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1. Introduction

1.1 Diatoms: General characteristics

Diatoms are member of the algal class Bacillariophyceae (division Heterokontophyta)
and are one of the largest and ecologically most significant groups of organisms on
Earth, with about 16,000 species found in both fresh and salt water (Norton et al.,
1996). The oldest diatoms date back to the Lower Jurassic, but findings are very rare
until the Late Cretaceous. An important characteristic of these organisms (10- 200 pM)
is the ability to generate a silica cell wall, finely structured, known as frustule (Figure
1.1). The biosilica wall of a diatom cell is constructed in a petri-dish like fashion being
composed of a top half (epitheca) that overlaps the slightly smaller bottom half
(hypotheca). Their name diatom is indeed derived from the Greek diatomos, meaning
“cut in half”, as reference to their distinctive two-part envelope made of silica. The
bases of the two parts (epivalve and hypovalve) are joined by the elements called
epicingulum and ipocingulum (girdle bands) which all together form the belt (Figure
1.1). The cytoplasm results fully protected, so that any exchange of material with the
environment must be through appropriate pores or cracks. The frustule may have
several silicate or chitinous appendices, which are species-specific and tightly regulated

genetically (Round et al., 1990) and used for the taxonomic classification.
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Figure 1.1.Schematic diagram of a diatom.

Diatoms are divided into centric or pennate according to the shape of the frustule. The
centric diatoms have a radial symmetry, while the pennate have an elongated shape with
bilateral symmetry compared to the plane of the valves (Figure 1.2). Among the
pennates there is a further subdivision according to the presence or absence of raphe, a
polysaccharide structure probably used for the movement of the cell on solid surfaces
(Van Den Hoek et al., 1997). In fact, the species that are provided of raphe are often
benthic, while the planktonic species, both centric and pennate, have only a relic vestige
of this structure (araphidinae). Like other eukaryotic organisms capable of carrying out
photosynthesis, diatoms are equipped with plastids inside of which there are complexes
of proteins and pigments important for the capture of light. Diatoms are golden-brown
color due to the presence of the accessory carotenoid pigment fucoxanthin that masks
the green of chlorophyll a and c. Fucoxanthin and chlorophyll are held together within
the antenna complex in order to capture the light from the Fcp proteins (fucoxanthin
chlorophyll a/c-binding proteins). Fcp proteins are proteins homologous to Cab
(Chlorophyll a/b-binding protein) of green algae and higher plants and, in analogy with

the latter; their synthesis is activated by light (Leblanc et al., 1999; Siaut, 2007). A
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distinctive feature of diatoms is the presence of four membranes around their plastids

that is likely due to different evolutionary origins.

Figure 1.2.A) Pictures of the centric diatom Thalassiosira pseudonana and B) the pennate diatom

Phaeodactylum tricornutum.

Phylogenetic analyzes have clearly indicated that the chloroplasts of most algae and
higher plants are derived from a process of primary endosymbiosis occurred at least 1.5
billion of years ago from a photosynthetic bacterium (very similar to current
cyanobacteria) and eukaryotic unicellular heterotroph. Instead diatom chloroplasts
might be the result of a second event of endosymbiosis occurred about 1 billion years
later in which an eukaryotic alga, probably a red alga, was incorporated into a second
eukaryotic heterotrophic cell (Bhattacharya, 1995) (Figure 1.3).

Phylogenetic studies indicate that diatoms diverge early from the lineage that gave rise
to green algae and higher plants. According to this, the recent genome sequencing of

two species of diatoms has shown that these organisms have unique characteristics. The



most striking is definitely that half of their genes encode proteins that are related to

those of animals instead of plants (Armbrust et al., 2004; Bowler et al., 2008).
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Figure 1.3.Representation of the origin of diatom plastids through sequential primary (a) and secondary
(b) endosymbioses and their potential effects on genome evolution. a) During primary endosymbiosis, a
large proportion of the engulfed cyanobacterial genome is transferred to the host nucleus (N1), with few
of the original genes retained within the plastid genome. The potential for invasion of the host by a
chlamydial parasite is indicated with a dashed arrow, and the ensuing transfer of chlamydial genes to the
host nucleus is indicated in pink. The progenitor plant cell subsequently diverged into red and green algae
and land plants, readily distinguished by their plastid genomes. b) During secondary endosymbiosis, a
different heterotroph engulfs a eukaryotic red alga. Potential engulfment of a green algal cell as well is
indicated with a dashed arrow. The algal mitochondrion and nucleus are lost, and crucial algal nuclear
and plastid genes (indicated in blue, purple and pink) are transferred to the heterotrophic host nucleus, N2
(Armbrust, Nature 2009).



1.2 Cell Cycle and cell wall biogenesis

Vegetative cells of diatoms are diploid. In a normal cycle of asexual division two
daughter cells originates from a mother cell. Each valve of the parental cell becomes the
epitheca of the daughter cell (Pickett-Heaps et al., 1990) and each daughter cell will
generate a new hypotheca (Figure 1.4). Before the division, the cell elongates, pushing
the epitheca away by the hypotheca, and the nucleus divides through an "open™ mitosis.
After the protoplast was divided by the invagination of the plasma membrane, each
daughter cell generates a new hypotheca. This structure, which covers one half of the
cell, is commonly generated through the production of polarized vesicles known as
silica deposition vescicle (SDV). The construction of the hypotheca provides that the
pattern of silica is wrapped by an organic matrix which prevents the dissolution. Once
the entire structure is generated, the organic structure is poured out, after which the two
daughter cells can be separated. The design of the wall is reproduced from one
generation to another, implying the presence of a strong genetic control.

