062) 
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3.1 Introduction 

Several terrestrial cyanobacterial species belonging to the order Nostocales have been reported to 

produce naturally occurring paracyclophanes.  Of these, nostocyclyne A, an acetylenic 

[14]paracyclophane, was isolated from the natural bloom of Nostoc sp. and displayed antimicrobial activi-

ty against Gram-positive bacteria S. aureus and B. subtilis (Ploutno et al., 2000).  Additionally, cylindro-

cyclophanes and nostocyclophanes, the two classes of cyanobacterial [7.7]paracyclophanes isolated from 

the cultured Nostoc sp. and Cylindrospermum sp., have exhibited a broad spectrum of biological activities, 

including antibacterial, antifungal and cytotoxic activities (Moore et al., 1990; Chen et al., 1991; Moore et 

al., 1992; Bui et al., 2007; Chlipala et al., 2010).  As regards their formation, the polyketide biosynthetic 

pathway to these naturally occurring [7.7]paracyclophanes was determined by an isotope precursor feed-

ing experiment, and involves dimerization of two acetate-derived nonaketides and subsequent modifica-

tions by chlorination, oxidation and/or methylation, resulting in diverse chemical structures (Bobzin et al., 

1993). 

Recently, several cyclindrocyclophanes were reported from a terrestrial Nostoc sp. (UIC 10022A) 

obtained from the material collected in the city of Chicago.  These compounds displayed inhibitory activi-

ty against the 20S proteasome and were also found to be cytotoxic against cancer cell lines, including HT-

29, NCI-H460, SF268 and MCF7 cells (Chlipala et al., 2010).  In this chapter, we describe the isolation, 

structure determination and biological activity of two additional cyclophanes, named merocyclophanes A 

and B (1 and 2), isolated from a second Nostoc sp. (UIC 10062).  The UIC 10062 strain was obtained 

from a sample collected at Grand Mere State Park in Michigan, and the merocyclophanes were named in 

recognition of the collection site.  Their structures were determined using various spectroscopic methods 

including HRESIMS, and 1D and 2D NMR analyses.  The stereoconfiguration was assigned by a combi-

nation of X-ray crystallographic and CD analyses, and the structures of merocyclophanes A and B (1 and 

2) established a new [7.7]paracyclophane carbon skeleton as characterized by the presence of α-branched 

methyls at C-1/14. 
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3.2 Merocyclophanes A and B, antiproliferative cyclophanes from the cultured terrestrial 

cyanobacterium Nostoc sp. (UIC 10062) 

3.2.1 Isolation of merocyclophanes A (1) and B (2) 

Nostoc sp. (UIC 10062) was isolated from a sample collected at Grand Mere State Park in Michi-

gan.  The strain was maintained and cultured in Z media (Falch et al., 1995).  The freeze-dried cells were 

extracted with a mixture of CH2Cl2 and MeOH (1:1, v/v) three times and dried in vacuo with the resulting 

extract (156.6 mg) subjected to bioassay-guided fractionation.  This cell extract showed antiproliferative 

activity against the HT-29 human colon cancer cell line (IC50 13.1 μg/mL), thus was fractionated using 

Diaion HP-20 resin and an increasing amount of iPrOH in H2O.  Fractions eluting at 70 (5.0 mg) and 80 

(6.5 mg) % iPrOH were found to be active, with IC50 values of 0.9 and 1.2 μg/ml, respectively.  LC-MS 

and UV analyses of the active fractions also indicated the presence of two cyclophanes with molecular 

weights of 552 and 566 Da along with four previously described indolocarbazoles.  Reversed-phase 

HPLC of these fractions yielded merocyclophanes A (1, 2.4 mg, 0.11%) and B (2, 0.9 mg, 0.04%). 
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3.2.2 Structure determination of merocyclophanes A and B 

Merocyclophane A (1) was obtained as white amorphous powder, and the molecular formula was 

determined as C36H56O4 by HRESIMS analysis (m/z 551.4170 [M-H]‾).  The total numbers of proton and 

carbon signals, determined by analysis of 1H and 2D NMR spectra, were only half of those required by 

the molecular formula, thus indicating the presence of C2 axis of symmetry in 1.  The structure of 1 was 

elucidated by analysis of the 2D NMR spectra including COSY, HSQC and HMBC (Figure 3.1, TABLE 

VI).  The appearance of only two aromatic singlets (H-10/23, δH 6.04 and H-12/25, δH 6.00) indicated the 

presence of two tetrasubstituted aromatic rings.  The carbon chemical shifts of C-9/22 (δC 158.5) and C-

13/26 (δC 156.9), together with HMBC correlations from H-7/20 (δH 3.10) to C-9/22 (δC 158.5) and C-

13/26 (δC 156.9), identified these partial structures as two 2,5-dialkylresorcinol moieties.  Sequential 

COSY correlations from H1/14 to H7/20 combined with HMBC correlations from H-10/23 (δH 6.04) and 

H-12/25 (δH 6.00) to C-1/14 (δC 41.8) and from H-7/20 (δH 3.10) to C-9/22 (δC 158.5) and C-13/26 (δC 

156.9) completed the [7.7]paracyclophane core.  Additional sequential COSY correlations from the H-

7/20 to the triplet methyls H3-30/34 via three methylenes (H2-27/31, H2-28/32 and H2-29/33) further ex-

panded the carbon chains.  Structure determination was completed by an HMBC correlation from the 

doublet methyl (H3-35/36, δH 1.15) to the aromatic carbon (C-11/24, δC 146.6) combined with a COSY 

correlation between H-1/14 (δH 2.30) and H-35/36 (δH 1.15), placing methyl groups at C-1/14.  

 

 
Figure 3.1 Key 2D correlations used for structure determination of 1 

COSY
HMBC

HO OH

HO OH
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The structure of 1 possessed four stereogenic centers, whose stereoconfiguration was determined 

by a combination of X-ray crystallographic and CD spectral analyses.  Merocyclophane A (1) was crystal-

lized from acetonitrile by slow evaporation.  Single-crystal X-ray analysis established the relative config-

uration of 1 as shown in Figure 3.2.  The absolute configurations at C-1/14 and C-7/20 were established 

by comparison of the CD spectrum of 1 with those reported for the nostocyclophanes (Chen et al., 1991).  

Cotton effects observed between 220 ~ 230 nm and between 270 ~ 280 nm arise from π- π* transitions of 

a benzene chromophore.  According to the benzene sector rule, the chlorine-bearing stereogenic carbons 

in the nostocyclophanes, three carbons away from the benzene chromophore, should not affect Cotton 

effects in these regions (Smith, 1998).  The CD spectrum of 1 exhibited negative Cotton effects at 227 (Δε, 

-4.35) and 277 (Δε, -2.73), similar to those observed for the nostocyclophanes, suggesting the same abso-

lute configuration.  Therefore, the absolute configurations of the four stereogenic carbons C-1/14 and C-

7/20 in 1 were assigned as “R” and “S”, respectively. 

Merocyclophane B (2) was obtained as purple amorphous powder, and the HRESIMS data (m/z 

565.3954 [M-H]‾) established the molecular formula as C36H54O5.  The 1H NMR spectrum of 2 closely 

resembled that of 1, except for one of the two aromatic rings.  This resulted in an unsymmetric structure.  

The presence of a hydroxyquinone in 2 was suggested by analysis of the UV spectrum.  A chromophore 

corresponding to the quinone absorption was observed at 521 nm, which shifted to 413 nm in the pres-

ence of acid (0.04 v/v % TFA in MeOH).  This was consistent with the observed color change from deep 

purple to yellow upon addition of TFA.  The appearance of the down-fielded carbon chemical shift of C-

23 (δC 132.6 compared to δC 104.5 in 1) further supported the presence of the hydroxyquinone moiety in 2.  

However, significant line broadening of NMR signals was observed in the hydroxyquinone moiety, caus-

ing a number of expected correlations to be absent in the HMBC spectrum, even at the elevated tempera-

ture (343 K).  Thus, the carbon chemical shifts of C-21, C-22, C-25 and C-26 could not be detected.  The 

presence of the unsymmetrical hydroxyquinone moiety in 2 raised the possibility of two conformations 

arising from hindered rotation around the C1-C24 and C20-C21 bonds, resulting in the formation of two 
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Figure 3.4 Comparison of carbon skeletons between the cylindrocyclophanes, the nostocyclophanes and 
merocyclophane A  
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TABLE VI: NMR SPECTROSCOPIC DATA FOR MEROCYCLOPHANE A IN MeOH-d4 

NO. 
Merocyclophane A (1) 

 
  δC

a   δH 
mult. 

(J in Hz) 
COSY HMBC 

1 / 14 41.8 2.30 dqd (10.8, 6.9, 3.8) 2/15, 35/36 35/36, 10/23, 12/25, 11/24  

2 / 15 40.5
1.32 m 

1/14, 3/16 1/14, 3/16, 11/24, 35/36  
1.45 m 

3 / 16 30.7
0.65 m 

2/15, 4/17 1/14, 2/15, 5/18  
0.93 m 

4 / 17 32.4
0.88 m 

3/16, 5/18   
1.27 m 

5 / 18 30.6
0.67 m 

4/17, 6/19   
0.98 m 

6 / 19 35.1
1.31 m 

5/18, 7/20 7/20  
1.97 qd (12.4, 4.0) 

7 / 20 36.7 3.10 m 6/19, 27/31 
5/18, 6/19, 8/21, 9/22,  

13/26, 27/31, 28/32 
 

8 / 21 116.1      
9 / 22 158.5     

10 / 23 104.5 6.04 s  14/1, 8/21, 12/25, 9/22  
11 / 24 146.6     
12 / 25 109.1 6.00 s  14/1, 8/21, 10/23, 13/26  
13 / 26 156.9     

27 / 31 34.7
1.49 m 

7/20, 28/32 28/32, 29/33, 7/20  
1.92 m 

28 / 32 31.6
1.11 m 

27/31, 29/33   
1.19 m 

29 / 33 23.8
1.25 m 

28/32, 30/34   
1.29 m 

30 / 34 14.4 0.83 t (7.1) 29 / 33 28/32, 29/33 
 

35 / 36 23.5 1.15 d (6.9) 1 / 7 1/14, 2/15, 11/24 
aassigned from the HSQC and HMBC spectra 
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TABLE VII: NMR SPECTROSCOPIC DATA FOR MEROCYCLOPHANE B IN DMSO-d6 

No. Merocyclophane B (2) 
 δC

a  δH mult. (J in Hz)  
1 28.7 2.86 m 

2 37.6
1.22 m 
1.44 m 

3 29.0
0.62 m 
0.94 m 

4 30.3
0.84 m 
1.24 m 

5 28.9
0.66 m 
0.94 m 

6 33.0
1.27 m 
1.89 m 

7 34.3 3.06 m 
8 113.8  
9 155.4  
10 102.5 5.97 s 
11 144.3  
12 107.3 5.95 s 
13 156.7  
14 39.6 2.26  

15 38.6
1.21 m 
1.40 m 

16 29.0
0.62 m 
0.94 m 

17 30.3
0.84 m 
1.24 m 

18 28.9
0.69 m 
0.95 m 

19 33.1
1.32 m 
1.63 m 

20 35.5 2.80 br m 
21 ndb  
22 ndb  
23 132.6 6.30 br s 
24 149.1  
25 ndb  
26 ndb  

27 32.8
1.45 m 
1.80 m 

28 29.7
1.05 m 
1.12 m 

29 21.9 1.19 m 
30 13.8 0.79 t (7.3) 

31 32.9
1.40 m 
1.70 m 

32 29.7
1.05 m 
1.12 m 

33 21.9 1.19 m 
34 13.8 0.79 t (7.3) 
35 20.0 1.01 br d 
36 22.4 1.08 d (6.9) 

9-OH 8.53 br s 
13-OH 8.54 br s 
26-OH 10.24 br s 

aassigned from the HSQC and HMBC spectra, ndb: no signals observed at 25°C presumably due to signal broadening 
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3.3 Antiproliferative activity of merocyclophanes A and B 

Merocyclophanes A and B (1 and 2) were tested for their antiproliferative activity against the HT-

29 human colon cancer cell line.  Both 1 and 2 displayed antiproliferative activity with IC50 values of 3.3 

μM and 1.7 μM, respectively.  Merocyclophanes A and B (1 and 2) possessed similar levels of antiprolif-

erative activity as those reported for cylindrocyclophanes A –F against various cell lines (0.5 – 5 μg/mL).  

