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Chapter 1
Introduction

1.1 Origin of Cyanobacteria and Evolution of Life

Cyanobacteria are gram-negative oxygenic photosynthetic organisms. Although in-
visible to the naked eye, cyanobacteria are an essential component of the earth’s
biota. They catalyze unique and requisite transformations in the biogeochemical
cycles of the biosphere, produce oxygen, an important component of the earth’s at-
mosphere, and stand for a large portion of life’s genetic diversity. Iron, the key met-
al of the universe played an important part in the origin of cyanobacteria and further
evolution of life. Iron 60 provides the evidence in favor of a supernova explosion
being the trigger for the formation of the solar system. The survival of life on the
planet is feasible due to the liquid iron of the earth’s core that created the magnetic
field, without which the early atmosphere would have been stripped away and life
could never have evolved. Fe*" -mediated RNA folding and catalysis, in combina-
tion with the paleogeological models, suggest that RNA functioned and evolved in
association with Fe*". Evidence also shows that the photochemical redox-cycling of
Fe?*/Fe** could have provided the necessary high energy, reducing equivalents for
the formation of H,, CH,, and other important ingredients for the assembly of amino
acids in this abiotic world (Braterman et al. 1983; Huber and Wichtershauser 1997).

Life on earth originated at least 3500 Ma and the principal mode of metabolism
is thought to have been anaerobic fermentation of organic compounds, which had
formed, abiologically in the primeval environment (Lemmon 1970). The ferredox-
ins (iron—sulfur protein) probably played a significant role in the development of
fermentative bacteria. It is generally considered (Schilling 1973) that sulfur reduction
was one of the earliest forms of microbial respiration, because the known microorgan-
isms that are most closely related to the last common ancestor of modern life are pri-
marily anaerobic, sulfur-reducing hyper thermophiles (White et al. 1995). However,
geochemical evidence indicates that Fe (III) is more likely than sulfur to have been the
first external electron acceptor of global significance in microbial metabolism (Rich
and McKenzie 1981). Archaeca and bacteria that are most closely related to the last
common ancestor can reduce Fe (IIT) to Fe (II) and conserve energy to support growth.
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2 1 Introduction

The most widespread source of reducing power in late Archean and early Protero-
zoic (2.9-1.6 Ga) seawater was ferrous iron (0.1-1.0 mM) (Walker 1983), and several
authors (Pierson and Olson 1989) proposed that ferrous iron might have been an early
electron donor to PS II. The common ancestor of proteobacteria and cyanobacteria
might well have used Fe(OH)" as the principal electron donor for CO, fixation (Heis-
ing and Schink 1998). Although there is still considerable controversy about the exact
time the cyanobacteria started to appear on Earth, there is no doubt that they are ex-
tremely ancient organisms. Before oxygen evolution by water splitting, cyanobacteria
might well have used Fe(OH)" as the principal electron donor for CO, fixation than
other anoxygenic phototrophs. However, the photosystem I (PS I), photosystem II
(PS 1II), and the oxygen evolving complex (OEC) in cyanobacteria appears to have
been driven by the necessity to replace Fe (OH)" with water as an electron donor to fix
CO, most efficiently in the absence of ferrous iron and leads to evolution of oxygen.
Olson 2001 proposed that the driving force for the evolution of PS-II in addition to
PS-I'was the necessity to utilize Fe(OH)" effectively for CO, fixation in the absence of
reduced sulfur compounds. This entailed the evolution of a water-splitting enzyme and
the addition of a second photosystem, acting in series with the first, to bridge the enor-
mous gap in redox potential between H,O and NADPH. The present-day structural
homologies between photosystems suggest that this change involved the cooperation
of a photosystem derived from green bacteria (photosystem I) with a photosystem
derived from purple bacteria (photosystem II). The biological consequences of this
evolutionary step were far-reaching. For the first time, these cyanobacteria were able
to survive with only very minimal chemical demands of their environment. These cells
could spread and evolve in ways denied to the earlier photosynthetic bacteria, which
needed H,S or organic acids as a source of electrons. Consequently, large amounts
of biologically synthesized, reduced organic materials accumulated. The increase in
atmospheric O, was very slow at first and would have allowed a gradual evolution of
protective devices. The early seas contained large amounts of iron in its ferrous oxida-
tion state (Fe*"), and nearly all the O, produced by early photosynthetic cyanobacteria
was utilized in converting Fe?* to Fe**. This conversion caused the precipitation of
huge amounts of ferric oxides, and the extensive banded iron formations in sedimen-
tary rocks beginning about 2.7 x 10° years ago. By about 2 x 10° years ago, the supply
of ferrous iron was exhausted, and the deposition of further iron precipitates ceased
and moreover, oxygen entered the atmosphere for the first time. Geological evidence
suggests that O, levels in the atmosphere then began to rise, reaching current levels be-
tween 0.5 and 1.5 % 10° years ago. Therefore, this phenomena of evolution of oxygen
remarkable shift in biology that required transformations in biochemical mechanisms
and metabolic pathways permitted the evolution of new life-forms in which cyano-
bacteria play a major role. Much of the internal structure and biochemistry of plastids
of higher plants, for instance the presence of thylakoids and particular chlorophylls, is
very similar to that of cyanobacteria. According to the endosymbiotic theory, the chlo-
roplasts found in plants and eukaryotic algae evolved from cyanobacterial ancestors
via endosymbiosis and the phylogenetic estimates constructed with bacteria, plastids,
and eukaryotic genomes also suggest that plastids are most closely related to cyano-
bacteria. So, cyanobacteria are the key to the evolution of life in this earth.
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1.2 Extreme Environments Inhabited by Cyanobacteria
and Their Diversity

Cyanobacteria are one of the most successful groups of organisms this planet has
ever seen, and include some of the first life forms to evolve on Earth. During their
long evolutionary history, cyanobacteria have undergone several structural and
functional modifications, and these are responsible for their versatile physiology
and wide ecological tolerance. They had to adapt various environmental conditions,
from almost anoxic to present oxygen-rich atmosphere, to varying average tem-
perature of the planetary surface, to changes in intensity and spectral composition
of light resulting from the changes in composition of the atmosphere and to changes
associated with movement to other biotopes. During this process cyanobacteria
come up as one of the extremophilic organism. Cyanobacteria occupy almost all the
environments on the earth that are illuminated with visible light. Among these habi-
tats there are several places, which are from the anthropocentric view, inhospitable
and different from the “normal” places. Extremophiles are classified into various
categories according to the “extreme” character of their environments, such as very
high or very low temperature limit, pH values, salinity, dryness, high concentra-
tion of heavy metals, very high or low levels of radiation, especially ultraviolet
radiation, and to a certain extent anaerobic environments. Cyanobacteria are very
well equipped to live under extreme environmental conditions such as hyper saline,
alkaline, high or low temperature, desiccation, highlight, UV, etc. Contrary to the
general belief, many cyanobacteria are not generalists. Many species appear to be
highly specialized organisms and can adapt themselves to a narrow set of envi-
ronmental conditions, particularly in the case of extreme environments. However,
our knowledge about the nature of their adaptations is fragmentary. The success of
cyanobacteria is not exclusively found in their metabolic diversity, flexibility, and
reactivity and they can be diverse and evolve rapidly when conditions change. The
diversity of cyanobacteria in various extreme habitats is summarized as follows.

1.2.1 Thermophilic Cyanobacteria

Many geothermal springs emit water near the boiling point. The gradual cooling of
the water in the outflow channels provides a stable temperature gradient in which
many cyanobacteria positions themselves according to their temperature require-
ments. It is established that 73—-74 °C is the maximum temperature enabling devel-
opment of cyanobacteria. The existence of thermophilic cyanobacteria has been
extensively documented in the course of the microbiological characterization of
hot springs, first in Yellowstone National Park, Wyoming, USA (Brock 1969, 1978)
and later in other geothermal areas all over the world (Castenholz 1969; Sompong
et al. 2005). Different types of unicellular cyanobacteria, classified in the genus
Synechococcus (Thermosynechococcus), are the most thermophilic. There are dis-
tinct differences in the communities found in hot springs in different parts of the
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world. Thermophilic Synechococcus species, abundant in Yellowstone, are absent
in similar hot springs in Iceland (Ward and Castenholz 2000). Filamentous cyano-
bacteria are less thermo-tolerant Mastigocladus laminosus, Phormidium sp., and
different thermophilic Oscillatoria species have their upper temperature limit for
growth between 55 and 62 °C where as Chlorogloeopsis have the upper temperature
limit 65 °C.

1.2.2  Psychrophilic Cyanobacteria

Information on the life of cyanobacteria near the freezing point of water was col-
lected in the Antarctic (Vincent 2000). A wide range of species has been found
unicellular as well as filamentous. Extensive areas of the McMurdo ice shelf are
covered with mats of Oscillatoria sp., accompanied by Nostoc sp. (Jungblut et al.
2005). Benthic mats lining at the bottom of ice-bound pools in different areas of
Antarctica are composed of Oscillatoria, Lyngbya, Phormidium, and Microcoleus.
Cyanobacteria are found in all freshwater environments of Antarctica. Phormidium
and Synechococcus are found in Lake Vanda. Phormidium frigidum develops in
lakes of the Dry Valleys, sometimes together with Lyngbya martensiana (Vincent
2000). The nitrogen-fixing species Nostoc commune is abundant in Antarctic soils.
Below rocks and in cracks of Antarctic rocks, Chroococcidiopsis can often be also
found (Vincent 2000). The Antarctic cyanobacteria are not true psychrophiles as
most types grow optimally at higher temperatures (15-35 °C) far above of its natu-
ral environment. Their growth rate in the cold polar regions is therefore very low.
They survive to a large extent based on their tolerance to desiccation, freezing,
adapt to low nutrient levels, often to highlight and UV radiation, and the lack of
significant levels of predation.

1.2.3 Halophilic Cyanobacteria

Presence of high concentrations of salts does not preclude the occurrence of oxy-
genic photosynthesis, and some cyanobacteria thrive in concentrations up to satura-
tion. Cyanobacteria are prominently among the phototrophic biota, found in hyper
saline environments such as salt lakes, hyper saline lagoons, and solar saltpans.
Many highly salt-requiring and salt-tolerant species, unicellular as well as filamen-
tous, have been described from such environments. A general review of the occur-
rence and properties of halophilic cyanobacteria was reported by Oren (2000). One
of the most widely occurring filamentous species is Microcoleus chthonoplastes,
a benthic mat-building species, found worldwide up to salinities of 200 g/l and
higher (Javor 1989). Another type of filamentous cyanobacterium widely encoun-
tered in high-salt environments is the coiled Halospirulina tapeticola (Niibel et al.
2000). The most widespread and best-known unicellular halophilic cyanobacterium
is Aphanothece halophytica. In the Great Salt Lake (Utah, USA) cyanobacteria are a
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characteristic component of the lake’s biota. A. halophytica is found up to the high-
est salinities. In addition, filamentous species such as Phormidium, Oscillatoria as
well as Microcoleus, Spirulina, and Nodularia, were found in the shallow sediments
of the lake (Post 1977). A varied community of cyanobacteria, unicellular as well as
filamentous, was described from the hyper saline Solar Lake (Sinai, Egypt; salinity
80-180 g/1), both in the water column and in the benthic microbial mats (Cohen
etal. 1977) . Solar salt pans are also a rich source of halophilic cyanobacteria (Javor
1989). At higher salinities Phormidium, Spirulina, Aphanothece, and Synechococ-
cus become the dominant species of cyanobacteria (Javor 1989). The cyanobacterial
community, within the deposits of gypsum, found in saltpan ponds of intermediate
salinity has also been well studied (Serensen et al. 2004). Halophilic and halotol-
erant cyanobacteria maintain their intracellular ionic concentrations at relatively
low levels, although ions such as K™ and CI™ can transiently enter into the cells
following increases in medium salinity. Many marine and moderately halophilic
species, including the abundant Microcoleus, produce the organic solutes. Those
cyanobacteria adapted to life at the highest salt concentrations (4. halophytica, Ha-
lospirulina) produce glycine betaine as their osmotic solute. Additional solutes such
as L-glutamate betaine have been reported from them (Reed et al. 1986) .

1.2.4 Acidophilic Cyanobacteria

Cyanobacteria generally grow in environments of neutral and alkaline pH, and are
rarely found at low pH. Brock (1973) stated in his survey that benthic and plankton-
ic cyanobacteria were never found below pH 4-5, while eukaryotic algae proliferate
even at pH-levels below 3.0. However, more recently Steinberg et al. (1998) dem-
onstrated that acid-tolerant cyanobacteria do exist. Populations of two filamentous
cyanobacteria resembling Oscillatoria/Limnothrix and Spirulina sp. were found in
acidic Bavarian lakes, which are having a pH of 2.9. Interestingly, eukaryotic phy-
toplankton was almost absent in that lake. Moreover, a survey of hundreds of lakes
in Sweden and Canada showed that cyanobacteria are always present even in the
most acidic lakes, down to a pH of about 3.7. Cyanobacteria such as Aphanocapsa
sp. and several Chroococcus sp. have been found to dominate acidified Canadian
lakes (Steinberg et al. 1998).

1.2.5 Alkaliphilic Cyanobacteria

The soda lakes of East Africa provide ample documentation for the existence of
cyanobacteria adapted to life in highly alkaline environments. In these lakes, Spiru-
lina platensis may reach very high community densities and high primary produc-
tivity at pH values of 11 and above (Grant and Tindall 1986) . Other species, such
as the heterocystous Anabaenopsis (Cyanospira) and unicellular types such as Syn-
echococcus and Gloeocapsa, are also reported (Boussiba et al. 2000). Gloeothece
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linaris and Microcystis aeruginosa have their optimum pH near 10, and growth of
Plectonema nostocorum was reported up to pH 13, the highest pH at which life has
been recorded. Spirullina platensis is an obligate alkaliphile which grows best at
pH 9-10 and still grows at 80 % of its maximum growth rate at pH 11.5. It has been
established that Na* is involved in pH homeostasis through the activity of Na*/H*
antiporters (Boussiba et al. 2000).

1.2.6 Heavy Metal Tolerant Cyanobacteria

Cyanobacterial cells can be viewed as a natural ion exchanger because they have
many anionic groups on their cell surface (Kratochvil and Volesky 1998) and thus
enable them to fix metal ions, mainly by means of an ion-exchange mechanism
(Schiewer and Volesky 1996). The response of cyanobacteria to toxic metals have
been investigated and some of these taxa have been found to display tolerance to
toxic metals (Fiore and Trevors 1994). The mesophillic cyanobacteria Anabaena
flos-aquae and Synechococcus cedrorum were grown in various concentrations of
carpet industry effluent. The zinc tolerant strain of Anacystis nidulans displayed
a zinc uptake comparison to a sensitive wild type. Nostoc microscopicum, Nostoc
linckia and Synechocystis sp. forms the bloom and are quite tolerant to the toxic
metals, copper, cadmium, lead, and zinc.

Several cyanobacterial strains posses, outside of their outer membrane, addi-
tional surface layers, mainly of polysaccharidic in nature and referred to as a sheath,
capsule, and slimes. Exopolysaccharide producing cyanobacteria could be used for
metal biosorption, since most of the polysaccharide envelopes that surround cya-
nobacterial cells are anionic (De Philippis et al. 2001). Recent studies reported that
the capsulated biomass of two filamentous cyanobacteria Cyanospira capsulata and
Nostoc PCC 7936, have the good metal sorption capacity and survive in industrial
effluent having multimetal system (De-Philippis et al. 2003). The cyanobacterial
cells surrounded by thick polysaccharidic capsules or slime possess a large num-
ber of binding sites for metal ions compared to noncapsulated strains. Most cya-
nobacterial polysaccharides have abundant uronic acid subunits (De-Philippis and
Vincenzini 1998) which, owing to their carboxyl groups (Urrutia 1997) efficiently
binds metal ions. Thus, the use of the biomass of RPS-producing cyanobacteria for
trapping metal ions seems quite promising.

1.2.7 Radiation-Resistant Cyanobacteria

Like other phototrophic organisms, light is obviously essential for cyanobacteria but
at very high intensities an unbalanced absorption and utilization of the energy may
occur. For instance, exposure to full sunlight at midday may cause over-excitation
of the photosynthetic apparatus and cause damage to it as well as to other cellular
components. Triplet chlorophyll molecules and oxygen radicals will cause photoin-
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hibition and lead to oxidative damage. This is especially happening when the light
includes UV wavelengths. These high-energy shorter wavelengths are deleterious
and lead to oxidative stress, DNA damage, and mutations. Many species of cyano-
bacteria appear to be highly specialized organisms and can tolerate high solar and
UV radiation. There are also few cyanobacteria belonging to this genus Chroococ-
cidiopsis are extremely resistant to X-ray irradiation (Billi et al. 2000). The bases
of the resistance against X-ray irradiation were the capability of Chroococcidiopsis
to very effectively and rapidly repair DNA damage. Cyanobacteria originated early
during precambrian era, i.e., before the existence of the present ozone shield, hence,
it is presumed that they faced more intense solar UVR as compared to other phy-
logenetically much younger phototrophs. UV-B exposure had negligible short-term
effects on the growth of Nostoc commune (Ehling-Schulz et al. 1997). Quesada et
al. (1999) found decrease in phycocyanin/chlorophyll-a and increase in carotenoid
/chlorophyll -a with response to UV-A and UV-B in Phormidium murrayi a mat
forming cyanobacterium isolated from ice self pond in Antarctica and even after 6
h of UV radiation there was almost no change in its morphological features. Lyn-
gbya aestuarii from Chilika Lake, India is also quite tolerant to UV-B irradiation
and have an efficient adaptation strategy to tolerate, long-term UV-B irradiation
(Rath and Adhikary 2007). Lyngbya majuscule another mat forming cyanobacteria
from saline soil also tolerant to UV-B and its metabolic activities were considerably
revived after incubating the irradiated cells in mineral medium under fluorescent
light and in the dark suggesting existence of photoreactivation and dark repair in
this cyanobacterium (Mandal et al. 2011).

Radiation damage can be attributed by reactive oxygen species (such as singlet
oxygen) formed at high light intensities. Cyanobacteria often grow on walls and
pavements of building and historic monuments are exposed to full sunlight. Some
of the most extreme levels of radiation that cyanobacteria encounter are found in
Antarctica, where degradation of the ozone layer has brought about an increase in
the amount of solar ultraviolet radiation that reaches the surface (Vincent 2000).
Chlorophyll-a is the essential molecule for nearly all oxygenic photosynthetic organ-
isms, from cyanobacteria to higher plants, excluding the Chlorophyll d-containing
cyanobacterium, Acaryochloris marina (Chen et al. 2005). Acaryochloris marina
is the only cyanobacterium reported that uses chlorophyll-d as its major photosyn-
thetic photopigment. It is found in filtered light environments in various ecologi-
cal niches. The advantage of using Chlorophyll-d and long wavelength absorbing
chlorophylls in cyanobacteria is intriguing due to its unique absorption properties
and its potential for increased photosynthetic efficiency. Acaryochloris marina uses
Chlorophyll-d, up to 95-99 % of total chlorophylls, as its major photopigment (Mi-
yashita et al. 1996). Chlorophyll-d can replace all functions of Chlorophyll-a in
A. marina not only in light-harvesting complexes (Chen et al. 2002; Tomo et al.
2011), but also in reaction centers (Chen et al. 2005; Tomo et al. 2007). Recently
chlorophyll gets an f from cyanobacteria. The newly discovered cyanobacterium
Halomicronema hongdechloris which contains Chlorophyll f was isolated from
stromatolites found in Shark Bay, Western Australia, and cultured in the laboratory
(Li et al 2014). Chlorophyll f from this cyanobacterium has a maximum Q,, absorp-
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tion peak at about 706 nm and a maximum fluorescence emission at 722 nm at room
temperature in methanol, making it the most red-shifted chlorophyll discovered to
date (Chen et al. 2010). This finding suggests that cyanobacterial photosynthesis
can be extended further into the infrared region.

1.3 Survival Strategy of Extremophilic Cyanobacteria

Cyanobacteria have developed an array of exceptional qualities and responses to
ensure their survival in the extreme climatic conditions in which they grow. The
presence of so many unique characteristics in some of these organisms creates dif-
ficulties for researchers to study only one trait without considering the effects of
another. Cyanobacteria use mostly three different types of strategies to counteract
extreme environmental conditions, these are: (a) stress avoidance mechanisms, (b)
stress defense activities, and (c) repair mechanisms including DNA repair (Patta-
naik et al. 2007).

1.3.1 Avoidance Mechanism

Under the avoidance mechanism extremophilic cyanobacteria follows four different
adaptation strategies to counteract stress, i.e., migration, mat formation, change in
morphology, and formation of extracellular polysaccharides. Cyanobacteria are the
most successful mat forming organisms. They are closely associated with the sub-
strate-producing mat like structure. These are of various thicknesses ranging from a
few micrometers to a few millimeters. The mats are composed of a varying number
of different cyanobacteria (10—40 species) (Biidel 1999). They have wide range of
metabolic capabilities to adapt to extreme environmental conditions (high tempera-
ture, high light intensity, high humidity, and low water availability), prevailing in
alkaline hot springs (Miller et al. 1998), Arctic fresh waters (Quesada et al. 1999),
hot, arid areas (Scherer et al. 1984), rock surfaces of hot deserts (Friedmann 1967),
on the bark surface (Sinha et al. 1999), rice fields (Adhikary and Sahu 2000), and on
exposed rock surfaces (Pattanaik and Adhikary 2002). Generally large filamentous
cyanobacteria colonize first. They possess thick sheath or slime around the fila-
ment. Composition of the microbial mat varies according to different environmental
conditions and the nature of the substratum. Under extreme conditions they develop
morphological and physiological adaptation that allow them to remain viable and
dormant in desiccated state and under high temperature during summer months
(Kovacik 2000). According to Belnap et al. (2001), the crust formation is a result
of intimate association between the substrate and the microorganisms, which live
within or immediately on the top of the uppermost layer. Dry cyanobacterial crusts
were moistened osmotically at different water potential (Pattanaik et al. 2007).
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To escape from different extreme stress condition, cyanobacteria in the mat often
migrate downward and vertically depending upon the conditions of the environ-
ment. Ramsing and Prufert-Bebout (1994) reported downward movement of motile
oscillatorian cyanobacteria from microbial mat surfaces into the mat matrix or into
soft sediments during period of high solar irradiance. Sinking and floating behavior
by gas vacuoles in the cyanobacteria act as a protective strategy against UV radia-
tion (Reynolds 1987). In Antarctic cyanobacteria there are substantial differences
between closely related species to escape damaging effects. During continuous day-
light of the Antarctic summer, the motile trichomes of Oscillatoria priestleyi remain
at the bellow of mat surface and only rise to the surface if the mat is subjected to
prolonged hours of shading (Vincent and Quesada 1994). Daily vertical migration
to avoid periods of incident high solar irradiance has been reported for Oscillatoria
species and Spirulina ef. subsala (Garcia—Pichel et al. 1994). UV irradiance is the
primary cause of the vertical movement of cyanobacteria (Garcia—Pichel and Cas-
tenholz 1994). Downward movement occurred not only in UV-B but in response
to high intensities of UV-A (more than 10 W/m?) and broad visible irradiance over
(400 W/m?).

Stress can also affect the motility and photo-orientation of cells and alter the
morphology through breaking and changing the cyanobacterial filament to spiral
or coiled structure (Rath and Adhikary 2007). However, cyanobacteria living under
high levels of solar radiation, implying that they must possess efficient mechanisms
to counteract the harmful effects of UVR. Though there are few studies on physi-
ological responses of cyanobacteria to UV radiation, little has been documented on
morphological modifications caused by UVR (Mandal et al. 2011). Significantly
shorter trichomes were found in cultures exposed to high solar radiation. However,
most of the breakage and spiral alteration occur with UV-B (Gao et al. 2007). The
damage caused by UVR decreases with increase in temperature ranging from 15
to 30°C (Gao et al. 2008). However, Zengling and Gao 2009 demonstrated that it
was PAR which caused the spiraling of A. platensis to tighten and the presence of
UVR accelerated this compressing process suggested that the self-shading provided
by the compress spirals to photoprotect against harmful radiation (Wu et al. 2005).

