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ABSTRACT. This paper provides a comprehensive overview of metabolites, including lipids and lipid-like
compounds, boron-containing macrocycles, arsenolipids, oligopeptides and amino acid derivatives, produ-
ced by cyanobacteria of the genus Nostoc.

Abbreviations

AA amino acid(s) DGDG  digalactosyl diacylglycerol
EPS extracellular polysaccharide FA fatty acid(s)

MGDG  monogalactosyl diacylglycerol PCC Pasteur Culture Collection
PG phosphatidylglycerol ROS reactive oxygen species

SQDG sulfoquinovosyl diacylglycerol
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1 INTRODUCTION

Members of the order Nostocales are broadly characterized by unbranched filaments and the pro-
duction of up to three kinds of differentiated cells. All cyanobacteria are characterized as eubacteria that
grow as autotrophs with CO, as the carbon source, utilizing an oxygen-producing photosynthetic mechanism
for the generation of ATP and reductant. Nostoc species are nitrogen-fixing cyanobacteria (Figs 1-4) belon-
ging to the family Nostocaceae in the order Nostocales (Castenholz and Waterbury 1989). Heterocysts dif-
ferentiate in response to the lack of combined nitrogen in the environment and are the sites of nitrogen
fixation. Nostoc species also produce relatively short, motile filaments called hormogonia and this charac-
teristic, in part, distinguishes them from members of the closely related genus Anabaena. In addition, Nostoc
species differentiate spore-like structures termed akinetes in response to nutrient limitation other than nitro-
gen (cf. Sarma et al. 2004).

Nostoc species are widely distributed in illuminated portions of the biosphere, including fresh waters
and tropical, temperate, and polar terrestrial systems; they are rarely found in marine habitats (Potts 2000;
Shah et al. 2003). Growth in both aquatic and terrestrial habitats is often as a colony of filaments within
a gelatinous matrix (Dodds ef al. 1995). The size of the colonies ranges from microscopic to macroscopic
dimensions (Liu and Chen 2003). Many Nostoc species occur in symbiotic associations with fungi to form
lichens and with representatives of each of the major phylogenetic groups of plants (Meeks 1998; Rai et al.
2000). Nitrogen-fixing Nostoc species, in both free-living and symbiotic growth states, are major contributors
to the sequestration of CO, in organic compounds, especially in nutrient poor and extreme environments.

*Corresponding author.
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Fig. 1. Germination of Nostoc sp. The heterocysts containing threads occur in this species all tangled up in com-
mon gelatinous coat. A bigger one and several small (Nosfoc baby) and medium sizes are seen; bar =10 m.
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Fig. 2. Nostoc caquena; it is able to protect the machinery of nitrogen fixation from inactivation by producing
specialized cells, called heterocysts (arrows), that rigorously exclude oxygen from within them. The brown-
green cells are photosynthetic vegetative cells, pale-green ones are the heterocysts specialized for nitrogen fixat-
ion; bar =20 m.

Nostoc species are terrestrial and benthic cosmopolitan microorganisms, which form extended mu-
cilaginous layers on soil and in the aquatic environment on stones and mud. Many secondary metabolites
with new structures have been isolated from these organisms. In nature, these components may be directed
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against phototrophic competitors (cyanobacteria and algae) and grazers. The pharmacological value of these
substances is that they have been shown to exhibit antiviral and antitumor properties, and Nostoc, as cyano-
bacteria in general, have gained much interest as a natural source of such compounds.

Fig. 3. Nostoc sp. PCC 6719 (ATCC 29105). The green cells are photosynthetic vegetative cells, yellow-green
ones are the heterocysts; bar =40 m.

Fig. 4. Germination of Nostoc sp. The heterocysts containing threads occur all tangled up in common gelatinous
coat; several small and medium sizes of Nostoc baby; bar =10 m.
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2 HYDROCARBONS

Hydrocarbons were found in different cyanobacterial species and partly reviewed in some papers
(Brocks et al. 2003, 1999; Dembitsky and Srebnik 2002; Kenig 2000; Summons ef al. 1999; Murata and
Nishida 1987). Most cyanobacterial species contain small amounts of medium-chain hydrocarbons Ci3_51,
often with either n-heptadecane (#-C;7.9) or Cy7.1 predominating (Gelpi ef al. 1970; Nevenzel 1989). Never-
theless, some cyanobacterial species produce very long-chain and highly branched hydrocarbons Cj9_»g
(Koster et al. 1999; Schouten et al. 2001; Kenig 2000; 1995; Shiea et al. 1990). Han ef al. (1969) demon-
strated that N. muscorum culture enzymically decarboxylated stearate to n-heptadecane. Han et al. (1968)
have found that N. muscorum contains besides n-heptadecane (83 %) also 7- and 8-methylheptadecanes (each
about 16 %). Marine N. endophylum contains 80 % n-C;7.9 and 20 % branched-methyl-C;7.¢ (position of
methyl group not determined) hydrocarbons (Murray et al. 1977). Paoletti ef al. (1975) reported that N. com-
mune contains 24.2 % 2-methylheptadecane, and 50.4 % n-Cj7.9, 1.5 % Cjs.0, 1.6 % Cy4.9, and 3.2 % Cy7.1.

Cells of N. muscorum have been subjected to thermal alteration over varying periods of time and the
isoprenoid hydrocarbons produced in these experiments have been examined. The major hydrocarbons were
phytane and 5 isomeric phytenes, montmorillonite increasing the amount of phytane. No phytadienes, pristane
or pristenes were detected in the products (Philp et al. 1978).

Investigation of hydrocarbon production by 12 species of cyanobacteria and algae, morphologically
similar to fossil forms, including Nostoc sp., along with confirmatory data on Anacystis nidulans and Botryo-
coccus braunii have been reported (Gelpi et al. 1970). The normal hydrocarbon range was Cys_j9 in most
species, n-C;7 being predominant in all cultures. However, a few of the species showed a bimodal distribu-
tion of aliphatic hydrocarbons with maxima at C;7 and C,7, with significant amounts of C,3, Cy7, and Cyg
straight-chain alkanes and alkenes. Similar bimodal distributions of saturated hydrocarbons have been obser-
ved in both Tertiary and Precambrian sediments, supporting the interpretation of biological origin. Squalene
was the only isoprenoid reported.

The odor-producing filamentous cyanobacterium in water-works in central Taiwan (Hu and Chiang
1996) was identified as Nostoc sp. Geosmin, 1-chlorooctane, 1-chlorodecane, 1-chlorododecane, and methyl-
isoborneol were produced as the population reached its declining stage. Besides geosmin and methylisobor-
neol, there were other unidentified organic compounds produced by Nostoc sp.

The photosynthesizing and nitrogen-fixing cyanobacterial genus Nostoc participates in a wide range
of symbiotic associations with hosts from different organism groups, including lichen species. About 10 %
of lichens have Nostoc species as the main or the only one photosynthetic partner and their role is probably
to exploit the nitrogen-fixing ability (Tschermak-Woess 1988). The complex hydrocarbons and volatile
compounds produced by cultured cyanobacterial photobiont Nostoc sp. isolated from lichen Collema sp. has
been reported (Dembitsky ez al. 1999). More than 130 volatile compounds including short-chain hydrocar-
bons (C7_1¢), medium- and long-chain hydrocarbons (C;s_3¢), isoprenoid hydrocarbons (1-4d), and also
cyclopentane (5a—h), cyclohexane (6a—h, 7a—q), and cyclooctane (8) homologues and their isomers were
identified by GC-MS (Fig. 5).

3 LIPIDS

The lipids not only form the bilayer structure of biomembranes, but also associate with some mem-
brane proteins to assist the proper activities of the membranes in photosynthesis (Gosbos and Murata 1998).
Triacylglycerols are the most common storage lipids and may constitute up to 80 % of the total lipid fraction
in cyanobacteria (Murata and Nishida 1987). Besides triacylglycerols, the other major lipids detected in cyano-
bacteria including Nostoc species (Fig. 6), were SQDG, MGDG, DGDG and PG. These 4 major polar lipids
can be identified on the basis of their Rf values in TLC or 'H- and 13C-NMR (Déhler and Datz 1980; Sato
and Murata 1981; Piorreck and Pohl 1984; Harwood ef al. 1988). All cyanobacteria as well as Nostoc spe-
cies, do not contain phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and diphosphatidyl-
glycerol. Among the neutral lipids some minor lipids, except for triacylglycerols, were found in N. com-
mune, e.g. sterol esters, waxes and free sterols (Bychek and Bychek 1997).

Mercer and Davies (1975, 1979) discovered the do-, tri-, and tetracosane series of unusual chloro-
sulfolipids 9a—f, 10a—c, 11 in Nostoc sp., as well as in two members of the Xanthophyceae, (Botrydium gra-
nulatum and Monodus subterraneus), and 2 members of the Chlorophyceae (Elakatothrix viridis and Zyg-
nema sp).
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Fig. 5. GC separation (min) of light hydrocarbons, including cyclopentane and cyclohexane isomers (A), very long-chain hydrocar-
bons (B), and total separation of hydrocarbons, fatty acids and other metabolites (C) produced by Nostoc sp. (Dembitsky e al. 1999);
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Fig. 6. The 2D-TLC of polar lipids of cultured Nostoc sp. Lipids were
separated on precoated silica gel plates (Merck 5715) with solution
mixture: 1st dimension, chloroform—methanol-water (65 : 25 : 4, V/VIV);,
2nd dimension,
(65:35:5:0.5, V/V/VIV) (Dohler and Datz 1980).

chloroform—methanol—conc.
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Representatives of the genus Nostoc, almost 50 different strains collected in different regions of the
world have been investigated regarding their content of various FA (Table I). Most of the FA were n-satu-
rated (16.9-51.8 %), monounsaturated (7.7-51.5 %) but also di-, tri- and oligounsaturated (16.3—56.8 %) FA
were identified (Table I). The species of cyanobacteria appear to synthesize short (C3—Cj() carboxylic acids,
whose content is usually lower than that of long-chain FA (C4—C;g). The major FA was 16:0, ranging from
14.9 to 50.8 % of total FA. The predominant monounsaturated (39 % of the total mono-unsaturated FA) was
oleic acid (Z-9-18:1). Other monounsaturated FA were also observed, e.g., Z-9-hexadecenoic and 11-hexa-
decenoic acids. Oligoenoic FA present in various species of Nostoc were represented by a large spectrum of
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acids, mainly linoleic and - and -linolenic acids. The principal FA in the investigated Nostoc species did
not essentially differ from those of most previously studied cyanobacteria (Schneider ef al. 1970; Murata and
Nishida 1987).
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Hydroxy acids (0.4-0.7 %) were found as minor components. These acids were previously isolated
by GC-MS from freshwater cyanobacteria belonging to the genus Aphanizomenon (Dembitsky et al. 2001)
and symbiotic Nostoc sp. (Dembitsky et al. 1999). Branched saturated FA that were identified in the Nostoc
ranged from 1.1 to 8.6 %.