A SAR study on cyclindrocyclophane A suggested that the 2,5-dialkylresorcinol moiety was the pharma-

cophore needed for the antiproliferative activity of cylindrocyclophanes, and that the activity was signifi-

cantly enhanced by the presence of [7.7]paracyclophane core structure (Yamakoshi et al, 2009).  The 

structure of merocyclophane A (1) differs from that of cyclindrocyclophane A by the position of methyl 

groups and the lack of alkyl hydroxy groups; however, both compounds showed a similar level of activity.  

This indicates that replacement of the hydroxyl groups at C-1/14 or C-2/15 by methyl groups does not 

significantly change the antiproliferative activity of natural [7.7]paracyclophanes. 

 

3.4 Taxonomic identification of the UIC 10062 strain 

Taxonomic identification of the strain UIC 10062 was conducted on the basis of microscopic ex-

amination and phylogenetic analysis using a 16S rRNA gene sequence.  Microscopic observation of the 

cultured UIC 10062 suggested this strain to be a Nostoc sp. (see Supplementary data) (Wehr et al., 2003; 

Castenholz et al., 2001).  For phylogenetic analysis, a nearly 1.3 kb sequence of the partial PCR-amplified 

16S rRNA gene of UIC 10062 was aligned with the 16S rRNA gene sequences of Bergey’s reference 

strains and other related species retrieved from GenBank.  Phylogenetic trees were constructed using 

three different methods (neighbor-joining, minimum evolution and maximum parsimony) and showed 

nearly identical topology, particularly in the clade that includes UIC 10062, with very similar bootstrap 

values (the neighbor-joining tree shown in Figure 3.6).  The resulting phylogenetic tree indicated that UIC 

10062 formed a monophyletic clade with Nostoc sp. GSV224, Nostoc sp. ATCC53789, Nostoc sp. 

PCC9305 and Nostoc punctiforme PCC73102 (the Bergey’s reference strain for Nostoc cluster 1), and 
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3.5 Experimental 

3.5.1 General experimental procedures 

Optical rotations were measured using a Perkin-Elmer 241 polarimeter.  UV spectra were meas-

ured on a Shimadzu UV spectrometer UV2401 and scanned from 190 to 360 nm.  CD spectra were rec-

orded on a JASCO J-710 CD spectrometer.  IR spectra were acquired using a Jasco FTIR-410 Fourier 

transform infrared spectrometer.  1D and 2D NMR spectra were obtained on a Bruker Avance DRX 600 

MHz NMR spectrometer with a 5 mm CPTXI Z-gradient.  1H and 13C NMR chemical shifts were refer-

enced to the solvent signals (MeOH-d4 and DMSO-d6).  The HMBC spectrum was recorded with the av-

erage 3JCH of 8 Hz and the HSQC spectrum was measured with the average 1JCH of 140 Hz.  Low- and 

high-resolution ESI mass spectra were obtained using a Shimadzu IT-TOF LC mass spectrometer.    

3.5.2 Biological material 

Nostoc sp. (UIC 10062) was isolated from a sample collected at the north pond of Grand Mere 

State Park in Michigan in 2007 (N 42°00.679´, W 86°32.417´).  The unialgal strain (UIC 10062) was pro-

duced through micropipette isolation techniques (Chlipala et al., 2009).  The strain was cultured in a 22 L 

glass flask containing Z media (18 L) with sterile aeration (Falch et al., 1995).  Cultures were illuminated 

with fluorescent lamps at 1.03 klx with an 18/6 h light/dark cycle.  The temperature of the culture room 

was maintained at 22 ºC.  After 6 weeks, the biomass of cyanobacteria was harvested by centrifugation 

and then freeze-dried. 

3.5.3 Strain identification 

 Morphological studies were performed using a cultivated cyanobacterium UIC 10062 with mi-

croscopic observation for morphological characterization conducted using a Zeiss Axiostar Plus light mi-

croscope equipped with a Canon PowerShot A620 camera.  The following parameters were selected to 

characterize its morphology: thallus morphology, shape of trichome, morphology of terminal cells, shape 

and arrangement of vegetative cells, presence and arrangement of heterocystes and akinetes (Figure 3.5).  
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Taxonomic identification of the cyanobacterial specimen was made in accordance with the modern taxo-

nomic system (Komárek et al., 2003).  

3.5.4 DNA extraction, PCR amplification and sequencing 

Cell mass (258 mg), obtained from a static culture of Nostoc sp. (UIC 10062), was centrifuged at 

14,000 × g for 5 min, and pretreated with lysozyme and proteinase K as follows prior to using the Wizard 

Genomic DNA purification kit.  The cell pellet was re-suspended in lysis buffer (2.5 mL, 10 mM Tris, 

0.1M EDTA, 0.5% w/v SDS, 20 μg/mL pancreatic RNase, pH 8.0) containing lysozyme (1 mg/mL) and 

incubated at 37˚C for 1 hr.  To this mixture, proteinase K was added to a final concentration of 100 

µg/mL, and incubated at 50˚C for 1 h.  After incubation, the cell material was recovered by centrifugation 

at 14,000 × g for 3 min.  DNA was extracted from this pretreated cell material using the Wizard Genomic 

DNA purification kit (Promega), where the protocol was slightly modified to include mechanical disrup-

tion after the addition of the nuclei lysis solution (step 6).  A portion of the 16S rRNA gene was PCR-

amplified using the cyanobacteria-specific primers 106F and 1509R (Martínez-Murcia et al., 1995).  For a 

total volume of 50 L, the reaction mixture contained DNA (5 μL, approximately 90 ng), Phusion HF 

Buffer (10 μL, 5x), dNTP mix (1 μL, 10 mM), each primer (1 μL, 10 M), Phusion high-fidelity DNA 

polymerase (0.5 μL), and H2O (31.5 μL).  The reaction was performed in a Bio-Rad C1000 thermal cycler 

as following reaction program: initial denaturation for 30 s at 98˚C, 35 amplification cycles of 10 s at 

98˚C, 30 s at 53˚C and 30s at 72˚C, and a final extension for 10 min at 72˚C.  PCR products were purified 

using a MinElute PCR purification kit (Qiagen) and sequenced using the cyanobacteria-specific primers 

106F and 1509R as well as the internal primers, 359F and 781R (Nübel et al., 1997).  The resulting 16S 

rRNA gene sequence was deposited in the NCBI GenBank under the accession number JN714978. 

3.5.5 Phylogenetic analysis 

Phylogenetic and molecular evolutionary analyses were conducted using MEGA 5.0 (Tamura et 

al., 2011).  The resulting sequence chromatograms were visually inspected, and the total sequence of 
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1,290 nucleotides was aligned with 40 cyanobacterial species retrieved from GenBank as well as Gloeo-

bacter violaceus PCC7421 as an outgroup.  Cyanobacterial reference strains were firstly selected from 

Bergey’s Manual (Castenholz, 2001), and only sequences of at least 1 kb were retrieved from GenBank.  

Multiple sequence alignment was performed with ClustalW in MEGA 5.0 with standard gap opening and 

extension penalties.  The evolutionary history was inferred using the neighbor-joining (NJ), minimum 

evolution (ME) and maximum parsimony (MP) methods.  One thousand replicates were used to evaluate 

the robustness of branches in the inferred trees generated.  Subgroups with greater than 75% consistency 

in the tree are labeled at the respective nodes. 

3.5.6 Extraction and isolation 

Freeze-dried biomass (2.2 g) from 18 L of culture was harvested and extracted with CH2Cl2-

MeOH (250 mL, 1:1) three times and concentrated in vacuo to yield an extract (0.2 g), which was frac-

tionated using Diaion HP-20 resin with iPrOH-H2O (50 mL) to generate 8 sub-fractions (0:10, 2:8, 4:6, 

6:4, 7:3, 8:2, 9:1 and 10:0 v/v).  Fractions eluted with iPrOH-H2O (7:3 v/v, 5.0 mg; 8: 2 v/v, 6.5 mg) were 

found to be active in the antiproliferative assay against HT-29 cells with IC50 values of 0.9 and 1.2 μg/ml, 

respectively.  LC-MS analysis of these fractions indicated the presence of new compounds, and they were 

subjected to reversed-phase HPLC (Varian C8 semi-preparative column, 10 mm × 250 mm, 3 mL/min) 

eluting with gradient of MeOH-H2O (7:3 to 9:1 v/v for 45 min).  Merocyclophanes A and B (1 and 2) 

were eluted at 37.9 min (1, 2.4 mg, 0.11%) and 31.6 min (2, 0.9 mg, 0.04%), respectively.   

Merocyclophane A (1).  White amorphous powder; [α]25
D – 29 (c 0.024, MeOH); UV (MeOH) λmax (log ε) 

207 (4.55), 221 (4.02), 272 (3.24) nm; CD (MeOH) λmax (Δε) 213 (-6.40), 227 (-4.35), 277 (-2.73); IR 

(neat) νmax 2954, 2920, 2851, 1650, 1541, 1507 cm-1; for 1H and 13C NMR spectroscopic data, see TABLE 

VI;  HRESIMS m/z 551.4170 [M-H]‾ (cacld for C36H55O4, 551.4100) 

Merocyclophane B (2).  Purple amorphous powder; [α]25
D – 19 (c 0.070, MeOH); UV (MeOH) λmax (log 

ε) 207 (4.25), 221 (3.98), 273 (3.57), 324 (2.76), 521 (2.59) nm; CD (MeOH) λmax (Δε) 211 (-3.66), 227 (-
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2.22), 274 (-2.03) nm; IR (neat) νmax 2955, 2924, 2855, 1664, 1635, 1595, 1527 cm-1; for 1H and 13C NMR 

spectroscopic data, see TABLE VII;  HRESIMS m/z 565.3954 [M-H]‾ (cacld for C36H54O5, 565.3893) 

3.5.7 X-ray crystallographic analysis of merocyclophane A (1) 

Crystals for X-ray analysis were grown from CH3CN.  A small single crystal, roughly 30 × 30 × 

30 μm, was selected for data collection at sector-22-BM, and encased in Paratone-N oil and cooled to 

100K to minimize crystal degradation and X-ray radiation damage.  The MAR 225 CCD detector was set 

at a distance of 85 mm from the crystal using a wavelength of 0.80Å to collect data near a resolution of 

0.86 Å.  36 images were collected, each with a rotation sweep of 10°.  The images were indexed, and the 

intensities were integrated and scaled with XDS (Kabsch, 1993).  The WinGX package was used for 

structure solution and refinement.  The space group was identified as C2 with one molecule in the asym-

metric unit (Farrugia, 1999).  SHELX was used for structure solution and refinement on F2.  Six CH3CN 

molecules were found in the asymmetric unit, with two of them sitting on 2-fold axes.  Four CH3CN mol-

ecules are each involved in hydrogen bonding with the four aromatic hydroxyl groups; the remaining two 

CH3CN molecules reside in channels formed at the interface of the larger macrocycles as they pack to-

gether in the unit cell.  Crystal data: C36H56O4·5CH3CN, MW = 758.1, monoclinic, space group C2 (5); a 

= 14.735 (2) Å, b = 10.840 (5) Å, c = 29.842 (3) Å, β = 95.226 (4)°, V = 4747 (2) Å3; Z = 4, Dc = 0.057 

mg/m3; μ = 0.057 mm-1; F000 = 1656.  Reflections collected / unique = 13719 / 5724 (Rint = 0.0815); final 

R1 = 0.0882, wR2 = 0.2285 for reflections with I > 2σ(I); R1 = 0.1311, wR2 = 0.2572 for all unique data.  

Crystallographic data (ID No. 818958) have been deposited with the Cambridge crystallographic Data 

Centre.  Copies of the data can be obtained, free of charge, on application to the Director, CCDC, 12 Un-

ion Road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk). 