This form of division results in a size reduction of the daughter cell that received the
smaller frustule from the parent and therefore the average cell size of a diatom
population decreases, until the cells are about one-third their maximum size. This is
considered the threshold value. The regeneration of the size takes place through sexual
reproduction, followed by the formation of auxospores. The resulting male and female
gametes unite to create a diploid auxospore that is larger than the parents. Then, the new
cell goes against processes of asexual division until an appropriate signal does not
induce again gametogenesis. Sexual reproduction involves several mechanisms,
described in detail by Mann (1993). Centric diatoms in the sexual division are always
oogama with flagellated male gametes. Among the pennate diatoms there is much more

variety and we can find cases of anisogamia, isogamia and automixis. Sexual



reproduction can be sometimes induced when cells are exposed to unfavorable growth
conditions. It has been reported that changes in the conditions of light, temperature,
nutrient availability and salt concentration can induce a change in the mode of

reproduction by asexual to sexual (Armbrust & Chisholm, 1990).

size reduction during
vegetative cell division

Figure 1.4Life cycle of diatoms. The illustration is modified from the original used by Round et al.
(1990, fig. 55).

1.3 Ecological Importance

The marine phytoplankton represents the major contributor of marine carbon fixation.
These organisms can fix approximately the same amount of carbon, a few grams per
square meter per day, as a terrestrial forest (Smetacek, 2001).

Diatoms are the most important group of eukaryotic phytoplankton and are responsible

for about 20% of marine primary productivity (Falwoski et al., 1998; Mann, 1999)



(Figure 1.5). For this reason they are always regarded as the most representative
organisms of phytoplankton and predominant components at the base of the food chain
of aquatic ecosystems. Their abundance is generally highest at the beginning of spring
and in the autumn, when light intensity and day length are optimal for their
photosynthesis. In some regions of the oceans, the annual production of fixed carbon

can be up to 2 kg m 2 equivalent to a cereal or corn crop (Field et al., 1998).

carbon dioxide

Phytoplankton Zooplankton
@ carbon uptake W respuratuon
—
\Q grazing excretlon

Figure 1.5.The carbon cycle in the ocean. Phytoplankton is responsible for most of the transfer of carbon
dioxide from the atmosphere to the ocean. Carbon dioxide is consumed during photosynthesis, and the
carbon is incorporated in the phytoplankton. Most of the carbon is returned to near-surface waters when
phytoplankton is eaten or decomposes, but some falls into the ocean depths. (lllustration adapted from A
New Wave of Ocean Science, U.S. JGOFS.)

The quick exponential growth of phytoplankton from hundreds to hundreds of
thousands of cells per milliliter is named algal bloom (flowering) (Figure 1.6).

Sometimes these events involve toxic phytoplankton such as dinoflagellates of the
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genera Alexandrium and Karenia or diatoms of the genus Pseudo-nitzschia. These
phoenomena then are referred to as “harmful algal blooms”. Of the over 5000 known
species of marine phytoplankton, about 300 species can under certain circumstances
proliferate in exponential numbers and about 2% of these species can produce potent
toxins, which can negatively affect the local ecosystem as well as fishing and

aquaculture activities (Landsberg, 2002).

Figure 1.6.Algal Bloom in the Barents Sea as seen from space.

For their frustule structure, diatoms greatly influence the marine cycle of silicon. The
following "rain" of frustules at the end of the bloom forms the organic silica deposits on
the ocean floor. Huge fossil deposits of diatomite or diatomaceous earth (silica residues
of frustules of dead diatoms) illustrate the success of this class of algae in the course of

thousands of years.
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1. 4. Ecological function of microalgal secondary metabolites

Many microalgae produce a variety of different, often unique, secondary metabolites
which are released into the environment (Hay, 1996). They are not directly involved in
building up the machinery of life and constitute a very small fraction of the total
biomass of an organism.

In marine ecosystems, chemical ecology interactions are for the most limited to
invertebrate species, such as sponges, mollusks, echinoderms and polychaetes,
particularly in benthic tropical ecosystems, where species diversity and resource
competition are expected to be high (Hay & Fenical, 1996). On the contrary, most
studies on phytoplankton growth and distribution patterns have been focused on
physical factors. Nevertheless, secondary metabolites may also play an important role in
determining development, dynamics and fate of algal blooms (Landsberg, 2002;
Paffenhofer et al., 2005). Domoic acid is produced in higher quantities by several
diatoms of the genus Pseudo-nitzschia during the stationary growth phase and under
silica and phosphor limitation, but production ceases under nitrogen limitation (Pan et
al., 1998). Stress induced by nutrient limitation may not only limit growth rate but also
trigger mechanisms that lead to growth decline and even cell death (lanora et al., 2006).
Moreover, biotic interactions also appear to be an important role in regulating
phytoplankton growth in a number of systems. It is now understood that nutrient
limitation and other abiotic stress stimuli, such as light limitation, can initiate
intracellular signaling pathways that cause cells to undergo programmed cell death
(PCD) in both eukaryotic and prokaryotic phytoplankton (Berges & Falkowski, 1998;
Bidle & Falkowski, 2004; Berman et al.,, 2004), but the chemically-mediated

interactions, both inter- and intra-specific, within phytoplankton communities are poorly
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understood due to the lack of information on the chemical nature and biosynthetic
pathways of the involved allelochemicals.