Special attention was given to dioic acids. The analysis of published data on Nostoc has shown that
only Rezanka e al. (2003) have found some dioic acid in N. linkia. The detection of these is rather pro-
blematic with the usual columns. However, the use of coupled two columns with different polarity solves the
problem perfectly. Aliphatic dicarboxylic acids surprisingly afforded potent cytotoxicity and antineoplastic
activity (Hall et al. 1999), and could serve as lipidoic markers for identification of some human and animal
diseases (Ma et al. 1999; Singh 1997). These acids are of major interest for medical specialists and bioche-
mists.
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FA of cyanobacteria have been investigated for their content, composition types, metabolism, and
biotechnological applications (Ahlgren ef al. 1992; Murata et al. 1992; Vargas et al. 1998; Liu et al. 2003).
In terms of chemotaxonomy by FA composition, Li and Watanabe (2001) indicated that there should be a se-
paration between 24 axenic strains of planktonic Anabaena sp. with straight trichomes, in the genus Ana-
baena based on the difference in their FA composition. Caudales and Wells (1992) as well as Kruger et al.
(1995) and Kerwin (1994) also demonstrate the importance of FA composition in the taxonomy of cyano-
bacteria at the genus and subgenus levels. Our previous study shows that hydrocarbon and FA composition
can be used in chemotaxonomy of cyanobacteria even at the species level based on examination of many
strains of cyanobacteria (Dembitsky and Srebnik 2002; Rezanka et al. 2003). A large variation in individual
FA contents determined by statistical analysis according to species, season, and location belonging to the ge-
nus Nostoc was reported (Temina et al. 2006).

From literature data, it can be concluded that some filamentous nitrogen-fixing cyanobacteria
represent a source of essential FA that are of commercial interest, including linoleic, and - and -linolenic
acids, among others. The presence of -linolenic acid in Nostoc sp. from Chile is an interesting finding, because
this FA had not previously been reported to be present in strains belonging to these genera (Vargas et al.
1998). Investigation of different Nostoc species collected from marine, freshwater and terrestrial ecosystems,
and also in symbiotic species showed a large biodiversity of >80 FA.

4 DERIVATIVES OF AMINO ACIDS

Few alkaloids were found in Nostoc species. The indole-3-acetic acid (12), an auxin phytohormone
that promotes cell growth and elongation and influences rooting, is produced by plants (Sheldrake 1973) and
plant-associated bacteria (Patten and Glick 1996; Costacurta and Vanderleyden 1995). The ability of different
strains of Nostoc isolated from the angiosperm Gunnera, liverwort, hornwort or cycad to produce the phyto-
hormone indole-3-acetic acid was reported (Sergeeva et al. 2002).

A freshwater N. spongiaeforme produced and excreted a novel violet pigment, nostocine A (13),
which had a broad spectrum of growth-inhibiting activity (Hirata et al. 1996a). Nostocine A also inhibited
the growth of some typical strains of microorganisms, algae, cultured plants, and established animal cell lines
(Hirata et al. 1996b). Hirata et al. (2003) studied the bioactivity of nostocine A of several model organisms
breeding with N. spongiaeforme in the natural environment. To microalgae, nostocine A exhibited a growth-
inhibiting activity comparable to paraquat, and the activity tended to be stronger to green algae than to cyano-
bacteria. Nostocine A also exhibited strong inhibitory activity to root elongation of barnyard grass, strong
counter-feeding activity to cotton ballworm, and acute toxicity to mice resulting in its classification as a dan-
gerous poison. The results suggest that nostocine A may act as a toxin or an allelochemical to breeding
organisms in nature and that its adverse effects on various organisms may be related to its function in gene-
rating toxic reactive oxygen species, which occurs in the cells of target organisms (Hirata et al. 2003).
Treatment of Chlamydomonas reinhardtii in the light with 13 accelerated the generation of ROS in the green
alga. The reduction potential indicated that 13 and O, can easily exchange electrons depending on the mass
balance between their oxidized and reduced forms. The mechanism of generation of intracellular ROS into
the target cells is reduced specifically by intracellular reductants such as NAD(P)H. This similar intracellular
ROS generation mechanism to that of paraquat may cause the cytotoxicity (Hirata et al. 2004).

Indolo[2,3-a]-3-methoxy-4-cyanocarbazole (14a) and N-methylindolo[2,3-a]-3-methoxy-4-cyano-
carbazole (14b) are responsible for most of the cytotoxicity and antiviral activity associated with the blue-
green alga N. sphaericum EX-5-1 (Knubel et al. 1990).

Anatoxin A (15a), the neuromuscular blocking agent was first isolated from the freshwater cyano-
bacterium Anabaena flos-aquae (Devlin et al. 1977); later it has been isolated from other cyanobacterial spe-
cies including N. muscorum (Carmichael 1997). Its pharmacological properties have been investigated and
compared with that of synthetic anatoxin A which was derived from I-cocaine. Anatoxin A is a potent de-
polarizing neuromuscular blocking agent possessing both muscarinic and nicotinic activity; it acts as a potent
agonist of the secretory response of chromaffin cells with an EC5¢g of 1-2  mol/L, compared with an ECs
of 4-5 mol/L for nicotine. The cells responded to anatoxin A and nicotine with bell-shaped concentration-
response curves consistent with desensitization at anatoxin A concentration of >5 mol/L and of nicotine
>20 mol/L (Molloy et al. 1995). The natural analogs homoanatoxin A (15b) and 4-hydroxyhomoanatoxin
A (15c¢) have been isolated from Raphidiopsis mediterranea (Namikoshi et al. 2003).

A novel oligopeptide alkaloid, muscoride A (16), was isolated from terrestrial freshwater N. mus-
corum. Muscoride A was the first compound possessing N-(2-methylbut-3-en-2-yl)valine and two contiguous
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methyloxazoles (Nagatsu et al. 1995). Muscoride A showed weak antibacterial activity against Bacillus sub-
tilis and Escherichia coli (Hammerschmidt ez al. 1993).
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Phycocyanobilin (17) is a blue pigment, with a maximum absorbance at 680 nm, found in some
cyanobacterial species, being thermostable but dissociating at acidic or basic pH.

Two pigments having common structure, chlorophyll A (18) and pheophytin A (19) have been detec-
ted in all investigated Nostoc species (Potts et al. 1987).

5 TERPENOIDS AND AROMATIC COMPOUNDS

Two new compounds, a diterpenoid and an anthraquinone, as well as an indane derivative, which
was reported as a natural product for the first time, have been isolated from N. commune (Jaki et al. 2000a).
In a continuation of this investigation the isolation, structure elucidation, and biological activity of further
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three compounds, i.e. a derivative of dodecahydrophenanthrene (20), 4-methylchrysazin (21), and 4-hydroxy-
7-methylindan-1-one (22), from the cells were reported. Compound 20 displays a selective potent antibac-
terial activity against Staphylococcus epidermidis equal to chloramphenicol. Moderate antibacterial activity
against S. epidermidis could be also detected for compounds 21 and 22 and against Bacillus cereus for all
3 compounds (Jaki et al. 2000b).

A novel acetylene-containing acetylenic (1,4)-cyclophane, nostocyclyne A (23), possessing anti-
microbial activity, is the major active metabolite of the natural bloom of the Nostoc sp. (Ploutno and Carmeli
2000). Nostocyclyne A shows a weak inhibition of photosynthesis (5 % at 100 g/mL) of green algae (Ben-
Haim et al. 1999).

The diterpenoid compound, noscomin (24), has been isolated from the culture medium of the ter-
restrial N. commune (Jaki et al. 1999). Noscomin showed antibacterial activity against Bacillus cereus (MIC
32 ppm), Staphylococcus epidermidis (8 ppm), and Escherichia coli (128 ppm). These values are compa-
rable with those obtained for the standards chloramphenicol (B. cereus, MIC 8 ppm; S. epidermidis, 4 ppm)
and tetracycline (E. coli, 64 ppm) (Jaki et al. 1999).

COOH COOH

R R”
25a CH,OH Me
25b CHO Me
25¢ COOH Me
25d CH(OMe), Me
25e Ac H

26a H OH
26b OH H

Five novel extracellular metabolites with an unprecedented diterpenoid skeleton, named as comnos-
tin A (25a), B (25b), C (25¢), D (25d), and E (25e) have been isolated from N. commune (Jaki et al. 2000a).
All comnostins A—E showed antibacterial activity (Table II). Additionally, cytotoxic and molluscicidal activ-
ities were found for comnostin B.

Table I1. Biological activity of comnostins (Jaki ez al. 2000a)

Antibacterial activity® Molluscicidal activity? Cytotoxicity?

Compound

B. cereus S. epidermdis  E. coli B. glabrata KBcells Caco-2 cells
Comnostin A (25a) 32 16 128
Comnostin B (25b) 32 16 128 20 0.40 0.18
Comnostin C (25¢) 32 16 64
Comnostin D (25d) 16 32 128
Comnostin E (25e) 128 4
Chloramphenicol 8 4
Tetracycline 64
CuSOy4 100
Podophyllotoxin 0.01 0.02

AMIC, ppm. bEDSO, ppm.
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Two bacteriohopanepentols 26a and 26b which differ from one another by the presence of 1,2- or
of mixed 1,2/1,3-pentahydroxy-type side chains have been isolated from the genus Nostoc (Zhao et al. 1996).
Pentacyclic triterpenoids of the hopane series are commonly found in bacteria where they play an important
role in maintaining membrane stability (Ourisson and Rohmer 1992). The most common compounds found
to date are the Cs5 bacteriohopanepolyols in which an additional sugar-derived acyclic Cs unit is linked to
the isopropyl group of the hopane framework (Rohmer 1993). Whereas hydroxy side-chains with free primary
amino groups are quite common, free hydroxy compounds have been rarely reported. The main free hydroxy
compounds, tetrols from Acefobacter species, have been isolated (Peiseler and Rohmer 1992).