3.5.8 HT-29 antiproliferative assay 

The antiproliferative activity of merocyclophanes A (1) and (2) against the HT-29 cancer cell line 

was evaluated according to a previously established protocol (Seo et al., 2001). 
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CHAPTER 4: 

SANCTOLIDE A, A 14-MEMBERED PK-NRP HYBRID 

MACROLIDE FROM THE CULTURED CYANOBACTERIUM 

Oscillatoria Sancta (SAG 74.79) 
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4.1 Introduction 

Polyketide-nonribosomal peptide (PK-NRP) hybrids represent a major class of cyanobacterial 

secondary metabolites (Singh, et al., 2005).  Diverse cyanobacterial metabolites belonging to this class 

have been isolated from both freshwater and marine cyanobacteria.  A major group of cyanobacterial PK-

NRP hybrid metabolites is lipopeptides, where linear or cyclic peptides contain one lipophilic residue of 

polyketide origin such as β-amino acid and N-acyl residues (Van Wagoner et al., 2007).  Another subclass 

of cyanobacterial PK-NRP hybrid metabolites is comprised of macrolides whose building blocks are 

mainly acetates with one or two amino acids incorporated into their macrolide ring structures.  These 

compounds are less commonly found in cyanobacteria.  Examples include laingolide, laingolides A and B, 

madangolide and palmyrolide A, all of which have 15-membered macrolide rings containing a rare N-

methyl enamide functionality (Klein et al., 1996, 1999; Pereira et al., 2010; Matthew et al., 2010).  These 

metabolites were all obtained from marine cyanobacteria belonging to the order Oscillatoriales. 

In our continuing search for biologically active secondary metabolites from cultured cyanobacte-

ria, the cell extract of Oscillatoria sancta (SAG 74.79) was initially evaluated for its activity in a brine 

shrimp toxicity assay and found to be active.  This chapter describes the isolation and structure determina-

tion of a 14-membered PK-NRP hybrid macrolide, named sanctolide A (1).  The planar structure was de-

termined using spectroscopic techniques including HRESIMS, and 1D and 2D NMR analyses.  The rela-

tive configuration of sanctolide A (1) was solved by J-based configurational analysis along with NOE 

correlations, and Mosher ester and chiral HPLC analyses were carried out for the assignment of the abso-

lute configuration. 

 

4.2 Isolation of sanctolide A (1) 

Oscillatoria sancta was obtained from the SAG (Sammlung von Algenkulturen Göttingen) cul-

ture collection of algae (strain ID: 74.79), and grown in inorganic media (BG-12) (Falch et al., 1995).  
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4.3 Structure determination of sanctolide A 

 

Sanctolide A (1) was obtained as colorless oil.  The molecular formula of 1 was established as 

C24H41NO6 by HRESIMS analysis.  Analysis of the 1H NMR spectrum of 1 in combination with the 

DEPT-Q and HSQC spectra indicated the presence of two olefinic protons (δH 6.70 and 5.12), three oxy-

genated methines (δH 5.11, 5.00 and 3.12), one O-methyl (δH 3.28), one N-methyl (δH 3.06), two methines 

(δH 2.56 and 2.31), five diastereotopic methylenes (δH 2.0 – 1.0), three homotopic methylenes (δH 1.28 

and 1.24), as well as three dolublet (δH 1.13, 0.94 and 0.90) and one triplet methyl (δH 0.87) protons.  

Analysis of the COSY spectrum established three partial structures 1a, 1b and 1c (Figure 4.2).  The first 

partial structure (1a) was assembled by sequential COSY correlations from H-2 (δH 2.56) to H3-12 (δH 

0.87) along with a COSY correlation between H-2 and H3-13 methyl (δH 1.13).  Down-field chemical 

shifts of H-5 (δH 5.00) and H-7 (δH 3.12) indicated that C-5 and C-7 were oxygenated.  The second partial 

structure (1b) was established from COSY correlations between H-15 (δH 5.11) and H-16 (δH 2.31), and 

between H-16 and H3-17/H3-18 methyl protons (δH 0.94/0.90).  A downfield chemical shift of H-15 (δH 

5.11) and the absence of a NH signal indicated this partial structure to be a 2-hydroxyisovaleric acid.  

COSY correlations between H-20 (δH 3.20 and 3.15)/H-21 (δH 5.12)/H-22 (δH 6.70) determined the last 
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partial structure as a 1, 3-functionalized propylene (1c) possessing the trans geometry due to the large 

3JHH (14.0 Hz) observed between H-21 and H-22.   

The three partial structures (1a, 1b and 1c) were assembled through HMBC correlations (Figure 

4.2).  An HMBC correlation from the O-methyl singlet (δH 3.28) to C-7 methine (δC 77.7) placed a meth-

oxy group at C-7.  The chemical shift of C-14 (δC 170.0) combined with HMBC correlations from H-5 (δH 

5.00) and H-16 (δH 2.31) to C-14 allowed the assembly of partial structures 1a and 1b via an ester linkage.  

The connection between substructures 1b and 1c was established by HMBC correlations from H-15 (δH 

5.11) and H-21 (δH 5.12) to C-19 (δC 168.7), positioning the 2-hydroxyisovaleric acid between 1a and 1c 

via two ester linkages.  HMBC correlations from an N-methyl singlet (δH 3.06) to C-22 (δC 132.4) and C-

1 (δC 174.5), and from H3-13 (δH 1.13) to C-1 linked 1a and 1c through the N-methyl enamide bridge, 

completing the assembly of a 14-membered macrolide ring scaffold.  

 
 

Figure 4.2 Key 2D NMR correlations used for the determination of the planar structure of sanc-

tolide A(1). 
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The relative configuration between C5 and C7 was determined by J-based configurational analy-

sis in combination with NOE correlations (Matsumori et al., 1999) (Figure 4.3).  Homonuclear (3JHH) and 

heteronuclear (2JCH and 3JCH) coupling constants were obtained from the DQF-COSY and GBIRD-

HSQMBC spectra, respectively (Rance et al., 1983; Williamson et al., 2000).  A small 3JH5H6a (3.8 Hz) 

and a large 3JH5H6b (8.1 Hz) indicated the gauche conformation between H-5 and H-6a and the anti con-

formation between H-5 and H-6b, respectively, leaving A3 and A4 as two possible conformations (Figure 

S4.9: the list of all the possible conformations).  An NOE correlation observed between H2-4 and H-6a 

indicated A4 to be the only possible conformation, allowing the stereospecific assignments of the dia-

stereotopic protons H-6a/b (Figure 4.3).  For the C6-C7 bond, only two conformations B1 and B5 were 

possible based on a large 3JH6aH7 (9.0 Hz) and a small 3JH6bH7 (2.9 Hz) (Figure S4.9: the list of all the pos-

sible rotamer conformations).  An NOE correlation observed between H-6b and H2-8 and between H-5 

and OMe left B1 as the only possible conformation, thus allowing the assignment of the anti configura-

tion for the 1,3-methine system at C5-C7.   

The relative configuration between C5 and C7 was determined by J-based configurational analy-

sis in combination with NOE correlations (Matsumori et al., 1999) (Figure 4.3).  Homonuclear (3JHH) and 

heteronuclear (2JCH and 3JCH) coupling constants were obtained from the DQF-COSY and GBIRD-

HSQMBC spectra, respectively (Rance et al., 1983; Williamson et al., 2000).  A small 3JH5H6a (3.8 Hz) 

and a large 3JH5H6b (8.1 Hz) indicated the gauche conformation between H-5 and H-6a and the anti con-

formation between H-5 and H-6b, respectively, leaving A3 and A4 as two possible conformations (Figure 

S4.9: the list of all the possible conformations).  An NOE correlation observed between H2-4 and H-6a 

indicated A4 to be the only possible conformation, allowing the stereospecific assignments of the dia-

stereotopic protons H-6a/b (Figure 4.3).  For the C6-C7 bond, only two conformations B1 and B5 were 

possible based on a large 3JH6aH7 (9.0 Hz) and a small 3JH6bH7 (2.9 Hz) (Figure S4.9: the list of all the pos-

sible rotamer conformations).  An NOE correlation observed between H-6b and H2-8 and between H-5 

and OMe left B1 as the only possible conformation, thus allowing the assignment of the anti configura-

tion for the 1,3-methine system at C5-C7.   
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Figure 4.3 Newman projections for A4: C5-C6 and B1: C6-C7.  The DQF-COSY and GBIRD-HSQMBC 
spectra were used for the measurement of homo- and hetero-nuclear coupling constants.  Labels in paren-
theses denote the predicted size of coupling constants: S-small, M-medium and L-large.  No correlation 
observed in the HSQMBC spectrum was assigned as a coupling of 0 Hz.  Observed nOe correlations are 
presented as arched arrows.  The list of all the possible rotamer conformations can be found in the appen-
dices. 

Determination of the relative configuration for the 1,4-methine system between C-2 and C-5 us-

ing NMR methods was complicated as analysis of the NOE spectrum indicated the presence of multiple 

conformations for the macrolide ring in 1.  The stereogenic proton H-5 showed NOE correlations with all 

of four diastereotopic protons including H-3a/b and H-4a/b, and a NOESY experiment recorded with a 

short mixing time (200 ms) verified these cross-peaks to be real NOE correlations as opposed to artifacts 

arising from spin diffusion.  Therefore, the possible relative configuration for the 1,4-methine system at 

C2-C5 was suggested by NOE correlations in combination with J-coupling analysis (Figure 4.4).  The 

methine proton H-2 showed NOE correlations with H-3b/H-4a, suggesting the spatial proximity between 

these protons, whereas NOE correlations observed between H3-13 and H-3a/H-4b indicated these protons 

to be in the same plane, enabling the stereospecific assignments of these two diastereotopic proton pairs.  

However, the stereogenic methine proton H-5 showed NOE correlations with all four protons of H2-3a/b 

and H2-4a/b.  A large 3JH5H4a (7.6 Hz) and a small 3JH5H4b (2.1 Hz) indicated the anti conformation be-

tween H-4a and H-5, and the gauche conformation between H-4b and H-5, respectively, leaving C1 and 
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jected to Mosher ester analysis.  Two equal portions of 2 were derivatized with (R)- and (S)-MTPA chlo-

rides at C-5 to yield (S)- and (R)-MTPA esters (2S and 2R), respectively.  Interpretation of the 1H NMR 

chemical shift differences (ΔδS-R) between 2S and 2R assigned the S configuration to C-5, thereby leading 

to the assignment of the absolute configuration as 5S,7S.  The absolute configuration of the remaining 2-

hydroxyisovaleric acid residue (3) was assigned by chiral HPLC analysis of the acid hydrolysate.  Com-

parison of the retention times between the acid hydrolysate of 1 and two authentic standards L- and D-2-

hydroxyisovaleric acids allowed the absolute configuration of 3 to be assigned as L. 

 

 
Figure 4.5 Methanolysis and acid hydrolysis for the absolute configuration of sanctolide A (1) at C-5 and 
C-15; ΔδS-R values (ΔδS-R = δS – δR) for the MTPA esters 2S and 2R. 

 

4.4 Biological activity of sanctolide A (1) 

Sanctolide A (1) exhibited moderate toxicity to brine shrimp with an LD50 value of 23.5 μM.   

Sanctolide A (1) was also tested for its cytotoxicity against the HT-29 and MDA-MB-435 cell lines as 

well as antibacterial activity against E. coli and S. aureus, but no activity was found in either assay at the 
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highest concentration tested (25 μg/mL).  As observed for other enamide-containing natural products 

(Klein et al., 1996, 1999; Pereira et al., 2010; Matthew et al., 2010), sanctolide A (1) was highly labile 

and underwent rapid enamide hydrolysis in the presence of water or acid, resulting in an opening of the 

macrolide ring (Figure 4.6).  Pereira et al. proposed the mechanism of enamide hydrolysis in acidic condi-

tions (Pereira et al., 2010).  This enamide hydrolysis can also occur in neutral pH in a similar manner and 

involves the reversible conversion of the eneamide moiety into an iminium ion, which undergoes addition 

by water followed by proton transfer, leading to the formation of a secondary amide and an aldehyde 

(Figure 4.7).  A degradation experiment indicated that the enamide of sanctolide A (1) was completely 

hydrolyzed in 48 hrs at rt upon addition of water at similar concentrations used in our biological assay 

systems, indicating that the macrolide ring structure would be degraded during biological evaluation.  

This labile nature of the enamide moiety in 1 could be explained by the conformational strain of a macro-

lide ring structure.  In linear molecules, the enamide functional group is present as a conjugated system 

between an amide and a double bond, adopting a flat conformation.  However, the flat conformation of 

the enamide moiety would cause the ring strain of a conformationally flexible 14-membered macrolide, 

thus would trigger hydrolysis of the enamide moiety into a secondary amide and an aldehyde.  The mo-

lecular mechanic study of 1 would be required to prove this hypothesis. 