In such situations, like at the end of a bloom, species producing allelochemicals have an
enhanced advantage in the competitive balance. Pratt (1966) observed that the
phytoplankton community in the Narragansett Bay was alternatively dominated by
blooms of the diatom Skeletonema costatum and the dinoflagellate Olisthodiscus luteus.
In vitro and in situ experiments showed that O. luteus achieved dominance by
producing a tannin-like substance that had an inhibitory effect on S. costatum at high
concentrations, but stimulated the growth of this diatom at lower concentrations. Pratt
suggested that this may explain the alternating dominance of these two species. Another
example is the occurrence of the monospecific bloom of the domoic acid-producing
diatom Pseudo-nitzschia pungens in Cardigan Bay simultaneously with another diatom
Rhizosolenia alata in Hillsborough River estuary (Subba Rao et al., 1995). The authors
reported that the growth of R. alata and P. pungens were simultaneously suppressed (R.
alata by domoic acid, and P. pungens by R. alata cell-free extracts) and hypothesized
that allelopathy may therefore play a role in algal succession.

A second line of research has been highlighting the role of secondary metabolites as
information-conveying molecules (infochemicals) in cell-to-cell signaling (Vos et al.,
2006). There is clear evidence in terrestrial ecosystems that when attacked by grazers
plants can produce secondary metabolites that attract the carnivores of these grazers
(Agrawal, 2000). Several authors have suggested that similar interactions may also
occur in aquatic ecosystems (Wolfe, 2000). Steinke et al. (2002) suggest that the volatile
dimethylsulfide that is released during grazing by microzooplankton can be exploited by
mesozooplankton copepods to efficiently graze on. It has been also shown that
secondary metabolites produced by phytoplankton can also have adverse effects on the

zooplankton grazers. The negative impact of toxins on their predators provides a
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strategy for an indirect process of chemical defense. For example when diatom
populations are subjected to grazing by copepods they may release aldehydes that can
reduce the reproductive capacity of the copepod population, potentially providing an
anti-grazing strategy (lanora et al, 2004). Miralto et al. (1999) were the first to identify
2- trans-4-cis-7-cis-decatrienal, 2-trans-4-trans-7-cis-decatrienal, and 2-trans-4-
transdecadienal as diatom compounds responsible for inhibitory effects on copepod
embryogenesis. Then a new class of oxygenated fatty acid metabolites, previously
intensely studied in mammals and higher plants, was reported from marine microalgae
(d’Ippolito et al., 2005; Fontana et al.,, 2007). The term used for this class of
compounds is oxylipins. Gerwick defined “oxylipin” as an encompassing term for
oxidized compounds formed from fatty acids by a reaction involving at least one step of
mono- or di-oxygenase dependent oxidation (Gerwick et al., 1991). Marine diatoms
produce a number of oxylipinsincluding hydroxy acids, epoxyalcohols, -oxo-acids and
the above mentioned polyunsaturated aldehydes, mainly derived from eicosapentaenoic
acid (EPA) and chloroplastic C16-fatty acids (Pohnert, 2002; d“Ippolito et al., 2003;
Cutignano et al., 2006; Fontana et al., 2007a). The first direct proof of a mechanism
involving lipoxygenases was obtained with the characterization of the intermediate 9-
hydroperoxy-hexadeca-6Z,10E,12Z-trienoic acid in Thalassiosira rotula (d’Ippolito et
al., 2006). Within the eco-physiological role in marine environments, oxylipins seem to
have more than one function. In addition to antimitotic activities and the consequent
block of embryogenesis and induction of teratogenic effects in copepods, it was
demonstrated that their synthesis in Pseudonitzschia arenysensis (formerly P.
delicatissima) can varie during the algal growth in a manner dependent on cell number,
suggesting therefore that these compounds may also play a role of chemical signal at the
end of bloom (d’Ippolito et al., 2009). Vardi also reported that diatoms can utilize

secondary metabolites as part of a sophisticated surveillance system to monitor
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environmental stress conditions or chemical defense (Vardi, 2008). Nevertheless,
despite these studies, which metabolites are involved in intraspecific cellular
communication and what signaling pathways induce cell death and affect marine

blooms is far to be understood.

1. 5. Diatoms as source of future fuel

Large scale production of microalgal biomass and organic compounds has been a topic
of industrial interest for decades (Becker, 1994; Lee, 2001). For example considerable
research efforts have been invested into biomass per se, polymers, food supplements,
enzymes, toxins, coloring substances (pigments) and lipids (Pulz & Gross, 2004; Harun
et al., 2010). Microalgae have also been harnessed for the treatment of wastewater and
as a means to obtain “green energy” products (Pulz & Gross, 2004; Harun et al., 2010).

Due to increasing energy price and environmental issues, there is a high demand for
renewable, carbon neutral, transport fuel, which is environmentally and commercially
sustainable. Production of microalgae for biofuels has been emerging as a potential
alternative to other biological sources of fuels since algae generally have high oil
content and rapid biomass production. In fact, these phototrophic organisms can grow
very quickly (approximately 1-3 doubling per day) and can accumulate between 30 and
60% of their dry mass as lipids, with this broad range being due to species and growth
condition-dependent variability. Intriguingly, lipid content can even reach up to 90% of
dry mass when cells are subject to physiologically stressful conditions, such as nutrient
starvation or photo-oxidative stress (Scheehan et al., 1998; Spolaore et al., 2006; Chisti,
2007; Schenk et al., 2008; Hu et al., 2008; Khozin-Goldberg et al., 2011). Diatoms can
also be cultivated in non-potable water and on non-arable land and therefore have small