6 CAROTENOIDS

Carotenoids are a class of natural fat-soluble pigments found principally in plants, algae, and photo-
synthetic bacteria, where they play a critical role in the photosynthetic process. They also occur in some non-
photosynthetic bacteria, yeasts, and molds, where they may carry out a protective function against damage
by light and oxygen. Although animals appear to be incapable of synthesizing carotenoids, many animals
incorporate carotenoids from their diet. Within animals, carotenoids provide bright coloration, serve as anti-
oxidants, and can be a source for vitamin A activity (Ong and Tee 1992; Britton et al. 1995).

Carotenoids are responsible for many of the red, orange, and yellow hues of plant leaves, fruits, and
flowers, as well as the colors of some birds, insects, fish, and crustaceans. Some familiar examples of carote-
noid coloration is the orange of carrots and citrus fruits, the red of peppers and tomatoes, and the pink of
flamingoes and salmon (Pfander 1992). Some 600 different carotenoids are known to occur naturally (Ong
and Tee 1992), and new carotenoids are continuously being identified.

Most cyanobacteria have a mucilaginous sheath, or coating, which is often deeply pigmented (Paerl
1984). The colors of the sheaths in different species include light gold, yellow, brown, red, green, blue, vio-
let, and blue-black; they impart color to individual cells and colonies as well as to “blooms” of cyanobacteria
in aquatic environments (Hirschberg and Chamovitz 1994).

Several carotenoid compounds (27-31), in desiccated N. commune collected from China, Germany,
and Antarctica and in axenic cultures of the desiccation-tolerant strains N. commune and Hydrocoleum sp.
have been reported (Potts ef al. 1987). Nostoc species contained (in contrast to the axenic strains) significant
amounts of apocarotenoids and a P384 pigment which, upon reduction with NaBHy, yielded a mixture of
a chlorophyll derivative and a compound with an absorption maximum of 451 nm. A clear distinction can be
made between the carotenoid contents of the axenic cultures and the desiccated field materials. In the for-
mer, -carotene and echinenone, canthaxanthin and the , series of carotenoids were found.

Specific growth rates and carotenoid contents of 3 Antarctic and tropical strains of cyanobacteria,
viz. Nostoc sp., Anabaena sp. and Phormidium sp., were studied and compared in batch and mass cultures to
assess the biopotential of Antarctic strains for cost-effective carotenoid production. Antarctic strains exhibi-
ted slightly lower specific growth rates but contained higher carotenoid contents (per dry mass) than the
tropical ones. Modification of normal composition of BG-11 culture medium, by altering nitrogen and car-
bon sources resulted in 25-38 % increase in carotenoid content in both types of geographic strains. The obser-
vations suggest that Antarctic cyanobacteria may have potential as superior strains for maximizing the yield
of carotenoids (Shukla and Kashyap 2003).

7 BORON-CONTAINING MACROCYCLES

Borophycin (32, as sodium salt) is the potent cytotoxin in the lipophilic extract of a marine strain of
the cyanobacterium N. linckia (Dembitsky et al. 2002; Hemscheidt et al. 1994). Borophycin is built from
two almost identical moieties with an overall structure reminiscent of the ionophoric antibiotics boromycin
and aplasmomycin. All three compounds are acetate-derived oligoketides that utilize a C3 precursor as a star-
ter unit and methionine for the methyl branches of the oligoketide chain. Whereas 3-phosphoglycerate or
phosphoenolpyruvate has been suggested to be the C5 starter unit in the biosynthesis of boromycin and
aplasmomycin, the C3 starter unit for the biosynthesis of 32 is derived from acetate and methionine, but not
propionate (Hemscheidt et al. 1994). Borophycin was also isolated from the methanol extract of N. spon-
giaeforme var. tenue (Banker and Carmeli 1998).
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8 ARSENOLIPIDS

Recent investigation showed that the arsenic compounds in terrestrial and aquatic plants, lichens,
fungi, and algal species can be divided into water-soluble and lipid-soluble compounds (Dembitsky and Re-
zanka 2003). Recently, a freshwater Nosfoc sp. was found to contain a 3 ppm concentration of arsenic and
only %5 was extractable. The extract representing 1 ppm of arsenic contained one arsenosugar (33), the rest
being dimethylarsenic acid (Lai et al. 1997).

9 MYCOSPORINE-LIKE AMINO ACIDS

Mycosporine-like AA have been identified in taxonomically diverse organisms, including a marine
heterotrophic bacterium (Arai ef al. 1992), cyanobacteria (Rezanka et al. 2004; Garcia-Pichel and Casten-
holtz 1993; Karsten and Garcia-Pichel 1996), microalgae (Okaichi and Tokumura 1980; Carreto et al. 1990;
Vernet and Whitehead 1996; Shashar ef al. 1997), and macroalgae (Dunlap and Shick 1998). Two mycospo-
rine-like AA such as shinorine (34) and scytonemin (35) have been isolated from some Nostoc species (Re-
zanka et al. 2004).
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10 MONOSACCHARIDES AND POLYSACCHARIDES

Many cyanobacteria colonize arid and semiarid areas and produce superabundant sheath or capsular
jelly, which aggregates soil particles and is important for moisture retention (Flaibani ez al. 1989). Strains
with cells embedded in a mucilaginous sheath, e.g., N. commune, have been reported to be more tolerant to
UV irradiation than those without such coverings, e.g., Anabaena sp. (Sinha et al. 1995). Some cyano-
bacteria are able to remain desiccated for months or years and recover metabolic activity after rehydration
(Dodds et al. 1995). These properties may relate to the polysaccharides or glycoconjugates produced by
cyanobacteria, as is the case of many other microorganisms. Compared to many macroalgal and microbial
polysaccharides, cyanobacterial polysaccharides are less well characterized, and reports in the literature
focus mainly on their monosaccharide composition; their structures and properties have been described in
only a few reports (Bertocchi ez al. 1990).

Nostoc, one of the most widespread genera of nitrogen-fixing filamentous cyanobacteria, is able to
form macroscopic or microscopic colonies (Dodds ef al. 1995). Some special characteristics in the colony
formation and life cycle of N. commune are well known and are quite different from those of other cyano-
bacteria. The morphological aspects concerning the polymorphic life cycle and colony development of
N. commune are well documented (Vagnoli ef al. 1992; Abdelahad and Bazzichelli 1989), and metabolic
differences in strains and life cycle stages leading to different shapes of colonies have been reported (Doods
1989; Bilger et al. 1994). However, there has not been a systematic investigation of the biochemistry of the
colony-supporting matrix, i.e. the main gelatinous substances surrounding the trichomes.

Traditionally, some species of N. flagelliforme have been used as a food source (Gao 1998), and
some have been used as medicine to treat cancer and gout. A broad spectrum of antimicrobial compounds
has been found in both cellular extracts and extracellular products of some Nostoc spp. (e.g., Rao 1994;
Singh et al. 2001). N. commune has been reported to significantly depress serum cholesterol levels in rats
(Hori et al. 1994). This cholesterol lowering activity may be due to “dietary fiber”, according to the authors,
but no details on this viscous product exist. A hot water extract of N. flagelliforme has been reported to have
antitumor activity; this effect may be due to polysaccharides (Takenaka et al. 1998; Huang ef al. 1998), but
no characterization has been done. Hokputsa et al. (2003) and Hu ez al. (2003) studied an EPS from 5 desert
cyanobacteria, including Nostoc sp. The authors show that polysaccharides contain up to 6 sugars (in %):
L-rhamnose 3.5, D-xylose 20.9, D-mannose 1.6, D-galactose 21.5, D-glucose 44.0, and 2-O-methyl-D-glucose
8.6. De Philippis et al. (2000) studied the exocellular polysaccharides released during the photoautotrophic
growth by 25 Nostoc strains belonging to the PCC. The results are shown in Tables III (see p. 371) and I'V.
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N. commune produces quite complex EPS, and oligosaccharide fractions that were isolated. The struc-
tures of the oligosaccharides were determined, and two different series that can originate from two repeating
pentamers were identified:

GlcA-1—4/6-GlcA-1—4-Gal-1—4-Glc-1—4-Xyl and
GlcA-1—4/6-Glc-1—4-Gal-1—4-Glc-1—4-Xyl (Brull et al. 2000).

Table IV. Monosaccharide composition (molar ratios®) of the polysaccharides released by Nostoc PCC strains?

Strain GlcA GalA Gal Man Ara Xyl Rib Fuc Rha
6302 + - 0.10 0.45 2.30 0.05 - 0.80 0.40
6310 + + 0.27 0.10 - 0.23 0.07 0.10 0.23
6705 + - 1.87 0.40 0.76 0.29 0.10 0.21 0.13
6719 + + 2.42 0.05 1.40 0.02 - 0.02 0.06
6720 + + 1.61 2.09 - 3.13 - 0.96 0.13
7107 + - 0.30 0.34 0.38 0.31 0.10 0.57 0.10
7119 - + 2.69 - 2.00 - - 0.02 0.10
7413 - + 2.24 0.45 1.58 0.14 0.10 0.23 0.18
7416 + - 0.18 0.16 0.18 0.19 - 0.25 0.05
7422 - + 0.33 243 0.05 0.29 - 1.33 0.24
7423 + - 0.42 0.17 - 0.40 - 0.05 0.01
7706 + - 7.75 5.47 - 3.83 - 1.75 0.12
7803 - + 0.50 0.02 - 0.81 0.62 0.03 0.08
7807 + + - 0.37 - - 0.01 0.03 0.01
7906 - + 0.42 1.12 0.31 0.96 - 0.58 0.19
7933 - + 1.22 1.05 0.27 0.46 - 0.53 0.26
7936 + - 1.10 0.80 - - - 0.06 -

7937 - - 2.07 0.11 0.87 0.07 - 0.03 0.09
8009 - + 1.35 1.18 0.29 1.35 - 0.29 0.12
8109 + - 1.04 0.29 - 0.39 - 0.17 0.13
8112 + + 0.43 0.27 0.27 0.66 - 0.39 0.14
8113 - + 12.5 1.25 - 20.0 18.0 11.5 4.25
8306 - + 0.33 0.19 - 0.11 - 0.44 0.08
9202 + + 0.41 0.36 0.20 0.30 - 0.06 0.02
9305 + 0.12 0.09 0.22 0.21 - 0.07 0.06

3For glucose is 1. b(+) present, () not detectable (De Philippis 2000).

11 PEPTIDES AND LIPOPEPTIDES

The cyanobacteria and predominantly the genus Nostoc are known as producers of dozens pharmaco-
logically active compounds, composed of unusual AA (Carmichael 1992; Patterson et al. 1994).