Sanctolide A (1) features a new class of cyanobacterial macrolides where two amino acid precur-

sors Gly and Val are incorporated into a polyketide chain to form a 14-membered macrolide ring structure.  

The biosynthesis of sanctolide A (1) was proposed as follows: The first step of biosynthesis involves the 

formation of a hexaketide (C1 – C12) chain by six PKS modules with α-branched methyl (C-13), which is 

likely originated from S-adenosyl-L-methionine (SAM) (Jones et al., 2010).  This hexaketide chain is fur-

ther expanded with N-methyl glycine by a NRPS module followed by ketide extension by one acetate unit, 

reduction, dehydration and double bond isomerization, resulting in the formation of the C21-C22 enamide 

functionality as proposed for the palmyrolide A (Pereira et al., 2010).  The 2-hydroxyisovaleric acid 

linked to the hydroxyl group at C-5 is likely formed by transamination of Val followed by reduction 
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(Jones et al., 2010).  The cyclization between C-15 hydroxyl and C-19 carboxyl group is likely to occur in 

a final step, thus completing the proposed biosynthesis of sanctolide A (1). 

 

 

Figure 4.6 1H NMR spectra (600 MHz, CDCl3) of the partially and completely degraded products of sanc

tolide A (1). 

 
 

Figure 4.7 Proposed enamide hydrolysis of sanctolide A (1) in neutral pH that leads to ring-opening of th
e macrolide ring structure.  
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TABLE VIII: NMR SPECTROSCOPIC DATA FOR SANCTOLIDE A IN CDCl3 

 
sanctolide A (1) 

  δC
a, c   δH

b,c mult.(J in Hz) COSYb HMBCb NOESYb,d 

1 174.5     

2 38.1 2.56 m 3, 13 1, 3, 4, 13 3b, 4a, 13, 22 

3 
a 

29.2 
1.21 m 

2, 4 1, 2, 4, 5, 13 
3b, 4b, 13 

b 1.68 m 2, 3a, 4a, 5 

4 
a 

34.1 
1.42 m 

3, 5 2, 3 
3b, 4b, 13 

b 1.86 m 3a, 4a, 5, 13 

5 73.3 5.00 m 4, 6 3, 4, 6, 7, 14 
3a, 3b, 4a, 4b, 6a, 6b, 7,
OMe 

6 
a 

40.3 
1.59 ddd (14.4, 9.0, 4.2) 

5, 7 4, 5, 7, 8 
4a, 4b, 6b, 7, OMe 

b 1.74 ddd (14.4, 7.8, 3.0) 6a, 5, 7, 8a, 8b 
7 77.7 3.12 m 6, 8 5, 6, O-Me 5, 6a, 6b, 7, 8a, 8b 

8 
a 

33.2 
1.37 m 

7, 9 6, 7, 9, 10 
6a, 6b, 8b 

b 1.50 m 6b, 7, 8a, OMe 

9 32.0 1.24 m 8, 10 7, 8, 10, 11  

10 24.3 1.24 m 9, 11 8, 9, 11, 12  

11 22.6 1.28 m 10, 12 9, 10, 12  

12 14.2 0.87 t (7.1) 11 10, 11  

13 14.9 1.13 d (6.9) 2 1, 2, 3 2, 3a, 4a, 4b 

14 170.0     
15 77.0 5.11 d (6.4) 16 14, 16, 17, 18, 19 16, 17, 18 

16 29.6 2.31 sd (6.8, 6.4) 15, 17, 18 14, 15, 17, 18 15, 17, 18 

17 18.6 0.94 d (6.8) 16, 18 15, 16, 18  
18 17.2 0.90 d (6.8) 16, 17 15, 16, 17  
19 168.7     

20 34.5 
3.15 dd (6.5, 1.3) 

21 19, 21, 22 21, 22 
3.20 d (6.9) 

21 102.7 5.12 m 20 19, 20, 22 20, 22, NMe 
22 132.4 6.70 d (14.0) 21 1, 20, N-Me 2, 3b, 20, 21, NMe 
O-Me 56.6 3.28 s 7 5, 6a, 8a, 8b, 17 
N-Me 30.6 3.06 s 1, 22 21, 22 
a assigned using the DEPT-Q spectrum recorded at 226 MHz, b recorded at 600 MHz, c chemical shifts were referenced to the 
CDCl3 solvent signals (δH 7.24 and δC 77.2). d mixing time: 600 ms 
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4.5 Experimental 

4.5.1 General Experimental Procedures 

Optical rotations were measured using a Perkin-Elmer 241 polarimeter.  UV spectra were meas-

ured on a Shimadzu UV spectrometer UV2401 and scanned from 190 to 360 nm.  CD spectra were rec-

orded on a JASCO J-710 CD spectrometer.  IR spectra were acquired using a Jasco FTIR-410 Fourier 

transform infrared spectrometer.  1D and 2D NMR spectra were obtained on a Bruker Avance DRX 600 

MHz NMR spectrometer with a 5 mm CPTXI Z-gradient.  1H and 13C NMR chemical shifts were refer-

enced to the solvent signals (MeOH-d4 and DMSO-d6).  The HMBC spectrum was recorded with the av-

erage 3JCH of 8 Hz and the HSQC spectrum was measured with the average 1JCH of 140 Hz.  Low- and 

high-resolution ESI mass spectra were obtained using a Shimadzu IT-TOF LC mass spectrometer. 

4.5.2 Biological material 

Oscillatoria sancta was acquired from the SAG Culture Collection of Algae at the University of 

Göttingen (strain ID: SAG 74.79).  The cyanobacterium was grown in four 2.8 L Fernbach flasks each 

containing 2 L of inorganic media (BG-12) (Falch et al., 1995).  Cultures were static and illuminated with 

fluorescent lamps at 1.03 klx with an 18/6 h light/dark cycle.  The temperature of the culture room was 

maintained at 22 ºC.  After 6-8 weeks, the biomass was harvested by centrifugation and freeze-dried. 

4.5.3 Extraction and isolation 

The freeze-dried biomass (1.4 g) from the total 4 L culture was harvested and extracted with 

CH2Cl2-MeOH (1:1) and concentrated in vacuo to yield 91.12 mg of extract.  The extract was fractionated 

using Diaion HP-20 resin with an increasing amount of iPrOH in H2O to generate 8 sub-fractions (0, 20, 

40, 60, 70, 80, 90, 100 % aqueous iPrOH).  The brine shrimp toxicity was traced to fractions 5 and 6.  

These active fractions were further fractionated on an Onyx ODS column (4.6 × 100 mm, 4 ml/min) elut-

ing with MeOH gradient in water from 50% to 70% for 10 min to give 24 sub-fractions, which were test-

ed on the brine shrimp toxicity assay.  Activity profiling associated the HPLC chromatogram with the 
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brine shrimp toxicity and identified the presence of a minor active peak.  LC-MS and 1H NMR analyses 

indicated this peak to be a potentially new compound.  For the structure determination, a scale-up culture 

was performed under static conditions, and re-isolation was achieved using the method described above.  

The fractions containing the active peak were combined and subjected to reversed-phase HPLC (Varian 

C8 semi-preparative column, 10 mm × 250 mm, 3 mL/min) eluting with gradient using aqueous MeOH 

from 70 to 90 % for 45 min.  Sanctolide A (1) was eluted at 34.2 min (1, 2.6 mg). 

Sanctolide A (1).  colorless oil; [α]25
D - 41 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 234 (3.77) nm; IR 

(neat) νmax 2964, 2928, 1736, 1678, 1638 cm-1; 1D and 2D NMR data, see TABLE VIII;  HRESIMS m/z 

440.3005 [M+H]+ (calcd for C24H41NO6, 440.3012) 

4.5.4 Methanolysis of sanctolide A (1) 

A portion of 1 (1.2 mg) was treated with 1 mL of 0.5 N NaOMe in MeOH and stirred for 24 h at 

25oC.  The resulting mixture was extracted with CH2Cl2 two times and dried in vacuo overnight to give 

0.8 mg of 2 as a sole product.  Compound 2: colorless oil; 1H NMR data (600 MHz, CDCl3) δ 5.58 (1H, 

m, NH), 3.87 (1H, m, H-5), 3.44 (1H, m, H-7), 3.34 (3H, s, OCH3), 2.78 (3H, d, J = 4.6 Hz, NCH3), 2.23 

(1H, m, H-2), 1.73 (1H, m, H-3b), 1.67 (1H, ddd, J = 14.6, 8.9 and 2.9 Hz, H-6b), 1.60 (1H, m, H-8a), 

1.52 (1H, ddd, J = 14.6, 6.4 and 1.4 Hz, H-6a), 1.44 (1H, m, H-3a), 1.43 (2H, m, H2-4), 1.42 (1H, m, H-

8a), 1.28 (2H, m, H2-11), 1.27 (2H, m, H2-9), 1.27 (2H, m, H2-10), 1.13 (3H, d, J = 6.9 Hz, H3-13), 0.87 

(3H, t, J = 7.0 Hz, H3-12); HRESIMS m/z 274.2386 [M+H]+ (calcd for C15H32NO3, 274.2382) 

4.5.5 Mosher ester analysis of 2 

(S)-MTPA ester of 2 (2S): Compound 2 (0.4 mg) was dissolved in 200 μL of dry CH2Cl2.  Then, 

5 μL of (R)-MTPA chloride and catalytic amount of DMAP were added into the solution.  After standing 

overnight at room temperature, the reaction mixture was concentrated in vacuo and re-dissolved in MeOH.  

The product was purified by reversed-phase ODS HPLC using a gradient from 75 to 95 % aqueous 

MeOH for 40 min to yield 0.3 mg of 2S. (S)-MTPA ester (2S): colorless oil; 1H NMR data (600 MHz, 
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CDCl3) δ 7.48 – 7.56 (2H, m, Ar-H), 7.39 – 7.41 (3H, m, Ar-H), 5.31 (1H, m, NH), 5.30 (1H, m, H-5), 

3.60 (3H, s, OCH3), 3.26 (3H, s, OCH3), 3.06 (1H, m, H-7), 2.74 (3H, d, J = 4.9 Hz, NCH3), 2.07 (1H, m, 

H-2), 1.73 (1H, ddd, J = 14.7, 9.3 and 2.8 Hz, H-6b), 1.58 (1H, m, H-6a), 1.53 (2H, m, H2-4), 1.52 (1H, m, 

H-3b), 1.49 (1H, m, H-8b), 1.35 (1H, m, H-8a), 1.28 (2H, m, H2-11), 1.24(1H, m, H-3a), 1.24 (2H, m, H2-

9), 1.24 (2H, m, H2-10), 1.03 (3H, d, J = 6.9 Hz, H3-13), 0.86 (3H, t, J = 7.3 Hz, H3-12); HRESIMS m/z 

512.2592 [M+Na]+ (calcd for C25H38NO5Na, 512.2600) 

(R)-MTPA ester of 2 (2R): Compound 2R was prepared from 2 and (S)-MTPA chloride in the 

same manner as described for 2S.  (R)-MTPA ester (2R): colorless oil; 1H NMR data (600 MHz, CDCl3) 

δ 7.48 – 7.56 (2H, m, Ar-H), 7.39 – 7.41 (3H, m, Ar-H), 5.39 (1H, m, NH), 5.29 (1H, m, H-5), 3.60 (3H, s, 

OCH3), 3.23 (3H, s, OCH3), 2.93 (1H, m, H-7), 2.77 (3H, d, J = 4.9 Hz, NCH3), 2.13 (1H, m, H-2), 1.66 

(1H, ddd, J = 14.6, 9.5 and 2.5 Hz, H-6b), 1.64 (1H, m, H-3b), 1.63 (2H, m, H2-4), 1.53 (1H, m, H-6a), 

1.43 (1H, m, H-8b), 1.37 (1H, m, H-3a), 1.27 (1H, m, H-8a), 1.24 (2H, m, H2-11), 1.17 (2H, m, H2-9), 

1.17 (2H, m, H2-10), 1.08 (3H, d, J = 6.9 Hz, H3-13), 0.85 (3H, t, J = 7.2 Hz, H3-12); HRESIMS m/z 

512.2595 [M+Na]+ (calcd for C25H38NO5Na, 512.2600) 