demands in comparison with terrestrial crops (Chisti, 2007). These characteristics make
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these microalgae suitable for large-scale bio-fuel cultivation. In 1998, the Aquatic
Species Program recommended a list of 50 microalgal strains (Aquatic species program
close-out report; www.nrel.gov/docs/legosti/fy98/24190.pdf), selected from a pool of
over 3000 candidates, which held the most promise as biofuel-production organisms.
Sixty percent of the selected strains were diatoms, which were chosen based on criteria
such as high growth rates and lipid yields, tolerance of harsh environmental conditions,
and performance in large-scale cultures. Diatoms are found in marine, freshwater and
soil habitats, but also specific extreme or variable environments of salinity, temperature
(ice or hot springs) and pH. Furthermore, these prokaryotes exhibit trophic flexibility.
The majority of species are autotrophic, but mixotrophy and obligate heterotrophy
occur. Cyclotella cryptica, a candidate biofuels production strain, is capable of growth
on glucose only in the dark, likely due to its glucose transport mechanism being induced

in the absence of light (Hellenbust, 1971).

1.6. Model Organism: Skeletonema marinoi

The diatom Skeletonema marinoi (Figure 1.7) is common in the Adriatic Sea where, in
winter, is responsible for the yearly maximum of phytoplankton biomass. This
cosmopolitan diatom forms dense coastal and oceanic blooms and can contribute to a
large part of diet of higher trophic organisms. These blooms affect negatively copepod
reproduction. The effect has been suggested to the production of short chain aldehydes
which interfere with the normal development of the eggs (lanora et al., 2004, cited as
Skeletonema costatum). The physiologiy and carbon fixation pathways of S. marinoi
have been studied (Puskaric & Mortain-Bertrand, 2003) and it also has become a model
species in ecological and environmental studies (Mortainbertrand et al., 1988; lanora et

al., 2004; Yamasaki et al., 2007). This species can exist as solitary cells or form chains
16



of more than 20 individuals. The reasons why S. marinoi and some other species of
diatoms form chain-like colonies are not clear, but other organisms (bacteria and
Phaeocystis sp.) can start to grow in filaments or colonies after sensing cues from
grazers (Long et al., 2007). Each cell is 2-12 um and contains one or two large

chloroplasts.

©0 0000

Figure 1.7.1mages of Skeletonema marinoi (Sarno & Zingone, 2005).

1.7. Model Organism: Cyclotella cryptica

Cyclotella cryptica is a planktonic species first isolated from brackish water. It is
typically found in harbors and in parts of the Great Lakes where there are abnormally
high chloride concentrations. It has been known to account for up to 18.5% of diatom
abundance in the Oswego Harbor of Lake Ontario. It occurs at maximum abundance
around 20°C (Herth & Zugenmaier, 1977; Liu & Hellebust, 1976; Makarewicz, 1987;
Mills et al., 1993; Stoermer & Ladewski, 1976; Stoermer & Yang, 1969). C. cryptica
can exhibit different morphologies depending on salinity and its diameter can range

from 5-25 pm depending on environmental conditions. Other examples of the

17



phenotypic plasticity of C. cryptica lend themselves well to the algal biofuel and
biomass industries as the photomicrographs in this feature illustrate (Figure 1.8). The
first is its ability to produce high concentrations of oil as the cells senesce and the
second is its ability for heterotrophic growth (Lewin & Ralph, 1960). This species is
typically characterized as photoautotrophic, meaning it uses inorganic carbon sources
and light in photosynthesis. However, this species is also capable of heterotrophic
growth in benthic environments by utilizing glucose. It has also been the target of
genetic manipulation Dunahay et al. (1996) to help increase lipid accumulation and

increase the efficiency of oil production in these versatile marine diatoms.

Figure 1.8.Image of Cyclotella cryptica Reimann, Lewin & Guillard. This image highlights the high oil
content (oil drops) of this diatom.
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1.8. Aim of thesis

The marine diatoms are unicellular algae that play an important ecological role in the
global primary production (Falkowski et al., 1998). These unicellular protists are able to
survive and proliferate in a wide range of environmental conditions, by adapting their
metabolism through mechanisms largely unknown. Understanding these processes is of
great ecological interest and can have wide application in different biotechnological
sectors. In the last years, the research group of Institute of Biomolecular Chemistry
(ICB-CNR, Pozzuoli, Naples) where | have carried out my PhD studies, has been
investigating chemistry and biochemistry of diatoms with the aim of clarifying the basic
process linked to defense and adaptation induced by biotic triggers.
In this frame, this work of doctoral thesis was focused on lipid metabolism of diatoms.
The first part of the work aimed at identifying secondary metabolites with regulatory
role in the physiological pathway of cell death of Skeletonema marinoi that was chosen
as ecologically-relevant model species. In the second part of the work we wanted to
evaluate the biochemical inhibition of the physiological processes of cell death as tool
to control the growth of Cyclotella cryptica in view of use this species for the biological
production of biofuels and bioproducts. Since C. cryptica is also capable of
heterotrophic growth, this species was also designed to study the biosynthetic pathways
in diatoms.
For this purpose the thesis work faced the following issues:

- Isolation and characterization of bioactive compounds

- Biochemical investigation of S. marinoi cell death pathway

- Qualitative and quantitative analysis of sterol sulfates in diatoms

- Sterol biosynthesis in diatoms

- Inhibition of sterols sulfotransferase
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2. Isolation and characterization of bioactive compounds