Cryptophycin-1 (36b) was found in the extracts of Nostoc sp. (Schwartz et al. 1990). Later, it was
identified in the crude lipophilic extract; it was cytotoxic against the KB human nasopharyngeal carcinoma
cell line (0.24 ng/mL) and against the human colorectal adenocarcinoma cell line (6 ng/mL) (Trimurtulu ez
al. 1994). Cryptophycin-1 is an effective inhibitor of tubulin polymerization, causes tubulin to aggregate,
and depolymerizes microtubules to linear polymers somewhat similar to the spiral-like structures produced
by the Vinca alkaloids. Cryptophycin-1 also inhibits vinblastine binding to tubulin but not colchicine binding
(Kerksiek et al. 1995). The major naturally occurring representative of this class of cyclic depsipeptides,
cryptophycin-1, shows excellent activity against a broad spectrum of solid tumors, including drug-resistant
ones, implanted in mice (Golakoti et al. 1995; Moore et al. 1996; Subbaraju et al. 1997).

Cryptophycin-46 (37b), -175 (37a), and -176 (37e) have been identified as three new trace constitu-
ents of Nostoc sp. (Trimurtulu ef al. 1994). Cryptophycin-46 is to date the only naturally occurring analog
having the S configuration at C10. Cryptophycin-175 and -176 also differ in unit B where 37¢ is the O-methyl
analog of 37d and 36¢ is the O-demethyl analog of cryptophycin-21 (36d). Five minor cryptophycins B-F,
(36¢,g, 37c—e) have also been isolated from Nostoc sp. and their total structure and cytotoxicity were deter-
mined. Two types of cryptophycins were present in this cyanobacterium, the major series possessing a mono-
chlorinated O-methyl-L-tyrosine unit and the minor series possessing a nonchlorinated O-methyl-D-tyrosine
unit.
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The Nostoc sp. grow in large scale to procure adequate minor metabolites of 36b and the crypto-
phycins 36a, 37a,b and 38 for further in vivo evaluation and semisynthesis of analogs for structure—activity
relationship studies. As a consequence of this expanded investigation, authors identified eight new crypto-
phycins 39—43 as minor constituents (Golakoti ef al. 1995).

A novel lipopeptide, nostofungicidine (44), was isolated from the methanolic extract of a field-grown
terrestrial N. commune (Kajiyama et al. 1998). Nostofungicidine contains a novel -AA, viz. 3-amino-
6-hydroxystearic acid. Nostofungicidine showed potent antifungal activity against Aspergillus candidus
(MIC 1.6 g/mL) and cytotoxicity against NSF-60 cell (ICsy 1.5 mol/L).

The isolation and total structure determinations of nostopeptolides A (45b), A, (45a) and A3 (45c¢)
were described by Golakoti et al. (2000). These cyclic depsipeptides, which are devoid of cytotoxic, antifun-
gal and inhibition of peptidase activity, are characteristic constituents of the cryptophycin-producing Nostoc
sp. None of the nostopeptolides showed significant cytotoxicity against KB and LoVo (IC59 <1 mol/L),
antifungal activity against Candida albicans (25 g per disc), antibacterial activity against Pseudomonas aeru-
ginosa, Mycobacterium tuberculosis (>25 g per disc), or inhibition of peptidase activity against trypsin (EC
3.4.21.4), chymotrypsin (EC 3.4.21.1), papain (EC 3.4.22.2), thrombin (EC 3.4.21.5), plasmin (EC 3.4.21.7)
(IC50 <40 mol/L) and against leukocyte elastase (EC 3.4.21.37) (IC59 <20 mol/L).
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Six new metabolites, viz. nostopeptin BN920 (46), nostoginin BN741 (47b), nostoginin BN578 (47a),
banyascyclamide A (48), banyascyclamide B (49a) and banyascyclamide C (49b) were isolated from the
hydrophilic extract of a Nostoc sp. (Ploutno and Carmeli 2002). Compound 46 inhibits the serine endopep-
tidase chymotrypsin, while compound 47b inhibits aminopeptidases (EC 3.4.11). The inhibitory activity of
nostopeptin (46) was determined against two enzymes, the serine endopeptidases trypsin and chymotrypsin.
In addition, compound 46 inhibits chymotrypsin with IC50 0.11 mol/L, but not trypsin at 45.0 g/mL. Nosto-
ginin BN741 (47b) inhibits a bovine aminopeptidase with ICgy 1.3 mol/L, but does not inhibit bovine
neutral endopeptidase and peptidyl-dipeptidase A (angiotensin converting enzyme; EC 3.4.15.1) at 48 g/mL
(Ploutno and Carmeli 2002).
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Nostocyclin (50), a novel 3-amino-6-hydroxy-2-piperidone-containing cyclic peptide was isolated
from a hepatotoxic strain of cyanobacterium Nostoc sp. (Kaya et al. 1996). Nostocyclin is nontoxic in acute
in vivo bioassays but inhibits phosphoprotein phosphatase (EC 3.1.3.16) activity at high concentration in
vitro. Nostocyclin was not toxic in an intraperitoneal mouse bioassay at up to 2500 g/kg body mass or in
a brine shrimp bioassay at up to 5 mol/L. In vitro phosphoprotein phosphatase inhibition assay, inhibition
by nostocyclin was found, although with a relatively high ICsy of 64 mol/L (1280x higher than micro-
cystin-LR).
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A new anticyanobacterial and antialgal secondary metabolite, nostocyclamide (51a), has been isola-
ted as a major component from the Nostoc sp. (Todorova et al. 1995). Inhibitory activity was quantitatively
determined against the diatom Navicula minima; it was also toxic against Brachionus calyciflorus. A cyclic
peptide nostocyclamide M (51b), containing thiazole and oxazole moieties, was isolated from a freshwater
Nostoc sp. (Jittner et al. 2001). Compound 51b exhibited grazer toxicity and allelopathy against related
cyanobacteria.

Four modified cyclic hexapeptides, tenuecyclamides A-D (52), were isolated along with the known
antibiotic, borophycin (32), from the methanol extract of N. spongiaeforme var. tenue (Banker and Carmeli
1998).

Nostopeptins A (53b) and B (53a) were isolated from the cultured freshwater N. minutum (Okino et
al. 1997). These cyclic depsipeptides containing 3-amino-6-hydroxy-2-piperidone inhibited elastase and
chymotrypsin. Nostopeptins A and B inhibited elastase (ICsy 1.3 and 11.0 g/mL, respectively) and chymo-
trypsin (ICs5g 1.4 and 1.6 g/mL, respectively), while neither compound inhibited papain, trypsin, thrombin,
or plasmin, even at 100 g/mL.
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Cyclic heptapeptides, viz. nostocyclopeptides A (54a), A, (54b), and A3 (54¢), possessing a unique
imino linkage in the macrocyclic ring, are characteristic constituents of the cryptophycin-producing cyano-
bacterium Nostoc sp. (Golakoti et al. 2001). Studies were carried out on the biosynthesis and on the bio-
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logical activity of these cyclic peptides. The nostocyclopeptides 54a and 54b showed weak cytotoxicity (ICs
1 mol/L) against human nasopharyngeal carcinoma and human colorectal adenocarcinoma cell lines and
were devoid of antifungal activity (Candida albicans at 25 g per disc) and antibacterial activity (Pseudo-
monas aeruginosa, Mycobacterium tuberculosis at >25 g per disc). None of the compounds displayed sig-
nificant inhibition of peptidase activity against trypsin, thrombin, and plasmin (ICsy <50 mol/L) or against
chymotrypsin, elastase, and papain (IC59 <25 mol/L) (Golakoti et al. 2001).

Some genera of fresh water and brackish cyanobacteria produce potent hepatotoxic cyclic peptides
and have been known for more than 20 years (Carmichael 1988; Rinehart et al. 1988). Microcystins are
hepatotoxic heptapeptides and general tumor promoters produced by several species of the genera Micro-
cystis, Anabaena, Oscillatoria and Nostoc, of which Microcystis is the most harmful freshwater bloom-for-
ming cyanobacterium (Kuiper-Goodman et al. 1999).

A novel cyclic peptide, nostophycin (55), possessing a weakly cytotoxic activity, was isolated together
with microcystins from the toxic Nostoc sp. (Fujii ef al. 1999). Nostophycin is composed of six AA, viz. D-glut-
amine, glycine, L-phenylalanine, D-allo-isoleucine, 2 mol of L-proline, and anovel -AA, (25,3R,5R)-3-ami-
no-2,5-dihydroxy-8-phenyloctanoic acid. These results suggest that nostophycins are biosynthetically related
to the microcystins, because they have a -AA and two D-AA in common.

Eight cyclic heptapeptide hepatotoxins (56) including thee new, viz. D-Ser!, APD>-microcystin-LR
(56h), D-Asp3,APD3-microcystin-LHar (56d), and APD3,MeSer”-microcystin-LR (56g) (where APD is 9-acet-
oxy-3-amino-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, and Har L-homoarginine), were isolated from
the Nostoc sp., together with four known microcystins (Namikoshi et al. 1990). All three new toxins con-
tained 9-acetoxy-3-amino-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid instead of the corresponding 9-meth-
oxy derivative, while compound 56a contains the corresponding 9-hydroxy analog (Sivonen et al. 1992).
Compound 56h is the first microcystin reported that contains D-serine in licu of the D-alanine unit, which
was thought to be an invariable AA component of the microcystins. Compound 56d has L-homoarginine
instead of L-arginine in compound 56¢ and D-aspartic acid instead of D-erythro-3-methylaspartic acid in
compound 56f. Compound 56g, the N-methylserine variant of the N-methyldehydroalanine unit in hepato-
toxin (56g), would be a biosynthetic precursor of compound 56e.

The research was supported by Institutional Research Concept AV 0Z 502 0903.

REFERENCES

ABDELAHAD N., BAZZICHELLI G.: Ultrastructure and development of coccoid cells of Nostoc commune (Cyanophyta). Brit.Phycol.J.
24,217-222 (1989).

AHLGREN G., GUSTAFSSON 1., BOBERG M.: Fatty acid content and chemical composition of freshwater microalgae. J.Phycol. 28, 37-50
(1992).

ARAI T., NISHUIMA M., ADACHI K., SANO H.: Isolation and structure of a UV absorbing substance from the marine bacterium Micro-
coccus sp. Inst. Marine Biotechnol Rep.Tokyo 334, 88-94 (1992).

BANKER R., CARMELI S.: Tenuecyclamides A-D: cyclic hexapeptides from the cyanobacterium Nostoc spongiaeforme var. tenue.
J.Nat. Prod. 61, 1248-1251 (1998).