Several cyanobacterial strains possess, outside their outer membrane, additional
surface layers, mainly of polysaccharide in nature and referred to as sheath, capsule,
and slimes. During cell growth in batch cultures, aliquots of the polysaccharidic
material of both capsule and slimes may be released as water-soluble material into
the surrounding medium, causing a progressive increase of its viscosity. These wa-
ter soluble released polysaccharides (RPSs), being easily recovered from liquid cul-
ture are currently attracting much interest because of their suitability for a variety
of industrial purposes. Cyanobacteria have batter survival capacity in desiccated
condition than the other microorganisms as they release extracellular polysaccha-
rides (EPS) when exposed to high light and desiccation which produce a matrix that
stabilizes the sediment (Helm et al. 2000). The quick absorption and slow loss of
water at high and low water availability have been attributed to gel like protoplasm
which consequently serve as a protective mechanism to overcome long periods of
drought (Potts and Friedmann 1981). The EPS—containing sheath of cyanobacteria
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forms a buffer zone between the environment and the cell. There were reports that
fibrilar sheath and diffuse slime layer found in many cyanobacteria are mostly com-
posed of carbohydrates and provide protection under stress condition (Adhikary
et al. 1986; Weckesser et al. 1987).

1.3.2 Stress Defense Activities

In response to various stresses cyanobacteria change their metabolic activity and
synthesize various chemicals, which often summarize as chemical defense strate-
gies. There are various chemical defense strategies of cyanobacteria and are anti-
oxidant defense system, synthesis of stress proteins, synthesis of photo protective
compounds, and production of an array of secondary metabolites. Cyanobacteria
have evolved a complex defense system against reactive oxygen species (ROS) in-
cluding nonenzymatic antioxidants like carotenoids, tocopherols (vitamin E), ascor-
bic acid (vitamin C) and reduced glutathione. Enzymatic antioxidants are superox-
ide dismutase (SOD), catalase and glutathione peroxidase as well as the enzymes
involved in the ascorbate glutathione cycle, such as ascorbate peroxidase (APX),
mono-dehydroascorbate reductase, dehydroascorbate reductase, and glutathione
reductase. Carotenoids are well known for their antioxidant activity (Tarko et al.
2012). In cyanobacteria, carotenoids occur in the outer cell membrane as well as
in thylakoids. During long-term exposure to high natural or artificial radiation the
carotenoids and chlorophyll-a ratio become very high. This high ratio is the prereq-
uisite for a broader tolerance against excessive irradiation, particularly at subopti-
mal temperature (Castenholz 1972), and in response to UVR (Ehling—Schulz and
Scherer 1999). To counteract UV-B induced ROS, an increase in the synthesis of
carotenoids in Microcystis aeruginosa was observed (Jiang and Qiu 2005). Carot-
enoids exerted their protective function as antioxidants in Synechococcus PCC7942
by inactivating free radicals in the photosynthetic membrane (Goetz et al. 1999). It
is also reported that outer membrane bound carotenoids provided a fast active SOS
response to counteract acute cell damage (Ehling- Schulz et al. 1997). The nonenzy-
matic antioxidants are not considered as the efficient detoxifying agents (Wolfe- Si-
mon et al. 2005). The most important enzymes, which detoxify superoxide radicals,
are the SOD family, eliminating the noxious superoxide radical anions. Different
metalloforms of SOD (Fe, Mn, Cu, Zn, and Ni) protect different cellular proteins
and provide an in vivo tool for studying cellular responses to oxidative stress (Less-
er and Stochaj 1990). Under desiccation, rehydration and during UVA and UVB
irradiation, an accumulation of active Fe-SOD was detected in Nostoc commune
(Ehling- Schulz et al. 2002). APX effectively removes low concentrations of perox-
ides whereas catalase eliminates H,O, produced under photo-oxidative conditions.
High activities of APX and catalase were reported in Nostoc muscorum 7119 and
Synechococcus sp. 6311 (Miyake et al. 1991). One and two-years-old dry mats and
the corresponding organism Lyngbya arboricola exhibited an enhancement in the
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activity of active oxygen scavenging enzymes superoxide dismutase (SOD), APX
and catalase in their cell (Tripathy and Srivastava 2001).

Cyanobacterial species accumulate a small set of proteins whenever exposed to
any stress. The desiccation tolerant cyanobacterium N. commune is one such organ-
ism that accumulates novel group of water stress proteins (Wsp; Hill et al. 1994).
These proteins occur in high concentration showing isoelectric points between 4.3
and 4.6 with molecular masses of 33, 37, and 39 kDa. Wsp polypeptides and UV-A/B
absorbing compounds secreted by cells accumulate in the extracellular glycan sheath
and are released from desiccated colonies upon rehydration (Hill et al. 1994). Accord-
ing to Scherer and Potts (1989), the amino terminal sequence of the 39 kDa protein is
Ala-Leu-Tyr-Gly-Tyr-Thr-Ile-Gly-Glu. Peptide mapping of the 39 and 33 kDa pro-
teins using different proteases gave a similar pattern of digestion fragments suggest-
ing that this protein is a water stress protein with a protective function on the struc-
tural level. The knowledge about the effects of UV at the protein level is limited. An
induction of UV-shock proteins in response to high intensities of UV (295-390 nm)
and in response to UV-C (265 nm) irradiation has been reported in cyanobacteria
(Shibata et al. 1991). Heat shock proteins (HSPs) are synthesized if the organisms
are exposed to temperatures above the optimum level (Neidhart et al. 1984). The
structure of HSPs is highly conserved and their function is similar in all organisms.
HSPs serve in the cell as molecular chaperones, i.e., facilitate correct protein folding
and degradation of unfolded or denatured proteins. If the cells are exposed to the heat
shock, the requirement for HSPs increases for folding of the newly synthesized poly-
peptides and degradation of the heat denatured proteins. The HSPs synthesis is also
induced by other stresses, e.g., by the presence of toxic compounds, but the sudden
exposure of the cyanobacteria to low temperatures does not induce their synthesis.
During temperature shift to low temperatures, the reactions of the cold shock occur
and cold shock proteins (CSPs) are synthesized during the initial lag-phase.

Cyanobacteria are known to produce photo-protecting compounds to protect
themselves from high solar and UV radiation. Photoprotective compounds like
mycosporine-like amino acids (MAAs) and scytonemin play an important role in
allowing these organisms to survive in habitats exposed to strong irradiation. MAAs
are colorless, water-soluble, low molecular weight compounds, which accumulate
in large quantities in cyanobacterial cells (Karsten and Garcia- Pichel 1996). Struc-
turally, these are cyclohexenone or cyclohexenimine chromophores conjugated with
the nitrogen substituent of an amino acid or its imino alcohol, having absorption
maxima ranging from 310 to 360 nm and an average molecular weight of around
300 Da (Cockell and Knowland 1999). Their biosynthesis probably originates from
the first part of the shikimate pathway via 3-dehydroquinic acids and 4-deoxygadu-
sol (4-DG; Favre- Bonvin et al. 1987). Till today about 20 MA As have been reported
from various cyanobacterial species growing in different habitats. The most com-
mon MAAs are shinorine, asterina-330, porphyra-334, and mycosporine-glycine.
Several new compounds have also been characterized in recent years such as the
novel compound 2-(E)-3-(E)-2, 3-dihydroxyprop-1-enylimino-mycosporinealanine
in the unicellular cyanobacterium Euhalothece sp. strain LK-1, isolated from a gyp-
sum crust of a hypersaline saltern pond in Eilat, Israel (Volkmann et al. 2006).
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MAAs serves multiple roles in the cellular metabolism in cyanobacteria. Ac-
cording to Sinha et al. 1999, MAAs may serve at least three different functions in
the cyanobacteria, (i) protection against deleterious UV radiation as a sunscreen, (ii)
transfer radiant energy to the photosynthetic reaction centers, which is supported
by the emitted fluorescence spectrum peaks at a wavelength near the soret band of
chlorophyll absorption, and (iii) aid in osmotic regulation. The protection against
UV damage by MA As depends on the species and the location of the pigment. In N.
commune MAAs are thought to play an important role in photo protection because
MAAs are located in the extracellular glycan covalently linked to oligosaccharides
(Ehling- Schulz et al. 1997).

The other UV absorbing compound is known as scytonemin, which is also
known for its photo protective role. It is an extracellular, yellowish-brown, lipid-
soluble dimeric pigment with a molecular weight of 544 Da and a structure based
on indolic and phenolic subunits. Thick yellowish-brown sheath layer or slime layer
mostly surrounds cyanobacteria occurring in various harsh environmental condi-
tions including high solar radiation and desiccation. Nageli (1849) first described
the brown coloration of cyanobacteria, in microbial mats, due to the presence of
scytonemin. Scytonemin may have evolved during the Precambrian era and colo-
nize at exposed terrestrial habitats in cyanobacteria or their oxygenic ancestor (Dil-
lon and Castenholz 1999). Scytonemin is formed by condensation of tryptophan
and phenyl-propanoid derived subunits (Proteau et al. 1993). The biochemical path-
ways that are involved in the biosynthesis are still unknown. However, scytonemin
synthesis is strongly induced by UV-A and due to its high extinction coefficient it
may prevent 90 % of incident UV-A entering the cell, thus, efficiently functioning
as an UVA-sunscreen (Brenowitz and Castenholz 1997).

1.3.3 Repair Mechanism

Repair is another important mechanism in cyanobacteria to persist in nature under
different stress (Castenholz 1997). The repair mechanism involves active processes,
in which the damaged molecules are replaced by synthesis of the target molecules
or by repair of damaged targets without de novo synthesis (i.e., in DNA repair; Pat-
tanaik et al. 2007). During photoreactivation cyclobutane type pyrimidine dimers
are monomerized by the enzyme DNA photolyase which is activated by UV-A and
blue light (Pang and Hays 1991). Excision repair is light-independent and various
enzymes are involved. Cyanobacteria have been found to exhibit both photo reac-
tivation and excision repair (Eker et al. 1990). RecA-like genes from cyanobacteria
have been shown to complement a recA deletion in Escherichia coli (Geoghegan
and Houghton 1987) and show its function by efficiently repair cellular functions
occurred by various stresses.
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1.4 Changes in Metabolic Activities of Cyanobacteria
Under Stress

Environmental stresses influence the physiological activities of many cyanobacte-
ria. Cyanobacterial cell under stress, (changes in temperature, salinity, pH, etc.) first
sensed by the specialized sensory proteins, or sensors, which change their proper-
ties under the stress. Sensors transfer the signal about the changes to other polypep-
tides—the transducers, which in turn regulate expression of the stress responsive
genes. Transducer proteins may recognize the special regions of DNA directly, in-
teract with them, and, in such way, regulate transcription. Finally, protective proteins
and/or metabolites are synthesized that help the cells to adapt or acclimate to the
new environment. In response to moderate stress, many cyanobacteria activate sets
of genes that are specific to the individual type of stress. The specific proteins that
are synthesized and some of these proteins, in turn, participate in the synthesis of
certain stress-specific metabolites. The cosmopolitan distribution of cyanobacteria
indicates that they can cope with a wide spectrum of global environmental stresses
such as heat, cold, desiccation, salinity, nitrogen starvation, photo-oxidation, an
aerobiosis and osmotic stress, etc. (Sinha and Hader 1996). They have developed a
number of mechanisms by which defend themselves against environmental stresses.
Important among them are the production of photoprotective compounds such as
MAAs and scytonemin (Sinha et al. 2001), enzymes such as superoxide dismutase,
catalases and peroxidases (Canini et al. 2001) and synthesis of stress proteins (Sinha
and Héader 1996). However, the metabolic activities of each genus and even strain
are different in different stress conditions. Some desiccation-tolerant cyanobacte-
ria accumulate large amounts of disaccharides trehalose and sucrose (Crowe and
Crowe 1992) and are effective at protecting enzymes during both freeze-drying
and air drying. Molecular modeling shows that trehalose can fit between the phos-
phate of adjacent phospholipids (Rudolph et al. 1990). In low trehalose/lipid ratios
trehalose is not available to bind water, thus showing a direct interaction between
the sugar and lipid. Cyanobacteria also have several kinds of metabolic activities
that allow them to acclimate to salt stress. The inducible synthesis of compatible
solutes such as sucrose is synthesized in salt-sensitive strains of cyanobacteria such
as Synechococcus (Hagemann and Erdmann 1997); glucosylglycerol is synthesized
in strains with intermediary tolerance such as Synechocystis sp. PCC 6803 (Hage-
mann et al. 2001); glycinebetaine is synthesized in salt tolerant Synechococcus sp.
PCC 7418 (Hagemann and Erdmann 1997). Many reports have suggested that lip-
ids might be involved in the protection against salt stress (Ritter and Yopp 1993).
Cyanobacteria respond to a decrease in ambient temperature by desaturating the
fatty acids of membrane lipids to compensate for the decrease in membrane fluid-
ity at low temperatures (Murata and Nishida 1987). Fatty acid desaturases are the
enzymes that introduce the double bonds into the hydrocarbon chains of fatty acids,
and thus these enzymes play an important role during the process of cold acclima-
tion of cyanobacteria (Wada and Murata 1990). Cyanobacteria on, exposed to high
photo synthetically active radiation (PAR) or UV radiation leads to photoinhibition



14 1 Introduction

of photosynthesis by limiting the efficient fixation of light energy (Nishiyama et al.
2001). The molecular mechanism of photo inhibition revealed that the light-induced
damage is caused by inactivation of the D1 protein of the PSII complex (Tyystjéarvi
et al. 2001). Therefore, the ability of membrane lipids to desaturate fatty acids is
important for them to tolerate high light stress, by accelerating the de novo synthesis
of the D1 protein. Because of the tolerance to various stressed environments the
protective proteins and/or metabolites are synthesized in them and they emerge as
an ideal candidate for drug discovery. A majority of these metabolites are peptides
and are synthesized by large multi modular nonribosomal polypeptide (NRPS) or
mixed polyketide (PKS)-NRPS enzymatic systems (Schwarzer et al. 2003). Thus,
cyanobacteria continue to be explored and their metabolites are now evaluated in a
number of biological areas and they are becoming an exceptional source of leading
compounds for drug discovery (Singh et al. 2005; Nunnery et al. 2010).

1.5 Cyanobacteria as a Promising Candidate for New
Pharmaceutical Compounds

In the microbial world, cyanobacteria are prolific producers of secondary metabo-
lites, many of which show various biological activities or bioactivity. Gerwick et al.
(2008) found that secondary metabolites are mostly isolated from the members of
oscillatoriales (49 %), followed by nostocales (26 %), chroococcales (16 %), pleuro-
capsales (6 %) and stigonematales (4 %). Cyanobacteria such as Anabaena, Nostoc,
Microcystis, Lyngbya, Oscillatoria, Phormidium and Spirulina produce a variety
of high value compounds such as carotenoids, fatty acids, lipopeptides, polysac-
charides, and other bioactive compounds. Cyanobacterial secondary metabolites in-
clude different compounds like cytotoxic (41 %), antitumor (13 %), antiviral (4 %),
antimicrobial (12 %) and other compounds (18 %) include antimalarial, antimycot-
ics, multidrug resistance reversers, antifeedant, herbicides, and immune suppressive
agents (Burja et al. 2001).

The tropical marine environments and freshwater habitats are the two most
widely studied habitats for cyanobacterial metabolites. Notably, compounds iso-
lated from these different environments show distinct metabolite profiles, with re-
spect to both structural properties and bioactivity features. Strains from tropical ma-
rine habitats such as Lyngbya majuscula frequently produce cytotoxic compounds,
some of them having high potential for drug development. The structures of these
metabolites, such as curacin A, jamaicamide, barbamide, hectochlorin, lyngbya-
toxin, and aplysiatoxin, possess a polyketide backbone, but often contain amino
acid constituents (Jones et al. 2009). On the other hand, bloom forming freshwater
cyanobacteria such as Microcystis, Planktothrix, and Anabaena produce a variety
of peptide backbones, eventually having polyketide side chains. Examples include
microcystin, aeruginosin, anabaenopeptin, cyanopeptolin, microginin, and micro-
viridin showing activity against various proteases or protein phosphatases (Welker
and Dohren 2006). Cyanobacterial strains from terrestrial sources were only inci-
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dentally screened, but revealed different types of compounds, such as cryptophycin,
nostopeptolide and nostocyclopeptide, scytonemin, and mycosporic like amino acid
(Kehr et al. 2011). Although certain types of cyanobacterial compounds, including
microcystin and nostopeptolide, have been detected in different habitats the major-
ity of them seem to be specific to a particular environmental niche, pointing toward
distinct ecological and physiological roles for these compounds.

Cyanobacteria are able to survive in metabolically extreme environments, where
the energy flow is low, by exploiting both the electron donor and electron acceptor,
which are not available to other eukaryotes, and might be the causes of extraor-
dinary capacities to produce structurally diverse and highly bioactive secondary
metabolites. Because of the physical and chemical conditions in the extreme envi-
ronment, extremophilic cyanobacteria exhibit a variety of molecules with unique
structural features. Genomic studies show, they are having multiple biosynthetic
pathways encoding bioactive secondary metabolites, suggesting that natural prod-
uct richness is an evolutionary adaptation in them (Engene et al. 2013). To date, an
impressive 600 natural products (NPs) have been reported from marine strains of
cyanobacteria. The tropical and subtropical, benthic marine cyanobacteria are con-
sidered a promising source for new pharmaceutical lead compounds and character-
istic of high chemical diversity, biochemical specificity and high binding affinities
to their specific receptor and having significant pharmacological activities specially
in the field of cancer and infectious disease. The majority of bioactive metabolites
isolated from cyanobacteria have either been polyketides, nonribosomal peptides,
or a hybrid of the two. Nonribosomal peptide synthetase genes are very ancient
part of the cyanobacterial genome and presumably have evolved by recombination
and duplication events to reach the present structural diversity of cyanobacterial
oligopeptides. The high diversity of cyanobacterial secondary metabolites and their
chemical structures indicates the presence of diverse NRPS and PKS gene clusters
in cyanobacterial genomes, though only a minor part has been sequenced so far.

An advantage of natural products research on marine cyanobacteria is the high
discovery rate (>95 %) of novel compounds as compared to other traditional micro-
bial sources. One of the key areas to further tap these cyanobacteria for new chemi-
cal entities is the collection of cyanobacterial strains from unexplored localities,
especially from Africa and Asia. Systematic research during the last 4 years has led
to the isolation and identification of several new bioactive compounds of potential
therapeutic use. Most of the anticancer peptides have been reported from predomi-
nantly two genera: Lyngbya and Leptolyngbya sp. Bisebromoamide is a novel ter-
minal-protected, linear heptapeptide consisting of D-amino acids, N-methyl amino
acids and modified amino acids, obtained from the Okinawan strain of Lyngbya
sp. This compound was active against a panel of 39 human cancer cell lines and
HeLa S3 cells with a mean IC,, of 40 nM (Teruya et al. 2009). It was found that
bisebromoamide selectively inhibits the phosphorylation of ERK (extracellular sig-
nal regulated protein kinase). Aberrant activation of Ras/Raf/MEK/ERK pathway is
commonly observed in various cancers. Small molecules targeting these pathways
are much sought after cancer treatment and bisebromoamide could be a lead mol-
ecule for this type of therapy in the future. Recently, synthesis of bisebromoamide
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has also been accomplished. A Fijian collection of Lyngbya majuscula yielded ma-
jusculamide C, a cyclic peptide of both L- and D-amino acids, partial N-methyl-
ations, and an unusual y-amino acid, together with its open chain analog. Both the
cyclic as well as acyclic metabolites were active against HCT-116 cell line at very
low nanomolar concentrations (IC,,=20 and 16 nM, respectively; Simmons et al.
2009). Even at low dosage of 52 nM, these compounds caused complete disruption
of actin filaments and induced dramatic changes to the cell morphology. Lyngbya
majuscula from Singapore afforded the cyclodepsipeptides, hantupeptins A—C, of
hybrid polyketide peptide origin (Tripathi et al. 2010). Among these, hantupeptin A
was active against MOLT 4 leukemia cell lines at nano molar levels (IC, ;=32 nM).
Lagunamides A and B, new cyclodepsipeptides from L. majuscula, collected from
Pulau Hantu Besar, Singapore, were active against P388 murine leukemia cell lines
(IC,,=6.4 and 20.5 nM, respectively). Lagunamide A has comparable antimalarial
activity as dolastatin-15, though it is lower than dolastatin- 10, the most potent anti-
malarial agent of cyanobacterial origin known today. Dragonamide E, a linear pep-
tide of L. majuscula from Panama exhibited antileishmanial activity (Balunas et al.
2010). A lariat-type cyclic depsipeptide, coibamide A, active at nanomolar levels
against the majority of the NCI’s panel of 60 cancer cell lines was reported from a
Leptolyngbya strain from Panama (Medina et al. 2008). It is proposed that perhaps
this compound is acting in a novel way and efforts are on to synthesize the molecule
in the lab. Another macrocyclic compound of potential biomedical use is palmyro-
lide A, isolated from a mixed cyanobacterial assemblage of Lepfolyngbya cf. and
Oscillatoria sp. This macrocyclic lipophilic compound effectively blocks sodium
channel (Pereira et al. 2010).

Antiviral compound isolated from cyanobacteria are usually found to show bio-
activity by blocking viral absorption or penetration and inhibiting replication stages
of progeny viruses after penetration into cells. A new class of HIV inhibitors called
sulfonic acid, containing glycolipid, was isolated from the extract of cyanobacteria
and the compounds were found to be active against the HIV virus. Cyanovirin-N
(CVN), a peptide isolated from cyanobacteria, inactivates the strains of HIV virus
and inhibits cell to cell and virus to cell fusion (Yang et al. 1997). In vitro and in vivo
antiviral tests suggested that the anti-HIV effect of CVN is stronger than a well-
known targeted (viral entry) antibody (2G12) and another microbicide, PRO2000
(Xiong et al. 2010). Yakoot and Salem (2012) have conducted first human trial to
address the effect of Spirulina platensis dried extract on virus load, liver function,
health related quality of life and sexual functions in patients with chronic hepatitis
C virus (HCV) infection. They found the therapeutic potential of S. platensis in
chronic HCV patients, and in some cases (13 %) the viral infection is complexly
nullified. Mansour et al. (2011) have found that the polysaccharides isolated from
Gloeocapsa turgidus and Synechococcus cedrorum showed higher antiviral activity
against rabies virus than that against herpes-1 virus. The exopolysaccharide from
Aphanothece halophytica has an antiviral activity against influenza virus A (HIN1),
which shows a 30 % inhibition of pneumonia in infected mice (Zheng et al. 2006).

The drug-development process normally proceeds through various phases of
clinical trials (phase O or pre-clinical, phase I, phase II and phase III). The FDA
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must approve each phase before the study can continue. There are few prominent
molecules from cyanobacteria such as dolastatins, cryptophycins, curacin, and their
analogues, which are in clinical trials as potential anticancer drugs, and many novel
molecules are in the process of clinical trials. Many promising natural products
could not be developed into potential therapeutic agents owing to supply problems.
Efforts are now on to identify the “real” microbial source of several promising drug
molecules and further, to develop suitable fermentation strategies or chemical syn-
thesis to ensure their continued supply in future. In this context, cyanobacteria are
found to be a promising source for novel therapeutic agents.
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Chapter 2
Secondary Metabolites of Cyanobacteria
and Drug Development

2.1 Secondary Metabolic Pathways Found
in Cyanobacteria

Natural products, often called secondary metabolites, are low molecular weight or-
ganic molecules that have diverse and often very potent biological activities. Sec-
ondary metabolites are not essential for normal growth, development, or reproduc-
tion of an organism. They empower the producing organism to survive interspecies
competition, provide defensive mechanisms against stress, and facilitate reproduc-
tive processes. Many secondary metabolites have proved invaluable as antibacterial
or antifungal agents, anticancer drugs, cholesterol-lowering agents, immunosup-
pressants, antiparasitic agents, herbicides, diagnostics, and tools for research. Some
of these have found to play a pivotal role in the treatment or prevention of a multi-
tude of biological disorders. Many of the deadly diseases did not have any cure until
these products were discovered. Secondary metabolites are commonly divided into
structural classes related to their biosynthesis. This classification has its limitations
because some compounds have building blocks from more than one biosynthetic
pathway and some compounds that appear closely related can have completely dif-
ferent biosynthetic origins. The important classes of secondary metabolites are the
polyketides and nonribosomal peptides, and other structural classes are alkaloids,
terpenoids, shikimate-derived molecules, and amino glycosides. Recently, a new
term “Parvome” has been proposed for these small molecules of great structural
diversity (Davis and Ryan 2012).