2. 1. Introduction

Diatoms are responsible for sudden and massive growths, known as “bloom”, in the
oceans and seas of the planet. The phenomenon is the basis of the marine food chain,
and contributes to the capture of approximately 40% of global carbon dioxide, although
these organisms constitute less than 1% of the Earth's biomass (Field et al, 1998).
Maintaining a steady state with such a high ratio of primary productivity / biomass
implies that, on average, these organisms grow, die and are replaced almost every week
(Valiela, 1995). Programmed cell death (PCD) is a form of autocatalytic cell suicide
leading to apoptotic-like morphological changes and, ultimately, cellular dissolution.
This deadly pathway has been extensively reported in multicellular organisms, and
recently it has also been demonstrated to occur in different species of phytoplankton,
refuting the long-held misconception among biological oceanographers whereby that
phytoplankton are immortal unless they become prey of herbivorous zooplankton (Bidle
& Falkowsky, 2004). However, the physiological factors and biochemical pathways
involved in cell death and their role in determining the end of the bloom are little
known. It has been reported that diatoms produce antimitotic metabolites in response to
physical damage during copepod grazing (Pohnert, 2000) and high level of oxygenated
fatty acid derivatives (“oxylipins”) have been correlated to culture progress (d Ippolito
et al., 2005), but there is no evidence of metabolites that can be synthesized and

secreted to play as death signals or trigger bloom/culture termination.

In this study the diatom Skeletonema marinoi was analyzed in relation to the ability to
produce compounds that may act as intraspecific inhibitory or cytotoxic signals. The
chemical approach to identify active molecules employs bioassay-guided fractionation

of organic extracts. The bioassay-guided method has the advantage of deselecting
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inactive fractions in favor of active constituents, but the analytical protocol is limited by
a number of critical issues including degradation of the products and formation of

artifacts during the chromatographic steps.

2. 2. Results and discussion

2. 2. 1. Skeletonema marinoi growth curve

In a first experimental set, S. marinoi cultures (in 10L- carboy, Figure 2.1) have been
sampled in mid-exponential (constant maximal growth rate), early stationary (as soon as
the growth rate decreases) and declining phases of growth (after a substantial decrease
in cell concentration) to investigate the production of physiological cytotoxic
compounds. These phases have been chosen since they represent critical steps in the
evolution of an algal culture, being characterized by different dominant cell processes
(growth, senescence and mortality) that are supposed to reflect changes in cell

metabolism.
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Figure 2.1.S. marinoi cultures in 10-L carboy and the relative growth curve.

In a second set of experiments, S. marinoi from 40 L culture was harvested in the first
point of declining phase. The large culture of the diatom was carried out in an inclined
photobioreactor that uses a combined system of micro and macro insufflations in order
to limit the adhesion of cells on surfaces without damaging them.

Using daily addition of nutrients and buffering at pH 7.5 by 50 mM MOPS, we obtained
growth curves of the duration of 7 days (Figure 2.2) with 1.0 + 0.2 g L™ of biomass (1.0
+ 0.2 g L™"). Diatom cultures were also grown under CO, bubbling. As showed in the
Figure 2.2 5% CO; in air induced an increase of cell growth during stationary phase
maintaining the same duration of the growth curve (7 days). Accordingly, biomass
increased from 1.0 £ 0.2 g L to 1.6 + 0.1 g L™ of culture, which was the best yield for

S. marinoi in the photobioreactor.
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Figure 2.2.Growth curves (Cells/mL) of S. marinoi in 40-L photobioreactor, by using MOPS or CO, to
buffer the pH.

2. 2. 2. Effects of Skeletonema marinoi cell extracts on its growth

Samples of cultures (1L) were collected from the 3 phases of microalgal growth
(exponential, stationary, and declining). After harvesting by gentle centrifugation, cell
pellets were extracted in boiling methanol (Juttner, 2001; Cutignano et al., 2006) as
described in the section 8.2 and the resulting material was tested in duplicate on
exponentially growing cultures of S. marinoi in 24-well plates in f/2 medium (Figure

2.3).

Figure 2.3.24-well plates inoculated with S. marinoi exponentially growing cultures. Biological assay

were performed as described in section 8.4.1.
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In order to assess the products close to physiological levels, the organic extracts in 10
UL methanol were tested at 60, 40 and 20 pg mL™. As shown in Figure 2.4 only the
extracts obtained from the declining phase had a strong negative effect on the growth of
S. marinoi, with complete inhibition at 40 pg mL™ in 24 h. The cells appeared broken
and morphologically altered (Figure 2.5), with a massive presence of debris after 48

hours of incubation.
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Figure 2.4.Effect of organic extracts obtained from different stages of microalgal growth on S. marinoi
cells: exponential (Exp), stationary (Stat) and declining (Decl) phase, compared to standard growth
(Control) and cells incubated with only 10 puL of methanol to exclude that the observed activity was due
to the solvent in which the samples were diluted or to a non-optimal physiological state of cells used for

the assays. All extracts were tested at a concentration of 40 ug mL™ in 24-well plates.
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Figure 2.5.Cellular morphology of S. marinoi at 0 (a), 24 (b) and 48 (c) hours by the addition of bioactive
extracts from declining growth phase (magnification of 40 x). It is evident a progressive destruction of

cellular integrity until massive presence of debris at 48 h (c).

To corroborate these results, the active extract was also tested at 40 pg mL™ with
increasing cell numbers (6:10%, 5.5 -10°, and 8:10° cells mL™) and the effect was
monitored up to 5 days. As reported in Figure 2.6, the cytotoxic response showed linear
dependence on cell number and incubation time. According to these results, 6:10* cells
mL™ and 48 hours of incubation time were established as standard conditions to

evaluate compound activity.
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Figure 2.6.Effect of organic extracts obtained from declining stage of microalgal growth on S. marinoi
cells at concentration of 40 pg mL™. The exctract was tested at increasing cells concentrations from 6-10*
(Treated-1), 5.5 -10° (Treated-2) to 8-10° (Treated-3) cells mL™ and monitored until 5 days of incubations.