4.5.6 Chiral HPLC analysis of 2-hydroxyisovaleric acid (3) 

Absolute configuration of the 2-hydroxyisovaleric acid residue (3): A portion of 1 (200 μg) was 

hydrolyzed in 6 N HCl (1 mL) at 110oC for 16 h.  The acid hydrolysate of 1 was evaporated to dryness 

and then re-dissolved in 200 μL of water.  HPLC analysis was carried out on a chiral column by compar-

ing the retention times of the components of the hydrolysate with those of authentic standards.  Condition: 

15% CH3CN in 2 mM CuSO4, 1 ml/min, Phenomenex Chirex phase 3126 (4.6 × 250 mm) column; elution 

times (tR, min) for standards: L-2-hydroxyisovaleric acid (34.2 min), D-2-hydroxyisovaleric acid (53.3 

min).  The acid hydrolysate of 1 exhibited a peak at 34.3 min, corresponding to L-2-hydroxyisovaleric 

acid. 
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CHAPTER 5: 

STIGONEMAPEPTIN, AN AHP-CONTAINING DEPSIPEPTIDE 

WITH ELASTASE-INHIBITORY ACTIVITY FROM THE 

BLOOM-FORMING FRESHWATER CYANOBACTERIUM 

Stigonema sp. 
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5.1 Introduction 

A major class of cyanobacterial secondary metabolites is cyclic depsipeptides (Tan, 2007; Van 

Wagoner et al., 2007; Chlipala et al., 2011).  This class of compounds commonly contains modified and 

unusual amino acid residues.  One such example is Ahp (3-amino-6-hydroxy-2-piperidone)-containing 

depsipeptides, which have been isolated from taxonomically diverse cyanobacteria (Pettit et al., 1989; 

Matern et al., 2001; Fujii et al., 2002; Kisugi and Okino, 2009; Linington et al., 2007).  Production of 

Ahp-containing depsipeptides has frequently been observed in bloom samples from both marine and 

freshwater cyanobacteria (Grach-Pogrebinsky et al., 2003; Gesner-Apter et al., 2009; Gunasekera et al., 

2009).  Due to the ability of Ahp-containing depsipeptides to inhibit serine proteases, their ecological role 

is believed to be as inhibitors of digestive enzymes and a chemical defense against crustacean predators 

(Berry et al., 2008).  However, studies done by Sedmak et al. showed that the Ahp-containing depsipep-

tide, planktopeptin BL1125, induced cyanobacterial cell lysis, leading to the hypothesis that these prote-

ase inhibitors could play an important ecological role by controlling cyanobacterial population density in 

the natural environment (Sedmak et al., 2008 and 2009).  

 
 
 

Figure 5.1 The location and photos of the collection site of the sample WI53 
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Most of the Ahp-containing depsipeptides have shown inhibitory activity against serine proteases 

such as trypsin, chymotrypsin and elastase with different selectivity depending on variation in their amino 

acid compositions.  Ahp-containing depsipeptides with an Abu (2-amino-2-butenoic acid) residue neigh-

boring the Ahp residue have been found to selectively inhibit elastase as compared to other serine prote-

ases (Matthew et al., 2007; Taori et al., 2007; Kwan et al., 2009).  In this chapter, we describe the isola-

tion, structure determination and serine protease inhibitory activity of a new Ahp-containing depsipeptide, 

named stigonemapeptin (1). 

5.2 Sample collection and isolation of stigonemapeptin (1) 

The sample of the freshwater cyanobacterium (collection ID: WI53) was collected from North 

Nokomis Lake in the Highland Lake District of northern Wisconsin in August, 2010 (Figure 5.1).  Taxo-

nomic identification, carried out on the basis of morphological observation and phylogenetic analysis us-

ing 16S rRNA gene sequence, indicated this strain to be Stigonema sp.  The cyanobacterial cells were 

manually cleaned from debris and freeze-dried.  The freeze-dried cells (5 g) were extracted with a mixture 

of CH2Cl2 and MeOH (1:1).  LC-MS analysis of the extract indicated the presence of a potentially new 

nitrogen-containing compound with a molecular weight of 973.5 Da.  The cell extract was subsequently 

fractionated using Diaion HP-20 resin with an increasing amount of iPrOH in H2O.  The fraction eluting 

at 40% iPrOH was found to contain the nitrogen-containing compound by LC-MS analysis, and was fur-

ther purified by reversed-phase HPLC to yield stigonemapeptin (1, 4.1 mg, 0.08%). 
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5.3 Structure determination of stigonemapeptin (1) 

Stigonemapeptin (1) was obtained as a colorless, amorphous powder.  The molecular formula of 1 

was determined as C48H63N9O13 by HRESIMS analysis.  The peptidic nature of 1 was suggested by the 

signal distribution pattern observed in the 1H NMR spectrum (DMSO-d6), which included exchangeable 

amide NH signals (6 - 10 ppm), amino acid α-proton signals (4 - 6 ppm), and aliphatic methylene and me-

thyl signals (0 - 3 ppm).  Signal doubling was observed for some of the signals in the 1H NMR spectrum 

(integration ratio of 5:4), thus implied the presence of two conformers likely arising from one part of the 

molecule.  The structure determination of 1 was carried out using the major conformer.  Combined analy-

sis of the COSY and TOCSY spectra identified the structures of six standard amino acids: Val, Tyr, Phe, 

Thr, Gln and Pro (TABLE IX and Figure 5.2).  An HMBC correlation observed from N-Me (δH 2.76) to 

Tyr C-2 (δC 60.9) indicated that the Tyr residue was N-methylated.  The presence of an Ahp residue was 

evident by the appearance of a broad singlet of H-6 (δH 5.08) along with sequential COSY correlations 

from H-6 to NH (δH 7.20) and an HMBC correlation from H-6 to C-2 (δC 168.9).  An amide NH singlet 

proton signal (δH 9.15) and an upfield amide carbonyl carbon signal (δC 163.0), as well as a COSY corre-

lation between H-3 (δH 5.75) and H-4 (δH 1.94), and HMBC correlations from H-3 to C-1 and C-2 (δC 

128.0), indicated the presence of an Abu residue.  An NOE correlation observed between NH and H-3 

assigned the E geometry to the Abu residue.  Lastly, a singlet proton signal (δH 8.21), which showed an 

HSQC correlation with a carbonyl carbon (δC 161.2), and HMBC correlations with Pro C-2 (δC 57.2) and 

C-5 (δC 46.4), suggested that a formyl group was attached to the amino group of Pro.  The complete se-

quence of eight amino acid residues in 1 was established by combined analysis of the HMBC and ROESY 

spectra.  HMBC correlations from Val NH (δH 7.50) and H-2 (δH 4.73) to NMeTyr C-1 (δC 169.4), from 

N-Me (δH 2.76) to Phe C-1 (δC 170.5), from Phe H-2 (δH 4.74) to Ahp C-6 (δC 73.8), from Ahp NH (δH 

7.20) to Abu C-1 (δC 163.0) and from Thr H-3 (δH 5.38) to Val C-1 (δC 172.4), along with a ROESY cor-

relation between Abu NH (δH 9.15) and Thr H-2 (δH 4.48), established the structure of a cyclic depsipep-

tide core with an ester linkage formed between the Thr hydroxy and the Val carboxylic acid.  This cyclic 
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depsipeptide core was further branched from Thr NH with the sequence of Gln-Pro-N-formyl by HMBC 

correlations from Thr H-2 (δH 4.48) to Gln C-1 (δC 172.0) and from Gln NH (δH 8.32) to Pro C-1 (δC 

171.6) along with NOE correlations observed between Thr NH (δH 7.74) and Gln H-2 (δH 4.29), and be-

tween Gln NH and Pro H-2 (δH 4.25), completing the planar structure of 1.  The noticeable doubling of 

NMR signals was observed for the N-formylated Pro and Gln residues.  These two N-formyl proton sig-

nals (δH 8.21 and 8.08) showed different NOE correlations, one with Pro H2-5 and the other with Pro H-2, 

thus indicated that this signal doubling was due to the restricted rotation of the N-formyl group between 

trans and cis conformations (Figure 5.2).  The same phenomenon has been reported for structurally relat-

ed compounds anabaenopeptilide 202-B and kempopeptin A, possessing N-formylated Pro and N-

acetylated Pro, respectively (Fujii et al., 2002; Taori et al., 2008).   
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Figure 5.2 Key 2D NMR correlations used for the determination of the planar structure of stigonemapep-

tin (1). 

The absolute configurations of the amino acids were assigned using the advanced Marfey’s meth-

od after acid hydrolysis.  Two equal portions of the acid hydrolysate of stigonemapeptin (1) were derivat-

ized with L- and DL-FDLA, respectively, and LC-MS comparison between two derivatives assigned an 

L-configuration for all of the amino acid residues except for the Ahp residue (Figure 5.3).  The relative 

configuration between Ahp C-3 and C-6 was determined by analysis of NOE correlations.  A broad sin-

glet proton signal observed for H-6 suggested small coupling constants between H-6 and two diastereo-
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topic protons H-5aeq and H-5bax, indicating H-6 to be in an equatorial position.  NOE correlations ob-

served between H-3 and H-5bax, between NH and H-4bax, and between H-3 and H-4aeq supported the 

chair conformation of the piperidone ring with the axial hydroxy at C-6 and the equatorial amide NH at 

C-3 as depicted in Figure 5.2.  For the absolute configuration of the Ahp residue, CrO3 oxidation was car-

ried out prior to acid hydrolysis, and subsequent analysis of the acid hydrolysate by the advanced 

Marfey’s method exclusively identified the presence of L-Glu, thereby assigning the 3S,6R configuration 

to the Ahp residue.  This configuration was further supported by nearly identical 1H and 13C NMR chemi-

cal shifts of the Ahp residue in stigonemapeptin (1) to those reported for the lyngbyastatins and soma-

mides, which shared the same depsipeptide core structure except for the geometry of the Abu residue 

(Matthew et al., 2007; Taori et al., 2007; Nogle et al., 2001).  

 

 
 
 

Figure 5.3 Advanced Marfey’s analysis of stigonemapeptin (1) for the determination of amino acid con-

figurations
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TABLE IX: NMR SPECTROSCOPIC DATA FOR STIGONEMAPEPTIN IN DMSO-d6 

 
trans conformer cis conformer  
δC

b δH
a mult. (J in Hz) δC

b δH
a mult. (J in Hz) HMBCa ROESYa 

Val 1 172.4   172.4  
2 56.0 4.73, overlapped 56.1 4.69, dd (9.0, 4.2) 1, 1NMeTyr, 3, 4, 5 H-3, H-5, NH 
3 30.8 2.10, m 30.5 2.09, m 2, 4, 5 H-2, H-4, H-5 
4 17.2 0.72, d (6.6) 17.2 0.72, d (6.6) 2, 3, 5 H-2 
5 19.3 0.86, d (6.6) 19.3 0.86, d (6.6) 2, 3, 4 H-2 
NH  7.50, d (9.6) 7.51, d (9.0) 1NMeTyr, 2 H-2, H-2NMeTyr 

      

NMeTyr 1 169.4   169.4  
2 60.9 4.86, dd (11.4, 2.7) 60.9 4.86, dd (11.4, 2.7) 3, N-Me H-3b, H-5/9, NHVal 
3a 

32.8 
2.70, dd (13.2, 11.4) 

32.8 
2.70, dd (13.2, 11.4) 2, 4, 5/9 H-2, H-5/9 

3b 3.09, dd (13.2, 2.7) 3.09, dd (13.2, 2.7) 2, 4, 5/9 H-2, H-5/9 
4 127.5   127.5   
5/9 130.4 6.99, dd (8.4, 1.8) 130.4 6.99, dd (8.4, 1.8) 3, 5/9, 7 H-2, H-3, H-2Phe 
6/8 115.3 6.77, d (8.4) 115.3 6.77, d (8.4) 4, 6/8, 7  
7 156.3   156.3   
N-Me 30.5 2.76, s 30.5 2.76, s 1Phe, 2 H-2, H-5/9, NHVal 
OH  ndb  ndb   

      

Phe 1 170.5   170.5  
2 50.3 4.74, overlapped 50.3 4.74, overlapped 2Ahp, 3, 6Ahp H-3a, H-3b, H-5/9 
3a 