Since the onset of the post-genomic era genomes of numerous microorganisms
are constantly sequenced, and bioinformatic analysis continuously reveals a high
number of biosynthetic pathways for the production of secondary metabolites,
whereas only a few natural products can currently be correlated to the genome-
sequenced strains. This discrepancy between the genetic capacity for secondary
metabolite biosynthesis and low numbers of known compounds has fuelled the
development of strategies aimed at the assignment of new secondary metabolites
to the predicted genome-encoded pathways. Genome-mining needs, metabolome
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mining, and thus secondary metabolomics—inspired methods are of utmost impor-
tance for the success of genomics-based discovery of novel secondary metabolites.
Cyanobacteria are a rich source of natural products comprising of primary and sec-
ondary metabolites including nonribosomal proteins, polyketides and terpenes and
alkaloids, and several of these are known to have anticancer, antiviral, UV protec-
tive activities as well as hepatotoxicity and neurotoxicity (Herrero and Flores 2008).
Many of the cyanobacterial secondary metabolites have been characterized and are
known to be produced via the nonribosomal peptide synthetases (NRPS)/polyketide
synthases (PKS) route (Hoffmann et al. 2003). However, several other non-NRPS/
PKS synthetic pathways leading to the production of secondary metabolites with
the active participation of cytochrome P450 (CYP) are just beginning to be appreci-
ated, with the discovery of many CYP coding genes in their genome.

Many bioactive metabolites produced by cyanobacteria are either a peptide or
a macrolide structure, or a combination of both types (Welker and Von Dohren
2006). Other metabolites belong to the alkaloid class of compounds. Two types of
biosynthetic pathways produce the peptide class: by giant multidomain enzymes,
the NRPS or by ribosomal synthesis and subsequent post-translational modifica-
tion and processing. NRPS consist of modules, each being responsible for the in-
corporation of a single amino acid. The order of these modules typically follows a
colinearity rule, i.e., the succession of modules corresponds to the order of amino
acids in the final product. A minimal module is composed of an amino acid-acti-
vating adenylation (A) domain, a peptidyl carrier proteins (PCP) domain carrying
the phosphopantetheine cofactor, and a condensation (C) domain. NRPS can accept
about 300 proteinogenic and nonproteinogenic substrates and may contain further
domains introducing tailoring modifications or epimerizing the amino acid sub-
strates (Griinewald and Marahiel 2006). In contrast, ribosomal biosynthesis of pep-
tides is limited to 20 proteinogenic amino acids. This group of peptides nevertheless
displays a high diversity and a considerable biosynthetic and bioactive potential.
The ribosomal pre-peptides are typically composed of a leader peptide and core
peptide. Associated post-translational modification enzymes (PTMs) catalyze dif-
ferent types of macrocyclizations of the core peptide and side chain modifications
of amino acids. Peptide maturation further requires cleavage of the leader peptide
by processing proteases (PP) frequently combined with transport across the plasma
membrane (Oman and Donk 2010). Macrolides in cyanobacteria are produced by
modular type PKS resembling NRPS with respect to their modular nature. In con-
trast to the peptide-synthesizing enzymes, in PKSs different types of carboxylic
acids are activated, assembled, and optionally modified. The maximal set of do-
mains of an individual PKS module is identical to animal fatty acid synthase (FAS)
(Jenke-Kodama et al. 2005) and consists of ketosynthase (KS), acyltransferase
(AT), ketoreductase (KR), dehydratase (DH), enoyl reductase (ER) and acyl carrier
protein (ACP) domains (Staunton and Weissman 2001). Parts of the domains (KR,
DH, ER) are optionally used leading to a different reduction state of the keto groups
of polyketides. There are also alternative PKS assembly lines cooperating with AT
domains encoded in trans of the multi enzymes (Piel 2010), or PKS types compris-
ing single modules that work iteratively (Campbell and Vederas 2010).
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The major trait of cyanobacterial pathways is their hybrid character, i.e., the fre-
quent mixture of NRPS and PKS modules. The first biosynthetic pathway identified
and partially characterized for cyanobacteria was the mixed NRPS/PKS pathway
catalyzing the formation of the hepatotoxin microcystin in the cyanobacterium Mi-
crocystis aeruginosa (Tillett et al. 2000). The pentapeptide nodularin is structurally
closely related and shares a highly similar biosynthetic pathway (Moffitt and Neilan
2004). The anabaenopeptilide pathway in the strain Anabaena 90 was described
soon after first reports about microcystin biosynthesis. Anabaenopeptilides belong
to the cyanopeptolin family of depsipeptides that were shown to inhibit different
types of serine proteases (Welker and von Dohren 2006). The signature of this group
is the unusual 3-amino-6-hydroxy-2-piperidone moiety (Ahp). The corresponding
NRPS assembly line consists of seven modules (Rouhiainen et al. 2000). Unique
features of anabaenopeptilides include an integrated formyl transferase domain
in the initiation module and nicotinamide adenine dinucleotide dependent (NAD-
dependent) halogenase. Aeruginosins are specific inhibitors of serine type prote-
ases and produced by different genera of freshwater cyanobacteria. Planktothrix
agardhii produces glycosylated variants of the peptides, aeruginosides, via a mixed
NRPS/PKS pathway. The signature of this group is the 2-carboxy-6-hydroxyocta-
hy-droindole (Choi) moiety. The loading module was predicted to activate phenyl-
pyruvate, which is reduced by an integrated KR domain to phenyllactate. Several
NRPS/PKS assembly lines were identified and partially characterized for the ma-
rine cyanobacterium Lyngbya majuscula (Chang et al. 2002). The first pathway
described was the biosynthesis of barbamide, a chlorinated lipopeptide with potent
molluscidal activity. The lipopeptide contains a unique trichloroleucyl starter unit
that is halogenated by unique biochemical mechanisms through the two nonheme
iron (II)-dependent halogenases BarB1 and BarB2. Further extraordinary features
of the pathway include one-carbon truncation during chain elongation, E-double
bond formation, and thiazole ring formation. The other important secondary me-
tabolites produced by NRPS/PKS pathways are aeruginosin, cylindrospermopsin,
anatoxin, jamaicamide, curacin A, hectochlorin, lyngbyatoxin, apratoxin, nostopep-
tolide, nostocyclopeptide, cryptophycin.

The majority of cyanobacterial peptides are produced nonribosomally, specifi-
cally two peptide families, namely patellamides and microviridins, for which no
NRPS pathway could be assigned. Genome-scale analyses have unrivaled further
peptide families. Cyanobacteria can now be considered as one of the most pro-
lific sources of ribosomal-produced natural products. The first ribosomal pathway
discovered was the biosynthesis of patellamides in the symbiotic cyanobacterium
Prochloron. The cyclic octapeptides are pseudosymmetric and contain thiazole and
oxazolin rings. Patellamides are typically moderately cytotoxic, and some vari-
ants were further reported to reverse multidrug resistance (Schmidt et al. 2005).
Microviridins are a group of tricyclic depsipeptides predominantly detected in
bloom-forming freshwater cyanobacteria. Several members of the family potently
inhibit various serine-type proteases. The biosynthetic pathway of microviridins
was described for the genera Microcystis and Planktothrix (Ziemert et al. 2008).
Posttranslational modification of microviridins is achieved by the activity of two
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closely related adenosine triphosphate (ATP) grasp ligases, MdnB and MdnC. The
enzymes introduce two m-ester linkages between threonine and aspartate and serine
and glutamate (MdnC/MvdD) and one w-amide linkage between lysine and aspar-
tate (MdnB/MvdC). Cyclizations occur in a strictly defined order. Ring size and
composition of the microviridin core peptide is invariant (Philmus et al. 2009),
whereas N-terminal and C-terminal amino acids are highly variant (Ziemert et al.
2010). The enzyme system further contains a GNAT-type N-acetyltransferase and
an ABC transporter.

Cyanobacteria produces two types of sunscreen compounds induced under UV
irradiation: Scytonemin and mycosporine-like amino acids. Biosynthesis of the two
groups of compounds has recently been elucidated, providing further examples for
the fascinating natural product biochemistry of cyanobacteria. A gene cluster re-
sponsible for scytonemin biosynthesis was initially discovered by random muta-
genesis in the terrestrial symbiotic cyanobacterium Nostoc punctiforme (Soule et al.
2007). The gene cluster contains a number of genes related to aromatic amino acid
biosynthesis (Soule et al. 2007). The biosynthetic route was proposed to start with
tryptophan and tyrosine. Two of the initial steps of the sunscreen synthesis were
reproduced in vitro (Balskus and Walsh 2008). The open reading frames (ORF)
NpR 1275 was confirmed to act as a tryptophan dehydrogenase, whereas p-hydroxy-
phenylpyruvic acid was proposed to be generated by the putative prephenate dehy-
drogenase NpR1269. Both substrates are then further transformed by the thiamin di-
phosphate (ThDP)-dependent enzyme NpR1276 to isomeric acyloins representing
one-half of the carbon frameworks of scytonemin (Balskus and Walsh 2008). The
enzyme showed a remarkable selectivity for the specific C—C bond reaction that is
unprecedented in natural systems. The other sunscreen compound microsporines
consist of a single amino acid linked to cyclohexenone. Cyanobacteria and other
algae produce mycosporine-like amino acids, which contain two substituents linked
to the central ring by imine linkages. Four enzymes are involved in the synthesis of
the specific MAA (mycosporine-like amino acid) shinorine in Anabaena vari-abilis
ATCC 29413: a dehydroquinase synthase homologue (DHQS), an O-methyl-trans-
ferase (O-MT), an ATP grasp ligase, and an NRPS-like enzyme.

There is considerable evidence that some stress responses can be used to trig-
ger the expression of secondary metabolic genes. Altering a single parameter in
the growth conditions and eliciting a stress response has been previously applied
through the one strain many compounds (OSMAC) approach to explore the second-
ary metabolic potential of different strains of cyanobacteria (Edwards and Ericsson
1999). Cytochrome P450s CYPs are a group of ubiquitous hemoprotein oxygen-
ases that are found in all domains of life (Nebert et al. 1989). The great diver-
sity, occurrence, and distribution of CYP suggest that they could be involved in
essential or crucial metabolism, such as defense against environmental pollutants,
drug detoxification, synthesis of important molecules, and defense against extreme
environmental (Bernhardt 2006). Several CYP and CYP-like genes have been iden-
tified in cyanobacterial genomes, however, little attention has been given to their
functional characterization (Ke et al. 2005; Kiihnel et al. 2008; Alder et al. 2009).
Elucidation of the crystal structure of CYP120A1 has shown that it participates
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in retinoid metabolism (Ke et al. 2005). A BLASTp search in the National Center
for Biotechnology Information (NCBI) cyanobacterial genome database using the
characterized protein NP_488726 from Nostoc sp. strain PCC 7120 (Agger et al.
2008) or CYP120A1 from Synechocystis sp. PCC 6803 (Kiihnel et al. 2008) yields
100 putative CYP sequences and it distributed in most of the known cyanobacterial
species. CYP110 from Nostoc sp. PCC 7120 is not a cytosolic enzyme, but mem-
brane bound, like eukaryotic CYPs. It is not induced by alkanes, and does not par-
ticipate in alkane biodegradation, but it is involved in v-hydroxylation of long chain
fatty acids and plays a role in nitrogen fixation (Torres et al. 2005). Isoprenoids are
one of the major structural classes of natural products. Recent efforts have shown
that cyanobacterial strains are capable of producing isoprenoids (Agger et al. 2008).
In addition, marine cyanobacteria from Microcoleus and Phormidium genera have
been known to contribute to bioremediation of oil spills using CYP as a catalyst for
the alkane breakdown (Hasan et al. 1994). Though cyanobacteria are important as
a source of natural product the CYP related pathways are only recently becoming
apparent. The increasing number of functionally characterized CYPs from cyano-
bacteria, as well as evidence of terpene synthase genes, is opening new vistas of
natural product formation (Agger et al. 2008).

While some studies attempted the activation of biosynthetic pathways which
were assumed as being “silent” under standard laboratory conditions, through the
variation of cultivation methods, by introducing environmental challenges or by
modifying regulatory mechanisms (Hertweck 2009) others aimed to provide evi-
dence at the transcriptomic and proteomic level to help the identification of active
biosynthetic pathways and subsequently uncover the corresponding metabolites
(Schley et al. 2006). As a straightforward method to directly assign novel metabo-
lites to predicted biosynthetic pathways, the construction of knockout mutants by
targeted gene inactivation coupled to comparative metabolite profiling has been
used successfully to disclose previously undiscovered secondary metabolites (Cor-
tina et al. 2012). Furthermore, nowadays a variety of methods have been developed
that follow a holistic “metabolites first” principle, i.e., all metabolites in a given
analytical method are able to detect are first recorded, and using of hyphenated
high-performance liquid chromatography in combination with high-resolution tan-
dem mass spectrometry (LC-HRMS), and matrix assisted laser desorption/ioniza-
tion imaging mass spectrometry (MALDI-IMS) were analyzed in a high throughput
scheme.

2.2 Recent Advances in Novel Secondary Metabolites
Discovery from Cyanobacteria

With advances in analytical techniques, there is a tremendous increase in discover-
ies of secondary metabolites. Low cost, chemical free green extraction (GE) meth-
ods such as supercritical fluid extraction (SFE), pressurized liquid extraction (PLE)
are now gaining popularity for extraction of secondary metabolites. Analytical
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techniques like advanced ultra-performance liquid chromatography (UPLC), which
can be a better option than high-performance liquid chromatography (HPLC).
Many cyanobacteria can be cultured as single-species communities. The microbial
communities, or colonies, curate their environment via metabolic exchange factors
such as released natural products. To date, there are very few tools available that
can monitor, in a systematic and informative fashion, the metabolic release patterns
by microbes grown in a pure or mixed culture. There are significant challenges in
the ability to monitor the metabolic secretome from growing microbial colonies.
For example, the interactions of such molecules can be extremely diverse, ranging
from polyketides, nonribosomal peptides, isoprenoids, fatty acids, and microcins
to peptides, poly-nucleotides, and proteins (Cane 2010). Because of this chemical
diversity, most of these molecules are extracted prior to analysis and studied one at
a time and apart from the native spatial context of a microbial colony. Thus, limited
information is obtained about the metabolic output of colonies in a synergistic or
multiplexed fashion. Genomics is the most prominent tool to define the makeup and
species dynamics of the microbiome. Once the complete genome of an organism is
sequenced, genome-mining approaches can be used to predict natural products and
to discover novel adaptive metabolites. Generation of annotated genomes helps to
provide a basis for predictive algorithms capable of mining unannotated genomes
for new secondary metabolites, which can drastically improve the speed at which
new molecules can be targeted and characterized. We discuss here recent advances
in the extraction of novel secondary metabolites from cyanobacteria.

2.2.1 Epigenetic-Related Approaches

Secondary metabolites in cyanobacteria confer an evolutionary benefit to the pro-
ducing organism. In the simplified environment of the laboratory, cyanobacteria
often do not depend on the entire capabilities of their secondary metabolome and
thus the products of most of the biosynthetic gene clusters are not observed. Im-
provements in de novo genome sequence technologies have resulted in a dramatic
increase in the number of complete genomes available for well-known producers of
natural products. These data have revealed that many members of these groups pro-
duce only a small fraction of the natural products encoded in their genomes under
standard laboratory conditions. The natural product biosynthetic pathways that are
not expressed, often referred to as the “silent metabolome,” therefore, potentially
represent a vast reservoir of undiscovered small molecules. Epigenetic enzymes
like histone deacetylases (HDACs) and DNA methyltransferases (DNMTs) play
a crucial role in gene regulation of biosynthesis clusters (Schmitt et al. 2011). Re-
cently, it was discovered that interference with these systems can result in upregu-
lation of biosynthetic clusters (Cichewicz 2010). In chemical epigenetics, HDAC
and DNMT inhibitors are used to manipulate the epigenome. Similar effects can
be obtained through genetic manipulation of genes encoding global transcriptional
regulators like LacA (Bok et al. 2006), histone deacetylases (Lee et al. 2009), or
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methylating enzymes (Bok et al. 2009), as well as the small ubiquitin-like modifier
(SUMO) protein (Szewczyk et al. 2008). The complexity of the affected systems
is demonstrated by the fact that, in all cases, gene deletion and over expression
increased the expression of some biosynthetic clusters and decreased the expres-
sion of others. In this context, epigenetic approach is a novel tool to get valuable
metabolites from cyanobacteria.

2.2.2 Genome-Driven Approaches

Genome mining as an approach to natural product discovery has recently been
studied (Gross 2009; Velasquez andDonk 2011). While it is generally possible to
identify the biosynthetic gene cluster for a known compound produced by a mi-
croorganism from genome sequence data, the converse approach of predicting the
exact structure of a natural product from sequence data is often not possible. Sev-
eral factors contribute to this problem, including difficult to predict post-assembly,
modification, biosynthetic domain skipping, ambiguous cyclization patterns, and
noncolinearity of some biosynthetic enzymes. Although bioinformatics tools exist
to analyze genome data, to identify natural product biosynthetic clusters with a low
level of accuracy, to predict the structure of the encoded compound, there is room
for significant advancement in this field. There are possibility to identify silent gene
clusters in natural product producing microorganisms by subtractive analysis, com-
paring the observed compounds to biosynthetic pathways predicted using existing
bioinformatics tools (Bachmann and Ravel 2009; Schmitt et al. 2011). Annotated
genome sequence data can facilitate directed genetic strategies aimed at de-silenc-
ing individual gene clusters. Positive regulators are often colocalized with the bio-
synthetic pathways under their control. Integration of a functional promoter in front
of these regulators has the potential to upregulate the entire biosynthetic pathway.
This approach requires a method to introduce DNA into the genome of the microor-
ganism via homologous recombination, as well as rudimentary genetic tools includ-
ing a validated promoter and a suitable selectable marker. The same strategy can
be used to integrate a functional promoter in front of a silent biosynthetic pathway;
although this strategy may only be practical when a single transcript is predicted
to contain all of the necessary genes for production of the compound. Expression
of silent biosynthetic pathways in heterologous hosts offers another strategy for
de-silencing biosynthetic pathways. The emergence of phage protein based recom-
bining approaches has significantly aided in manipulating large DNA fragments
and has made heterologous expression of natural product pathways a viable option
(Thomason et al. 2007). Heterologous expression of pathways cloned directly from
DNA isolated from environmental samples (a culture independent approach) for
accessing natural product chemical diversity, is under explored (Feng et al. 2010).
Currently, heterologous expression is a very labor-intensive strategy that limits
its broad application in the drug discovery process; however, when a biosynthetic
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pathway of high interest has been identified this approach offers an additional tool
to study the pathway in a genetically tractable host.

Genome mining has long been used to predict molecular structures (Liu et al.
2010) and is still used to successfully characterize novel NRPS, PKS, terpenoid,
and other natural products. Genome-mining searches for genes or gene clusters that
encode enzymes involved in the biosynthesis of natural products are based on se-
quence alignment with other characterized enzymes involved in that specific natural
product biosynthesis. Genome-screening programs such as ClustScan, NRPS-PKS,
and “NP. Searcher” are used to predict locations of gene clusters and the structure
of their putative products (Challis 2008). Success of genome mining depends on
the availability of complete microbial genomes, thus will prove especially powerful
when used in conjunction with metagenomics, as sequenced genomes and plasmids
can be automatically fed into a pipeline to be mined for secondary metabolite pro-
duction (Challis 2008). The tools currently in place provide a good starting point
for data mining; however, improvements are still needed in predictive software for
adaptive metabolites, including a ribosomal encoded peptide predictor, incorpo-
ration of 6-frame translation into genome-mining searches, and consolidation of
metabolite and small molecule databases.

2.2.3 Analytics and Preparative Strategies for Accessing
New Natural Products

Though many tools contribute to “-omics” studies and natural product workflows,
mass spectrometry (MS) and nuclear magnetic resonance (NMR) are the two most
powerful tools. They are already used for individual “-omics™ approaches. MS is ca-
pable of high throughput identification of proteins, metabolites, and other types of
molecules through the generation of important structural information with tandem
MS. Like MS, NMR is often used for compound identification as well as to observe
global metabolite changes. NMR is able to provide structural information, atomic
connectivity, and stereochemistry that MS cannot. Ongoing improvements of these
two technologies have allowed for optimal data generation from a small sample size
or from crude samples. Nanomolar NMR elucidates structures from as little as one
nano mole of material (Molinski 2010), although it is anticipated that this will be in
the picomolar range in the near future, while some MS methods can evaluate sam-
ples in the sub-picomolar range. NMR of crude mixtures has been previously used
for a variety of samples and is advantageous since it eliminates the need to separate
molecules prior to analysis (Exarchou et al. 2005; Schroder et al. 1998). Combin-
ing liquid chromatography (LC) with MS or NMR allows for the separation of
molecules preceding analysis, resulting in improved signal intensity. Additionally,
spatial localization of molecules can be characterized using IMS (Imaging mass
spectrometry) (Cornett et al. 2007), often giving important information about signal
distribution in the cell (Seeley and Caprioli 2008) or in interactions grown on agar
(Yang et al. 2009). Each tool has an invaluable role in “-omics” studies and has
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great potential in advancing microbiome-based workflows in studies that will both
catalog known molecules and target uncharacterized molecules.

A breakthrough in natural product analytics has been the introduction of ultra-
high pressure liquid chromatography (UHPLC) (Wolfender et al. 2010). In com-
bination with time-of-flight (TOF) MS detectors with very fast response times,
UHPLC is a very efficient tool for de-replication of natural product extracts and
for genome-driven identification of new natural products (Grata et al. 2008). The
excellent sensitivity and resolution of contemporary chromatography systems en-
ables the miniaturization of the entire process of broth screening making it much
more powerful and less cumbersome than in the past. In particular, principal com-
ponent analysis (PCA) has become increasingly popular. The main concept of PCA
is to reduce a large dataset, obtained for example from different LC-MS experi-
ments, in order to extract the most important variations between the samples with-
out significant loss of information (Kuhnert et al. 2011). For structure elucidation
of these compounds, LC-NMR spectroscopy can be used. As on-flow or stop-flow
LC-NMR methods having inherently low sensitivity and are limited to the mea-
surement of proton NMR spectra, SPE-NMR (trapping of the LC-flow on a SPE
[Solid-phase extraction] column) or CapNMR (micro fractionation followed by
measurement of a concentrated sample via micro-flow capillary LC-NMR probes)
can overcome these limitations and can be used for structure elucidation through
1D and 2D measurements (Wolfender et al. 2010). For the purification of natural
products, supercritical fluid chromatography (SFC) is becoming a powerful tool.
While this technology was introduced nearly 50 years ago, only in recent years
have many of the instrumental limitations been overcome. In combination with MS
detection, new natural products can be isolated very efficiently using MS-guided
fractionation (Guiochon and Tarafder 2011). All these technical innovations have
reshaped natural product chemistry significantly over the past couple of years. The
reisolation of known secondary metabolites could be avoided early in the process
using high-resolution analytical tools. The bothersome purification of natural prod-
ucts can be performed semiautomatically and much more efficiently with the cur-
rent instrumentation. As a consequence of these technical improvements the costs
dropped to generate pure natural product libraries.