The control curve (Control) is the standard growth curve obtained in 24-wells in 5 days.
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The active extract obtained from declining phase was also tested at scalar
concentrations of 60, 40 and 20 pug mL™ (Figure 2.7). The cell death effect was
apparently dose-dependent since a reduced toxicity has been observed at lower
concentration of the extract, although the effect is still significant. There was a mortality
rate of 100% in 24 hours at concentration of 60 pg mL™. About the same mortality rate
was reached in 48 hours at concentration of 40 pg mL™. At concentration 20 ug mL*
there was a mortality rate of about 90% in 48 hours. Extracts collected in other growth
phases were not active or did not induce specific variation of morphology of the tested
cells (n=3).

In the extracts from declining growth phase should therefore be present an organic
compound that, independently from the availability of nutrients and other external
factors, induces cell death. The investigation of the presence of cytotoxic compounds
proceeded only in these extracts by a bioassay-guided fractionation. This means a step-
by-step separation of the components of active extract by assessing the biological

activity, followed by next round of separation and assaying (Weller, 2012).
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Figure 2.7.Effect of the organic extracts from the declining growth phase assayed at different
concentrations: 60, 40, 20 ug mL™ of S. marinoi culture. Data are expressed as percentage of mortality
after 24 and 48 hours of incubation with the extracts. Biological response increased as increased

quantities of extract are administered.
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2. 2. 3. Isolation and characterization of bioactive compounds

The entire procedure of bioassay-guided fractionation is reported in Figure 2.8.

Skelelonemamarinol __s.  4) Crude extract

culture

2) HR-X fractionation

H.0
MeOH:H,0
ACN:H;0

ACN

CH,Cl;MeOH

3) HPLC purification

4) Characterization of pure compounds

Figure 2.8.Schematization of the entire process of bioassay-guided fractionation from the extract of the
organic pellets of S. marinoi. By 20 L of S. marinoi culture we obtained 1.84 + 0.54 g of bioactive extract
from declining growth phase. After fractionating this extract on HR-X resin, only the fraction eluted with
acetonitrile: water (56.1 + 11.2 mg) was active. We obtained an HPLC bioactive fraction containing a
mixture of 3 sterol sulfates (1.8 + 0.35 mg). These sterols were purified in the last HPLC step and

characterized.

As a first step of purification, it has been investigated a new method for fractionation of
organic extracts based on solid phase extraction on polystyrene—divinyl benzene

columns (CHROMABOND® HR-X). This chromatographic support allows separation
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of organic compounds on the basis of their polarity and molecular weight. Fractionation
of algal extracts gave six fractions eluted with decreasing polarity solvents, from water
to dichloromethane (Table 8.1). As shown in Figure 2.9, the HR-X column selectively
enriched different classes of compounds in the various fractions. In particular, salts
were eluted with water in fraction 1 along with the sugars that were also present in
fraction 2 together with pigments. Fraction 3 was characterized by compounds of
intermediate  polarity, inlcuding sulfoquinovosyldiacylglycerols (SQDGs) and
phospholipids (PLs), while fraction 4 mostly contained pigments, monogalactosyl
diacylglycerols (MGDGs) and minor levels of free fatty acids. Fraction 5 showed most
of the neutral lipids, such as sterols and triglycerides, together with part of digalactosyl

diacylglycerols (DGDGS).
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Figure 2.9.TLC analysis of HR-X fractions of two S. marinoi active extracts (REF); a) TLC eluted in
EP:EE (1:1; v/v); b) TLC eluted in CHCI;: CH30OH: H,O (65:25:4; v/viv). Spots were detected by

Ce(S0,), e cholesterol (col) was used as reference.
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These fractions were tested in 24-wells assay on S. marinoi cells. The activity was
found to be conserved in the fraction eluted with CH3CN:H,O at concentration of 20 pg
mL™. The bioactive mixture was then fractionated by HPLC on a reversed phase
semipreparative column (Table 8.2). Fractions were collected every two minutes and,
after removal of the organic solvents, these samples were tested again on S. marinoi as
described above. Activity was found at 10 ug mL™ (48 h) only in the material eluted
between 10-12 minutes (Figure 2.10). NMR and MS analysis revealed that this fraction

contained a mixture of sterol sulfates and sulfoquinovosyldiacylglycerols (SQDGS).
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Figure 2.10.HPLC profile of bioactive HR-X fraction. UV profile was monitored in the wavelength range
from 200 to 600 nm and the fractions were collected every two minutes. Bioactive fraction is at 10-12
minutes.

As shown in Figure 2.11 reporting NMR spectra of crude organic extract, HR-X and
HPLC bioactive fractions, the protocol of purification enriched the active components

and activity increased along the various purification steps (Table 2.1).
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Figure 2.11.NMR spectra (600 Hz) of bioactive fractions: S. marinoi organic extract from declining
growth phase (a); active HR-X fraction eluted in CH;CN:H,O (b); HPLC active fraction from
semipreparative purification (RT 10-12 min of HPLC profile) (c).
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Table 2.1 ECsx, (48 h) of the active fractions obtained in the different steps of purification

ECso (Mg/mL) +SD

Extract 215 2,58
HR-X fraction 10 1,37
| purification 5 0,1

To complete the characterization of the bioactive products, the purification protocol was
repeated by starting from larger amount of material. The first step of fractionation was
carried out by radial chromatography on Chromatrotron as illustrated in section 8.3.
Product elution was achieved by an increasing gradient of MeOH in CHCI; and the
compounds of interest (fraction 2) were recovered in CHCI3/CH3;OH 85:15 (v/v) (Figure

2.12).
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Figure 2.12.TLC analysis of Chromatrotron fractions eluted in CHCI;: CH3;0H: H,O (65:25:4; viviv),
Spots were detected by Ce(SO,), e cholesterol (col) was used as reference. Fraction 2 was enriched in

sterol sulfates.