BEN-HAM Y., BANIM E., KUSHMARO A., LOYA Y., ROSENBERG E.: Inhibition of photosynthesis and bleaching of zooxanthellae by the
coral pathogen Vibrio shiloi. Environ.Microbiol. 1,223-229 (1999).

BERTOCCHI C., NAVARINI L., CESARO A., ANASTASIO M.: Polysaccharides from cyanobacteria. Carbohydr.Polym. 12, 127-153 (1990).

BILGER W., BUDEL B., MOLLENHAUER R., MOLLENHAUER D.: Photosynthetic activity of 2 developmental stages of a Nosfoc strain
(cyanobacteria) isolated from Geosiphon pyriforme (mycota). J.Phycol. 30,225-230 (1994).

BRITTON G.: Structure and properties of carotenoids in relation to function. FASEB J. 9, 1551-1558 (1995).

BRITTON G., LIAAEN-JENSEN S., PFANDER H.: Carotenoids today and challenges for the future, pp. 13-26 in G. Britton, S. Liaaen-Jen-
sen, H. Pfander (Eds): Carotenoids, Vol. 14: Isolation and Analysis. Birkhduser, Basel 1995.

BROCKS J.J., LOGAN G.A., BUICK R., SUMMONS R.E.: Archean molecular fossils and the early rise of eukaryotes. Science 285, 1033—
1036 (1999).

BROCKS J.J., BUICK R., SUMMONS R.E., LOGAN G.A.: A reconstruction of Archean biological diversity based on molecular fossils from
the 2.78 to 2.45 billion-year-old Mount Bruce Supergroup, Hamersley Basin, Western Australia. Geochim.Cosmochim.Acta
67,4321-4335 (2003).

BRULL L.P., HUANG Z.B., THOMAS-OATES J.E., PAULSEN B.S., COHEN E.H., MICHAELSEN T.E.: Studies of polysaccharides from three
edible species of Nostoc (cyanobacteria) with different colony morphologies: structural characterization and effect on the
complement system of polysaccharides from Nostoc commune. J.Phycol. 36, 871-881 (2000).

BYCHEK L.A., BYCHEK E.A.: Desiccation induced changes in the lipid and fatty acid composition of the cyanobacterium Nostoc
commune. Russian J.Plant Physiol. 44,298-302 (1997).

CARMICHAEL W.W.: Toxins of fresh water algae, pp. 121-147 in Handbook of Natural Toxins (A. Tu, Ed.). Marcel Dekker, New
York 1988.

CARMICHAEL W.W.: Cyanobacteria secondary metabolites: the cyanotoxins. J.Appl.Bacteriol. 72, 445-459 (1992).

CARMICHAEL W.W.: The cyanotoxins, pp. 211-256 in J.A. Callow (Ed.): Advances in Botanical Research. Academic Press, London
1997.



2005 METABOLITES PRODUCED BY NITROGEN-FIXING Nostoc SPECIES — review 385

CARRETO J.I.,, CARIGNAN M.O., DALEO G., DE MARCO S.G.: Occurrence of mycosporine-like amino acids in the red-tide dinoflagellate
Alexandrium excavatum: UV-photoprotective compounds? J. Plankton Res. 121, 909-921 (1990).

CASTENHOLZ R.W., WATERBURY J.B.: Oxygenic photosynthetic bacteria. Group 1. Cyanobacteria, pp. 1710-1789 in Bergey’s Manual
of Systematic Bacteriology, Vol. 3 (J.T. Staley, M.P. Bryant, N. Pfenning, J.G. Holt, Eds). Williams & Wilkins, Baltimore
1989.

CAUDALES R., WELLS J.M.: Differentiation of the free living Anabaena and Nostoc cyanobacteria on the basis of fatty acid composi-
tion. Internat.J.Syst.Bacteriol. 42,246-251 (1992).

CAUDALES R., MOREAU R.A., WELLS J.M., ANTOINE A.D.: Cellular lipid and fatty acid composition of cyanobionts from Azolla
caroliniana. Symbiosis 14, 191-200 (1993).

COSTACURTA A., VANDERLEYDEN J.: Synthesis of phytohormones by plant-associated bacteria. Crit. Rev. Microbiol. 21, 1-18 (1995).

DE PHILIPPIS R., ENA A., PAPERI R., SILI C., VINCENZINI M.: Assessment of the potential of Nostoc strains from the Pasteur Culture
Collection for the production of polysaccharides of applied interest. J.Appl. Phycol. 12, 401-407 (2000).

DEBRECZENY M., GOMBOS Z., SZALONTAI B.: Surface enhanced resonance Raman spectroscopy of phycocyanin and allophycocyanin.
Eur.Biophys.J.Biophys.Lett. 21, 193-198 (1992).

DEMBITSKY V.M., REZANKA T.: Natural occurrence of arseno compounds in plants, lichens, fungi, algal species, and microorganisms.
Plant Sci. 165, 1177-1192 (2003).

DEMBITSKY V.M., SREBNIK M.: Variability of hydrocarbon and fatty acid components in cultures of the filamentous cyanobacterium
Scytonema sp. isolated from microbial community ‘Black Cover’ of limestone walls in Jerusalem. Biochemistry (Moscow)
67, 1545-1552 (2002).

DEMBITSKY V.M., SHKROB 1., DOR I.: Separation and identification of hydrocarbons and other volatile compounds from cultured blue-
green alga Nostoc sp. by gas chromatography—mass spectrometry using serially coupled capillary columns with consecutive
nonpolar and semipolar stationary phases. J. Chromatogr.4A 862, 221-229 (1999).

DEMBITSKY V.M., SHKROB 1., GO J.V.: Dicarboxylic and fatty acid compositions of cyanobacteria of the genus Aphanizomenon. Bio-
chemistry (Moscow) 66, 72—76 (2001).

DEMBITSKY V.M., SMOUM R., AL-QUNTAR A.A., ABU ALI H., PERGAMENT 1., SREBNIK M.: Natural occurrence of boron-containing
compounds in plants, algae and microorganisms. Plant Sci. 163, 931-942 (2002).

DEVLIN J.P., EDWARDS O.E., GORHAM P.R., HUNTER N.R., PIKE R.K., STAVRIC B.: Anatoxin A, a toxic alkaloid from Anabaena flos-
aquae NRC-44h. Can.J.Chem. 55, 1367-1371 (1977).

DobDs W.K.: Photosynthesis of two morphologies of Nostoc parmelioides (cyanobacteria) as related to current velocities and diffusion
patterns. J.Phycol. 25, 258-262 (1989).

DobpDS W K., GUDDER D.A., MOLLENHAUER D.: The ecology of Nostoc. J.Phycol. 31, 2—18 (1995).

DOHLER G., DATZ G.: Effects of light on lipid and fatty acid composition of a cyanobacterium, Anacystis nidulans (Synechococcus).
Z.Pflanzenphysiol. 100, 427-435 (1980).

DUNLAP W.C., SHICK J.M.: Ultraviolet radiation-absorbing mycosporine-like amino acids in coral reef organisms: a biochemical and
environmental perspective. J.Phycol. 34, 418—430 (1998).

FLAIBANI A., OLSEN Y., PAINTER T.J.: Polysaccharides in desert reclamation — compositions of exocellular proteoglycan complexes
produced by filamentous blue-green and unicellular green edaphic algae. Carbohydr.Res. 190, 235-248 (1989).

Fui K., SIVONEN K., KASHIWAGI T., HIRAYAMA K., HARADA K.: Nostophycin, a novel cyclic peptide from the toxic cyanobacterium
Nostoc sp. 152. J.Org.Chem. 64, 5777-5782 (1999).

GAO K.S.: Chinese studies on the edible blue-green alga, Nostoc flagelliforme: a review. J.Appl.Phycol. 10, 37-49 (1998).

GARCIA-PICHEL F., CASTENHOLZ R.W.: Occurrence of UV-absorbing, mycosporine-like compounds among cyanobacterial isolates and
an estimation of their screening capacity. Appl. Environ. Microbiol. 59, 163—169 (1993).

GELPI E., SCHNEIDER H., MANN J., ORO J.: Hydrocarbons of geochemical significance in microscopic algae. Phytochemistry 9, 603—
612 (1970).

GOLAKOTI T., OGINO J., HELTZEL C.E., LE HUSEBO T., JENSEN C.M., LARSEN L.K., PATTERSON G.M.L., MOORE R.E., MOOBERRY
S.L., CORBETT T.H., VALERIOTES F.A.: Structure determination, conformational analysis, chemical stability studies, and
antitumor evaluation of the cryptophycins. Isolation of 18 new analogs from Nostoc sp. strain GSV 224t. J.Am.Chem.Soc.
117, 12030-12049 (1995).

GOLAKOTI T., YOSHIDA W.Y., CHAGANTY S., MOORE R.E.: Isolation and structures of nostopeptolides Aj, Ay and A3 from the cyano-
bacterium Nostoc sp. GSV224. Tetrahedron 56, 9093-9102 (2000).

GOLAKOTI T., YOSHIDA W.Y., CHAGANTY S., MOORE R.E.: Isolation and structure determination of nostocyclopeptides A and A;
from the terrestrial cyanobacterium Nostoc sp. ATCC 53789. J.Nat.Prod. 64, 54—59 (2001).

GOSBOS Z., MARATA N.: Genetically engineered modulation of the unsaturation of glycerolipid and its consequences in tolerance
of photosynthesis to temperature stresses, pp. 249-262 in Lipids in Photosynthesis: Structure, Function and Genetics
(P.A. Siegenthaler, N. Murata, Eds). Kluwer Academic Publishers, Dordrecht 1998.

GUSCHINA L.A., DOBSON G., HARWOOD J.L.: Lipid metabolism in cultured lichen photobionts with different phosphorus status. Phyto-
chemistry 64,209-217 (2003).

HALL LH., IZYDORE R.A., WARREN A.E., BARNES C.R.: Cytotoxicity and mode of action of aliphatic dicarboxylic acids in L1210 lym-
phocytic leukemia cells. Anticancer Res. 19,205-211 (1999).

HAMMERSCHMIDT F.J., CLARK A.M., EL-KASHOURY E.A., EL-KAWY M.M.A., EL-FISHAWY A.M.: Chemical composition and anti-
microbial activity of essential oils of Jasonia candicans and J. montana. Planta Med. 59, 68—70 (1993).

HAN J., MCCARRTH E.D., CALVIN M.: Hydrocarbon constituents of the blue-green algae Nostoc muscorum, Anacystis nidulans, Phor-
midium luridum and Clorogloea fritschii. J.Chem.Soc.C 2785-2791 (1968).