The relatively rapid execution and chemically specific information provided by
MALDI IMS experiments offers an enticing tool to enhance the preclinical trials of
pharmaceutical compounds (Gessel et al. 2014). For a targeted approach, using the
known molecular mass of a compound offers a distinct advantage in defining its
localization, allowing experimenters to easily distinguish the target from unknown
species and/or electronic and chemical noise. Proteomic changes arising from treat-
ment with a specific pharmaceutical compound can be tracked in conjunction with
the distribution and metabolism of the compound. Imaging of pharmaceutical com-
pounds and their metabolites is quite challenging because of the small size of the
drug molecules, but with high resolution mass analyzers these species can be suc-
cessfully isolated in the lower mass regions (100-500 Da) (Chughtai and Heeren
2010). In a recent study Shanta and colleagues addressed the issue of matrix inter-
ference in low mass regions and drug/drug metabolite detection via MALDI IMS
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(Shanta et al. 2012). They detail the development of a binary matrix compound that
has significantly reduced interference peaks from 0 to 500 Da. IMS is a powerful
tool for simultaneously investigating the spatial distribution of multiple different
biological molecules. The technique offers a molecular view of the peptides, pro-
teins, polymers, and lipids produced by a microbial colony without the need for
exogenous labels or radioactive trace material (Gonzalez et al. 2012). Target com-
pounds can be measured and visualized simultaneously and in a high throughput
manner within a single experiment. IMS extends beyond techniques such as MAL-
DI profiling or MALDI intact cell analysis. Although invaluable, these techniques
give a broad view of the metabolites produced in reference to a growing colony,
where discretely secreted low global concentration but high local concentration me-
tabolites could be missed. IMS entails examining the entire cyanobacterial colony,
including the surrounding agar medium, by defining a raster composed of greater
than 1000 laser spots (points of data collection), which increases the likelihood of
detecting unique, discrete ion distribution patterns, and hidden molecular pheno-
types that cannot be observed by the naked eye. Using MALDI-TOF, several new
cyanopeptides were observed and characterized. Recently, MALDI-TOF was used
to directly analyze cyanobacteria for the presence of cyanopeptides and toxins from
850 individual colonies (Welker et al. 2006). In this study, a small colony of the cya-
nobacterium was placed on a MALDI-TOF-plate and covered with a small amount
of 2,5-dihydroxybenzoic acid matrix before they were analyzed by MALDI-TOF
mass spectrometry. A total of 90 individual peptides was identified from these 850
individual cyanobacteria colonies, including 18 that appear to be unique from their
masses. Erhard et al. (1997) used MALDI-TOF MS for identification of secondary
metabolites with intact cyanobacterial cells. Resulting mass signals, which are fur-
ther characterized by post source-decay fragmentation, and comparison of observed
fragment spectra with theoretical ones or with those of pure reference compounds.
Desorption electrospray ionization mass spectrometry (DESI-MS) is another applied
analytical technique for chemical profiling, characterization and quantification of
low molecular weight biomolecules (Esquenazi et al. 2008). Another technique is
a direct analysis in real-time mass spectrometry (DART-MS), which is very much
effective in chemical profiling and fingerprinting of bioactive molecules without
prior sample preparation. Singh and Verma (2012) have identified the Nostoc sp.
on the basis of characteristic chemical compounds (chemical finger printing) using
DART-MS. Advances in all these analytical techniques have a tremendous impact
on the identification and characterization of natural products and hope many new
bioactive natural products will come up with advances in this area.

2.3 Insilico Screening for Novel Secondary Metabolites
of Cyanobacteria

Traditionally, drug-target discovery is fundamentally a wet lab experimental pro-
cess comprising of identification of candidate lead compounds in chemical/activity-
guided screening programs, where extracts and purified compounds are tested
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against specific targets or in whole cell assays. Introduction of new drugs and novel
therapeutic solutions is a long and costly process (DiMasi et al. 2003). Pharma-
cologists strive to optimize and accelerate this process by developing new in vivo
and in vitro investigation strategies. Genetic screening has complemented these ap-
proaches by applying DNA probes of conserved biosynthetic enzymes to identify
the biosynthesis gene clusters in gene libraries of the producing organisms. While
the underlying principles behind in vitro drug-target discovery have not changed
much in the past, there are profound changes in the throughput or speed by which
this process is done. In the past, small numbers of drugs and drug targets were
slowly identified through manually intrusive and exceedingly tedious laboratory
processes. Nowadays, large numbers of potential drugs and drug targets are being
routinely identified through a variety of high speed, robotized technologies, includ-
ing high throughput DNA sequencing (Kramer and Cohen 2004), high throughput
microarray or two-dimensional (2D) gel electrophoresis experiments (Onyango
2004), rapid-throughput mass spectrometry assays, and high-speed robotized
chemical library screens (Comess and Schurdak 2004). Both, chemical and genetic
screening is very labor- and time intensive and therefore costly. With the progress
in sequencing technologies, in silico screening was developed as a third method,
which greatly speeds up the discovery of novel compounds. I silico approach uses
genetic/genomic information to assess the genetic potential of microorganisms for
the ability to produce novel compounds (Walsh and Fischbach 2010). The majority
of the in silico methods are primarily used in parallel with the generation of in vivo
and in vitro data for accurate modeling and validation of a wide range of applica-
tions from the ligand design and optimization to the characterization of fundamental
pharmacological properties of molecules such as absorption, distribution, metabo-
lism, excretion, and toxicity (Ekins et al. 2007). The diversity of the developed
mathematical and biophysical models in this field resembles the manifolds of the
pharmacological problems uniquely.

In silico drug-target discovery is now possible primarily because of the Human
Genome Project (Hopkins and Groom 2002) and related large scale sequencing
efforts. Already more than 2000 viral genomes, 260 bacterial genomes, and more
than two dozen eukaryotic genomes have been sequenced and deposited into public
databases (http://www.ebi.ac.uk/genome). These data are allowing researchers to
identify literally thousands of drugs for both endogenous diseases (Central nervous
system disorders, diseases of aging, autoimmune diseases, and acquired or inborn
metabolic disorders) and infectious diseases (bacterial, viral, and parasitic diseas-
es). Many of these targets are being, or can be, rapidly identified in silico, using
simple sequence comparison and sequence alignment software. Prior to these large-
scale genomic sequencing efforts, the total number of endogenous (human) disease
genes targeted by all existing drugs was estimated to be less than 400 (Hopkins
and Groom 2002). Now, with all the sequence data in hand, it is estimated that the
number of viable endogenous disease drug target could grow from ~300 to at least
3000 and the number of viable infectious disease drug target or drug-target classes
could grow from ~20 to at least 300 (Hopkins and Groom 2002). Most of the drug
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targets can be either large molecules (protein, DNA, and RNA) or small molecules
(metabolites). Ninety-six percent of approved drug target types are peptides or pro-
tein molecules with 93 % of all nonredundant US FDA approved drugs being tar-
geted to proteins. Even if a druggable protein or set of proteins is identified, there is
an added challenge of finding a drug to make the drug target(s) functional—while
not adversely affecting other normal functions of the body. This is a difficult task,
especially for a small molecule.

The first step of the in silico approach is to identify putative biosynthetic gene
clusters in the genome sequence. In a second step, the genetic information is then
used to predict the biosynthetic products synthesized by the enzymes encoded in the
gene clusters. To perform these tasks, specialized software tools are required. There
are three commonly used tools SMURF, antiSMASH, and NP.searcher used for
this screening (Weber 2014). The raw material for in silico drug target discovery is
generally sequenced data, either a protein or nucleic acid sequence. There are more
than 73 cyanobacterial genomes are either completely sequenced, or in draft or in
near completion phase. The next step in this process is to identify genes that may be
a part of a system leading to the discovery of potential therapeutically useful com-
pounds. In silico analysis of cyanobacteria have attracted increasing attention only
recently owing to their potential in the production of pharmaceuticals and other
bioactive compounds. Shastri and Morgan (2005) used flux balance analysis for the
investigation of synechocystis sp. PCC 6803 metabolism.

Identification of new biologically active compounds is required for develop-
ment of new drugs. In silico approach have the potential not only speeding up the
drug discovery process, thus reducing the costs, but also about changing the way
drugs are designed. Rational Drug Design (RDD) helps to facilitate and speed up
the drug designing process, which involves a variety of methods to identify novel
compounds. One such method is the docking of the drug molecule with the receptor
(target). The site of drug action, which is ultimately responsible for the pharma-
ceutical effect, is a receptor. Docking is the process by which two molecules fit
together in 3D space. Nowadays, molecular docking approaches are routinely used
in modern drug design to understand the drug-receptor interaction. Computer-aided
drug design uses computational chemistry to discover, enhance, or study drugs
and related biologically active molecules. The most fundamental goal is to predict
whether a given molecule will bind to a target and if so how strongly. Molecular
dynamics are most often used to predict the conformation of the small molecule and
to model conformational changes in the biological target that may occur when the
small molecule binds to it (Rajamani and Good 2007). In docking, a large number of
potential ligand molecules are screened. This method is usually referred as ligand-
based drug design (Kroemer 2007) and the nature of the complex between the drug
and the receptor complex can be identified via docking and their relative stabilities
for inhibition can be evaluated using molecular dynamics and their binding affini-
ties using free energy simulations.

Metabolites of cyanobacteria are an excellent source of docking studies. More
than 50% of the marine cyanobacteria are potentially exploitable for extracting



2.3 Insilico Screening for Novel Secondary Metabolites of Cyanobacteria 35

bioactive substances, which are effective in either killing the cancer cells by induc-
ing apoptotic death. In a recent study using molecular docking it has been found that
the cyanobacterial drug Cryptophycin F isolated from Nostoc sp., is very potential
against breast cancer causing receptor ERa in comparison to two commercial drugs
Toremifene and Raloxifene (Sangeetha et al. 2014). Among the various members
of marine cyanobacteria, Calothrix, Lyngbya sp., Lyngbya confervoides, Lyngbya
majuscule, Lyngbya sordida, Nostoc sp., Phormidium gracile, Symploca sp., and
Symploca hydnoides are highly potential organisms having anticancer drug mol-
ecules such as antillatoxin 2, apratoxin B1, arulide 3, baslynbiyaside, belamide A2,
basibroamide 1, calothrixin B, caylobolide A2, cryptophycin 226, kemopeptinde B,
hoamide C, homodolastin, isomalgamide B, lagunamide C, lynbyabelin C, lynbay-
solide B1, lyngbastatin, majusculamide D, maleviamide D, malyngamide R, mal-
yngolide, nostocylopeptide, obynanaide, pitipeptolide D, pitiprolamide, pompano-
peptin, somocystinamide A, symplocamide A, symplostatin, tasipeptin B, tasiamide
B, tiglicamide A, and veraguamide F. When these drug molecules were docked
with the lung cancer causing receptor molecule EGFR (Epidermal growth factor
receptor) kinase, Tiglicamide A showed a maximum Glide score indicating effective
molecules against receptor tumor causing molecule (Vijayakumar and Menakha
2014). In another study, it is concluded that 31 bioactive compounds were isolated
from 8 species of cyanobacteria as drugs for various types of cancers. Among the 31
bioactive compounds, tasiamide-B from Symploca sp was identified as the best drug
for skin cancer compared with the commercially available drugs, like cabazitaxel
and dyclonine. Through molecular docking, tasiamide-B was found to be more ef-
fective by interacting strongly with skin cancer causing target protein, HSP90 with
the help of Glide module (Schrodinger suite; Vijayakumar and Menakha 2013). All
these studies show with the rapid progress of in silico approaches, it could be ex-
pected that biomedical investigations into virtual reality ultimately lead to rigorous
changes in the pharmaceutical research landscape by optimizing the drug develop-
ment process, reducing the number of animal experiments and smoothing the path
to personalized medicine. With the growing understanding of complex diseases,
the focus of drug discovery has shifted away from the well-accepted “one target,
one drug” model, to a new “multi-target, multi-drug” model, aimed at systemically
modulating multiple targets. Identification of the interaction between drugs and tar-
get proteins plays an important role in genomic drug discovery, in order to discover
new drugs or novel targets for existing drugs. Due to the laborious and costly exper-
imental process of drug-target interaction prediction, in silico prediction could be an
efficient way of providing useful information in supporting experimental interaction
data. An important notion that has emerged in post-genomic drug discovery is that
the large-scale integration of genomic, proteomic, signaling, and metabolomic data
can allow the construction of complex networks of the cell that would provide with
a new framework for understanding the molecular basis of physiological or patho-
physiological states required for multi-target multi-drug discovery
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2.4 Novel Biosynthetic Gene Cluster in Cyanobacteria

While identification of secondary metabolites from cyanobacteria has a long his-
tory, the identification of the biosynthetic genes responsible for the production of
secondary metabolites in them is relatively recent. Among the 600 cyanobacterial
metabolites isolated there are only 30 cases for which the biosynthetic genes have
been identified. The main reason for this low number of gene clusters discovery is
that the identification of these genes is highly dependent on genomic data. There
are about 73 cyanobacterial genomes so far sequenced and the majority of them
are from unicellular species that do not produce much secondary metabolites (Hess
2011). Further the genetic manipulations of cyanobacteria are difficult and probably
hamper the discovery of biosynthetic genes implicated in secondary metabolism.
The majority of the metabolites of cyanobacteria are products of PKS, NRPS, or
more frequently of PKS/NRPS hybrids, but several recent studies suggest they RPs
(Ribosomal Peptide synthetase) are much more common in cyanobacteria (Xu et al.
2011). However, the PKSs and NRPSs are capable to produce very different mole-
cules with diverse biological activities, even though their basic functions supported
by the individual domains are conserved. PKSs and NRPSs are large, multifunc-
tional protein complexes that catalyze the stepwise condensation of simple meta-
bolic building blocks. Both PKSs and NRPSs have a modular organization, with
each module carrying all essential information for the recognition, activation, and
modification of one substrate (amino acids for NRPS or coenzyme A thioester de-
rivatives of carboxylic acids for PKS) into the growing chain. Each module can be
further divided into different domains, each responsible for a specific biochemical
reaction. The number of modules and their domain organization within the enzymes
control the structures of the final products (Schwarzer et al. 2003). The biosynthetic
gene clusters in cyanobacteria are quite large, over 20 kb for PKs, NRPs and PK/
NRP hybrid and about 10 kb in case of RPs since in this case the biosynthetic ma-
chinery is the ribosome. In case of scytonemin, alkanes, alkenes, and terpene the
clusters are very small in size. The identification of biosynthetic gene clusters in
cyanobacteria followed the same scenario in many cases. The structure of the me-
tabolites was characterized followed by the feeding experiments using isotopically
labeled precursors, giving some clues concerning the biosynthesis and a particular
gene was then identified by using degenerative polymerase chain reaction (PCR)
amplifications. The link between the identified gene and the biosynthesis was then
inferred from two different types of data. Then the genetic inactivation of the iden-
tified gene abolished the production of the metabolites by unambiguous preferred
experiments or the correlation between the presence of the gene (genotype) and
the production of the metabolites (phenotype). Then, using either genomic libraries
cloned in the cosmos or genomic sequence data, the clusters were identified and
sequenced. In some cases, genome mining directly identified gene clusters. Several
gene clusters responsible for the biosynthesis of the same metabolites have been
sequenced in different strains or genus. For example, mcy, stx, cyr, are, ana, and
cyanobactin gene clusters. The results so far obtained indicate that horizontal gene
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transfer is responsible for the presence of the same gene clusters in the genome of
cyanobacteria of different genera. Another general trait is that usually one cluster is
responsible for the biosynthesis of several variants of one metabolites. The varia-
tions observed are either a change in amino acid residue, a methylation, a hydrox-
ylation, a sulfatation, a halogenation, or a change in configuration at some carbons.
These variations are either catalyzed by tailoring enzymes or by some domains of
the PKSs or the NRPSs that show a relaxed specificity.

Microcystins are nonribosomal cyclic heptapeptides containing B-amino acid
and several nonproteogenic amino acids. It is a hepatotoxins and their primary tar-
gets are eukaryotic protein phosphatases. These toxins, produced by freshwater cya-
nobacteria, belong to genus Microcystis, Planktothrix, or Anabaena (Pearson et al.
2010). More than 90 variants of this metabolite have been identified with variable
amino acids at the different positions and varying degrees of methylation (Welker
and Ddhren 2006). The 55 kb mcy cluster of Microcystis aeruginosa comprises 10
genes (mcyA-J) arranged in two divergently transcribed operons (Tillett et al. 2000).
The biosynthetic scheme for microcystins shows that it starts with the loading of
phenyl lactate on McyG followed by extension and methylation. The chain is then
loaded on McyD for extension on two modules and then on McyE for extension,
amino transfer, and condensation of D-glutamate (Tillett et al. 2000). Nodularins
are other nonribosomal cyclic pentapeptides closely related to microcystins in terms
of structure and biosynthesis. The biosynthetic gene cluster, nda has been identi-
fied in Nodularia spumigena and it shares strong similarities with the mcy gene
cluster (Moffitt and Neilan 2004). Anatoxin-a and homoanatoxins-a are two potent
neurotoxins produced by freshwater cyanobacteria genus Anabaena, Oscillatoria,
Phormodium, and Cylindrospermum. These alkaloids act as a potent agonist of the
muscle nicotinic acetylcholine receptor provoking muscle paralysis and respiratory
failure. Cadel-Six et al. 2009 identified a 1.7 kb sequence called ks2, that produces
anatoxins-a in Oscillatoria sp. The cluster designated ana, was then proposed to be
responsible for the biosynthesis of anatoxins and a complete biosynthetic scheme
for these alkaloids was proposed based on a combination of bioinformatics analysis,
feeding experiments, and in vitro biochemical experiments on isolated enzymes
(Mejean et al. 2009). Similarly, the regulation of the production of cylindrosper-
mopsin at the transcriptional level as well as the metabolic level has been studied
by Kaplan and coworkers (Shalev-Malul et al. 2008) . They concluded Cyr gene
cluster is responsible for the cylindrospermopsin production in Aphanizomenon
sp. The biosynthesis start with the formation of guanidinoacetate catalyzed by the
amidinotransferase, CyrA. Then guanidinoacetate is thought to be loaded on the
PKS CyrB for extension. Four further PKSs (CyrB, C, D, and E) are thought to
extend the chain that finally leads to the desolated 7-deoxycylindrospermopsin. The
other metabolites of cyanobacteria for which the biosynthetic gene clusters are now
known are aeruginosins, aeruginosides, and microginins by Microcystis and Plank-
tothrix sp.; cyanopeptolins by Microcystis and Anabaena sp.; anabaenopeptins by
Anabaena sp.

In comparison to the fresh water form marine cyanobacteria produce a variety of
secondary metabolites with interesting chemical structures and biological activities.
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However, their biosynthesis remains largely unknown. Apratoxins A-G are cyclic
lipopeptide from Lyngbya bouillonii having cytotoxic bioactivities. The biosyn-
thetic gene clusters for apratoxin A has recently been identified by Gerwick and
coworkers (Grindberg et al. 2011). They used a single cell as a PCR template to
amplify the whole genome of the producer. The genome was then sequenced and
the cluster was then identified using diverse screenings. The 58-kb apr cluster con-
tains 12 genes among which 8 are coding for PKS or NRPs or hybrids. Curacin A is
another metabolites from Lyngbya majuscula is of considerable interest because of
its antiproliferative and antitubulinin activity and the analogues can be used as anti-
cancer drugs. Recently, its biosynthesis has been elucidated by feeding experiments
to predict the enzyme necessary to produce the compound. A 64-kb cur cluster
was identified consisting of 14 genes, including several PKSs (Gehret et al. 2011).
Jamaicamides A-C is another sodium channel blocker metabolites isolated from
Lyngbya majuscula. The biosynthesis of this lipopeptides were studied by stable
isotope incorporation and the jam gene cluster was identified using a combination
of PCR amplification and southern hybridizations (Edwards et al. 2004) .

Cyanobacteria also produce many ribosomal peptides such as cyanobactins, the
microviridins, the bacteriocins, and lantipeptides. Since the peptide core of the RPs
is derived from a precursor, the clusters of genes responsible of the biosynthesis
of these RPs are usually small with only a few genes coding for the modifying
enzymes. These peptides show very diverse biological activities such as inhibition
of proteases or cytotoxicity. However, the biosynthesis of these peptides are not
fully understood, but the main steps have been deciphered (McIntosh and Schmidt
2010). The other peptide microviridins produced by different genus of cyanobacte-
ria such as Microcystis, Oscillatoria, and Planktothrix. These peptides bear a unique
tricyclic structure with two lactone bonds and a lactam bond and shows inhibition of
protease activity. The microviridin biosynthetic gene clusters, mdn, and mvd have
been identified and sequenced in several strains. The mdn cluster from M. aerugi-
nosa contains five genes and on that basis the biosynthesis of microviridin B have
been proposed (Ziemert et al. 2010)

Cyanobacteria produce two classes of secondary metabolites to protect them
from UV radiation. In many cyanobacteria scytonemin biosynthesis occurs with
exposure to UV-A and mycosporine-like amino acids with response to UV-B. The
cluster of genes responsible for the production of scytonemin was identified in Nos-
toc punctiforme by random genetic inactivation. The cluster comprises six genes
Scy A-F, directly involved in the biosynthesis of scytonemin and several other genes
likely involved in the formation of precursors. The biosynthesis of this metabolite in
vivo using isolated enzymes, Scy4, B, and C shows scytonemin produced from tryp-
tophan and prephenate (Balskus and Walsh 2009). Among the 20 mycosporine-like
amino acids in cyanobacteria, shinorine is well studied and its biosynthesis has been
studied in Anabaena variabilis and Nostoc punctiforme. The entire gene cluster is
of 6.5 kb was expressed in E. coli and the transformant produced shinorine. The
pathway was supported by in vitro experiments using isolated enzymes (Balskus
and Walsh 2010). The biosynthesis start from sedoheptulose-7-phosphate, which
is transformed into 4-deoxygadusol. This intermediate is then condensed with
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glycine to give mycosporine-glycine and finally the NRPS-like protein condenses
mycosporine-glycine and serene to shinorine. In the past decade, a number of novel
biosynthetic gene clusters have come up due to the increasing number of avail-
ability of cyanobacterial genome sequence. The biosynthetic pathways that have
been elucidated are very diverse, reflecting the chemical diversity of the secondary
metabolites of cyanobacteria. However, there is a real need for more predictive bio-
informatics to aid the annotation of these genes involved in secondary metabolism
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Chapter 3
Glycoconjugates of Cyanobacteria and Potential
Drug Development From Them

3.1 Glycoconjugates of Cyanobacteria

Carbohydrates, in addition to acting as an energy source, play diverse roles in the
life cycle. Complex carbohydrates are the next frontier in understanding the se-
cret molecular messages that rule the life of our cells. Carbohydrates determine
blood type, regulate plant growth, and have roles in cancer, diabetes, and human
development. It is the major component in cell-wall composition and responsible
for the integrity of microbial pathogens (Moran et al. 2005). Glycomics (the study
of carbohydrate-related processes, including carbohydrate metabolism, glycoconju-
gates structures, and cell—cell interactions) has now become a well-established area
of study and microbial glycomics provides desperately needed new drug targets. So
glycobiology is an extremely broad field, encompassing the study of any molecule
that contains a carbohydrate as part of its structure. Glycoconjugates are formed
when mono-, oligo-, or polysaccharides are attached to proteins or lipids. The sug-
ar-containing portions of the resulting glycoproteins and glycolipids are generally
complex heteropolymers and referred to as glycans. The majority of glycans are
either N-linked or O-linked depending on the attachment to the proteins or lipids
through a nitrogen atom or through an oxygen atom. In addition to DNA and pro-
teins, glycans represent the third dimension in molecular biology. Glycan structures
are encoded indirectly in the genome. The sugar structures are not encoded directly
in the DNA sequences, but are determined by transcription and translation of genes
to generate glycosyltransferases that in turn control the synthesis of the glycan por-
tions of glycoconjugates. Glycobiology has become the subject of much research
during the past few years and holds a wealth of hope for the future medicine. In ad-
dition, it is also an innovative scientific field that may help us to better understand
and combat the visible signs of aging and reduce the effects of time on the skin.