35.3 
1.82, overlapped 

35.3 
1.82, overlapped 4, 5/9 H-3b 

3b 2.88, t (13.8) 2.88, t (13.8) 2, 4, 5/9 H-2, H-3a, H-5/9, H-6Ahp 
4 136.8   136.8   
5/9 129.5 6.85, d (7.8) 129.5 6.85, d (7.8) 3, 5/9, 7 H-2, H-3, H-5aAhp, H-6Ahp 
6/8 127.8 7.20, t (7.8) 127.8 7.20, t (7.8) 4, 6/8  
7 126.3 7.16, t (7.8) 126.3 7.16, t (7.8) 5/9  

      

Ahp 2 168.9   168.9  
3 48.0 3.76, m 48.0 3.76, m 2, 4 H-4a, NH 
4a 

21.8 
1.56, overlapped 

21.9 
1.56, overlapped 2, 6 H-3, H-4b 

4b 2.38, m 2.38, m H-4a, NH 
5a 

29.2 
1.58, brd (13.2) 

29.2 
1.58, brd (13.2) H-6, H-5/9Phe 

5b 1.71, brd (13.2) 1.71, brd (13.2) 3, 6 H-3, H-5a, H-6 
6 73.8 5.08, brs 73.8 5.08, brs 2, 4  H-5a, H-5b, H-3bPhe 
NH  7.20, overlapped 7.20, overlapped 1Abu H-3, H-4b 
OH  ndb  ndb   

      

Abu 1 163.0   163.1  
2 128.0   128.0  
3 133.4 5.75, q (7.5) 133.7 5.77, q (7.5) 1, 2 H-4, NH 
4 13.9 1.94, d (4.5) 13.9 1.95, d (7.5) 2, 3 H-3 
NH  9.15, s 9.29, s H-3, H-2Thr, H-3Thr 

      

Thr 1 168.6   168.6  
2 55.4 4.48, d (9.0) 55.4 4.50, d (9.0) 1, 1Gln, 3, 4 H-3, H-4, NH, NHAbu 
3 72.0 5.38, q (6.5) 72.0 5.41, q (6.5) 1Val, 4 H-2, H-4 
4 18.3 1.19, d (6.5) 18.3 1.18, d (6.5) 2, 3 H-2, H-3 
NH  7.74, d (9.0) 7.87, d (9.0) 1Gln H-2, H-2Gln 

       

Gln 1 172.0   172.1   
2 52.6 4.29, m 52.5 4.37, m 1, 3, 4 H-3b, H-4, NHThr 
3a 

27.0 
1.80, m 

27.2 
1.80, m 1, 5  

3b 1.94, m 1.96, m 1, 5  
4 31.5 2.17, m 31.6 2.15, m 2, 3, 5 H-2, H-3b, NH2 
5 173.9   174.0   
NH  8.32, d (7.3) 8.40, d (7.2) 1Pro H-2Pro 

NH2 
 6.80, brs 6.79, brs 5 H-4 
 7.27, brs 7.32, brs H-4 

       

Pro 1 171.6   172.1   
2 57.2 4.25, dd (8.5, 4.5) 58.9 4.44, dd (8.2, 3.9) 3, 4 NHGln, (HN-formyl)

cis 
3a 

29.6 
1.85, m 

30.3 
1.94, m  

3b 2.16, m 2.14, m  
4a 

23.7 
1.78, m 

22.6 
1.81, m   

4b 1.89, m 1.82, m   
5a 

46.4 
3.55, m 

43.8 
3.33. m 2, 3, 4 (HN-formyl)

trans 
5b 3.61, m 3.36, m 2, 3, 4 (HN-formyl)

trans 
        

N-Formyl CHO 161.2 8.21, s 161.5 8.08, s 2Pro, 5Pro (H2-5Pro)
trans, (H-2Pro)

cis 
a Recorded at 600 MHz, b Recorded at 226 MHz, b nd: not detected probably due to the high content of water in the sample. 
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5.4 Serine protease inhibitory activity of stigonemapeptin (1) 

Many of the Ahp-containing depsipeptides isolated from cyanobacteria have been shown to inhib-

it serine proteases with different selectivity profiles against trypsin, chymotrypsin and elastase (Figure 

5.4).  Accordingly, we tested stigonemapeptin (1) for its inhibitory activity against these three enzymes.  

Stigonemapeptin (1) showed inhibition of elastase and chymotrypsin with IC50 values of 0.26 and 2.93 

µM, respectively, whereas no inhibition was found against trypsin at the highest concentration tested (10 

µM).  This result was in good agreement with activity profiles of known Ahp-containing depsipeptides.  

Co-crystallographic data of elastase with scyptolin A suggested that the selectivity of this class of com-

pounds for the inhibition of serine proteases varies depending on the type of amino acids located between 

Ahp and Thr due to different binding preferences to the enzyme’s specificity pocket (Matern et al., 2003).  

Preferences for the inhibition of chymotrypsin and elastase are conferred by a bulky hydrophobic amino 

acid (Phe, Tyr or Trp) and a small neutral amino acid (Ala, Gly or Val), respectively, whereas a positively 

charged amino acid (Arg or Lys) is preferred for the inhibition of trypsin.  Therefore, the selective inhibi-

tory activity of stigonemapeptin (1) against elastase can be attributed to the presence of the Abu residue 

between Ahp and Thr, as an Abu residue is considered to be relatively small and neutral.  Stigonemapep-

tin (1) was also tested for its inhibitory activity against the 20S proteasome and cytotoxicity against HT-

29 cancer cells, but showed no activities at the highest concentration tested (25 µM). 

 

 
Figure 5.4 Elastase and chymotrypsin inhibitory activity of stigonemapeptin (1) 
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5.5 Taxonomic identification of Stigonema sp. WI53 

Taxonomic identification of the field-collected sample WI53 was carried out on the basis of mor-

phological observation and phylogenetic analysis using a partial 16S rRNA gene sequence (1.1 Kb) (Fig-

ures 5.5 and 5.6).  Microscopic observation of the WI53 sample showed the predominance of one fila-

mentous cyanobacterial strain with distinctive true branching pattern, suggesting that this strain belongs 

to the order Stigonematales.  The identity of WI53 was further classified into a Stigonema sp. based on 

the observed morphological similarity to Stigonema ocellatum SAG 48.90 represented by the presence of 

biseriate structures on the true branches as well as on the main trichomes.  Phylogenetic analysis of the 

16S rRNA gene of WI53 agreed well with the taxonomic identity suggested by morphological analysis.  

A BLAST search of the partial 16S rRNA gene sequence of WI53 showed the highest sequence homolo-

gy to that of Stigonema ocellatum SAG 48.90 (99%).  Due to the lack of the reference strain for the genus 

Stigonema, the 16s rRNA gene sequence of WI53 was aligned with those of other heterocystous cyano-

bacteria for phylogenetic analysis, most of which were listed in the paper published by Gugger et al (Fig-

ure 5.6).  The resulting tree revealed that WI53 formed a monophyletic clade with the two Sigonema ocel-

latum strains, SAG 48.90 and SAMA35, which was supported by the high bootstrap value (99 %) and low 

mean pairwise distance (0.02), clarifying the identity of WI53 as a Stigonema sp.  The Stigonema clade 

showed quite distant relationships with other clades of the order Stigonematales and showed closer rela-

tionships with Petalonema sp. and Nostoc cluster 1 clade with pairwise distances of 0.04 and 0.05, re-

spectively.  As previously recognized, the paraphyletic nature of the order Stigonematales further sup-

ports the need for revision of the current cyanobacterial taxonomic system. 

 

 

 

 

 

 



116 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.5 Photomicrograph of Stigonema sp. (collection ID WI53)
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Fgiure 5.6 Phylogenetic relationships of 16S rRNA genes from cyanobacteria.  Evolutionary distances w
ere determined using the neighbor-joining method with 1,000 replicate bootstrap resampling to construct t
he phylogenetic tree.  Strains denoted with an asterisk (*) are “Bergey’s” reference strains.  Only bootstra
p values greater than or equal to 75% are displayed.  Phylogenetic analysis was conducted using MEGA 
5.0. 



118 

5.6 Experimental 

5.6.1 General experimental procedures 

The optical rotation was measured on a Perkin-Elmer 241 polarimeter.  UV and IR spectra were 

recorded on a Shimadzu UV spectrometer UV2401 and a Thermo Nicolet 6700 FT-IR spectrometer, re-

spectively.  1D and 2D NMR spectra including 1H NMR, COSY, TOCSY, HSQC, HMBC and T-ROESY 

spectra were obtained on a Bruker Avance DRX 600 MHz NMR spectrometer with a 5 mm CPTXI Z-

gradient, whereas a Bruker Avance II 900 MHz NMR spectrometer with a 5 mm ATM CPTCLZ-gradient 

probe was used to acquire the DEPT-Q spectrum.  1H and 13C NMR chemical shifts were referenced to 

the DMSO-d6 solvent signals (δH 2.50 and δC 39.51, respectively).  A mixing time of 60 ms was set for 

the TOCSY experiment and 200 ms for the T-ROESY experiment.  The HMBC spectrum was recorded 

with the average 3JCH of 8 Hz and the HSQC spectrum was measured with the average 1JCH of 145 Hz.  

HRESIMS and LC-MS data were obtained on a Shimadzu IT-TOF LC-MS spectrometer.    

5.6.2 Sample collection and morphological study 

A bloom sample of Stigonema sp. (collection ID WI53) was collected from North Nokomis Lake 

in the Highland Lake District of northern Wisconsin in August, 2010 (N 45°50.4812´, W 89°26.4920).  A 

voucher specimen has been retained at UIC under the collection ID WI53.  Morphological analysis was 

performed using a Zeiss Axiostar Plus light microscope equipped with a Canon PowerShot A620 camera. 

5.6.3 DNA extraction and phylogenetic analysis of 16S rRNA gene sequence 

For genomic DNA isolation, a sample was re-collected at the same site in August, 2011, and the 

production of stigonemapeptin (1) was confirmed by LC-MS analysis.  The kit-based DNA extraction 

method routinely used in our laboratory (Chlipala et al., 2010) failed to yield genomic DNA in a sufficient 

quantity and quality for PCR amplification possibly due to the presence of a firm mucilaginous sheath.  

Therefore, the CTAB-based method was employed as previously described for DNA extraction from cya-

nobacteria of the genus Arthrospira with a slight modification; freeze-thaw cycles were replaced by 
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grinding in liquid nitrogen (Morin et al., 2010).  This extraction method yielded a sufficient amount of the 

PCR-amplifiable template DNA.  The partial 16S rRNA gene was amplified from the isolated genomic 

DNA using the cyanobacteria-specific primers 106F and 1509R (Nübel et al., 1997).  The reaction vol-

ume was 26 µL containing 10.5 µL of nuclease free H2O, 12.5 µL of PCR Master Mix (Promega M7502), 

1 µL of each primer (10 µM) and 1 µL of the template DNA.  The PCR was performed in a Bio-Rad 

C1000 thermal cycler as follows: initial denaturation for 30 s at 98 °C, 35 amplification cycles of 10 s at 

98 °C, 30 s at 53 °C and 30s at 72 °C, and a final extension for 10 min at 72 °C.  PCR products were puri-

fied using a MinElute PCR purification kit (Qiagen) and sequenced using the cyanobacteria-specific pri-

mers 106F and 1509R as well as the internal primer 359F.  The resulting sequence was deposited in the 

NCBI GenBank under the accession number JQ435860. 

5.6.4 Extraction and isolation 

The cyanobacterial sample was manually cleaned from debris and freeze-dried.  The freeze-dried 

sample (5 g) was extracted with the solvent mixture of CH2Cl2 and MeOH (1:1) and concentrated in vac-

uo to yield the organic extract (0.5 g).  The resulting extract was fractionated using Diaion HP-20 resin 

and an increasing amount of iPrOH in H2O.  The fraction eluting at 40% iPrOH was found to contain a 

new nitrogen-containing peptide with a molecular weight of 973.5 Da by LC-MS analysis, and subjected 

to reversed-phase HPLC (Varian C8 semi-preparative column, 10 mm × 250 mm, 3 mL/min) to afford 

stigonemapeptin (1, 4.1 mg, 0.08%).   