HANJ., CHAN H.W., CALVIN M.: Biosynthesis of alkanes in Nostoc muscorum. J.Am.Chem.Soc. 91, 5156-5159 (1969).

HARWOOD J.L., PETTITT T.P., JONES A.L.: Lipid metabolism, pp. 49—-67 in Biochemistry of the Algae and Cyanobacteria (L.J. Rogers,
J.R. Gallon, Eds). Clarendon Press, Oxford 1988.

HEMSCHEIDT T., PUGLISI M.P., LARSEN L.K., PATTERSON G.M.L., MOORE R.E., RIOS J.L., CLARDY J.: Structure and biosynthesis of
borophycin, a new boeseken complex of boric acid from a marine strain of the blue-green alga Nostoc linckia. J.Org.Chem.
59,3467-3471 (1994).



386 V.M. DEMBITSKY and T. REZANKA Vol. 50

HIRATA K., NAKAGAMI H., TAKASHINA J., MAHMUD T., KOBAYASHI M., IN Y., ISHIDA T., MIYAMOTO K.: Novel violet pigment,
nostocine A, an extracellular metabolite from cyanobacterium Nostoc spongiaeforme. Heterocycles 43, 1513—1519 (1996a).

HIRATA K., TAKASHINA J., NAKAGAMI H., UEYAMA S., MURAKAMI K., KANAMORI T., MIYAMOTO K.: Growth inhibition of various
organisms by a violet pigment, nostocine A, produced by Nostoc spongiaeforme. Biosci.Biotechnol Biochem. 60, 1905-1906
(19960).

HIRATA K., YOSHITOMI S., DWI S., IWABE O., MAHAKHANT A., POLCHAI J., MIYAMOTO K.: Bioactivities of nostocine A produced by
a freshwater cyanobacterium Nostoc spongiaeforme TISTR 8169. J.Biosci.Bioeng. 95, 512-517 (2003).

HIRATA K., YOSHITOMI S., DWI S., IWABE O., MAHAKANT A., POLCHAI J., MIYAMOTO K.: Generation of reactive oxygen species
undergoing redox cycle of nostocine A: a cytotoxic violet pigment produced by freshwater cyanobacterium Nostoc spon-
giaeforme. J.Biotechnol. 110, 29-35 (2004).

HIRSCHBERG J., CHAMOVITZ D.: Carotenoids in cyanobacteria, pp. 229-279 in The Molecular Biology of Cyanobacteria (D.A. Bryant,
Ed.). Kluwer Academic Publishers, Dordrecht 1994.

HOKPUTSA S., HU C., PAULSEN B.S., HARDING S.E.: A physico-chemical comparative study on extracellular carbohydrate polymers
from five desert algae. Carbohydr.Polym. 54,27-32 (2003).

HOLTON R.W., BLECKER H.H., STEVENS T.S.: Fatty acids in blue-green algae: possible relation to phylogenetic position. Science 160,
602-603 (1968).

HORI K., ISHIBASHI G., OKITA T.: Hypocholesterolemic effect of blue-green alga, ishikurage (Nostoc commune) in rats fed atherogenic
diet. Plant Foods Human Nutr. 45, 63—70 (1994).

HU T.L., CHIANG P.C.: Odorous compounds from a cyanobacterium in a water purification plant in Central Taiwan. Water Res. 30,
2522-2525 (1996).

Hu C., LU Y., PAULSEN B.S., PETERSEN D., KLAVENESS D.: Extracellular carbohydrate polymers from five desert soil algae with
different cohesion in the stabilization of fine sand grain. Carbohydr.Polym. 54,33—42 (2003).

HUANG Z.B., LIU Y.D., PAULSEN B.S., KLAVENESS D.: Studies on polysaccharides from three edible species of Nostoc (cyanobacteria)
with different colony morphologies: comparison of monosaccharide compositions and viscosities of polysaccharides from
field colonies and suspension cultures. J.Phycol. 34, 962—968 (1998).

JAKI B., ORJALA J., STICHER O.: A novel extracellular diterpenoid with antibacterial activity from the cyanobacterium Nostoc
commune. J.Nat.Prod. 62, 502-503 (1999).

JAKI B., HEILMANN J., STICHER O.: New antibacterial metabolites from the cyanobacterium Nostoc commune (EAWAG 122b). J.Nat.
Prod. 63, 1283-1285 (2000a).

JAKI B., ORJALA J., HEILMANN J., LINDEN A., VOGLER B., STICHER O.: Novel extracellular diterpenoids with biological activity from
the cyanobacterium Nostoc commune. J.Nat.Prod. 63, 339-343 (20005).

JUTTNER F., TODOROVA A.K., WALCH N., VON PHILIPSBORN W.: Nostocyclamide M: a cyanobacterial cyclic peptide with allelopathic
activity from Nostoc sp. Phytochemistry 57, 613—619 (2001).

KAJIYAMA S.I., KANZAKT H., KAWAZU K., KOBAYASHI A.: Nostofungicidine, an antifungal lipopeptide from the field grown terrestrial
blue-green alga Nostoc commune. Tetrahedron Lett. 39, 3737-3740 (1998).

KARSTEN U., GARCIA-PICHEL F.: Carotenoids and mycosporine-like amino acid compounds in members of the genus Microcoleus
(cyanobacteria): a chemosystematic study. Syst.Appl. Microbiol. 19, 285-294 (1996).

KAYA K., SANO T., BEATTIE K.A., COoDD G.A.: Nostocyclin, a novel 3-amino-6-hydroxy-2-piperidone-containing cyclic depsipeptide
from the cyanobacterium Nostoc sp. Tetrahedron Lett. 37, 6725-6728 (1996).

KENIG F., DAMSTE J.S.S., DALEN A.C.K., RUPSTRA W.IL.C., HUC A.Y., DELEEUW J.W.: Occurrence and origin of monomethylalkanes,
dimethylalkanes, and trimethylalkanes in modern and Holocene cyanobacterial mats from Abu-Dhabi, United Arab Emir-
ates. Geochim.Cosmochim.Acta 59, 2999-3015 (1995).

KENIG F.: C-16-C-29 homologous series of monomethylalkanes in the pyrolysis product of a Holocene microbial mat. Org.Geochem.
31, 237-241 (2000).

KERKSIEK K., MEJILLANO M.R., SCHWARTZ R.E., GEORG G.I., HIMES R.H.: Interaction of cryptophycin 1 with tubulin and micro-
tubules. FEBS Lett. 377, 59-61 (1995).

KERWIN J.: Fatty acids in evolution of life, pp. 163-201 in Isopentenoids and Other Natural Products: Evolution and Function. ACS
Symposium, Ser. no. 562 (W.D. Nes, Ed.). American Chemist’s Society, Washington (DC) 1994.

KNUBEL G., LARSEN L.K., MOORE R.E., LEVINE L.A., PATTERSON G.M.L.: Cytotoxic, antiviral indolocarbazoles from a blue-green alga
belonging to the Nostocaceae. J.Antibiot. 43, 1236—1239 (1990).

KOSTER J., VOLKMAN J.K., RULLKOTTER J., SCHOLZ-BOTTCHER B.M., RETHMEIER J., FISCHER U.: Mono-, di- and trimethyl-branched
alkanes in cultures of the filamentous cyanobacterium Calothrix scopulorum. Org.Geochem. 30, 1367-1379 (1999).

KRUGER G.H.J., WET H.D., KOCK J.L.F., PIETERSE A.J.H.: Fatty acid composition as taxonomic characteristic for Microcystis and other
coccoid cyanobacteria (blue-green alga) isolates. Hydrobiologia 308, 145—151 (1995).

KUIPER-GOODMAN T., FALCONER 1., FITZGERALD J.: Cyanobacterial toxins, pp. 347-367 in Toxic Cyanobacteria in Water (1. Chorus,
J. Bartram, Eds). E&FN Soon, London 1999.

LAl V.W.M., CULLEN W.R., HARRINGTON C.F., REIMER K.J.: The characterization of arsenosugars in commercially available algal
products including a Nostoc species of terrestrial origin. Appl.Organometal. Chem. 11, 797-803 (1997).

L1 R., WATANABE M.M.: Fatty acid profiles and their chemotaxonomy in planktonic species of Anabaena (cyanobacteria) with straight
trichomes. Phytochemistry 57, 727-731 (2001).

Liu X.-J., CHEN F.: Cell differentiation and colony alteration of an edible terrestrial cyanobacterium Nostoc flagelliforme, in liquid
suspension cultures. Folia Microbiol. 48, 619—626 (2003).

Liu X.J., CHEN F., JIANG Y.: Differentiation of Nostoc flagelliforme and its neighboring species using fatty acid profiling as a chemo-
taxonomic tool. Curr.Microbiol. 47, 467474 (2003).

Liu X.J., JIANG Y., CHEN F.: Fatty acid profile of the edible filamentous cyanobacterium Nostoc flagelliforme at different temperatures
and developmental stages in liquid suspension culture. Process Biochem., in press (2004).

MA X., BARAONA E., GOOZNER B.G., LIEBER C.S.: Gender differences in medium-chain dicarboxylic acid uria in alcoholic men and
women. Am.J. Med. 106, 70-75 (1999).

MEEKS J.C.: Symbiosis between nitrogen-fixing cyanobacteria and plants. BioScience 48, 266-276 (1998).



2005 METABOLITES PRODUCED BY NITROGEN-FIXING Nostoc SPECIES — review 387

MERCER E.I., DAVIES C.L.: Chlorosulpholipids in algae. Phytochemistry 14, 1545-1548 (1975).

MERCER E.I., DAVIES C.L.: Distribution of chlorosulpholipids in algae. Phytochemistry 18, 457-462 (1979).

MOLLOY L., WONNACOTT S., GALLAGHER T., BROUGH P.A., LIVETT B.G.: Anatoxin A is a potent agonist of the nicotinic acetylcholine
receptor of bovine adrenal chromaffin cells. Eur.J.Pharmacol. Molec.Pharmacol. 289, 447-453 (1995).

MOORE R.E., CORBETT T.H., PATTERSON G.M.L., VALERIOTE F.A.: The search for new antitumor drugs from blue-green algae. Curr.
Pharm.Design 2,317-330 (1996).

MURATA N., NISHIDA L.: Lipids of blue-green algae (cyanobacteria), pp. 315-347 in The Biochemistry of Plants (P.K. Stumpf, Ed.).
Academic Press, San Diego 1987.

MURATA N., WADA H., GOMBOS Z.: Modes of fatty-acid desaturation in cyanobacteria. Plant Cell Physiol. 33, 933-941 (1992).