In natural habitat, many cyanobacteria form visible colonies that consist of bio-
chemically complex extracellular matrices and cellular filaments embedded within
extracellular polysaccharides (EPS), accounting for 60—80 % of the dry mass (Hill
et al.1997). The production of EPS in cyanobacteria is widely known (Gloaguen
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et al. 1995). Many cyanobacteria show little to no metabolic activity and are able
to rapidly resume metabolism upon rehydration—a phenomenon termed “anhydro-
biosis” (Crowe 2002). The terrestrial cyanobacterium Nostoc commune can retain
viability for over 100 years upon desiccation (Lipman 1941; Cameron 1962), and
the complex glycan play an important role in the survival of these organisms un-
der stress conditions. The glycans of cyanobacteria remain associated with the cell
surface as sheaths, capsules and/or slimes, or be liberated into the surrounding envi-
ronment as released polysaccharides (RPS; Pereira et al. 2009). The RPS serves as
a boundary between the cyanobacterial cell and its immediate environment. Many
putative roles have been proposed for these polymers, such as protection against
dehydration or UV radiation, biomineralization, and phagocytosis. It has also been
postulated that RPS confer on the cyanobacteria the ability to adhere to solid sub-
strates, as well as facilitate the locomotion of gliding strains.

Most cyanobacterial glycans are characterized by the presence of uronic acids,
pentoses, a polypeptide moiety, or other nonsaccharide components, such as or-
ganic (e.g., acetyl, pyruvyl, succinyl group) or inorganic (e.g., sulfate or phosphate
group) substituents (De Philippis and Vincenzini 1998). Therefore, cyanobacteria
are regarded as a very abundant source of structurally diverse glycans, a feature
rarely found in the polymers released by strains belonging to other microbial groups
(Sutherland 1994). Cyanobacterial released polysaccharide often shows the pres-
ence of one or two pentose sugar that are usually absent in other polysaccharide
of prokaryotic origin (Sutherland 1994). This moiety protects the neighboring gly-
cosidic bonds from the more common glycan hydrolases. Most RPS synthesized
by cyanobacteria are quite complex, being composed of six or more monosac-
charides. This is the striking difference from the polymers synthesized by other
bacteria or by microalgae, in which the number of monomers is usually less than
four. Usually, glucose is the dominant monosaccharide of the RPS although ironic
acid, xylose, arabinose, fucose, rhamnose, and mannose are the dominant mono-
saccharides in some cyanobacterial RPSs. Galactose is the dominant sugar only
in Anabaena sphaerica. Ribose, osamine, methyl sugar, and unidentified residues
are also present in several cyanobacterial RPSs. The polysaccharides produced by
N. commune, N. insulare, and Cyanothece sp. are composed of repeating units of
six, four, and three monosaccharides, respectively (Volk et al. 2007). On the other
hand, the structures proposed for the EPS produced by Mastigocladus laminosus
and Cyanospira capsulata are far more complex, with repeating units of fifteen and
eight monosaccharides, respectively (Gloaguen et al. 1999). For Spirulina platen-
sis, no structure was proposed, but it was demonstrated that its RPS repeating unit
contains at least 15 sugar residues (Filali Mouhim et al. 1993). The high number
of different monosaccharides found in cyanobacterial glycan and the consequential
variety of linkage types is usually considered a reason for the presence of complex
repeating units, as well as for a broad range of possible structures and architectures
of these macromolecules. A large number of different monosaccharides in only one
polymer make many structures and architectures possible (Atkins 1986), thus in-
creasing the chance of having a polymer with peculiar properties, not common to
currently utilized products. The rheological properties of RPSs’ aqueous solutions
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make them useful as thickening agents for water solutions, together with their abil-
ity to stabilize the flow properties of their own solutions under drastic changes of
pH, temperature, and ionic strength (Sutherland 1998).

The released polysaccharides in many cyanobacteria attached to proteins and
characterized by the presence of pyruvate and acetate groups. Polypeptides en-
riched with glycine, alanine, valine, leucine, isoleucine, and phenylalanine have
been reported in the RPS of C. capsulate (Marra et al. 1990). A most interesting
feature is the presence of sulfate groups in the RPSs and CPSs of many strains of
cyanobacteria. Differences in the sulfur content and in the monosaccharidic com-
position reported for the sheath and RPS of some cyanobacteria strongly support
the hypothesis of their origin from different biosynthetic pathways (Micheletti et al.
2008). The sulfate groups and the uronic acids contribute to the anionic nature of the
RPS, conferring a negative charge and a “sticky” behavior to the overall macromol-
ecule (Mancuso Nichols et al. 2005). All these structural factors, i.e., the large num-
bers of constitutive monosaccharides, the variety of their linkages in the polymeric
chains, the variability of functional groups, as well as the protein content give rise
to very complex structures of cyanobacterial glycans and impotence in glycomics.

3.2 Glycan Biosynthesis in Cyanobacteria

Glycan biosynthetic pathways are very complex, including, the enzymes directly
involved in the polysaccharide synthesis, enzymes engaged in the formation of the
cell-wall polysaccharides and lipopolysaccharides (Mozzi et al. 2003). However,
cyanobacteria have not been thoroughly examined and, consequently, the infor-
mation available is extremely limited (Yoshimura et al. 2007). Typically, the bio-
synthesis of glycans comprises four distinct steps occurring in different cellular
compartments. First, the activation of the monosaccharides and conversion into
sugar nucleotides in the cytoplasm, then the assembly of the repeating units by
sequential addition of sugars onto a lipid carrier by glycosyltransferases at the
plasma membrane, followed by the polymerization of the repeating units in the
periplasmic face of the plasma membrane and finally the export of the polymer to
the cell surface (Sutherland 2001). Among the genes involved are rfbABCD, also
frequently called rml genes (Reeves et al. 1996), which encode proteins involved
in the biosynthesis of L-rhamnose. Rhamnose is one of the sugars frequently found
in the cyanobacterial RPS, and the proteins encoded by the rfb genes are listed in
CyanoBase (http://bacteria.kazusa.or.jp/cyanobase/) as involved in the assembly of
cyanobacterial surface polysaccharides. However, the presence of several acidic or
neutral monosaccharides in cyanobacterial glycan indicates that their biosynthetic
pathway may be even more complex (Li et al. 2002). The first insight into the
genes encoding proteins involved in EPS assembly and export in cyanobacteria
was recently done by Pereira et al. 2009. They performed in silico analysis of avail-
able cyanobacteria genome sequences, revealing the existence of genes coding for
proteins that possess the conserved domains involved in bacterial EPS assembly
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and export. The results also show that in cyanobacteria, the EPS-related genes
often occur in multiple copies scattered throughout the genomes, either isolated
or in small clusters (Pereira et al. 2009). Glycosyltransferases are key enzymes
for the biosynthesis of the RPS repeating unit, catalyzing the transfer of the sugar
nucleotides of activated donor molecules to specific receptor molecule. Despite the
increasing interest in these polymers, the information about their biosynthetic path-
ways is still limited. Studies performed in other bacteria revealed that the mecha-
nism of EPS assembly and export are relatively conserved, generally following the
Wzy-dependent or the ABC-dependent pathways, which require the involvement
of polysaccharide copolymers (PCP) and outer membrane polysaccharide export
(OPX) proteins. In cyanobacteria, the genes encoding these proteins occur in mul-
tiple copies, scattered throughout the genome, either isolated or in small clusters.
However, it is necessary to identify other genes that may be related to this process,
understand their genomic distribution, and reconstruct their evolutionary history.
In silico analysis of the cyanobacterial genomes revealed the presence of numer-
ous genes putatively encoding glycosyltransferases. However, the enzymes have
not been biochemically characterized, which makes it impossible to assign their
function to the synthesis of RPS. The synthesis and secretion of RPS in cyano-
bacteria probably follow the same pathways as with other bacteria. However, the
presence of high numbers of different sugars in cyanobacterial RPS suggests that
the synthesis of the sugar nucleotides is more complex, involving a higher number
of different enzymatic reactions.

3.3 Glycotherapy Using Cyanobacterial Glycoconjugates

Glycans play many important roles in biological processes, including involvement
in the processes of cellular trafficking, cellular differentiation, cell-cell adhesion,
hormone—cell recognition, and viral-host cell and bacterial-host cell attachment.
Glycans and glycoconjugates are linked to a number of serious medical conditions
such as malignancies, Creutzfeldt—Jakob disease, cystic fibrosis, and inflammatory
diseases, cardiovascular diseases, microbial infections, and lysosomal storage dis-
eases (Axford 2001). Glycans also have important constituents of medicinal impor-
tant agents, such as the antitumor antibiotics, cardiac glycosides, and gangliosides.
The oligosaccharide moieties of the antitumor antibiotics ciclamycin and cali-
cheamicin are important in the DNA recognition critical for the activity of the com-
pound. Cardiac glycosides, such as digoxin are steroids conjugated to a trisaccha-
ride. Gangliosides are lipid-olegosaccharide conjugates, and have been used to treat
spinal cord injury. The use of saccharides as rigid scaffolding for presenting key
functional elements in a defined arrangement for the identification of new receptor
ligands is another area of great promise. Saccharide-receptor interactions are impli-
cated in many disease processes, including infections, inflammatory responses, and
cancer metastasis. Approaches designed to disrupt such interactions are relevant to
the treatment of these disorders. Rare genetic disorders of carbohydrate synthesis or
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metabolism may in some cases be treated with carbohydrate moieties or by enzyme
replacement therapy designed to restore the deficient pathways.

Sulfated homopolysaccharides and heteropolysaccharides isolated from a num-
ber of cyanobacteria have demonstrated potent activity against retroviruses, includ-
ing human immunodeficiency virus (HIV) and herpes simplex virus (Schaeffer
and Krylov 2000). The polysaccharides inhibit the viral cytopathic effect and also
prevent HIV-induced syncytium formation. Lectins are carbohydrate-binding pro-
teins that do not modify the carbohydrates to which they bind. Several lectins from
cyanobacteria were shown to be able to bind to HIV-1 in a carbohydrate-dependent
manner. The cyanobacterial lectins Cyanovirin-N (CV-N), Microvirin (MVN),
Scytovirin (SVN), and Oscillatoria agardhii agglutinin (OAA) are promising can-
didate microbicides for the prevention of HIV transmission by interacting with the
glycans on HIV gp120. Cyanovirin-N (CV-N), derived from the cyanobacterium M.
ellipsosporum, has been given by far the most attention as antiviral lectin. The pre-
dominant form of CV-N in solution is the monomeric form, and CV-N contains two
carbohydrate recognition sites on symmetrically opposed domains of the protein, so
it can cross-link branched oligomannosides to form higher order structures (Bewley
et al. 1998). Cyanovirin-N was active against HIV-1 and HIV-2 laboratory strains
with EC,, values between 0.1 and 160 nM. CV-N was also tested against clinical
isolates from many different clades and was found active with EC, values between
0.3 and 160 nM and was found active against Simian Immunodeficiency Virus
(SIV; Xiong et al. 2010). Microvirin (MVN) has been a recently discovered novel
antiviral lectin isolated from the cyanobacterium Mycrocystis aeruginosa (Huskens
et al. 2010). M. viridis lectin (MVL) another antiviral lectin isolated from the cya-
nobacterium Mycrocystis viridis (Bewley et al. 2004). Scytovirin (SVN) isolated
from aqueous extracts of the cultured cyanobacterium Scyfonema varium binds to
a specific tetrasaccharide substructure of the high-mannose oligosaccharide. SVN
was active against HIV-1 laboratory strains and clinical isolates with EC, values
between 0.3 and 7 nM and 0.4 and 394 nM, respectively (Alexandre et al. 2010).
The cyanobacterial lectin O. agardhii agglutinin (OAA) was isolated from Oscilla-
toria agardhii and preferentially binds to Mana(1-6)Man. OAA was first described
by Sato et al. 2000 was active in MT-4 cells against the X4 HIV-1 strain IIIB with
an EC,, of 44.5 nM. These HIV-infected cells express the viral glycoproteins on
their cell surface and the lectins of cyanobacteria are able to bind and inhibit syn-
cytium formation between infected cells and uninfected CD4" T cells. Cyanobacte-
rial lectins CV-N, MVN can inhibit the transmission of HIV between persistently
infected cells and uninfected CD4" T cells with IC,, values of 4-46 nM, 124 nM
and <1 nM, respectively (Mori et al. 2005; Buffa et al. 2009). Besides, as potential
microbicide candidate, CV-N was also tested in ex vivo cervical explant model and
it could potently inhibit infection in these models (O’Keefe et al. 2009). In another
preclinical test, CV-N was evaluated in a novel penile tissue explant model (Fisch-
etti et al. 2009) and CV-N conferred 95 % protection against HIV-1at 1 pM, which
is similar to that seen in cervical explants (Fischetti et al. 2009). HIV-1 infection is
commonly associated with other sexual transmitted viruses and CV-N is effective
against Ebola virus, influenza A and B, hepatitis C virus, measles virus, herpes sim-
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plex virus type-1 (HSV-1), and human herpes virus 6 (HHV-6) (Xiong et al. 2010;
Buffa et al. 2009; Dey et al. 2000). Many studies have already highlighted that the
polysaccharides released into the culture medium by cyanobacteria present antivi-
ral bioactivity against different kinds of viruses, either mammalian or otherwise.
Radonic et al. 2010 and Chen et al. 2010 have reviewed the antiviral effects on dif-
ferent host cell-lines. Calcium-Spirulan, an intracellular polysaccharide produced
by Arthospira platensis, inhibited the replication of several viruses in vitro by in-
hibiting the penetration of the virus into the different host cells used (Hayashi et al.
1996). Radonic and coworkers also showed that the polysaccharide released into
the medium by A. platensis exhibited antiviral activity in vitro and in vivo against
two strains of Vaccinia virus and an Ectromelia virus. Moreover, a novel acidic
polysaccharide, nostoflan, was isolated from Nostoc flagelliforme, and was verified
to possess a remarkable anti-viral effect on a variety of enveloped viruses, including
HSV-1, human cytomegalo virus, and the influenza A virus (Blinkova et al. 2001).
The formation of cancer cells in the human body can be directly induced by
free radicals. Natural anticancer drugs as chemo-preventive agents have gained
a positive popularity in the treatment of cancer. Hence, radical scavenging com-
pounds such as sulfated polysaccharides (SPS) of cyanobacteria can be used to
reduce cancer formation in the human body. During the cancer multistage cascade,
normal cells undergo initiation, promotion, and progression processes. Most natural
anticancer compounds are able to manipulate the growth of cancer cells with no
or minor side effects. Therefore, identification of novel effective cancer chemo-
preventive agents has become an important worldwide strategy in cancer preven-
tion. Many studies have suggested that polysaccharides can inhibit tumor growth
by prevention of tumorigenesis by oral consumption of active preparations; and
direct anticancer activity, such as the induction of tumor cell apoptosis or immune
potentiation activity in combination with chemotherapy; and the inhibition of tumor
metastasis. One potentially promising activity of cyanobacterial polysaccharides is
the ability to prevent tumour cell growth. Calcium-Spirulan of Arhrospira (Spiru-
lina) was reported to prevent pulmonary metastasis, also preventing the adhesion
and proliferation of tumor cells. It is also promising in treating spinal cord inju-
ries and as matrices for stem-cell cultures (Morais et al. 2010). Some antimicrobial
compounds have been detected in both the cellular extracts and the extracellular
products of some Nostoc species. The hot-water extracts from N. flagelliforme have
been reported to evidence antitumor activity, and this effect may be attributable to
the polysaccharides. The presence of sulfated group has indicated that many cyano-
bacterial exopolysaccharides possess promising potential applications in the phar-
maceutical industry. The capsular polysaccharide produced by the thermophilic cy-
anobacterium Mastigocladus laminosus inhibited the proliferation of A431 human
epidermoid carcinoma cell line in a dose-dependent manner with an IC,, value of
50 mg mL=1. It has been proposed that the purified polysaccharide fraction act via
the inhibition of metalloproteases (MMP) expression. Taking into account the rising
trend of the incidence of cancers of various organs, effective therapies are urgently
needed to control human malignancies. However, almost all of the chemotherapy
drugs currently on the market cause serious side effects. Several polysaccharides
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and polysaccharide—protein complexes possess anticancer activities or can increase
the efficacy of conventional chemotherapy drugs.

Glycans are water soluble. Hence, attaching a glycosidic moiety into a target
drug molecule increases its hydrophilicity. This influences tremendously the phar-
macokinetic properties of the compound, e.g., circulation, elimination, and con-
centrations in the body fluids. In this context, glycans of cyanobacteria are having
tremendous therapeutic value. Interesting studies concern with the roles of car-
bohydrates as recognition sites on the cell surfaces (Ofek et al. 1978). It has been
demonstrated that microorganisms must specifically attach to the host cell to avoid
being washed away by secretions. Such attachment would permit colonization or
infection, sometimes followed by membrane penetration and invasion. Bergey and
Stinson 1988 and Bellamy et al. 1993 provided some evidence of the participa-
tion of the carbohydrates in the cellular recognition process of the interaction be-
tween host and pathogen. It is an attractive possibility to use carbohydrate-based
drugs for blocking the early stages of an infection process. In particular, SPS are
involved in biological activities such as cell recognition, cell adhesion, or regula-
tion of receptor functions (Cassaro and Dietrich 1977). Obtaining SPS from cya-
nobacteria has made development of biotechnology for obtaining new therapeutic
products easier. Ascencio et al. 1993 identified heparan sulfate glycosaminoglycan
as a putative host target for Helicobacter pylori adhesion. A number of marine and
freshwater cyanobacteria strains for the production of sulfate exopolysaccharides
were screened to evaluate whether these exopolysaccharides can block adherence
to human and fish cells of human gastrointestinal pathogens, such as H. pylori and
Aeromonas veronii. Results indicate that SPS of some species of cyanobacteria
inhibit the cytoadhesion process of H. pylori to animal cells. Therefore, the treat-
ment with SPS could be used to block the initial process of colonization of the host
by H. Pylori, so it may represent an alternative prophylactic therapy in microbial
infections where the process of cytoadhesion of host to the pathogen is likely to be
blocked. Such a therapy could replace the use of antibiotics and antiparasitic drugs
that are always aggressive toward the host and, moreover, can generate resistant
strains to the antibiotic, making it necessary to use second generation antibiotics
(SjOustrOum et al. 1996).

3.4 Cyanobacterial Glycans as Drug Delivery Device

Glycans of cyanobacteria have a great potential as binders, fillers, coatings and
slow release agents for orally administered drug preparations. Several common
problems are encountered in attempts to successfully administer drugs by conven-
tional oral or nasal routes. One major concern is the time available for drug absorp-
tion may be too short, and the drug may be degraded or mechanically swept away
before being absorbed. Bioadhesive drug delivery is a novel approach in which the
drug is coupled to a carrier molecule that adheres to the biomembrane of the target
cell. Cyanobacterial lectins are useful in this respect as they could be attached spe-
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cifically to gut or nasal mucosa cells through the recognition of glycoconjugates
present at the cell surface. This adhesion could allow the drug time to cross the
plasma membrane successfully. Lectins can be also used for directing drugs to the
surface of bacteria responsible for human disease. The cell walls of Gram-positive
bacteria are made of peptidoglycans and those of Gram-negative bacteria are lipo-
polysaccharides. These cell surface glycoconjugates are potential binding sites for
lectins and offer a means of targeted drug delivery. Asialoglycoprotein receptor is
found in mammalian hepatocytes and this has high specificity for ligands display-
ing terminal Gal or GalNAc residues. Liver-specific carriers, such as liposomes and
polymers that display these residues, have been created for the selective delivery
of drugs and genes to hepatocytes. This approach could be extended to allow more
general carbohydrate-directed therapies (Duncan 2003). A novel strategy, lectin-
directed enzyme-activated prodrug therapy (LEAPT), has recently been developed
to allow directed delivery of drugs to specific organs that display lectins. First, a
nonmammalian glycosidase enzyme (e.g., -L-rhamnosidase from Penicillium de-
cumbens, naringinase) is localized to the target cell by carrier carbohydrate—lectin
interactions. A prodrug that must be a substrate for the glycosidase enzyme is then
administered. Since drug release will only occur within the vicinity of the glycosi-
dase enzyme, and this is localized to the target cell, selective drug release occurs at
the target cell. By altering the carbohydrate attached to the glycosidase enzyme, it
is possible to target different cell types (Davis 2002).

Hydrogels are three-dimensional, hydrophilic, and polymeric networks capable
of imbibing large amounts of water or biological fluids (Peppas et al. 2000). Due to
their high-water content and soft consistency, hydrogels are very similar to natural
living tissues, with performances that overcome the other classes of biomaterials.
Among the natural polymers, cyanobacterial polysaccharides have a wide appli-
cation due to their peculiarities and can act as hydrogels. They are abundant and
obtained from renewable sources, present a large variety of composition and prop-
erties, not easily reproducible by synthetic routes and their production is generally
easier and cheaper than for synthetic polymers. It is generally accepted that the drug
release from the matrix follows two main mechanisms, i.e., the diffusion of the pro-
tein through the pores of the polymer network and degradation of the polymer net-
work (Gombotz and Wee 1998). In addition, water diffusion and swelling through
the hydrogen are two of the major factors affecting drug release rate (Faroongsarng
and Sukonrat 2008). Thus, drug release from a hydrogel is governed by several
parameters: pore-volume fraction, pore sizes, extent of interconnections, size and
physico-chemical nature of the drug molecules, and in general, type and strength of
interactions between drugs and polymeric chains (Hoffman 2002). Hydrogel-based
systems have been exploited for protection and delivery of low-molecular weight
drugs and macro-molecular payloads (Agnihotri et al. 2004, Oh et al. 2009), such
as peptide and protein drugs (insulin, melatonin, heparin, haemoglobin, parathy-
roid hormone, and calcitonin, etc.; He et al. 1999), nucleic acids (DNA, siRNA;
Borchard 2001), and antigens (from pathogens responsible of influenza, pertussis,
diphtheria, and tetanus, etc.; [llum et al. 2001). In addition to antigens, vaccines
have been encapsulated (attenuated or inactivated pathogens) in both medical and
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veterinary fields, combining the cell immobilization to a drug delivery system. Such
technology is gaining greater attention, due to the possibility to protect the vaccine
during the administration (also for the oral route) and hopefully to control the tar-
geting and delivery rate (Aflo et al. 2011).