The bioactive fraction was then purified by HPLC equipped with an Evaporative Light
Scattering Detector (ELSD) on a reversed phase analytical column under the same

elution conditions used before (Table 8.3). In this last step of purification by HPLC the
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mean compound 2 (Figure 2.14) has a cytotoxic activity at concentration 5 pg mL™ of
culture (48 h). This compound corresponds to one of three peaks showed in the ELSD
profile at RT 12 minutes in the Figure 2.13 and was then analyzed by MS and NMR.
The baseline and the other peaks showed in the chromatogram were assayed and were
not active on S. marinoi cells. Compounds 1 and 3 (RT 12 and 16 min) were not tested

for the small amount in the mixture that was not well measurable.
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Figure 2.13.ELSD profile of bioactive fractions: the three peaks at RT 12 min coincide with the active

fractions.

The active compounds are three sterol sulfates (StS) that were purified in the last HPLC
step and characterized. Structures are reported in the Figure 2.14, reporting their ESI’

MS/MS fragmentation pattern.
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Figure 2.14.ESI" MSMS spectra (with loss of HSO,4 residue) and the chemical structure of the isolated
sterols: 5-cholesten-3B-ol sulfate (1); 24-methylcholest-5-en-3p ol sulfate (2); 5- sitosten-33-ol sulfate (3).
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The main compound is the compound 2 (Figure 2.14), identified as dihydro-
brassicasterol sulfate (24-methylcholest-5-en-3 B-ol sulfate) (StS-2). The ion-negative
mass spectrum of this compound exhibited a molecular ion species at m/z 478.8,
corresponding to [M-H] and a fragment ion peak in MS/MS analysis at m/z 96.9,
interpreted as loss of HSO4 residue. The structure was confirmed by *H-NMR analysis
(Figure 2.15) and *C-NMR (Figure 2.16) data. In particular the *C NMR spectrum
measured in CD3OD was consistent with the presence of 28 carbon atoms and J-Mod
experiment showed the presence of six methyl groups, ten methylene, nine methine, one
bonded with oxygen atom, and three quaternary carbons. The *H-NMR confirmed the
presence of six methyl groups, with signals at 6 0.75 (s), 0.83 (d), 0.84 (d), 0.91(d), 0.98
(d) and 1.06 (s) ppm. 2D-COSY experiment allowed establishing the connectivities of
C-1 to C-8 and C-15 to C-21 within the steroidal framework. The proton spectrum
included also an olefinic proton at & 5.42 ppm and a complex signal at d 4.24 ppm
assigned to a 3B- oxygenated methine and its downfield chemical shift was identical to
that reported in the spectrum of the Sa-cholestan-3p-yl sulfate reported in literature
(Riccio et al., 1985; D’ Auria et al., 1987; D’ Auria et al., 1989) confirming a sulfate
group located there. We confirmed the stereochemistry (24p- alkyl sterol) by the
resolution of the signal at 0.84 ppm in *H NMR spectra (Nes et al., 1976) and by **C
signal of C-28 carbon signal and other side chain signals that are different in o and B-
epimer (Wright et al., 1978).

Compound 1 (StS-1) and 3 (StS-3) have the same nuclei and differed in the side chain,
as confirmed by the 'H NMR spectra. In particular comparing the NMR data of
compounds 1 with those of compound 2 we found the absence of the methyl group in
position 24, whereas the compound 3 showed an ethyl group in the place of the methyl
in the same position (Figure 2.15). To establish the absolute stereochemistry of carbon 3

(6 79.81 ppm) we compared the multiplicity and the chemical signal of the proton in
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this position to the spectrum of the commercial sodium cholesteryl sulfate (Sigma
Aldrich) (Figure 2.16). According to these analysis, compounds 1 and 3 were

characterized as 5-cholesten-3-ol sulfate (m/z 464.8) and 5- sitosten-33-ol sulfate (m/z

492.8), respectively.
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Figure 2.15.'"H NMR spectra of three sterol sulfates characterized. In the region around 0.7 ppm there are
the main differences in the multiplicity and chemical shifts of the proton signals corresponding to

different alkyl group in the lateral chain of the three compounds.
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Figure 2.16.J-Mod experiment of 5-cholesten-3p-ol sulfate (from S. marinoi extract) (a) and of
commercial 5-cholesten-3p-ol sulfate (b). The structure of StS-1 is exactly the same of that of
commercial compound. The chemical shift of the signal of C-3 carbon (79.815 ppm) confirmed a sulfate

group in this position.

To confirm the biological activity of the sulfated sterols, the commercial analog 5-
cholesten-3p-ol sulfate (StS-1) was tested. The toxic dose of the natural compound was
the same of the synthetic cholesterol sulfate, supporting that the biological activity of
the active fractions was really due to this class of compounds and not to other trace

compounds.
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2. 3. 4. Determination of ECsg

The ECsp values (concentration required to cause 50% mortality) were calculated using
linear regression analysis of StS-1 concentration as natural logarithm data versus
percentage mortality (Ma et al., 2004; Sebaugh, 2011; Liu et al.; 2012).