MURRAY J., THOMSON A.B., STAGG A., HARDY R., WHITTLE K.J., MACKIE P.R.: On the origin of hydrocarbons in marine organisms.
Rapp.P.-V.Reun.Cons.Int.Explor.Mer. 171, 84—89 (1977).

NAGATSU A., KAJITANI H., SAKAKIBARA J.: Muscoride A: a new oxazole peptide alkaloid from freshwater cyanobacterium Nostoc
muscorum. Tetrahedron Lett. 36,4097-4100 (1995).

NAMIKOSHI M., RINEHART K.L., SAKAI R., SIVONEN K., CARMICHAEL W.W.: Structures of 3 new cyclic heptapeptide hepatotoxins
produced by the cyanobacterium (blue-green alga) Nostoc sp. strain 152. J.Org.Chem. 55, 6135-6139 (1990).

NAMIKOSHI M., MURAKAMI T., WATANABE M.F., ODA T., YAMADA J., TSUIIMURA S., NAGAI H., OISHI S.: Simultaneous production
of homoanatoxin A, anatoxin A, and a new non-toxic 4-hydroxyhomoanatoxin A by the cyanobacterium Raphidiopsis medi-
terranea SKUIJA. Toxicon 42, 533-538 (2003).

NEVENZEL J.C.: Biogenic hydrocarbons of marine organisms, pp. 3—72 in Marine Biogenic Lipids, Fats, and Oils, Vol. 1 (R.G. Ackman,
Ed.). CRC Press, Boca Raton (USA) 1989.

OKAICHI T., TOKUMURA T.: Isolation of cyclohexene derivatives from Noctiluca miliaris SURIRAY, pp. 664—671 in 23rd Symp. Che-
mistry of Natural Products (Nagoya). Chemical Society of Japan, Tokyo 1980.

OKINO T., QI S., MATSUDA H., MURAKAMI M., YAMAGUCHI K.: Nostopeptins A and B, elastase inhibitors from the cyanobacterium
Nostoc minutum. J.Nat.Prod. 60, 158—161 (1997).

OLIE J.J., POTTS M.: Purification and biochemical analysis of the cytoplasmic membrane from the desiccation tolerant cyanobacterium
Nostoc commune 584. Appl.Environ.Microbiol. 52, 706710 (1986).

ONG A.S.H., TEE E.S.: Natural sources of carotenoids from plants and oils. Meth. Enzymol. 213, 142-167 (1992).

OURISSON G., ROHMER M.: Hopanoids. 2. Biohopanoids — a novel class of bacterial lipids. Acc. Chem.Res. 25, 403—408 (1992).

PAERL H.W.: Cyanobacterial carotenoids: their roles in maintaining optimal photosynthetic production among aquatic bloom forming
genera. Oecologia (Berlin) 61, 143—149 (1984).

PAOLETTI C., PUSHPARAJ B., FLORENZANO G., CAPELLA P., LERCKER G.: Unsaponifiable matter of green and blue green algal lipids as
a factor of biochemical differentiation of their biomasses. I. Total unsaponifiable and hydrocarbon fraction. Lipids 11, 258—
265 (1975).

PARKER P.L., VAN BAALEN C., MAURER L.: Fatty acids in eleven species of blue-green algae: geochemical significance. Science 155,
707-708 (1967).

PATTEN C.L., GLICK B.R.: Bacterial biosynthesis of indole-3-acetic acid. Can.J. Microbiol. 42,207-220 (1996).

PATTERSON G.M.L., LARSEN L.K., MOORE R.E.: Bioactive natural products from blue-green algae. J.Appl.Phycol. 6, 151-157 (1994).

PEISELER B., ROHMER M.: Prokaryotic triterpenoids of the hopane series, bacteriohopanetetrols of new side-chain configuration from
Acetobacter species. J.Chem.Res. 8,298-299 (1992).

PFANDER H.: Carotenoids: an overview. Meth.Enzymol. 213, 3—13 (1992).

PHILP R.P., BROWN S., CALVIN M.: Isoprenoid hydrocarbons produced by thermal alteration of Nostoc muscorum and Rhodopseudo-
monas spheroides. Geochim.Cosmochim.Acta 42, 63—68 (1978).

PIORRECK M., POHL P.: Formation of biomass, total protein, chlorophylls, lipids and fatty acids in green and blue-green algae during
one growth phase. Phytochemistry 23,217-223 (1984).

PLOUTNO A., CARMELI S.: Nostocyclyne A, a novel antimicrobial cyclophane from the cyanobacterium Nostoc sp. J.Nat.Prod. 63,
15241526 (2000).

PLOUTNO A., CARMELI S.: Modified peptides from a water bloom of the cyanobacterium Nostoc sp. Tetrahedron 58, 9949-9957
(2002).

POTTS M.: Nostoc, pp. 465-504 in The Ecology of Cyanobacteria: Their Success in Time and Space (B.A. Whitton, M.Potts, Eds). Klu-
wer Academic Publishers, Dordrecht 2000.

POTTS M., OLIE J.J., NICKELS J.S., PARSONS J., WHITE D.C.: Variation in phospholipid ester-linked fatty acids and carotenoids of desic-
cated Nostoc commune (cyanobacteria) from different geographic locations. Appl.Environ.Microbiol. 53, 4-9 (1987).

RAI AN., SODERBACK E., BERGMAN B.: Cyanobacterium—plant symbioses. New Phytol. 147, 449—481 (2000).

RAO C.S.V.R.: Antimicrobial activity of cyanobacteria. Indian J. Mar.Sci. 23, 55-56 (1994).

REZANKA T., DOR 1., PRELL A., DEMBITSKY V.M.: Fatty acid composition of six freshwater wild cyanobacterial species. Folia Micro-
biol. 48, 71-75 (2003).

REZANKA T., TEMINA M., TOLSTIKOV A.G., DEMBITSKY V.M.: Natural microbial UV radiation filters — mycosporine-like amino acids.
Folia Microbiol. 49,339-352 (2004).

RINEHART K.L., HARADA K.-I., NAMIKOSHI M., CHEN C., HARVIS C.A., MUNRO M.H.G., BLUNT J.W., MULLIGAN P.E., BEASLEY
V.R., DAHLEM A.M., CARMICHAEL W.W.J.: Nodularin, microcystin, and the configuration of Adda. J.4m.Chem.Soc. 110,
8557-8558 (1983).

ROHMER M.: The biosynthesis of triterpenoids of the hopane series in the eubacteria — a mine of new enzyme reactions. Pure Appl.
Chem. 65, 1293-1298 (1993).

SARMA T.A., GURPREET AHUJA, KHATTAR J.I.S.: Nutrient stress causes akinete differentiation in cyanobacterium Anabaena torulosa
with concomitant increase in nitrogen reserve substances. Folia Microbiol. 49, 557-562 (2004).

SATO N., MURATA N.: Studies on the temperature shift induced desaturation of fatty acids in monogalactosyl diacylglycerol in the blue-
green alga (cyanobacterium), Anabaena variabilis. Plant Cell Physiol. 22, 1043-1050 (1981).

SCHNEIDER H., GELPI E., BENNETT E.O., ORO J.: Fatty acids of geochemical significance in microscopic algae. Phytochemistry 9, 613—
617 (1970).



388 V.M. DEMBITSKY and T. REZANKA Vol. 50

SCHOUTEN S., HARTGERS W.A., LOPEZ J.F., GRIMALT J.O., SINNINGHE DAMSTE J.S.: A molecular isotopic study of 13C_enriched orga-
nic matter in evaporitic deposits: recognition of CO, limited ecosystems. Org.Geochem. 32, 277-286 (2001).

SCHWARTZ R.E., HIRSCH C.F., SESIN D.F., FLOR J.E., CHARTRAIN M., FROMTLING R.E., HARRIS G.H., SALVATORE M.J., LIESCH J.M.,
YUDIN K.: Pharmaceuticals from cultured algae. J.Ind. Microbiol. 5, 113-123 (1990).

SERGEEVA E., LIAIMER A., BERGMAN B.: Evidence for production of the phytohormone indole-3-acetic acid by cyanobacteria. Planta
215, 229-238 (2002).

SHAH V., GARG N., MADAMWAR D.: Ultrastructure of the cyanobacterium Nostoc muscorum and exploitation of the culture for hydro-
gen production. Folia Microbiol. 48, 65-70 (2003).

SHASHAR N., BANASZAK A.T., LESSER M.P., AMRANI D.: Coral endolithic algae: life in a protected environment. Pac.Sci. 51, 167-173
(1997).

SHELDRAKE A.R.: Production of hormones in higher plants. Biol.Rev.Cambr.Phil.Soc. 48, 509-559 (1973).

SHIEA J., BRASSELL S.C., WARD D.M.: Midchain branched monomethyl and dimethyl alkanes in hot spring cyanobacterial mats —
a direct biogenic source for branched alkanes in ancient sediments. Org.Geochem. 15,223-231 (1990).

SHUKLA S.P., KASHYAP A K.: An assessment of biopotential of three cyanobacterial isolates from Antarctic for carotenoid production.
Indian J.Biochem.Biophys. 40, 362-366 (2003).

SINGH I.: Biochemistry of peroxisomes in health and disease. Mol.Cell. Biochem. 167, 1-29 (1997).

SINGH D.P., TYAGI M.B., KUMAR A., THAKUR J.K., KUMAR A.: Antialgal activity of a hepatotoxin-producing cyanobacterium, Micro-
cystis aeruginosa. World J. Microbiol .Biotechnol. 17, 15-22 (2001).

SINHA R.P., KUMAR H.D., KUMAR A., HADER D.P.: Effects of UV-B irradiation on growth, survival, pigmentation and nitrogen-me-
tabolism enzymes in cyanobacteria. Acta Protozool. 34, 187-192 (1995).

SIVONEN K., NAMIKOSHI M., EVANS W.R., FIRDIG M., CARMICHAEL W.W., RINEHARTT K.L.: Three new microcystins, cyclic hepta-
peptide hepatotoxins, from Nostoc sp. strain 152. Chem.Res.Toxicol. 5, 464—469 (1992).

SUBBARAJU G.V., GOLAKOTI T., PATTERSON G.M.L., MOORE R.E.: Three new cryptophycins from Nostoc sp. GSV 224. J.Nat.Prod.
60, 302-305 (1997).

SUMMONS R.E., JAUNKE L.L., HOPE J.M., LOGAN G.A.: 2-Methylhopanoids as biomarkers for cyanobacterial oxygenic photosynthesis.
Nature 400, 554-557 (1999).