Nanotechnology plays an indispensable role in the field of advanced medicine
and biotechnology. Cyanobacterial polysaccharides can be also used as natural bio-
polymers at the nanoscale level by biopolymeric nanocapsules, nanogels, and nano
particles formulations for application to the encapsulation of biological entities of
smaller dimensions (mainly drugs, therapeutic proteins, and nucleic acids; Skiba
et al. 1995). Several cyanobacterial species were also studied for the extraction
of highly viscous and biologically active SPS (Richert et al. 2005); Aphanothe-
casacrum is a typical example of cyanobacteria with pharmaceutically important
sulfated fucose in its jelly matrix (Okajima-Kaneko et al. 2007). Polysaccharides
are widely used in the drug delivery applications as polyelectrolytes forming mul-
tilayers based on various factors like hydration, internal composition, charge distri-
bution, and chemical modification, etc. There are two major elements which make
polysaccharides an important material to use in bio-nanotechnology: (1) the glyco-
sidic bonds, which can be easily cleaved by hydrolase enzymes and hence they are
biodegradable; (2) the presence of positive ammonium (NH;") group or negative
carboxyl (COO") and sulfate (SO,") groups makes them behave like polyelectro-
lytes, which self assemble during nano or microparticle formation. Owing to the
potential bio-physico-chemical properties, most of the SPS of cyanobacteria are
important for their nano level applications like nanoparticle formulation and tar-
geted delivery of drugs as well as bioactive molecules. So far, various natural and
synthetic SPS were used for the preparation of microspheres and nanospheres in
order to deliver various drugs as well as biologically active molecules (Crouzier
et al. 2010). Most of the cyanobacterial exopolysaccharides (EPS) are highly sul-
fated compared to the bacterial polysaccharides, which generally lack the sulfate
moiety. Hence, bacterial polysaccharides are comparatively less important than
cyanobacterial polysaccharides in biomedical applications. Drug delivery systems
based on cyanobacterial polysaccharide nanoparticles present several advantages
such as the capability to penetrate cells and tissues; the possibility to improve the
bioavailability of drugs, reducing toxic side effects; the ability to control release
properties due to the biodegradability and the stimuli (pH, ion and temperature),
and sensibility of materials (Liu et al. 2008). SPS are universally accepted safe
and biocompatible materials employed in modern pharmaceutical research. Their
nontoxic behavior and immune modulating effects have to be verified more through
clinical trials for future applications. Use of natural SPS nanoparticles in medicine
and pharmacotherapy can replace several chemical drugs that induce vulnerable
side effects; thus bringing a cost-effective mode of treatment, thereby improving
patient compliance. The rationalization of the assembly mechanisms and the ca-
pability to tailor the properties (size, charge, and loading capability) to desirable
levels are essential goals to advance biodegradable polysaccharidic nanoparticles
as efficient drug delivery vehicles.
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3.5 Glycoconjugate Vaccines

Vaccination is the most cost efficient and powerful medical intervention in control,
prevention, and eradication of many diseases that affect human populations. In the
past decade, increase in the resistance to antibiotics has been observed, leading to a
serious threat for successful treatment of bacterial infections. This feature in addi-
tion to difficulties in developing adequate drugs against (tropical) diseases caused
by parasites has stimulated the interest in vaccines to prevent infections. Vacci-
nation is the active immunization with an immunogen (the vaccine) administered
so that the host develops specific antibodies and B- and T-memory cells that can
act against the natural immunogen. These cells stand ready to be activated should
the host later be exposed to the pathogen bearing the natural immunogen. Poly-
saccharides are considered to give an immune response independently of T cells;
they stimulate B cells to produce antibodies without the involvement of T cells.
However, some zwitterionic capsular polysaccharides can activate CD4" T cells.
In contrast to polysaccharides, glycoproteins are T-cell dependent (TD) antigens,
having a larger immune response to the same antigens. Avery and Goedel 1931
reported that covalent attachment of carbohydrates to a suitable protein as a source
of T-cell epitopes induced an enhanced immunogenicity compared to the polysac-
charides alone. In general, immunization with neoglycoproteins consisting of a
capsule-derived carbohydrates coupled to an immunogenic protein provides a long-
lasting protection to encapsulated bacteria for adults as well as for persons at high
risk and young children. Many currently utilized vaccines are comprised of glycans
including vaccinations against Neisseria meningitides (Menactra), Streptococcus
pneumonia (Prevnar), Haemophilus influenzae type b (Hib; Hiberix, Comvax), and
Salmonella typhi (Morelli et al. 2011).

For the design of modern carbohydrate-based glycoconjugate vaccines, four im-
portant considerations are generally applicable; the antigen source, the carrier, the
conjugation method, and the adjuvant. Glycan antigens are diverse and range from
large, elaborate capsular polysaccharides to small monosaccharide tumor antigens.
In general, polysaccharides exist as a family of closely related species that vary in
their degree of polymerization. As the pertinent immunogenic epitopes comprise
only part of the glycan, oligosaccharides are often adequate for vaccine preparation.
These molecules may be derived from digestion of naturally derived polysaccha-
rides or produced as a chemically homogeneous species through synthetic methods.
Carriers are most often proteins and could be toxoids, keyhole limpet haemocyanin
(KIH), or virus capsids. They should be immunogenic and express multiple loci for
conjugation, as polyvalent display is crucial for generating carbohydrate-specific
antibody responses. Coupling of oligosaccharide antigens to the carrier necessi-
tates the activation of the sugars and/or the carrier. Several procedures have been
developed to activate polysaccharides, but most result in the creation of reactive
groups that are randomly distributed throughout the polymer. To generate well-
defined conjugates, the linkage between sugar and carrier should be as specific as
possible. Several synthetic linkers are available, but one must be cautious of the
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immunogenicity of these linkers relative to the glycan antigen (Buskas et al. 2004;
Ni et al. 2006). The immune response may be predominantly directed against the
linker and away from the carbohydrate antigen. Also, steric issues may be addressed
with bifunctional spacers to enhance the efficiency of loading. Finally, adjuvants are
often included to improve the immunogenicity of the target carbohydrate antigens.
Alum is the only adjuvant approved for human use in the USA, however, several
promising formulations are in clinical trials.

The identification of potential carbohydrate epitope targets is typically the first
step in the development of a carbohydrate vaccine. Analysis and purification of
naturally occurring glycans are complicated by the micro-heterogeneity of carbohy-
drates arising from non-template-driven biosynthesis. In addition, there is a trade-
off between the ability to perform high-throughput analysis of glycan mixtures
and the ability to do fine structure characterization. Biochemical and analytical
methods such as nuclear magnetic resonance (NMR), electrospray ionization—mass
spectrometry (ESI-MS), matrix-assisted laser desorption ionization MS (MALDI-
MS) and capillary electrophoresis have been developed to profile the repertoire of
carbohydrate structures isolated from cells and tissues (Raman et al. 2005). Each
methodology is best suited for determining a certain set of attributes; for example,
chain length and mass composition relationships from MALDI-MS or monosac-
charide composition and linkage information using NMR. To improve the utility of
these methods and to enable high-throughput analysis, informatics-based sequenc-
ing methodologies are being used to integrate information from multiple comple-
mentary techniques (Guerrini et al. 2002, Venkataraman et al. 1999). Structural data
of protein—glycan interactions may provide valuable insights into the appropriate
presentation of glycan antigens. Unfortunately, these data are difficult to obtain and
consequently, relatively rare. A significant challenge stems from the flexibility of
glycans, which assume multiple conformational states under physiological condi-
tions. Currently, the combination of X-ray crystallography, NMR and molecular dy-
namics simulations, and other computational methods (such as docking simulations
and absolute and relative free-energy calculations), are used in structural glycobiol-
ogy to elucidate the conformations of free carbohydrates and protein—carbohydrate
complexes (Wormald et al. 2002; Jimenez-Barbero et al. 1999). Emerging technolo-
gies include oxidative foot-printing of carbohydrate binding surfaces, which com-
plements epitope mapping techniques, such as saturation transfer difference NMR
(DeMarco and Woods 2008). Another promising approach for three-dimensional
carbohydrate—protein complex determination combines partially oriented NMR
spectroscopy with computational simulations (DeMarco and Woods 2008).

For several types of bacterial infections glycoconjugate vaccines can be based
on fragments of capsular polysaccharides. The availability of methods to prepare
specific oligosaccharide structures opened the possibility to explore the relation
between the oligosaccharide chain length and the potency of the glycoconjugate
as a vaccine. In a study on the immunogenicity and protective capacity of S. pneu-
moniae 6B capsular polysaccharide derived di-(Rhaal-4-Rib-ol-5P-), tri-(Rib-
0l-5P-2Galal-3Glc-) and tetrasaccharide (Rhaal-4-Rib-0l-5P-2Galal-3Glc-) con-
jugated to carrier protein keyhole limpet hemocyanin (KLH). It has been found that
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the di- and tetrasaccharide (one repeating unit) conjugates contain already epitopes
capable of inducing 6B-specific, fully protective antibodies in rabbits and mice,
respectively (Jansen et al. 2001). In another investigation of a vaccine against Shi-
gella dysenteriae type 1, a series of specific, oligosaccharides was prepared on the
basis of the tetrasaccharide repeating unit of the O-specific polysaccharide. The
oligosaccharides were coupled to human serum albumin and the conjugates were
applied as vaccines (Pozsgay et al. 1999).

Development of anti parasite vaccines is more complicated than for vaccines di-
rected against encapsulated bacteria. The principle of attacking the invaders on the
basis of unique cell surface carbohydrates is in principle universally applies. The
parasites are genetically and biologically complex organisms. Fundamental studies
are needed to gain insight into the processes like the control of immune responses
and the induction of appropriate immunological memory (Tarlton 2005). Malaria
has affected approximately 300—500 million people in different countries. The ma-
larial toxin produced by Plasmodium falciparum contains a carbohydrate moiety
that could presumably be mimicked to create a vaccine. The vaccine is based on a
class of glycolipids called glycosyl-phosphatidylinositols (GPIs). They are a key
to malarial activity and vaccines based on these molecules could trigger anti- GPI
antibodies to neutralize the toxin. Mice immunized with P. falciparum GPI showed
a high degree of protection as compared with control group and this vaccine will be
soon tested in monkeys.

AIDS is a major disease affecting human populations across different nations.
HIV type 1 (HIV-1) virus is responsible for the current global pandemic of HIV
and AIDS. Carbohydrates, which are having a strong defense against host immune
attack, can serve as targets for vaccines. An antigen for AIDS, gp120, which is
a glycoprotein of viral envelope of HIV, has been discovered. The viral surface
presents a glycoprotein, gpl120, which plays a prominent role in the penetration
of the virus into cells of the immune system. gp120-associated molecules interact
with CD4 proteins and chemokine receptors on T-lymphocytes, macrophages and
dendritic cells to initiate internalization of HIV by the host cell. Cyanovirin and
scytovirin from cyanobacteria binds the carbohydrate part of gp120 and people who
make the human antibody called 2G12 can survive HIV infection for a long time.
Cyanovirin-N (CV-N), an 11-kDa protein (composed of 101 amino acids consisting
of two sequence repeats) originally purified from extracts of the cyanobacterium M.
ellipsosporum. The elucidation of CV-N crystal structures revealed the existence
of a domain-swapped dimer, with two primary carbohydrate-binding sites and two
secondary carbohydrate-binding sites on opposite ends of the dimer (Barrientos
et al. 2002). The carbohydrate-recognition sites have a binding geometry of high-
mannose glycans, in particular o(1,2)-linked mannose oligomers. A monomeric
13-kDa protein isolated from the unicellular freshwater bloom-forming cyanobac-
terium Microcystis viridis NIES-102 strain (Microcystis viridis lectin (MVL)) was
also shown to be composed of two tandemly repeated homologous domains, with
specificity for a(1,6)- and possibly o(1,3)-mannose oligomers. Its smallest target is
a Man,GlcNAc, tetrasaccharide core. Scytovirin (SVN), a 9.7-kDa peptide, with 95
amino acids, has most recently been isolated from the cyanobacterium Scytonema
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varium and was shown to have a pronounced affinity for a(1,2)— o(1,6)-mannose
trisaccharide units. Both CV-N and SVN inhibit HIV infection in cell culture, at
50 % effective concentrations of 0.1 and 0.3 nM. The carbohydrate moiety of gp120
is synthesized and included into 2G12—type antibodies and conjugated to the car-
rier. This vaccine is presently undergoing clinical trial and quite promising.

Over the past few years, anticancer immunotherapy has emerged as a new and
exciting area for controlling tumors. The targets in this case are host cells that have
undergone mutations leading to uncontrolled cell division and the ability to invade
other tissues. Another defining feature of cancer is altered glycosylation, including
increased expression of certain glycans, called tumour-associated carbohydrate an-
tigens (TACAs; Meezan et al. 1969). Immunization is carried out with tumor-asso-
ciated antigens aiming at stimulating specific immune response against cancer cells.
Carbohydrate antigens are potential targets for such immune interventions since
they are exposed at the surface of tumor cells where they are hidden on normal cells.
Several carbohydrate based vaccines are under development to treat cancer. These
vaccines are based on carbohydrate happens conjugated to a protein carrier. Vac-
cines based on exposed core protein with major histocompatibility complex unre-
stricted epitopes, and carbohydrate structures are targets for the immunotherapy of
cancers of epithelial origin. A vaccine formulated using sialyl-Tn (STn) has proven
to be highly targeted—specific in human trials, and the induction of high anti-sTn
antibody titres correlated with prolonged survival of breast cancer patients. Immune
responses against carbohydrate antigens have been categorized as Thymus Indepen-
dent (TT) in nature because they do not require cognate interactions between antigen
specific B and T cells. These antigens are known to stimulate an antibody response
in athymic mice. However, carbohydrate epitopes over-expressed on the surfaces of
cancer cells may evoke a B cell response when introduced in an appropriate fashion
to a host’s immune system. The carbohydrate antigen Globo-H is a potential target
for vaccine therapy. In this the complex carbohydrate molecule—Globo-H, the hex-
asaccharide has been synthesized, conjugated to keyhole limpet hemocyanin and
administered with the immunologic adjuvant QS-21 as a vaccine for patients with
prostate cancer who relapsed after primary therapies such as radiation or surgery.
Another carbohydrate based vaccine called GMK contains ganglioside GM2. GMK
vaccination induces AntiGM2 antibodies that target melanoma cells. The vaccine
is currently in phase-3 trials for malignant melanoma. Mucinous proteins (MUC1)
were adopted early on as a cancer vaccine target due to its expression in a wide
variety of cancers (Cheever et al. 2009). However, most of these initial approaches
relied on traditional vaccination means with unglycosylated epitopes (Gilewski
et al. 2000). The Boons group applied their three-component approach to create a
MUCI vaccine consisting of a GalNAc-glycosylated MUCI1 peptide, the T-helper
epitope and the Pam3CysSK4 TLR agonist (Lakshminarayanan et al. 2012). This
was the first example of a MUC vaccine that could elicit both humoral and cellular
immunity leading to the high titer production of IgG against the epitope in mice.

Glycans are ubiquitous and the ability to understand and control their functions is
going to be vital to pioneering future biological and therapeutic breakthroughs. The
recent development of new tools and techniques to study and produce structurally
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defined carbohydrates has spurred renewed interest in the therapeutic applica-
tions of glycans. Carbohydrate antigens are important targets for the development
of vaccines and pathogen detection strategies. Vaccines based on isolated glycan
structures have helped to prevent deadly infectious diseases, and to approach the
nearly complete eradication of certain pathogens. Modifying purified microbial car-
bohydrates through chemical synthesis or completely procuring glycan fragments
through organic synthesis facilitated the antigen discovery process. An improved
understanding of structural features that determine antigenicity is a prerequisite
for efficient vaccine design. The identification of key epitopes that protect from a
potential immune challenge or infection is a crucial milestone. Multidisciplinary
approaches involving advanced oligosaccharide synthesis, glycan array screening,
and biophysical and computational methods have been utilized by many groups to
attain this goal. Sulfated exopolysaccharides synthesized by different cyanobacteria
are heterogeneous and structurally different, which makes research very challeng-
ing. They can grow under controlled conditions, making chemical composition,
structure, and rheological behavior of their SPS more stable along the several har-
vesting periods. These polymers have already proven their beneficial effects, but a
lot is still to be done.
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Chapter 4
Anticancer Drug Development
from Cyanobacteria

4.1 Cyanobacterial Metabolites with Potential Anticancer
Properties

Cancer is medically known as a malignant neoplasm, which is a broad group of
diseases involving unregulated cell growth. In cancer, cells divide and grow uncon-
trollably, forming malignant tumors, and invade nearby parts of the body. Cancer
remains the second most common cause of death in the USA, accounting for nearly
one of every four deaths. According to an estimate of the American Cancer Society,
there will be an estimated 1,665,540 new cancer cases diagnosed and 585,720 cancer
deaths in the USA in 2014. The most effective management of the cancer is surgical
removal of the cancerous tissue followed by radiation therapy and/or chemotherapy.
Cancer treatments do not have potent medicine as the currently available drugs are
causing many side effects. There is an urgent need of new anticancer drugs because
tumor cells are developing resistance against currently available drugs. In addition,
the incidence of new types of cancer, such as the gliobastoma is increasing rapidly.
Nature is the richest source of active principles against cancer cells. Natural com-
pounds comprise either classical cytotoxic moieties targeting nonspecific macro-
molecules expressed by cancer cells and by normal proliferating cells (e.g., DNA,
enzymes, microtubules), or new compounds targeting macromolecules specifically
expressed on cancer cells (e.g., oncogenic signal transduction pathways). The medi-
cal treatment of cancer has made substantial improvements since the early years of
modern antitumor drug research. A selected number of human malignancies (e.g.,
childhood lymphoblastic leukemia, lymphomas, and testicular cancer) can be cured
with today’s therapies and prolonged survival has been obtained in several others
(Garattini and Vecchia 2001). The identification and development of natural com-
pounds and their derivatives have greatly contributed to this progress and many of
these compounds are now being used in clinical practice.

Cyanobacteria are considered a prominent source of structurally diverse and bio-
logically active natural products (Nunnery et al. 2010). Cyanobacteria have a wide
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range of enzymes responsible for methylations, oxidations, tailorings, and other al-
terations (Jones et al. 2010), resulting in chemically diverse natural products such as
linear peptides (Simmons et al. 2006), cyclic peptides (Sisay et al. 2009), linear li-
popeptides (Nogle et al. 2001), depsipeptides (Han et al. 2005), cyclic depsipeptides
(Soria-Mercado et al. 2009), fatty acid amides (Chang et al. 2011), swinholides
(Andrianasolo et al. 2005), glicomacrolides (Teruya et al. 2009), or macrolactones
(Salvador et al. 2010). More than 50 % of the marine cyanobacteria are potentially
exploitable for extracting bioactive substances, which are effective in killing the
cancer cells. Cryptophycins are potent anticancer agents produced by Nostoc sp.
(Shih and Teicher 2001). It has an IC, of 5 pg mI™" against KB human nasopharyn-
geal cancer cells, and 3 pg ml™! against LoVo human colorectal cancer cells, thus
it was found to be 100-1000 times more potent than currently available anticancer
drugs. It also exhibits anticancer activity against adriamycin-resistant M 17 breast
cancer and DMS 273 lung cancer cell lines. The mechanism of anticancer activity
of the cryptophycins has been associated with their destabilization of microtubules
and with their induction of bcl-2 phosphorylation leading to apoptosis (Shih and
Teicher 2001). The cryptophycins maintain activity against ovarian and breast car-
cinoma cells that overexpress the multidrug resistance efflux pump P-glycoprotein.
An analogue cryptophycin 52 has demonstrated a broad range of antitumor activity
against both murine and human tumors. Another potent antitumor agent dolastatin
10 was originally isolated from the Indian Ocean sea hare Dolabella auricularia.
However, Luesch et al. (2001a) reported and isolated it from the marine cyanobac-
terium Symploca sp. from Palau. Dolastatin 10 is a linear pentapeptide consisting
of a valine unit along with four unique residues including dolavaline, dolaisoleu-
cine, dolaproline, and dolaphenine. Dolastatin 10 is the most active molecule in
inhibiting cancer cell growth. The GI, values (in ug ml™) of dolastatin 10 when
tested in various human tumor cell lines including OVCAR-3, SF-295, A498, NCI-
H460, KM20L2, and SK-MEL-5 were 9.5x 107, 7.6x107°, 2.6 1075, 3.4x107°,
4.7x107%, and 7.4 x 107%, respectively (Tan 2010). It binds to tubulin on the rhizox-
in-binding site and affects microtubule assembly arresting the cell into G,/M phase.
The chemically related analogue symplostatin has been isolated from Guamanian
and Hawaiian Symploca hydnoides is also a potent microtubule inhibitor and effec-
tive against a drug-insensitive mammary tumor and drug-insensitive colon tumor.
Curacin A, isolated from Lyngbya majuscula is a potent inhibitor of cell growth and
mitosis (Verdier-Pinard et al. 1998). Its structure is unique in that it contains the
sequential positioning of a thiazoline and cyclopropyl ring, and it exerts its potential
cell toxicity through interaction with the colchicine drug-binding site on microtu-
bules. Currently, this compound is undergoing preclinical evaluation as potential
future anticancer drugs. Apratoxin A is a cyclodepsipeptide isolated from a Lyngbya
sp. collected from Guam displayed strong cytotoxicity against several cancer cell
lines derived from colon, cervix, and bone. It is a mixed peptide-polyketide natural
product of the Apratoxin family of cytotoxins, known for inducing G1-phase cell
cycle arrests. Apratoxin A exhibited potent in vitro cytotoxicity in various human
tumor cell lines with IC,; values ranging from 0.36 nM in LoVo cancer cells to
0.52 nM in KB cancer cells (Luesch et al. 2001b).
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Tumor cells that survive initial chemotherapy in cancer patients often emerge
with increased resistance to both the original therapeutic agent and seemingly un-
related drugs. This phenomenon is termed as multidrug resistance (MDR) and is
often associated with increased expression of P-glycoproteins, which acts as an
energy-dependent drug efflux pump. Tolyporphin was isolated from Tolypothrix
nodosa, which exhibits reversal of MDR in a vinblastine resistance subline of a hu-
man ovarian adenocarcinoma cell line. It potentiates the cytotoxicity of Adriamycin
or vinblastine in SK-VLB cells at doses as low as 1 pg/ml (Prinsep et al. 1992). It
exhibits a potent photosensitizing activity against tumor cells and is 5000 times
more effective than the photodynamic treatment (photofrin II; Morlicre et al. 1998).
Somocystinamide A (ScA), another extraordinary disulfide dimer of mixed PKS/
NRPS metabolites was isolated from the marine cyanobacterium L. majuscula. It
is a pluripotent inhibitor of angiogenesis and tumor cell proliferation. It induces
apoptosis in tumor and angiogenic endothelial cells. /n vitro picomolar concentra-
tions of ScA are sufficient to disrupt proliferation and tubule formation in endothe-
lial cells (Wrasidlo et al. 2008). Coibamide A isolated from a Leptolyngbya strain
collected in Coiba National Park (Coiba Island, Panama), demonstrated anticancer
activity against lung cancer NCI-H460, breast cancer MDA-MB-231, melanoma
LOX IMVI, leukemia HL-60, and astrocytoma SNB75 (Medina et al. 2008). Lagu-
namide A isolated from the filamentous marine cyanobacterium, L. majuscula, from
Pulau Hantu, Singapore, exhibited a selective growth inhibitory activity against a
panel of cancer cell lines, including P388, A549, PC3, HCTS, and SK-OV3 cells,
with IC, values ranging from 1.6 to 6.4 nM (Tripathi et al. 2012). Screening of me-
tabolites derived from L. symploca led to the discovery and structure elucidation of
the promising anticancer agent largazole. Largazole is a macrocyclic depsipeptide
that exhibits a selectively potent anticancer activity through the inhibition of histone
deacetylases (HDAC; Cole et al. 2011). The normal biological activity of HDAC
involved regulation of transcription in eukaryotic cells. Therefore HDAC inhibitors
will induce cell differentiation and cell death, thus blocking the proliferation of tu-
mor cells and is a promising anticancer drug candidates (Wang et al. 2011).

Multiple myeloma (MM) is the second most common hematologic malignancy
(Cruz et al. 2011). The disease is characterized by the accumulation of mature anti-
body-producing plasma cells in the bone marrow (Lamelin and Vassalli 1978). De-
spite the recent advances in the therapy of MM and the emergence of novel agents
such as bortezomib, thalidomide, and lenalidomide (Muta et al. 2013; Senthilkumar
and Ganesh 2012), the disease remains incurable. Scytonemin, isolated from cya-
nobacteria (Proteau et al. 1993), is able to inhibit the proliferation of three myeloma
cells in a dose-dependent manner. Scytonemin is the first described small molecule
inhibitor of human polo-like kinase. It inhibited the Plk1 activity in a concentration-
dependent manner with an IC,, of 2 mM against the recombinant enzyme (Steven-
son et al. 2002). Scytonemin induced the inhibition of cell growth and cell cycle
arrest in multiple myeloma cells by specifically decreasing Plkl activity and is
promising novel agent for the treatment of multiple myeloma. In another study,
Itoh et al. (2013) found reduced-scytonemin (R-scy) isolated from Nostoc com-
mune, which has been shown to suppress the human T-lymphoid Jurkat cell growth.
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The protein p53 is a well-characterized tumor suppressor that acts as a transcrip-
tion factor to regulate cell cycle dynamics, apoptosis, and DNA repair. Hoiamide
D isolated from Papua New Guinea cyanobacterium Symploca sp. displays promis-
ing inhibitory activity toward p53/MDM?2 interaction (EC;,=4.5 IM) and an attrac-
tive target for anticancer drug development (Malloy et al. 2012). Another class of
marine cyclic depsipeptides having actin disruption activity is the lyngbyabellins/
hectochlorins isolated from L. majuscula (Marquez et al. 2002). These are unique
bithiazole-containing compounds having the unusual dichlorinated B-hydroxyl acid
residue, 7,7-dichloro-3-hydroxy-2-methyl-octanoic acid. The pharmacological tar-
get for hectochlorin was suggested to be actin microfilaments due to accumulation
of CA46 cells in the G2/M phase of the cell cycle and induces actin polymerization
in PtK2 cells with EC, value at 20 pM. Biological evaluation of hectochlorin in the
NCI 60 cancer cell lines showed significant cytotoxicity against a number of cancer
cell lines, including colon melanoma, ovarian, and renal cells. In addition, the dose—
response curve of hectochlorin also suggests that the molecule is antiproliferative
instead of cytotoxic (Marquez et al. 2002). Many cyanobacterial compounds target
specific macromolecules/enzymes that are implicated in cell proliferation. A high
proportion of these compounds disrupt the normal functions of microtubules/actin
microfilaments in eukaryotic cells, making these molecules invaluable as potential
anticancer drugs.