Stigonemapeptin (1): colorless, amorphous powder; [α]25
D - 61 (c 0.15, MeOH); UV (MeOH) λmax (log 

ε) 203 (4.37), 223 (4.08), 272 (3.23) nm; IR (neat) νmax 3276, 2962, 2936, 1734, 1653, 1533, 1517 cm-1; 

1H and 13C NMR, HMBC and ROESY data, see TABLE IX;  HRESIMS m/z 996.4439 [M+Na]+ (calcd 

for C48H63N9NaO13, 996.4443) 

5.6.5 Absolute configuration of amino acids and Ahp by the advanced Marfey’s meth-

od 
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Approximately 0.3 mg of stigonemapeptin (1) was hydrolyzed with 6 N HCl (500 µL) for 16 h at 

110 °C.  The resulting acid hydrolysate was separated into two equal portions for derivatization with ei-

ther L-FDLA or DL-FDLA.  Each portion was dissolved in 50 μL of H2O, and mixed with 20 μL of 1N 

NaHCO3 and 20 μL of L-FDLA or DL-FDLA (10 mg/mL in acetone).  Then, acetone was added to the 

final volume of 200 µL, and the reaction mixtures were heated to 40 ºC and stirred for 1 h.  After cooling 

to room temperature, 20 μL of 1N HCl was added, and the resulting reaction mixtures were air-dried and 

re-dissolved in CH3CN.  LC-MS analysis was performed on a reversed-phase column (Alltima C18, 250 × 

4.6 mm, 5 µm, 1.0 mL/min) with a linear gradient from 20% to 65% aqueous CH3CN containing 0.1% 

formic acid for 50 min.  The selective ion chromatograms of L-FDLA and DL-FDLA for each amino acid 

derivative were compared for the assignment of amino acid configurations.  Two peaks corresponding to 

the L- and D-FDLA derivatives of each amino acid were observed as follows: Val 35.9 min (L) and 44.2 

min (D); Glu 27.4 min (L) and 28.9 min (D); NMeTyr 24.1 min (L) and 25.2 min (D); Phe 40.7 min (L) 

and 46.9 min (D); Pro 30.4 min (L) and 34.3 min (D); Thr 24.6 min (L) and 30.7 min (D).  The L-FDLA 

derivative gave one peak for each amino acid at 35.9, 27.4, 24.1, 40.6, 30.5 and 24.6 min, confirming the 

L-configuration for Val, Gln, NMeTyr, Phe, Pro and Thr.  The presence of L-Thr was further confirmed 

by chromatographic comparison of the L-FDLA derivative of the acid hydrolysate with those of the ami-

no acid standards L-Thr, D-Thr, L-all-Thr and D-allo-Thr. 

For the absolute configuration of the Ahp residue, CrO3 oxidation was carried out prior to acid 

hydrolysis as previously described (Matthew et al., 2007; Ishida et al., 1996).  Briefly, approximately 0.4 

mg of 1 was dissolved in 0.4 mL of glacial AcOH, and CrO3 (2 mg) was added.  The mixture was stirred 

at rt for 5 h and purified on a C18 SPE cartridge eluting with H2O and MeOH.  The resulting oxidized 

product was hydrolyzed and subjected to advanced Marfey’s analysis in the same way as described above.  

LC-MS analysis exclusively identified the presence of L-Glu, assigning the S configuration to Ahp C-3. 

5.6.6 Protease Inhibition Assays 
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The inhibitory activity of stigonemapeptin (1) against three serine proteases including elastase, 

chymotrypsin and trypsin was evaluated according to the previously described method (Gunasekera et al., 

2009).  Elastase inhibitory activity was tested using elastase from porcine pancreas (Sigma E0258) and N-

succinyl-Ala-Ala-Ala-p-nitroanilide (Sigma S4760) as a substrate.  The assay mixture composed of 79 µL 

of the assay buffer (1M Tris-HCl, pH 8.0), 5 µL of elastase solution (75 µg/mL in assay buffer) and 1 µL 

of 1 (various concentrations in DMSO) was pre-incubated in a microtiter plate at rt for 15 min, and then 

15 µL of substrate solution (2 mM in assay buffer) was added to each well.  The increase in absorbance 

was measured every 30 s for 30 min at 405 nm using a microplate reader. 

For chymotrypsin- and trypsin-inhibition assays, α-chymotrypsin from bovine pancreas (Sigma 

C4129) and trypsin from porcine pancreas (Sigma T0303) were used with substrates N-succinyl-Gly-Gly-

Phe-p-nitroanilide (Sigma S1899) for chymotrypsin and Nα-benzoyl-DL-arginine-4-nitroanilide (Sigma 

B4875) for trypsin.  The assay buffer including 50 mM Tris-HCl, 100 mM NaCl and 1 mM CaCl2 (pH 

7.8) was used for both assays.  To the pre-incubated mixture of 39 µL of assay buffer, 10 µL of enzyme 

solution (100 µg/mL in assay buffer) and 1 µL of 1 (various concentrations in DMSO) at 37 °C for 15 

min, 50 µM of substrate solution (1.5 mM in assay buffer) was added.  The absorbance increase was rec-

orded every 30 s for 30 min at 405 nm.  Activity was calculated as a percentage inhibition by comparing 

the slope of an initial linear progress curve of enzyme reactions with 1 at various concentrations to that of 

the control reaction without compounds. 
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CHAPTER 6: CONCLUSION AND PERSPECTIVE 
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6.1 Conclusion and perspective 

6.1.1 Chemical investigation of the cultured freshwater and terrestrial cyanobacteria 

It is now well established that cyanobacteria produce diverse classes of biologically active sec-

ondary metabolites such as non-ribosomal peptides, lipopeptides, polyketides and indole alkaloids.  Alt-

hough numerous studies have been conducted to isolate new biologically active secondary metabolites 

from cyanobacteria, most of these studies have focused on bloom-forming or large colony-forming cya-

nobacteria found in either freshwater or marine environments.  Cyanobacteria are widespread and found 

in almost all environments, and the majority of them appear as small colonies.  We hypothesized that 

studying these non-bloom forming cyanobacteria will provide new biologically active secondary metabo-

lites with pharmaceutical potentials. 

To study secondary metabolites produced by non-bloom forming cyanobacteria, we employed a 

culture-dependent approach, since sufficient amounts of biomass for chemical and biological investiga-

tion cannot be acquired directly from environmental collections.  Our culture collection was established 

by a combination of strains isolated from samples collected in freshwater and terrestrial environments 

(UIC strains) and strains acquired from three commercial culture collections (UTEX, SAG and CCALA 

strains).  All strains were cultured at 4L scale, and these cultures were used to establish an extract library.  

The extract library was then evaluated for cytotoxicity against cancer cells (HT-29 and MDA-MB-435), 

inhibitory activity against the 20S proteasome and toxicity against brine shrimp.  Active extracts were 

fractionated using Diaion and an increasing amount of iPrOH in H2O to generate eight fractions.  Active 

Diaion fractions were then subjected to dereplication using LC-MS analysis alone or in combination with 

HPLC-based activity profiling.  HPLC-based activity profiling provided a way to identify active peaks in 

crude fractions in a semi-high-throughput manner when a number of un-known peaks were found in the 

active fractions.  The active peaks were analyzed by 1H NMR, and dereplication was performed using 

molecular weights and characteristic 1H NMR signals.  This approach conferred two major advantages 

over traditional bioassay-guided fractionation, which often involves several rounds of fractionation steps: 
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First, HPLC-based activity profiling significantly reduced the time and labor that took to identify active 

compounds in fractions, and also enabled simultaneous dereplication of a large number of active strains.  

Second, this approach allowed us to prioritize active strains for chemical investigation based on the struc-

tural classes of active compounds.  Using this approach, the strains UTEX 1613, UIC 10035, UIC 10062, 

SAG 74.79 were found to contain potentially new compounds.  The strains UTEX 1613 and UIC 10035 

strains were classified as lipopeptides-producing strains.  The 10062 strain was classified as a cyclo-

phane-producing strain, and the SAG 74.79 was identified to produce a PK-NRP hybrid compound. 

Chemical investigation of the two lipopeptides-producing Anabaena spp., UTEX 1613 and UIC 

10035, led to the isolation of twelve new antiproliferative cyclic lipodecapeptides (four from UTEX 1613 

and eight from UIC 10035), named minutissamides A-D and homesteadamides A-H.  The structures of 

the minutissamides and homesteadamides contained a lipophlic β-amino acid residue with a 2-hydroxy-3-

amino-4-methyl functionality as well as two non-standard amino acids, N-methylated Asn and Dhb.  

Structural comparison of these twelve structurally related lipopeptides showed that they all shared the 

same amino acid sequence in the part of the molecules (conserved region: Dhb-Val-β-amino acid-Pro-

NMeAsn), and variations were found in the amino acid composition in the second part of the molecules 

(variable region).  The minutissamides and homesteadamides exhibited antiproliferative activity against 

the cancer cell line (HT-29 or MDA-MB-435).  The isolation of a series of structurally related lipopep-

tides with a small degree of variation allowed us to analyze structure and activity relationships.  This 

analysis indicated that modifications by oxidation or chlorination in the fatty acid side chain of the lipo-

philic β-amino acid residue significantly decrease the antiproliferative activity, possibly due to reduced 

lipophilicity of the overall structure.  It was also found that some changes in the amino acid composition 

of the variable region resulted in improved activity.  The 10-fold or more reduced activity, observed upon 

modification of the lipophilic β-amino acid residue by hydrophilic functional groups, suggested that the 

minutissamides and homesteadamides may display antiproliferative activity by interacting with plasma 

membranes.  This is supported by a recent publication by Hrouzek et al. (in press, 
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DOI:10.1021/tx300044t).  The authors reported that the treatment of mammalian cells with the structural-

ly related cyanobacterial lipopeptides, puwainaphycins F and G, resulted in the significantly increased 

concentration of intracellular Ca2+ ions, inducing necrotic cell death.  Based on this observation, disrup-

tion of the membrane potential by interactions with plasma membranes was suggested to be the major 

mechanism of action for these lipodecapeptides.  Most of bacterial lipopeptides are active against Gram-

positive bacteria; however, the minutissamides and homesteadamides showed no activity in antibacterial 

assays (Mycobacterium, and Gram-positive and Gram-negative bacteria).  This suggests that the mecha-

nism of membrane interaction would be different from other well-characterized anionic antibacterial 

lipopeptides such as daptomycin and surfactin that involves micelle formation in the presence of divalent 

ions (Straus & Hancock, 2006).  The well-resolved set of signals, observed in the 1H NMR spectra of the 

minutissamides and homesteadamides, indicates these lipopeptides to be present in a well-defined con-

formation in solutions.  Therefore, future characterization of the 3D conformations of these lipopeptides 

in water using 2D NMR techniques would provide an insight into interaction of these lipopeptides with 

plasma membranes. 

Chemical investigation of the cyclophane-producing Nostoc sp. (UIC 10062) resulted in the isola-

tion of two new naturally occurring [7.7]paracyclophanes, named merocyclophanes A and B.  The struc-

tures of merocyclophanes A and B featured a new carbon skeleton, which differed from the previously 

described cyclindorcyclophane and nostocyclophanes by the presence of α-branched methyls, thus com-

prising the new family of cyanobacterial [7.7]paracyclophanes.  The methyl branching, which occurred at 

the α-carbon of a ketone of the proposed biosynthetic intermediates suggested that this methyl group may 

originate from S-adenosyl methionine.  In merocyclophane B, one of the resorcinol rings in merocyclo-

phane A was replaced by a hydroxyquinone ring, thus creating an unsymmetrical structure.  The conver-

sion from the resorcinol ring in merocyclophane A into the hydroxyquinone ring was observed during 

prolonged storage, thus indicating that merocyclophane B was an oxidative artifact of merocyclphane A.  

Both merocyclophanes A and B exhibited the same level of antiproliferative activity against the cancer 
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cell line (HT-29) with low micromolar IC50 values.  The level of antiproliferative activity of merocy-

clophanes A and B were also similar to those observed for other cyanobacterial [7.7]paracyclophanes.  

This suggest that the change in the positions of methyl groups from C-2/15 to C-1/14 does not significant-

ly affect antiproliferative activity of [7.7]paracyclophanes.  A structure and activity relationship study 

done by Yamakoshi et al. showed that the [7.7]paracyclophane core moiety is required for the antiprolif-

erative activity.  Modifications occurring at benzylic carbons did not significantly affect the antiprolifera-

tive activity of cylindrocyclophanes (Chen et al., 1991).  The exact mechanism for the antiproliferative 

effect of [7.7]paracyclophanes is still unknown.  Therefore, attaching fluorescent tags to the benzylic car-

bons of the cylindrocyclophanes to visualize the molecules inside cells, and subsequent purification of the 

proteins emitting fluorescence would be a possible strategy to reveal the mode of action of 

[7.7]paracyclophanes for their antiproliferative activity (Jeffery & Bogyo, 2003). 