TAKENAKA H., YAMAGUCHI Y., SAKAKI S., WATARAI K., TANAKA N., HORI M., SEKI H., TSUCHIDA M., YAMADA A., NISHIMORI T.,
MORINAGA T.: Safety evaluation of Nostoc flagelliforme (Nostocales, Cyanophyceae) as a potential food. Food Chem.
Toxicol. 36, 1073—-1077 (1998).

TEMINA M., REZANKOVA H., REZANKA T., DEMBITSKY V.M.: Biodiversity of the fatty acid profiles in the Nostoc species and their
chemotaxonomy. Microbiol.Res., in press (2006).

TODOROVA A K., JUTTNER F.: Nostocyclamide: a new macrocyclic, thiazole-containing allelochemical from Nosfoc sp. 31 (cyanobac-
teria). J.Org.Chem. 60, 7891-7895 (1995).

TRIMURTULU G., OHTANI 1., PATTERSON G.M.L., MOORE R.E., CORBETT T.H., VALERIOTE F.A., DEMCHIKO L.: Total structures of
cryptophycins, potent antitumor depsipeptides from the blue-green alga Nostoc sp. strain GSV 224t. J.Am.Chem.Soc. 116,
4729-4737 (1994).

TSCHERMAK-WOESS E.: The algal partner, pp. 39-92 in CRC Handbook of Lichenology, Vol. I (M. Galun, Ed.). CRC Press, Boca Raton
(USA) 1988.

VAGNOLI L., MARGHERI M.C., ALLOTTA G., MATERASSI R.: Morphological and physiological properties of symbiotic cyanobacteria.
New Phytologist 120, 243-249 (1992).

VARGAS M.A., RODRIGUEZ H., MORENO J., OLIVARES H., DEL CAMPO J.A., RIVAS J., GUERRERO M.G.: Biochemical composition and
fatty acid content of filamentous nitrogen-fixing cyanobacteria. J. Phycol. 34, 812—-817 (1998).

VERNET M., WHITEHEAD K.: Release of ultraviolet-absorbing compounds by the red-tide dinoflagellate Lingulodinium polyedra.
Mar.Biol. 127, 3544 (1996).

WATANABE A., YAMAMOTO Y.: Linolenic acid producing species among the cyanophyta, pp. 41-47 in T.W. Desikachary (Ed.):
Taxonomy and Biology of Blue-Green Algae. University of Madras, India 1968.

ZHAO N., BEROVA N., NAKANISHI K., ROHMER M., MOUGENOT P., JURGENS U.J.: Structures of two bacteriohopanoids with acyclic
pentol side chains from the cyanobacterium Nostoc PCC 6720. Tetrahedron 52,2777-2788 (1996).

Note added in proof

The identification of the molecular structures of carotenoids was described in some Nostoc species
(Takaichi et al. 2005). The myxoxanthophyll and ketomyxoxanthophyll in Nostoc sp. PCC 7120, N. puncti-
forme PCC 73102 and Nostoc sp. HK-01 were (3R,2’S)-myxol 2’-fucoside and (3S5,2"S)-4-ketomyxol 2’-fu-
coside, respectively. The glycoside moiety of the pigments was fucose, not rhamnose. The major carotenoids
were -carotene and echinenone, and the minor ones were -cryptoxanthin, zeaxanthin, canthaxanthin and
3’-hydroxyechinenone. Based on the identification of the carotenoids and the completion of the entire
nucleotide sequence of the genome in N. punctiforme PCC 73102, we proposed a biosynthetic pathway for
the carotenoids and the corresponding genes and enzymes. Since only -carotene ketolase from N. puncti-
forme PCC 73102 have been functionally identified, the other genes were searched by sequence homology
only from the functionally confirmed genes. Finally, a phylogenetic relationship was described among some
Nostoc species, including some newly isolated species.
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The fatty acid profile of Nostoc flagelliforme (strains FACHB838 and CCAP1453/33), an edible
terrestrial cyanobacterium, at different temperatures (i.e., 15, 20, 25 and 30 °C) and developmental stages
(hormogonia, filaments, seriate and aseriate) in liquid suspension culture was investigated (Liu ez al. 2005).
The cyanobacterial species could be classified according to the existing taxonomic system based on fatty-
acid profiling, due to the presence of 18:3 and the absence of 16:2 and 16:3 fatty acids. Within the tempera-
ture range investigated, the content of 18:3 increased at the expense of 18:2 as temperature decreased, while
the fatty acid suites remained unchanged. The degree of fatty acid unsaturation also increased with decreas-
ing temperature, with the highest being 1.28 and 1.37 at 15 °C for the strains FACHB838 and CCAP1453/33,
respectively. With respect to the effect of developmental stages, there was a slight variation in fatty acid com-
position and contents in the two strains without changing the fatty acid suite. At the aseriate stage at 25 °C,
the highest C,g fatty acid proportion amounted to 63.2 and 65.1 % and the degree of fatty acid unsaturation
peaked at 1.32 and 1.31 in the strains FACHB838 and CCAP1453/33, respectively, indicating that more
long-chain unsaturated fatty acids were accumulated at this stage.

Three new modified peptides, viz. banyasin A, banyaside A (57) and banyaside B, were isolated
from the hydrophilic extract of a natural bloom of the cyanobacterium Nostoc sp. (Ploutno and Carmeli 2005).
Banyasides A and B are structurally closely related to the cyanobacterial metabolite, suomlide and to the
sponge-derived dysinosins. Banyaside A and B were found to be trypsin and thrombin inhibitors.
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A terrestrial cyanobacterium Nostoc sp. strain 10-102-1, producer of the six different microcystins,
was isolated from a lichen association (Oksanen et al. 2004). The dominant microcystin produced by Nostoc
sp. strain 10-102-1 was the highly toxic [ADMAdda(5)]microcystin-LR, which accounted for ¢. 80 % of the
total microcystins. The structure of [DMAdda(5)]microcystin-LR and [D-Asp(3),ADmAdda(5)] microcystin-
LR and a partial structure of three new [ADMAdda(5)]-XR type of microcystin variants was assigned. Inte-
restingly, Nostoc spp. strains 10-102-1 and 152 synthesized only the rare ADMAdda and DMAdda sub-
families of microcystin variants. Phylogenetic analysis demonstrated congruence between genes involved
directly in microcystin biosynthesis and the 16S rRNA and rpoC1 genes of Nostoc sp. strain 10-102-1. Nos-
toc sp. strains 152 and I0-102-I are distantly related, revealing a sporadic distribution of toxin production in
the genus Nostoc. Strain 10-102-1 is closely related to Nostoc punctiforme PCC 73102 and other symbiotic
Nostoc strains and most likely belongs to this species. Taken together, this suggests that other terrestrial and
aquatic strains of the genus Nostoc may have retained the genes necessary for microcystin biosynthesis.

Microcystins produced by cyanobacterial ‘blooms’ in reservoirs and lakes pose significant public
health problems because they are highly toxic due to potent inhibition of protein serine/threonine phos-
phatases (PPP) (Hastie et al. 2005). A dehydrobutyrine (Dhb)-containing microcystin variant [Asp(3),
ADMAdda(5), Dhb(7)]microcystin-HtyR isolated from Nostoc sp. was found to potently inhibit PP1, PP2A,
PPP4 and PPP5 with ICsq values similar to those of microcystin-LR. However, in contrast to microcystin-LR,
which forms a covalent bond with a cysteine residue in these protein phosphatases, Asp, ADMAdda,
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Dhb-microcystin-HtyR did not form any covalent interaction with PP2A. Since the LD5 for Asp, ADMAdda,
Dhb-microcystin-HtyR was 100 g/kg compared to 50 g/kg for microcystin-LR, the data indicate that the
noncovalent inhibition of protein phosphatases accounts for most of the harmful effects of microcystins in
vivo. A 3-amino-6-hydroxy-2-piperidone-containing cyclic peptide, nostocyclin, also isolated from Nostoc
sp., was nontoxic and exhibited more than 500-fold less inhibitory potency towards PP1, PP2A, PPP4 and
PPP5, consistent with the conclusion that potent inhibition of one or more of these protein phosphatases
underlies the toxicity of microcystins, both lacking and containing Dhb.

Cryptophycin-38 (58), -326 (59), and -327 (60) are three new trace constituents of the terrestrial
cyanobacterium Nostoc sp. GSV 224 (Chaganty et al. 2004). Cryptophycin-38 is a stereoisomer of crypto-
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phycin-1 and to date is the only naturally occurring analogue that possesses a SS epoxide group in unit A.
Cryptophycin-327 is a geometric isomer that differs from cryptophycin-1 in having a Z 2-double bond in
unit A. Cryptophycin-326 is related to cryptophycin-21, but has two chlorine atoms ortho to the methoxy
group in unit B. All three new analogues are weaker cytotoxins than cryptophycin-1 against the human tu-
mor cell line KB (nasopharyngeal).

Compound Oxirane ring Double bond
Cry-38 (58) S.S E
Cry-326 (59) RR E
Cry-327 (60) RR Z

A novel acidic polysaccharide, nostoflan, was isolated from a terrestrial cyanobacterium, Nostoc
flagelliforme (Kanekiyo et al. 2005). Nostoflan exhibited a potent anti-herpes simplex virus type 1 (HSV-1)
activity with a selectivity index (50 % cytotoxic concentration and 50 % inhibitory concentration against
viral replication) of 13000. Sugar composition and methylation analyses revealed that it was mainly com-
posed of —4)-D-Glep-(1—, —6,4)-D-Glcp-(1—, —4)-D-Galp-(1—, —4)-D-Xylp-(1—, D-GlcAp-(1—,
D-Manp-(1— with aratioofc. 1:1:1:1:0.8:0.2. Two pyridylaminated oligosaccharides were prepared
by partial acid hydrolysis and pyridylamination. On the basis of MS and NMR analyses, they were found to
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be -D-Glcp-(1—4)-D-Xyl-PA and -D-GlcAp-(1—6)- -D-Glcp-(1—4)-D-Gal-PA. From these results, nosto-
flan might be mainly composed of the following two types of sugar sequence:
—4)- -D-Glep-(1—4)-D-Xylp-(1— and —4)-[ -D-GlcAp-(1—6)]- -D-Glcp-(1—4)-D-Galp-(1—.

Besides anti-HSV-1 activity, nostoflan showed potent antiviral activities against HSV-2, human cyto-
megalovirus, and influenza A virus, but no activity against adenovirus and coxsackie virus was observed.
Therefore, nostoflan has a broad antiviral spectrum against enveloped viruses whose cellular receptors are
saccharides. Furthermore, nostoflan showed no antithrombin activity, unlike sulfated polysaccharides.
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