4.2 Cytotoxicity of Cyanobacterial Natural Product

Cytotoxic compounds in general are substances inhibiting or stopping the growth
of individual cells. In most cases, these compounds usually exhibit a wide range of
effects on unicellular organisms and invertebrates (Biondi et al. 2004). Cyanobacte-
rial metabolites exhibit a wide range of biological effects. Some of these metabo-
lites possess potential cytotoxic activities to different mammalian cell lines, making
them interesting for pharmaceutical research and application. In general, cytotoxins
are very heterogeneous regarding their chemical structures and modes of action.
The inductions of oxidative stress, actin depolymerization, or interference with the
DNA replication process are the most commonly described effects for cyanobacte-
rial cytotoxins. Most of these compounds affect a wide range of organisms. Tolytox-
in, one of the most effective cytotoxin, causes profound injury to nearly all eukary-
otic organisms, including fungi and different invertebrates (Patterson and Carmeli
1992). A similar wide-ranging effect can also be found in other cytotoxins such
as calothrixins, cryptophycins, and pahayakolides (Berry et al. 2004; Biondi et al.
2004). Cylindrospermopsin (CYN) is produced by several freshwater cyanobac-
teria, such as Cylindrospermopsis raciborskii, Umezakia natans, Aphanizomenon
ovalisporum, Rhaphidiopsis curvata, and Anabaena bergii. Cylindrospermopsin
(CYN) is a tricyclic guanidine derivative containing a hydroxymethyluracil group
and classified as hepatotoxins since exposure causes the greatest damage to the liv-
er/hepatopancreas. Exposure to CYN results in the irreversible inhibition of protein
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synthesis, cellular necrosis, atrophy, DNA fragmentation, and tumor initiation or
mutagenesis (Humpage et al. 2005). CYN is known to inhibit the division of animal
cells and the protein synthesis in eukaryotes, although the molecular mechanism is
yet to be understood (Metcalf et al. 2002). The alkaloid probably exerts its effect
through DNA intercalation followed by strand cleavage. Cyclodepsipeptides, lagu-
namides A and B, isolated from L. majuscula show significant cytotoxicity having
IC,, values of 6.4 and 20.5 nM, respectively, when tested against the P388 murine
leukemia cell line (Tripathi et al. 2010).

Several genera of cyanobacteria such as Microcystis, Anabaena, Nostoc, Oscilla-
toria, Cylindrospermum, Cylindrospermopsis, Aphanizomenon, and Nodularia are
known to produce toxins such as hepatotoxins, neurotoxins, cytotoxins, and derma-
totoxins. Among these toxins, cyanobacterial cyclopeptides microcystins and nodu-
larins are considered a danger to human health because of the possible toxic effects
of high consumption (Soni et al. 2008). Although cyanotoxins can cause damage,
they are also considered a rich source of natural cytotoxic compounds with potential
anticancer action. From the pharmacological point of view, microcystins are stable
hydrophilic cyclic heptapeptides with the potential to cause cellular damage follow-
ing uptake via organic anion transporting polypeptides (OATPs; Uzair et al. 2012).
Their biological effects involve intracellular inhibition of the catalytic subunit of
protein phosphatase 1 (PP1) and PP2, glutathione depletion, and generation of re-
active oxygen species (ROS; Gupta et al. 2003). Cancer cells live in a state of in-
creased basal oxidative stress, which makes them vulnerable to further ROS insults
induced by exogenous agents. Therefore, microcystin analogues can selectively kill
cancer cells that express (AOTP) without causing significant toxicity to normal
cells by exploiting the differences between normal and cancer cell redox (Sainis
et al. 2010). Since OATPs are prominently expressed in cancers as compared with
normal tissues, microcystins may be potential candidates for the development of
anticancer drugs (Uzair et al. 2012). Cyanotoxins include a rich source of natural
cytotoxic compounds with the potential to target cancers by expressing specific up-
take transporters. Cyanobacteria of pharmacological and toxicological significance
include the genera Anabaena, Oscillatoria, Microcystis, Nodularia, Cylindrosper-
mopsis, and Lyngbya. These cyanobacteria produce diverse structural classes of
metabolites such as acyclic peptides, linear decadepsipeptides, linear lipopeptides,
linear alkynoic lipopeptides, cyclic depsipeptides, cyclic undecapeptides, cyclic
hexapeptides, lipophylic cyclic peptides, paracyclophanes, sesterterpenes, glyco-
lipids, polyphenolic ethers, and macrolactones, and most of them show cytotoxicity
to various cancer cell line (Nagarajan et al. 2012). Cryptophycin was isolated in the
laboratory from Nostoc sp. GSV224, and showed action on nasopharyngeal cancer
cells and human colorectal cancer cells, being found to be 100-1000 times more
potent than the anticancer drugs currently available, such as taxol or vinblastine
(Trimurtulu et al. 1994). Cytotoxicity of the cyanobacteria Oscillatoria spp. were
studied by Nair and Bhimba (2013), and the results indicated that Oscillatoria bo-
ryana showed potent cytotoxic activity against cell lines of human breast cancer.
Oscillatoria margaritifera produce a cyclodepsipeptide veraguamides A from di-
chloromethane and methanol extract and showed potent cytotoxicity to the H-460
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(LDy, 141 nM) human lung cancer cell line (Mevers et al. 2011). Meickle et al.
(2009) studied potential cytotoxic compounds from Lyngbya sp. and it exhibited
effective cytotoxic activity against KB cells, HT-29 colorectal adenocarcinoma and
IMR-32 neuroblastoma cells. Cytotoxicity-guided isolation from L. confervoides
gives grassypeptolide, which showed activity against HeLa cervical carcinoma with
IC,, value of 1.0 mM (Kwan et al. 2008). Cocosamides A was also isolated from L.
majuscula and reported cytotoxic activity against MCF7 and HT-29 cell line with
IC,, 29 and 30 mM, respectively (Gunasekera et al. 2011). Cyclic depsipeptide of
obyanamide and ulongapeptin were identified from L. confervoides and Lyngbya
sp. and showed cytotoxic effects on KB cell with IC,; values of 0.58 mg ml™' and
0.63 mM, respectively (Williams et al. 2002, 2003b). Symploca is another potential
cyanobacteria with many cytotoxic compounds. Micromide and guamamide iso-
lated from Symploca sp., exhibited good in vitro cytotoxicity against KB cells with
IC,, values 0f 260 and 1200 nM (Williams et al. 2004). Belamide A also from Symp-
loca sp. showed potent cytotoxic activity against HCT-116 colon cancer cell line at
IC,, value of 0.74 mM (Simmons et al. 2006). Tasipeptins A and B isolated from the
same species also exhibited potent cytotoxicity against KB cells with IC,, values of
0.93 and 0.82 mM (Williams et al. 2003a).

Approximately 30 % of cyanobacterial extracts have been reported to cause dam-
age to mammal cells in vitro (Surakka et al. 2005). These effects can be caused due
to the presence of specific toxins affecting the cell metabolism or by the presence of
more compounds with a synergic effect. The cytotoxicity of cyanobacterial natural
compounds in cancer cell lines is induced by different mechanisms. Only in case
of few cyanobacterial cytotoxins the mode of action has been explained. The inter-
action of a cyanobacterial secondary metabolite with cytoskeletal structures (e.g.,
cryptophycin and tolytoxin), different eukaryotic enzymes (microcystin, nodularin,
abaenopeptins, microviridins, and aeruginosins), as well as DNA (e.g., tubercidin),
has been proved (Barchi et al. 1983; MacKintosch et al. 1990; Murakami et al. 1997,
Patterson et al. 1993; Smith et al. 1994). The most extensively studied compound,
lyngyabellin A, was shown to disrupt the microfilament network, and accordingly
to disrupt cytokinesis in colon carcinoma cells, causing the formation of apoptotic
bodies (Han et al. 2005; Yokokawa et al. 2001). Coibamide, a cyclic depsipeptide,
isolated from a Panamanian Leptolyngbya sp. strain, causes cell cycle arrest in the
G, phase in MDA-MB-435 breast cancer cells (Medina et al. 2008). Bouillomides A
and B, another two depsipeptides isolated from L. bouillonii, were found to specifi-
cally and strongly inhibit serine proteases elastase and trypsin (Rubio et al. 2010).
Other marine cyanobacteria compounds are capable of inducing oxidative stress
and DNA fragmentation, microfilament disruption, Bcl-2 protein family modula-
tion and even alterations in cell membrane dynamics (Chen et al. 2003; Luesch
et al. 2000; Kalemkerian et al. 1999; LePage et al. 2005). The high estimated num-
ber of cytotoxic compounds agrees well with the diversity in cytotoxic structures
that have been described by various authors (e.g., Barchi et al. 1983; Patterson and
Carmeli 1992; Rodney et al. 1999; Trimurtulu et al. 1994). Based on the potential
of its synthetic apparatus, cytotoxic metabolites are probably synthesized by the
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cyanobacterium with respect to their cytotoxic function, and is a novel candidate for
many such cytotoxic agents of pharmaceutical importance.

4.3 Apoptosis and Cyanobacterial Natural Product

Apoptosis or programmed cell death (PCD) is an important physiological process
for maintaining homeostasis that allow proper development and remodeling of nor-
mal tissues, generating immune responses, and destroying abnormal cells. During
apoptosis living cells go through a predictable series of events in which enzymes
break them down internally and then fall apart. Apoptosis is the most common type
of cell death; characterized as chromatin condensation, nuclear fragmentation, cell
shrinkage, and membrane blebbing. It’s deregulation, i.e., either loss of proapoptot-
ic signals or gain of antiapoptotic signals, can lead to a variety of pathological con-
ditions such as cancer initiation, promotion, and progression or results in treatment
failures. As apoptosis does not usually trigger inflammatory or immune response, it
becomes a preferable way of cancer cell death during cancer treatments. Apoptosis
can be induced in cancer cells artificially, by treating tumors with drugs or radia-
tion. This breakthrough finding has led to the idea that a completely novel way of
cancer therapy might be developed using drugs that directly switch on the cell death
machinery in tumors. Several anticancer drugs work as apoptotic modulators, to
eliminate silent and cleanly the unwanted cells (Zhang 2002; Fischer and Schulze-
Osthoff 2005). Apoptosis can be induced by both intrinsic and extrinsic signals, by
multiple agents, as the natural flavonoid quercetin, the representative reactive oxy-
gen species H,0, (Mao et al. 2006) or even the UV radiation (Lytvyn et al. 2010).
Cyanobacteria produce a wide range of compounds that revealed apoptotic prop-
erties. Martins and coworkers demonstrated that HL-60 cells exposed to aqueous
extracts of Synechocystis sp. and Synechococcus sp. strains, presented cell shrink-
age showing that cells were developing apoptosis, and membrane budding, that oc-
curs when the cell is fragmented into apoptotic bodies (Martins et al. 2008). Apop-
totic cells also develop nuclear alterations, visible as nuclear fragmentation and
chromatin condensation (Elmore 2007). Biselyngbyaside, a macrolide glycoside
produced by Lyngbya sp., was found to induce apoptosis in mature osteoclasts, re-
vealed by nuclear condensation (Yonezawa et al. 2012). Marine benthic Anabaena
sp. extracts were found to induce apoptosis in acute myeloid leukemia cell line, with
cells showing several described typical morphological markers, such as chromatin
condensation, nuclear fragmentation, surface budding, and release of apoptotic bod-
ies (Oftedal et al. 2010). Calothrixins isolated from Calothrix sp. induce apoptosis
in human cancer cells (Chen et al. 2003), presumably through their capacity to un-
dergo oxidative cycling (Bernardo et al. 2007). The microcystins are highly active
against the protein phosphatase 1 and 2A, which are essential for many signal trans-
duction pathways of eukaryotic cells, such as PCD (apoptosis; Hooser 2000; Fisch-
er et al. 2000). Oftedal et al. (2011) concluded that the apoptosis-inducing activity
appears to be abundant in cyanobacteria, in particular of the genera Microcystis or
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Anabaena, and is independent of geographical localization. Ultra-rapid apoptosis
were observed in primary hepatocytes following microinjection with both Micro-
cystin-LR (MC-LR) and nodularin, characterized by cytoplasmic shrinkage, chro-
matin condensation, membrane blebbing, and procaspase-3 cleavage (Fladmark
et al. 1999). Zegura et al. (2006) have found that MC-LR induced DNA damage
in HepG2 hepatoma cells related to decreased intracellular glutathione. In another
study, they observed a significantly increased ratio of expression of bax to bcl-2
induced by MC-LR, which suggests that apoptosis in HepG2 cells proceeds via
the mitochondrial pathway (Zegura et al. 2008). It has been reported that MC-LR
covalently binds to cysteine residues of PP1 and PP2A (MacKintosh et al. 1995).
As aresult, inhibition of PP1 and PP2A leads to hyperphosphorylation of functional
and cytoskeletal proteins and finally to cell apoptosis (Hooser 2000; Fischer et al.
2000). Liu et al. (2014) tested 40 cyanobacterial extracts and many of them show
apoptosis-inducing activity in acute myeloid leukemia cells, and some of them were
able to overcome typical features related to chemotherapy resistance. Exopolysac-
charides from Aphanothece halophytica suppress cell growth and induce apopto-
sis in HeLa cell, a human cervical cancer cell line by targeting a master unfolded
protein response (UPR) regulator Grp78. Grp78 further promotes the expression
of CHOP and downregulates expression of survivin, which leads to activate mito-
chondria-mediated downstream molecules and p53-survivin pathway, resulting in
caspase-3 activation and causing apoptosis (Ou et al. 2014). These findings provide
important clues for further evaluating the potential potency of exopolysaccharides
from A. halophytica for use in cancer therapy.

Apoptosis is mediated by the activation of different caspase cascades (Earnshaw
etal. 1999). In mammals, there are two major signaling systems that result in the ac-
tivation of caspases, i.¢., the extrinsic death receptor pathway (Ozoren and El-Deiry
2003; Thorburn 2004) and the intrinsic mitochondrial pathway (Kroemer 2003;
Gupta et al. 2009). Increasing evidence indicates that these two pathways are not
isolated systems but, instead, that there are links between them. Cyanobacterial pep-
tide ScA (Nogle and Gerwick 2002; Wrasidlo et al. 2008) and C-phycocyanin have
been observed to display potent caspase-dependent proapoptotic activity in differ-
ent cancer cells. ScA, a lipopeptide, was isolated from a L. majuscula/Schizothrix
sp. assemblage of marine cyanobacteria (Nogle and Gerwick 2002). ScA stimu-
lates apoptosis in a number of tumor cell lines. Biological evaluation revealed that
ScA selectively induced apoptosis in cancer cell lines with caspase-8 expressions
in the nanomolar range (Wrasidlo et al. 2008). Caspase-8 plays an important role
in the progression of cell death, and the activation of this pathway by ScA offers
an attractive target for tumor suppression. In addition, antiangiogenetic effects of
ScA was observed based on the zebra fish model. Furthermore, low application of
ScA at 100 pmol inhibited the growth of caspase-8-expressing tumor cells in an
in vivo system using chick chorioallantoic membrane seeded with neuroblastoma
tumors. C-phycocyanin (C-PC), a tetrapyrrole—protein complex isolated from the
cyanobacteria Agmenellum quadruplicatum, Mastigocladus laminosus (Schirmer
et al. 1986), and Spirulina platensis, induce the activation of proapoptotic gene and
downregulation of antiapoptotic gene expression, then facilitate the transduction
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of apoptosis signals, resulting in the apoptosis of HeLa cells in vitro. Caspases 2,
3,4,6, 8,9, and 10 were activated in C-PC-treated HeLa cells, suggesting that C-
PC-induced apoptosis was caspase dependent (Zheng et al. 2013). C-phycocyanin
consists of two subunits, designated as a and f, and each subunit bears phycocya-
nobilin (Mccarty 2007). C-phycocyanin induces apoptosis in leukemia K562 cells,
which is accompanied by the release of cytochrome ¢, a change in the Bel-2/Bax
ratio, and the cleavage of poly-ADP-ribose polymerase (Subhashini et al. 2004).
The f subunit caused apoptosis in squamous cell carcinoma 686LN-M4Cl1 cells
by depolymerizing microtubules and microfilaments, activating caspase-3 and cas-
pase-8, and reducing the nuclear level of glyceraldehyde-3-phosphate dehydroge-
nase (Wang et al. 2007). The a subunit (CpcA) induced apoptosis in COLO 205
cells through the mitochondrial pathway (Lu et al. 2011). They found caspase-9
activity was markedly increased after CpcA treatment and caspase-8 activity was
unchanged, indicating that CpcA-induced apoptosis through the intrinsic pathway.

There are several types of PCD, including apoptosis (PCD I), autophagy (PCD
1), and necrosis (PCD III; Galluzzi et al. 2012). In a recent study, reduced-scyto-
nemin (R-scy), isolated from N. commune, has been shown to suppress the human
T-lymphoid Jurkat cell growth (Itoh et al. 2013). Their result suggests R-scy in-
duced Jurkat cell growth inhibition is attributable to the induction of type II PCD
(PCD II; autophagic cell death or autophagy). The cells treated with R-scy produced
large amounts of reactive oxygen species (ROS), leading to the induction of mito-
chondrial dysfunction and ROS formation plays a critical role in R-scy-induced
PCDIL. In another study, Stevenson et al. (2002) through [*H] thymidine and cell
counts demonstrated scytonemin’s concentration-dependent reduction in Jurkat T
cell proliferation, but with no chemical toxicity detected via trypan blue exclusion
tests. However, flow-cytometric analysis revealed that scytonemin displayed no
ability to arrest the cells at any one phase of the cycle, but was able to induce cells
to undergo apoptosis independent of cell cycle phase. This induction of apoptosis
is a significant finding in that, unlike necrosis or chemical toxicity, scytonemin
interrupts essential biochemical processes, which triggers the cell to undergo PCD.
Calcium ions (Ca®") function as messengers in the regulation of many pathways,
including cell cycle and apoptosis (Trump and Berezesky 1995). Antillatoxin, kal-
kitoxin, alotamide A (C,,H,,O,N,S), hoiamide B (C,;H,;N.O,S.), etc., of Lyngbya
spp. are known to target calcium channels (LePage et al. 2005; Soria-Mercado et al.
2009) and induce apoptosis.

A potential problem in bioprospecting is the loss of biosynthetic capability for
the substances of interest upon culturing of the producing organism. Oftedal et al.
(2011) noted apoptogenic activity in cyanobacterial strains maintained in culture for
several years. Phormidium CYA 76, isolated in 1956, exhibited apoptosis-inducing
activity and Microcystis CYA 264, isolated in 1990, produced substantial amounts
of microcystin. So, compared the apoptogenicity of old and recent cultures, it shows
no indications that the recently collected strains contained more apoptogens than
the formerly collected. This suggests that the cyanobacteria maintain their original
biosynthetic capability after isolation and culturing, and the cyanobacterial metabo-
lites are one of the ideal candidates for induction of apoptosis for cancer treatment.
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4.4 Drug Delivery System with Cellular Targets

Cancer can be treated by surgery, chemotherapy, radiation therapy, hormonal ther-
apy, and targeted therapy, including immunotherapy such as monoclonal antibody
therapy. The choice of therapy depends upon the location and grade of the tumor
and the stage of the disease, as well as the general state of the patient. Complete re-
moval of the cancer cells without damage to the rest of the body is the goal of treat-
ment. Sometimes this can be accomplished by surgery, but the propensity of cancers
to invade adjacent tissue or to spread to distant sites by microscopic metastasis often
limits its effectiveness; chemotherapy and radiotherapy can have a negative effect
on normal cells. The major problem with chemotherapy for the treatment of cancer
is the lack of the selective toxicity, which results in a narrow therapeutic index, and
thereby compromises clinical prognosis. To reduce damage to normal tissues, sub-
optimal doses of anticancer chemotherapeutics are often administered. Addition-
ally, the high interstitial fluid pressure of solid tumors results in poor biodistribution
and penetration of drugs. It has been shown that the amount of drug accumulated in
normal viscera is ~ 10-20-fold higher than that in the same weight of tumor site and
many anticancer drugs are not able to penetrate more than 40-50 um from the vas-
culature (Hambley and Hait 2009; Minchinton and Tannock 2006). These defects
often lead to incomplete tumor response, multiple drug resistance, and ultimately,
therapeutic failure (Szakacs et al. 2006). Nanotechnology holds significant promise
for circumventing these challenges, by enabling large amounts of therapeutic drugs
to be encapsulated into nanoparticles. This simultaneously increases the half-life
and reduces toxic adverse effects of drugs, improving their pharmacokinetic profile
and therapeutic efficacy (Davis et al. 2008; Shi et al. 2010). Nanoparticles can pro-
vide a controlled and targeted way to deliver the encapsulated anticancer drugs and
thus result in high efficacy and low side effects. Nanoparticles, with their small size
and appropriate surface coating, may have the ability to overcome the drug resis-
tance problem and thus greatly improve the efficacy of chemotherapy. Anticancer
therapy using multifunctional nanomaterial, can target a cancer or tumor, deliver
therapeutic drugs, and monitor the tumor tissues.

Lee et al. (2014) prepared a photoluminescent carbon nanotags (green carbon
nanotags, G-tags) from harmful cyanobacteria, which is very efficient for drug de-
livery and imaging in cancer cells. The G-tags possess high solubility, excellent
photo stability under long-term aqueous conditions up to 240 h and low cytotoxicity
(<2 mg/ml). The highly oxygen-functionalized surface of the G-tags have a num-
ber of functional groups (—OH, C=0, and O=C-0-H) that enable the attachment
of anticancer drugs without any further modification, resulting in water-soluble
properties and cancer cell uptake of G-tags. The doxorubicin-conjugated G-tags
(T-tags;>0.1 mg/ml) induced death in cancer cells (HepG2 and MCF-7) in vitro
at a higher rate than that of only G-tags. In the in vivo mice experiment, it also
showed enhanced anticancer efficacy by T-tags at 0.01 mg/ml, indicating that the
loaded doxorubicin retains its pharmaceutical activity. Their results indicate that
these multifunctional T-tags can deliver doxorubicin to the targeted cancer cells
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and sense the delivery of doxorubicin by activating the fluorescence of G-tags from
cyanobacteria.