Chemical investigation of Oscillatoria sancta (SAG 74.79) led to the isolation of a new 14-

membered PK-NRP hybrid macrolide, named sanctolide A.  The structure of sanctolide A featured a rare 

N-methyl enamide and 2-hydroxyisovaleric acid moieties, which are incorporated into a 14-membered 

macrolide ring.  Sanctolide A is the first cyanobacterial 14-membered macrolide of proposed NRPS-PKS 

hybrid biosynthetic origin.  The N-methyl enamide and 2-hydroxyisovaleric acid are likely derived from 

Gly and Val amino acid precursors, respectively.  Sanctolide A exhibited the moderate toxicity in the 

brine shrimp assay.  However, it was observed that the N-methyl enamide moiety of sanctolide A under-

went a rapid hydrolysis in the presence of water, causing opening of the macrolide ring.  This labile na-

ture of sanctolide A suggested that the acylic form, formed by enamide hydrolysis, would be the active 

form giving rise to the toxicity to brine shrimp.  Sanctolide A showed no antiproliferative activity against 

cancer cell lines (HT-29 and MDA-MB-435).  This indicates that cytotoxicity is not a major mechanism 

of brine shrimp toxicity of sanctolide A.  The structurally related cyanobacterial metabolite, palmyrolide 

A, showed neurotoxicity by blocking sodium channel in neuro-2a cells without appreciable cytotoxicity 

(Pereira et al., 2010).  Sanctolide A and palmyrolide A shares a structural similarity represented by a mac-
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rolide ring structure containing an N-methyl enamide and ester linkages.  Based on this, it is highly likely 

that the brine shrimp toxicity of sanctolide A was due to its neurotoxicity.  Therefore, a future study 

should be directed to evaluating sanctolide A for its ability to modulate ion channels in neurons. 

In summary, chemical investigation of the four strains prioritized by our dereplication resulted in 

the isolation of fifteen new compounds that fall into three distinct structural groups, cyclic lipodecapep-

tides (the minutissamides and homesteadamides), [7.7]paracyclophanes (the merocyclophanes) and a 14-

membered PK-NRP hybrid macrolide (sanctolide A).  Among these, the minutissamides, homesteadam-

ides and merocyclophanes displayed cytotoxicity against cancer cells with IC50 values in a low micromo-

lar range.  This result leaves the possibility that future efforts into finding new metabolites belonging to 

the same structural classes will result in the discovery of new analogs with better activity.  Also, the exact 

mechanisms of cytotoxicity were not well studied for these classes of compounds, thus this would be an 

interesting subject for future efforts to develop these molecules as anticancer drug leads that might pro-

vide medicinal chemists a strategy to design new derivatives with improved cytotoxicity and selectivity 

against cancer cells.  With the exception of the homesteadamides, all of the compounds isolated in this 

study showed quite distant structural relationship with previously known compounds belonging to the 

same structural families.  These examples clearly demonstrate that non-bloom forming cyanobacteria are 

a prolific source of biologically active secondary metabolites that still remain relatively under-explored.  

Therefore, using a culture-dependent approach to study these widespread non-bloom forming cyanobacte-

ria will continue to provide new biologically active natural products that can serve as leads for future drug 

discovery efforts. 

6.1.2 Chemical investigation of a bloom-forming freshwater cyanobacteria 

During a collection trip to Highland Lake District of northern Wisconsin, we observed the occur-

rence of cyanobacterial bloom in North Nokomis Lake.  Microscopic analysis of the bloom sample indi-

cated that the bloom sample contained one major true-branching cyanobacterium belonging to the order 

Stigonematales.  Detailed morphological and 16S rRNA gene sequence analyses of the bloom sample 
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suggested it to be a Stigonema sp.  Inspired by the lack of studies of this genus, we conducted a chemical 

investigation with the bloom sample, which resulted in the isolation of a new Ahp-containing depsipep-

tide, named stigonemapeptin.  In addition to the Ahp residue, stigonemapeptin contained the non-standard 

amino acids Dab and N-formylated Pro.  Analog to previously reported Ahp-containing depsipeptides, 

stigonemapeptin showed potent elastase and chymotrypsin inhibitory activity.  Some of the recent re-

searches on the role of cyanobacterial Ahp-containing depsipeptides have revealed that these molecules as 

protease inhibitors play a very important ecological role controlling cyanobacterial bloom population in 

the environments (Sedmak et al., 2008).  However, proteases are also validated drug targets due to their 

involvement in a variety of biological pathways, the discovery of new protease inhibitors would be signif-

icant leading to the development of new potential therapeutics as antiviral, antibacterial and antiprotozoal 

drugs (Southan, 2001).  Therefore, the future research should be focused on evaluating stigonemapeptin 

for its inhibitory activity against more diverse protease families to assess its potential as a drug lead. 
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Figure S1. 1H NMR spectrum of minutissamide A (1). 
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Figure S2. Spin system for Dhb assigned from the COSY and TOCSY spectra of 1. 



142 

APPENDICES (continued) 

TOCSY

N
H

O

2. Dhb

COSY

 

Figure S3. Spin system for Dhb assigned from the COSY and TOCSY spectra of 1. 
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Figure S4. Spin system for Asn assigned from the COSY and TOCSY spectra of 1. 
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Figure S5. Spin system for Asn assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S6. Spin system for Ala assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S7. Spin system for Thr assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S8. Spin system for Pro assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S9. Spin system for NMeAsn assigned from the COSY and TOCSY spectra of minutissamide A. 

COSY TOCSY

9. Lipophilic side chain: HAMD

HN

HO
O

HAMD: 2-hydroxy-3-amino-4-methyldodecanoic acid

 

Figure S10. Spin system for HAMD assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S11. Spin system for Val assigned from the COSY and TOCSY spectra of minutissamide A. 
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Figure S12. DEPT-Q spectrum (226 MHz, DMSO-d6) of minutissamide A. 
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Figure S13. DEPT-Q spectrum (226 MHz, DMSO-d6) in an amide carbonyl region of minutissamide A. 
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Figure S14. ROESY correlations used for the assignment of the geometric configurations of two Dhb 

residues in minutissamide A. 
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Figure S15. ROESY correlations used for the determination of the amino acid sequence of minutissamide 

A (HAML = Hamd). 

 

Figure S16. HMBC spectrum of minutissamide A. 
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Upper: FDAA derivatives of standard amino acids, Bottom: FDAA derivatives of Acid hydrolysate of 
1 

 

Amino acid 

HPLC retention times; Marfey’s derivatives 
of standard amino acids HPLC retention times; Marfey’s 

derivatives of Acid hydrolysate of 
1 

Assignment 

L D 

Alanine 41.1 min 51.8 min 52.0 min D 

Aspartate 32.3 min 36.9 min 32.3 min L 

N-methyl 
Aspartate 

36.2 min 30.7 min 35.9 min L 

Proline 44.6 min 49.8 min 44.6 min L 

Threonine 30.7 min 42.5 min 30.8 mina L 

Valine 59.1 min 71.5 min 59.1 min L 

aIdentified as L-Thr by LC-MS analysis 

The peak at 37.1 min was not identified as D-Asp by LC-MS analysis 

 
Figure S17. Marfey’s analysis of minutissamide A for the absolute configurations of the amino 
acids 
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The peaks of FDLA derivatives of Hamd was assigned from LC-MS analysis 

 

Derivatives Retention times Configurations 

DL-FDLA derivatives of Hamd in 1 
43.3 min S-L or R-D 

48.8 min S-D or R-L 

L-FDLA derivative of Hamd in 1 48.8 min R-L 

 

Figure S18. Advanced Marfey’s analysis of minutissamide A for the absolute configuration of the 
Hamd residue. 
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Homesteadamide A

Homesteadamide B

Homesteadamide C

Homesteadamide D

 

Figure S19. 1H NMR spectra of homesteadamides A – D. 

 

Homesteadamide E

Homesteadamide F

Homesteadamides G & H

 

Figure S20. 1H NMR spectra of homesteadamides E – H.
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Amino 
acid 

HPLC retention times of DL-FDLA 
derivative of acid hydrolysate of 1 HPLC retention times of L-FDLA de-

rivative of acid hydrolysate of 1 
Assignment 

L D 

Hamoo 67.0 min (S) 72.4 min (R) 72.4 min R 

Pro 30.4 min 34.1 min 30.5 min L 

NMeAsn 26.3 min 24.0 min 26.3 min L 

Ala 30.9 min 35.4 min 35.6 min D 

Gln 27.2 min 28.7 min 27.4 min L 

Thr 24.5 min 30.6 min 24.7 min L 

Val 35.8 min 43.8 min 35.9 min L 

 L‐FDLA derivative of Thr was further compared with L‐FDLA derivatives of four Thr amino acid standards L‐
Thr, L‐allo‐Thr, D‐Thr and D‐allo‐Thr, and corresponded with the retention time of L‐Thr. 

 

Figure S21. Advanced Marfey’s analysis of homesteadamide A for the determination of amino 
acid configurations.
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Figure S22. Synthesis of OMeThr standards and Marfey’s analysis of the homesteadamides for 
the absolute configuration of OMeThr (10035_P2.01 = homesteadamide A). 
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Figure S23. LC-MS analysis of cytotoxic fractions against HT-29 cancer cells from UIC 10062. 

 

 

Figure S24. 1H NMR spectra of known indolocarbazoles isolated from a Nostoc sp. (UIC 
10062). 
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Figure S25. 1H NMR spectrum (600 MHz, MeOH-d4) of merocyclophane A. 
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Figure S26. COSY spectrum (600 MHz, MeOH-d4) of merocyclophane A. 
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Figure S27. HSQC spectrum (600 MHz, MeOH-d4) of merocyclophane A. 
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Figure S28. HMBC spectrum (600 MHz, MeOH-d4) of merocyclophane A. 
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Merocyclophane A

Merocyclophane B

 

Figure S29. Comparison of 1H NMR spectra between merocyclophanes A and B. 
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Figure S30. 1H NMR spectrum (600 MHz, DMSO-d6) of merocyclophane B. 
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Figure S31. COSY spectrum (600 MHz, DMSO-d6) of merocyclophane B. 
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Figure S32. HSQC spectrum (600 MHz, DMSO-d6) of merocyclophane B. 
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Figure S33. HMBC spectrum (600 MHz, DMSO-d6) of merocyclophane B. 
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Figure S34. 1H NMR spectrum (600 MHz, CDCl3) of sanctolide A. 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

22
21

1 14
19

7

15

5
OMe

6

2

NMe

20

48

9

16

10
11

17
18

13

12

 

Figure S35. 13C DEPT-Q NMR spectrum (226 MHz, CDCl3) of sanctolide A. 
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Figure S36. COSY spectrum (600 MHz, CDCl3) of sanctolide A. 
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Figure S37. HSQC spectrum (600 MHz, CDCl3) of sanctolide A.
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Figure S38. HMBC spectrum (600 MHz, CDCl3) of sanctolide A. 

 

Figure S39. DQF-COSY spectrum (600 MHz, CDCl3) of sanctolide A for J-based configura-

tional analysis. 
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Figure S40. HSQMBC spectrum (600 MHz, CDCl3) of sanctolide A for J-based configurational 

analysis. 

 

Figure S41. 1H NMR spectra (600 MHz, CDCl3) of 2S and 2R used for the determination of the 
absolute configuration of sancolide A. Red: (S)-MTPA ester (2S); Blue: (R)-MTPA ester (2R) 
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Figure S42. J-based configurational analysis for the relative configuration of the 1,3-methine 

system C5-C7 in sanctolide A: All the possible rotamer conformations are listed here. 
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Figure S43. J-based configurational analysis for the relative configuration of the 1,4-methine 

system, C2-C5, in sanctolide A: All the possible rotamer conformations are listed here. 
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Figure S44. 1H NMR spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 
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Figure S45. DEPT-Q spectrum (226 MHz, DMSO-d6) of stigonemapeptin. 
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Figure S46. COSY spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 
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Figure S47. TOCSY spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 
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Figure S48. HSQC spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 

ppm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

180

160

140

120

100

80

60

40

20

 

Figure S49. HMBC spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 
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Figure S50. ROESY spectrum (600 MHz, DMSO-d6) of stigonemapeptin. 
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