Liposomes are the other most popular nanoparticles, which have been used for
drug delivery. Liposomes are lipid bilayer vesicles, composed of either a single bi-
layer or multiple layers. They exist in our body for certain physiological functions.
Liposomes have wide applications in drug delivery and have no biocompatibility
problem. They can be applied for both hydrophilic drugs (to be included in their
aqueous interior) and hydrophobic drugs (to be entrapped in the lipid bilayer). They
release the drug rapidly, usually in a few hours and provide desired adhesion to, and
friendly interaction with the biological cells. The targeting ability of liposomes can
be acquired by ligand—acceptor interaction and other mechanisms (active targeting)
or improved by surface modification using PEG, chitosan, lectin, peptide, polysac-
charides, etc. (Feng and Chien 2003). In drug delivery, not only the physiological
response of the body is relevant, but the release mechanism is also of much impor-
tance. In most cases, collagen systems are used for local drug delivery. Materials of
biological origin frequently claim to be relatively safe, readily available, relatively
inexpensive, and capable of specific interactions with cells (Geiger et al. 2003).
Tissue-specific liposomes and collagens with the inclusion of cyanobacterial anti-
cancer metabolites can be applied with minimum side effects and may be efficient
for specific cellular target.
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Chapter 5
Issues and Challenges of Drug Development
from Cyanobacteria

5.1 Clinical Trial and Commercial Drug Development

Drug development is a complex and costly process that includes the collection,
analysis, and reporting of data from human subjects under strict clinical trials. Phar-
maceutical companies routinely submit clinical trial results, as well as data, to regu-
latory agencies for licensing and other promotional activities pertaining to a new
drug. The drug-development process normally proceeds through various phases of
clinical trials (phase 0 or preclinical, phases I, II, and III). The Food and Drug
Administration (FDA) must approve each phase before the study can continue.
Drugs are first tested on laboratory animals (preclinical phase) and then on healthy
humans in further phases. In phases I, II, and III the number of subjects range from
20 to 80, a few dozen to 300, and several hundred to 3000 people, respectively.
The National Regulatory Authority (NRA) approves a drug for use by the general
population if it successfully passes through all the phases of clinical trial (Dixit and
Suseela 2013). Marine cyanobacteria are a rich source of diverse bioactive natural
products and to date, 569 natural products of marine cyanobacterial origin have
been reported in MarinLit (Munro and Blunt 2009). However, only few natural
products from them are in clinical or preclinical trials for the treatment of cancer,
inflammation, and other diseases. Cyanobacterial metabolites and their analogs that
are in different stages of clinical trial are curacin A (preclinical), desmethoxyma-
jusculamide C (DMMC; preclinical), cryptophycins (phase I), cemadotin (phase I),
dolastatin 10 (phase II), tasidotin (phase II), dehydrodidemnin B (phase II), syntha-
dotin (phase II), and soblidotin (phase III).

Curacins are unique thiazoline-containing lipopeptides that inhibit microtubule
assembly and they are potent competitive inhibitors of the binding of colchicine to
tubulin (Blokhin et al. 1995). The Gerwick group isolated curacin A (Gerwick et al.
1994); curacins B and C (Yoo and Gerwick 1995); and curacin D (Marquez et al.
1998) from Lyngbya majuscule. Clinical development of curacin has been hindered
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due to its low water solubility, as it is unable to act during in vivo animal trials.
Hence, curacin was withdrawn from the preclinical phase, but it served as a lead
compound for the development of synthetic analogs, which are more water soluble
(Wipf et al. 2004) and are now in the preclinical phase. Cytotoxicity-guided frac-
tionation of the organic extract from a Fijian L. majuscula led to the discovery of
DMMC as the active metabolite. DMMC demonstrated potent and selective antisol-
id tumor activity with an IC, =20 nM against the HCT-116 human colon carcinoma
cell line via disruption of cellular microfilament networks (Simmons et al. 2009).
A linear form of DMMC was generated by base hydrolysis and the amino acid
sequence was confirmed by mass spectrometry. Linearized DMMC was also evalu-
ated in the biological assays and found to maintain potent actin depolymerization
characteristics while displaying solid tumor selectivity equivalent to DMMC in the
disk diffusion assay and now it is in preclinical trial. Cryptophycin 1 was isolated
from Nostoc sp. in Moore’s lab as an anticancer agent (Patterson et al. 1991). It has
an IC,, of 5 pg ml™! against KB human nasopharyngeal cancer cells, and 3 pg ml™!
against LoVo human colorectal cancer cells, and thus it was found to be 100—-1000
times more potent than currently available anticancer drugs, for example, taxol or
vinblastine. It also exhibits anticancer activity against adriamycin-resistant M 17
breast cancer and DMS 273 lung cancer cell lines. It is a highly potent suppressor
of microtubule dynamics and blocks the cells in the G2/M phase. There are several
analogs of cryptophycin either naturally isolated or chemically synthesized. The
synthetic analog cryptophycin 52, which progressed to phase II clinical trials for
the treatment of patients with platinum-resistant ovarian cancer, is based on crypto-
phycin 1, which was isolated from terrestrial cyanobacteria (D’agostino et al. 2006).
Currently, two other analogs, cryptophycins 249 and 309, with improved stability
and water solubility are being considered as second-generation clinical candidates
(Liang et al. 2005). The enhanced efficacy of these compounds compared with that
of Cr-52 (LY 355073) has empowered new efforts to move these compounds into
clinical trials (Yousong et al. 2008).

The National Cancer Institute of US conducted phase I clinical trials of dolas-
tatin 10, which progressed to phase II. However, due to its toxic effects, phase 11
clinical trials of dolastatin 10 failed to show significant anticancer activity. This
finding resulted in the development of dolastatin 10 synthetic analogs such as
soblidotin, usually with improved pharmacological and pharmacokinetic proper-
ties. The in vitro studies of soblidotin (or TZT —1027, auristatin PE) a synthetic
analog of dolastatin 10, showed promising results against human colon adenocar-
cinomas and cleared phases I and II successfully and is now undergoing phase III
clinical trials under the supervision of Aska Pharmaceuticals, Tokyo, Japan (Bhat-
nagar and Kim 2010). The antitumor activity of soblidotin was found to be superior
to existing anticancer drugs, such as paclitaxel and vincristine (Watanabe et al.
2006) and is quite promising as a drug if it clears all the phases of clinical trial. The
third-generation dolastatin 15 analog is tasidotin. Tasidotin is an antitumor agent
and has cleared phase I trials (Mita et al. 2006) and is now undergoing phase II
trials under the supervision of Genzyme Corporation, Cambridge, MA (Bhatnagar
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and Kim 2010). Cematodin (LU-103793), a water-soluble analog of dolastatin 15,
which has a terminal benzylamine moiety in place of dolapyrolidone, retains high
cytotoxicity in vitro. It was found to be effective in a phase I trial for treatment of
breast cancer and other cancers by BASF Pharma (Varanasi, India), but a phase 11
trial was discontinued following unexpected results. Synthadotin, another analog
derived from dolastatin 15, showed promising results in phase II clinical trials of
inoperable, locally advanced, or metastatic melanoma (Ebbinghaus et al. 2004).
All of these metabolites offer great opportunity and a platform for the development
of novel drugs.

Hayashi et al. 1994 investigated the effect of Spirulina in mice and reported
increased phagocytic activity and increased antigen production in the test animals
under study. Qureshi and Ali 1996 reported increased phagocytic activity, increased
antigen production, and increased natural killer cell-mediated antitumor activity in
chicken for the same cyanobacterium (Spirulina). In a preliminary small clinical
study, an increase of 13.6-fold in interferon and 3-fold in interleukin (IL)-1p and —4
was observed in human blood cells incubated with Spirulina extracts. Khan et al.
2005 reported that different products prepared from Spirulina influence immune
systems in various ways such as increasing the phagocytic activity of macrophages,
stimulating antibody and cytokine production, increasing accumulation of natural
killer cells into tissues and activating T and B cells. In a clinical study in Korea,
(Park et al. 2008) a significant rise in plasma IL-2 concentration and a significant
reduction in IL-6 concentration in humans was observed after the consumption of
Spirulina at home, 8 g day™!, for 16 consecutive weeks. Spirulina was found to be
safe and the FDA approved it as a food colorant in the USA.

Despite many potent biological activities, few cyanobacterial compounds have
entered clinical trials. The major problem lies with the supply of material for clini-
cal studies. However, with the development of improved culture techniques their
adequate supply should be feasible soon. Further, some of the cyanobacterial me-
tabolites whose mechanisms of action (MOA) were discovered as a result of the
screening system (NCI 60 Panel) are now either just entering or about to enter
clinical trials and hope to pass clinical trials to become a drug candidate. To date,
there are seven therapeutic agents (four anticancer, one antiviral, one pain control,
and one for hypertriglyceridemia) that derive from the marine environment (Mayer
et al. 2010). Of these, two are actual chemical structures as isolated, and five others
are synthetic agents that capture their chemical idea from a marine product. In many
cases mollusks, sponges, and tunicates are the richest collected sources of these
most valuable metabolites. However, the collected source has often been shown or
is strongly suspected of harboring or feeding upon cyanobacteria that are the actual
producers of the bioactive agent. In many cases cyanobacteria are the real metabolic
jewels of the world’s oceans, accounting for fully 80 % of these clinical trials and
approved pharmaceutical agents. The pharmaceutical potential of cyanobacteria
deserves more scientific attention and interdisciplinary research. Further, to find
novel compounds, cyanobacterial strains from still unexplored and extreme habitats
should also be studied.
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5.2 Challenges of Drug Development in Cyanobacteria

Natural products have played an enormous role in the development of modern med-
icines. In the areas of cancer and infectious diseases, 60 and 75 % of new drugs,
respectively, originated from natural sources between 1981 and 2002 (Newman
et al. 2003). Between 2001 and 2005, 23 new drugs derived from natural products
were introduced for the treatment of disorders such as bacterial and fungal infec-
tions, cancer, diabetes, dyslipidemia, atopic dermatitis, Alzheimer’s disease, and
genetic diseases such as tyrosinaemia and Gaucher disease. Cyanobacteria, produc-
es a surprisingly diverse array of metabolites and immerges as an ideal candidate for
new drug discovery. Currently, some 569 natural products of marine cyanobacterial
origin have been reported in MarinLit (Munro and Blunt 2009). However, there are
many challenges in the development of drugs from them. The core technologies
used to discover natural products for drug discovery have not evolved substantially.
New technologies that could improve the natural product drug discovery effort have
not advanced to the degree at which the discovery rate of natural product-derived
drugs would meet the demands of the industry. However, there have been many
advances recently to speed up the process of drug development from them.

Many cyanobacteria synthesizes the novel metabolites in small quantities
which, often present as mixtures in extracts and require labor-intensive and time-
consuming purification procedures. Obtaining adequate quantities for preclinical
development requires large-scale reacquisition or fermentation that would have a
substantial impact on the development timeline. Rediscovery of known compounds
is a major problem with cyanobacteria when screening natural product libraries.
Dereplication is the process by which the chemical and biological characteristics
of the unknown compounds are compared with the chemical and biological charac-
teristics of known compounds from the databases to eliminate those that have been
identified previously. Some natural products from cyanobacteria were discovered
more frequently than others during screening programs. As the number of described
metabolites increased, so did the probability of rediscovering known. The time-
consuming processes of dereplication and purification are not compatible with the
present regime of “blitz” screening campaigns in which assay support is only avail-
able for a limited duration (3 months). Further, in many cases the cyanobacterial
metabolites are often structurally complex. Modification of complex natural prod-
ucts using organic chemistry is frequently challenging. Medicinal and combinato-
rial chemists prefer not to work with these natural products because of the large size
and complexity of the compounds, which have too many functional groups to pro-
tect. It is difficult to prepare many natural product analogs as synthetic chemicals
in the same time. Due to all these challenges the progress in drug discovery from
them is very slow.

So far only a tiny fraction of the microbial world has been explored and the
exponential growth in the microbial genomic database, the outlook for discover-
ing new biologically active natural products from cyanobacteria is quite promising.
Most of the cyanobacterial molecules discovered during the past decades were
based on research conducted mainly at the laboratories of Professors Richard
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Moore (University of Hawaii) and William Gerwick (University of California, San
Diego). A majority of these biomolecules were isolated from the filamentous Order
Nostocales, especially members belonging to the genera Lyngbya, Oscillatoria,
and Symploca. The locations of the collection sites were mainly from the tropics,
including Papua New Guinea and the Pacific Islands, particularly Guam and Palau.
An advantage of natural products research on marine cyanobacteria is the high dis-
covery rate (>95 %) of novel compounds as compared to other traditional microbial
sources. This is due largely to the unexplored nature of this group of microalgae
(Uzair et al. 2012). Therefore, one of the key areas to further tap these microalgae
for new drug discovery is the collection of cyanobacterial strains from unexplored
localities, and the amenability of field-collected strains to laboratory culture is an
important factor in the drug discovery process from them. Once they have been
brought into pure culture, straightforward procedures are available to cultivate them
in larger volumes, to chemically analyze the natural products and identify the com-
pounds, as well as to optimize the production by strain selection and elaboration of
the optimal physico-chemical conditions for production. This includes design and
development of the fermentation process and selection of strains from a larger panel
of similar strains that produce the desired compound as well as strain improvement
by random or directed genetic manipulation. The culturability of cyanobacteria
would ensure a constant supply of potent secondary metabolites for further bio-
logical evaluation and chemical and biosynthetic studies. However, as indicated
by Ramaswamy et al. (2006), the culturing of marine cyanobacteria faces several
significant challenges, including physical parameters, sampling techniques, and is-
sues associated with slow growing filamentous strains. However, there are several
reports of development of photobioreactors and strategies specifically for cyano-
bacterial mass cultivation and the efficient production of valuable products (Suh
and Lee 2003, Kim and Lee 2005, Kim et al. 2006). High biomass yields can be
achieved in a fermenter-based system with agitation, control of effective light sup-
ply, and flow of carbon dioxide. From a commercial perspective, cyanobacterial
culture and harvesting of products from them have several advantages. Cyanobac-
teria are mostly photoautotropic, requiring only sunlight, water, and basic nutrients
for growth. Further unrestricted availability of exogenous carbon makes large-scale
culture of cyanobacteria in open ponds commercially cheap (Apt and Behrens
1999). One notable advantage of some benthic cyanobacterial species is that during
their growth cycle they become positively buoyant, detach from the growth surface
and form floating mats. This “self-harvesting” capability could be advantageous in
commercial photobioreactor as it would greatly reduce dewatering costs.

In order to perform a competitive and successful search for new drug candi-
dates a multidisciplinary research team is required and the complete set of methods
should be available. First of all, it is essential to conserve cyanobacterial cultures
and build up culture collections to keep the strains for further investigation and
production. The cultivation offers a wide range of methods for stimulation of
secondary metabolite production. The crucial demand is for establishing and main-
taining substance libraries with natural products of high purity to meet the demand
of high throughput screening procedures. Third, the availability of attractive panels
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with a broad range of bioassays is key to success in finding new drug candidates.
The cultivation of secondary metabolite-producing cyanobacteria under standard
laboratory conditions often reveals only small metabolic profiles. It is clear from
the genome information that most of these microorganisms have the potential to
produce a far greater number of natural products than have been isolated previously
(Scherlach and Hertweck 2009). It seems that most biosynthetic gene clusters are
either “silent” or “cryptic” pathways. Low production rates and large metabolic
backgrounds may lead to overlooking respective metabolites as well. Although
there is clear correlation between the developmental stages of microbial cultures
and the onset of secondary metabolite production, a detailed understanding of the
mechanisms underlying this global control is lacking. The involvement of chemical
or environmental signals necessary for triggering these pathways has been proposed
but only scarcely proofed. Only recently the first signaling cascade for the linkage
of nutrient stress to antibiotic production was identified in a Streptomyces strain
(Rigali et al. 2008). However, several strategies for the triggering of silent gene
clusters have been developed. Some strategies rely on statistical chances, as the one
strain-many compounds (OSMAC) approach, where new compounds are derived by
application of as many different cultivation conditions as possible. The parameters
include media composition, aeration rate, type of culture vessel, and the addition
of enzyme inhibitors (Bode et al. 2002). Alternatively, in organisms amendable
to genetic manipulation, transcription regulators and promoters are changed by
molecular techniques. Other strategies take advantage of genome mining, from the
utilization of bioinformatically predicted physicochemical properties to methods
that exploit a probable interaction of microorganisms (Chiang et al. 2011).

The knowledge of natural conditions, which leads to the expression of a given
gene cluster, is still limited but would offer a good basis for the development of new
cultivation techniques. One attempt is the simulation of the natural habitat by cocul-
tivation of microorganisms from the same habitat. Another possibility is the utiliza-
tion of compounds, acting as quorum-sensing molecules. These simulation strate-
gies will help discover new natural products. As a second benefit, these experiments
will enlarge our knowledge on microbial communication. Genomic mining seeks to
exploit the hidden potential of biosynthetic pathways. This fascinating, interdisci-
plinary research field began to form with the development of new sequencing tech-
nologies at the turn of the millennium. They offer fast and cheap high throughput
sequencing approaches. The impact of genomics and proteomics on the biotechno-
logical exploitation of marine microbiota has hardly been felt yet. The presence of
many new gene families from uncultured and highly diverse microbial populations
also represents a rich source of new metabolites and enzymes for drug development.
Metagenomic strategies used as culture-independent methods, such as isolating and
analyzing PKS (Polyketide synthases) gene clusters, have recently provided first
insights into the chemical potential of communities of sponge-associated bacteria.
These studies revealed two evolutionarily distinct, unusual PKS types that are com-
monly found in sponge metagenomes and were shown to be of bacterial origin (Teta
et al. 2010). While metagenomic approaches are useful for exploiting the biochem-
istry of microbial communities, they are unable to access the metabolic capabilities
of specific microorganisms within these communities. It is also quite likely that
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many novel genes (coding for enzymes, natural product biosynthesis gene clusters
or others) from rare microbes in complex communities are poorly or not represented
in metagenomic libraries (Kennedy et al. 2008). Single cell genomics using mul-
tiple displacement amplification will complete the technological bundle and allow
the study of the entire biochemical potential of single uncultured microbes from
complex microbial communities (Woyke et al. 2009). This new approach has great
potential for the discovery of novel enzymes and natural products from cyanobac-
teria, as it affords easier access to rare microbiota. While the standard metagenomic
approach may indicate the presence of genes within a given environment, it does
not answer the question: Which of these genes are active within the environment?
To overcome this particular problem, metatranscriptomics-based approaches need
to be employed to study microbial populations, in which only transcriptionally
active genes are accessed (Gilbert and Dupont 2011). An alternative strategy to
access the metagenome is to directly analyze the proteins within the environment
using metaproteomics (Schweder et al. 2008). However, these new and promising
methods have not yet been applied on biosynthesis of secondary metabolites in cya-
nobacteria but are quite promising in the development of drugs from them.

5.3 Future Prospects

Cyanobacteria in general and extremophilic cyanobacteria, in particular, are excel-
lent candidates of structurally diverse bioactive metabolites having the potential
for novel drug development. They have already showed their capability as many
of these valuable metabolites are in different stages of clinical trial. Significant
biological activities such as antitumor, antiviral, antibacterial, antifungal, anti-
malarial, antimycotics, antiproliferative, cytotoxicity, immunosuppressive agents
and multidrug resistance reversers and their associated cellular targets have been
reported for several cyanobacterial metabolites. The range of cellular targets is
diverse and they include cytoskeletal structures, for example microtubules and actin
filaments, as well as enzymes, such as proteasome and histone deacetylases. It is
this attribute that makes cyanobacterial compounds highly attractive as potential
drug leads and molecular probes. For instance, ~24 % of marine natural products
commercially available for biomedical research are of cyanobacterial origin (Tan
2013). When the predicted biosynthetic origins of 20 marine-derived molecules, as
approved drugs or in clinical trials, were taken into consideration 20 % originated
from marine cyanobacteria (Tan 2013). An impressive 533 natural products have
been reported from only marine strains of cyanobacteria (Marin lit). However 90 %
of all of these molecules are attributed to only five cyanobacterial genus (Marin
lit). There is a vast diversity of extremophilic cyanobacteria in various extreme
habitats, which is not yet explored. Many promising metabolites from them could
not be developed into potential therapeutic agents owing to supply problems. New
methods are ardently needed for the efficient culture of these organisms, taking into
account their unique nutrient and physical requirements and, in some cases, growth
at low-cell densities.
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With our increased understanding of genetics and biosynthesis of natural prod-
ucts, the regulation of natural product biosynthesis can be optimized (Unsin et al.
2013). The biosynthesis of natural products themselves can also be manipulated to
yield new derivatives with possibly superior qualities and quantities. In addition to
identifying new natural products, genome mining would certainly have an impact
on the understanding and manipulation of natural product production. Synthetic
drugs typically are the result of numerous structural modifications over the course
of an extensive drug discovery program, whereas a natural product can go straight
from “hit” to drug. Cyanobacterial natural products are notable not only for their
potential therapeutic activities but also for the fact that they frequently have the
desirable pharmacokinetic properties required for clinical development. In order for
drug discovery from cyanobacteria to continue to be successful, new and innovative
approaches are required. By applying these new approaches in a systematic manner
to natural product drug discovery, it might be possible to increase the current
efficiency in identifying and developing new drugs from cyanobacteria. The genome
sequencing projects have opened our eyes to the overlooked biosynthetic potential
and metabolic diversity of cyanobacteria. While traditional approaches have been
successful at identifying many useful therapeutic agents from these organisms, new
strategies are needed in order to exploit their true biosynthetic potential. Several
genomics-inspired strategies have been successful in unveiling new metabolites that
were overlooked under standard fermentation and detection conditions. In addition,
genome sequences have given us valuable insight into genetically engineering bio-
synthesis gene clusters that remain silent or are poorly expressed in the absence of a
specific trigger. As more genome sequences are becoming available, we are noticing
the emergence of underexplored or neglected organisms as alternative resources for
new therapeutic agents (Winter et al 2011). The modularity and colinearity of the
cyanobacterial PKS-NRPS (Polyketide synthases- nonribosomal peptide synthe-
tases) gene clusters are attractive features for the heterologous expression of natural
products and genetic manipulation for combinatorial biosynthesis of new hybrid
chemical entities. In order to achieve success in genetic applications to produce
compounds, it is important to have a better understanding at the molecular level
of these gene clusters and the underlying enzymology associated with the biosyn-
thetic pathways. For instance, a recent study by Copp and Neilan (2006) revealed
unique function-based phosphopantetheinyl transferases in cyanobacteria through
phylogenetic analysis. Such information would have important implications in the
heterologous production of cyanobacterial secondary metabolites. However, more
research is needed in practical utility of this technique to develop drug candidates.
Culture-independent methods using informatic analyses of metagenomes can be
used to identify unique secondary metabolite gene clusters, and these genes can
subsequently be synthesized and introduced into expression hosts (Gerwick, and
Fenner 2013). However, in principle as a generic solution, it has been difficult to
enact in more than a few model cases, and technological knowledge of the pathways
and their operation is still fragmentary and in need of additional research.

In recent years the process of extract preparation and bioassay-guided fraction-
ation are increasingly automated with partially or fully purified materials being used
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upfront to avoid crude extracts altogether. The past few years have witnessed major
developments in fermentation optimization, purification, dereplication, and struc-
ture elucidation of natural products, thus enabling much faster access to sufficient
amounts of pure compounds (Lam 2007). The recent development in the hyphenat-
ed techniques, which combine separation technologies such as high-pressure liquid
chromatography (HPLC) and solid phase extraction (SPE) with nuclear magnetic
resonance (NMR), and mass spectrometry (MS), has had a substantial impact in
shortening the timeline for dereplication, isolation, and structure elucidation of the
natural products present in the crude extracts (Lam 2007). Technological advances
are also being made in various sectors to improve access to minor metabolites,
such as the increasingly widespread use of NMR microcryogenic and capillary flow
probes, biological assays in increasingly smaller volumes such as in 384- and 1534-
well plate formats, and, perhaps most powerfully, enhancements to the methods, as
well as informatics associated with mass spectrometry so that the supply issue can
be minimized. The semi-synthetic approach to drug development can generate ana-
logs by modifying the existing functional groups of natural products. Although this
approach leads to less diversity in terms of structural variety, it has certainly yielded
many exciting lead natural product molecules with improved properties over the
parent compounds.

The use of natural products as templates for constructing biologically relevant
chemical libraries is a logical extension of the classical combinatorial library syn-
thesis protocol. Numerous libraries incorporating a natural product motif have been
published recently; this shows that novel biologically active analogs can often be
discovered by this process (Tan 2005). After identifying genuine natural product
leads, applying new organic synthetic methodologies, bio-transformation, combi-
natorial biosynthesis, and combinations of these techniques for the modification of
natural product leads would generate a large number of novel, structurally diverse
analogs that can be screened for improved properties as a novel drug candidate.
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