ECso was established by using increasing amounts of the pure compound to 5-10* cell
mL™ cultures of S. marinoi and by measuring the responses for each dose until
saturation- i.e. the point at which increasing the concentration of compound does not
increase the magnitude of the response. The response at different concentrations of StS-
1 was recorded between 0.5 to 100 ug mL™. As assessment of cell viability, the
chlorophyll a fluorescence and the vitality by the fluorescein diacetate assay were
estimated. Chlorophyll a fluorescence can well match the chemically estimated
chlorophyll a biomass (Veldhuis & Kraay, 2000) and has been considered as a measure
of the total amount of intact cells. As demonstrated in Figure 2.17, significant excitation
and emission peaks were observed that correspond to expected peaks for chlorophyll a
fluorescence. An excitation peak was observed at 434 nm, while an emission peak at
684 nm was found. Subsequent fluorescent determinations used an excitation
wavelength of 451/5 nm and an emission wavelength of 679/5 nm with diatom cells
dilutions in vivo: 200 pL of each culture (n=3) were directly pipetted in a black 96-
wells plate, mixed and measured. The fluorescent response was found to be linear with
cell number for all concentrations tested (Figure 2.18). This observation suggests that
this method of determination could be used to assess cell growth. Calibration curve was

repeated before each fluorescence assay.
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Figure 2.17.Chlorophyll a fluorescence emission spectrum in a S. marinoi culture by using an excitation
wavelength of 434 nm. The emission peak at 684 nm was used for cellular density measurement.
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Figure 2.18.Correlation between cells number (Cells/mL) of S. marinoi cultures and fluorescence

measurements of chlorophyll a (intensity measured as relative units of fluorescence; RFU).

Fluorescein diacetate has been used in many studies as an indicator of microalgal cell
viability after exposure to cytotoxic conditions (Vasconcelos et al., 2000; Bentley-
Mowat, 1982). This molecule is nonfluorescent but can move across biological
membranes. When FDA enters viable cells, it is quickly hydrolised by esterases with

release of free fluorescein that can be measured by spectrophotometry (Figure 2.19).
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Fluorescein does not cross intact plasma membranes therefore it is trapped inside live
cells. Consequently, so long as the integrity of plasma membranes is not compromised,
cells accumulate fluorescein and become brightly fluorescent whereas damaged cells

remain nonfluorescent.

+ 2(CH3COOH)

Fluorescein Diacetate Fluorescein

Figure 2.19.FDA formula and hydrolization by viable cells.

We monitored the chlorophyll a and FDA fluorescence after 24 and 48 hours of
incubation with increasing amounts of StS-1 and, as shown in the Figure 2.20, the
relative fluorescence of both probes decreases as the concentration of StS-1 increases.

The dose-response plot of Figure 2.21 shows that ECsp of StS-1 was 2.22 mg L™ at 48 h
(4.77 uM). The same experiment with higher cellular concentrations of S. marinoi (from

1-10° to 1-10° cell mL™) revealed medium ECs; of 3.27 + 0.6 mg L™ (7.03 uM) at 48 h.
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Figure 2.20.Quantitation in relative fluorescence units (RFU) in 24 and 48 hours of chl a fluorescence
(a) and FDA fluorescence (b) in cells untreated (Cont and MeOH) and treated with StS-1 from 0.5 to 100
ng mL™. There was linearity between StS-1 dose and response of both of probes until concentration of 5
ug mL?, meaning a linear proportionality between cell death and the dose tested in the range 0.5-5 pig

mL™. In the range 10-100 pg mL™ didn’t increase the magnitude of the effect.
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Figure 2.21.Dose- response analysis standard curve (SigmaPlot analysis) of S. marinoi cells treated with
different concentrations of StS-1 (48 h). All responses were normalized to 100% of mortality according to
the FDA fluorescence value and were plotted against compound concentration (on Log scale). By

interpolation of the inflection point of the sigmoidal curve the ECs, value of 2.22 mg L™ was calculated.
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3. Biochemical investigation of S. marinoi cell death pathway

3. 1. Introduction

Autocatalytic cell death triggered by specific environmental stresses (cell age, nutrient
deprivation, high light levels, oxidative stress) in prokaryotic and eukaryotic unicellular
phytoplankton provides a mechanism to explain the high lysis rates independent of viral
attack or grazing (Franklin et al., 2006). This cellular self-destruction is analogous to
programmed cell death (PCD) in multicellular organisms, a form of autocatalytic cell
suicide in which an endogenous biochemical pathway leads to apoptotic-like
morphological changes and, ultimately, cellular dissolution (Figure 3.1). PCD involves
the expression and biochemical coordination of specialized cellular machinery, such as
receptors, adaptors, signal kinases, proteases, and nuclear factors. A specific class of
intracellular cysteinyl aspartate-specific proteases, termed caspases, is of particular
interest due to their ubiquitous role in both the initiation and execution of PCD through
the cleavage of various essential proteins in response to proapoptotic signals
(Thornberry and Lazebnik, 1998.). The discovery of caspase homologues, paracaspases
and metacaspases, in morphologically diverse organisms, including animals, higher
plants, slime molds, unicellular protists, fungi, and bacteria (Uren et al., 2000), suggests
that they may represent an ancestral core of executioners that led to the emergence of
the cell death machinery. Presumably, early ancestors of plants and animals had
minimal apoptotic machinery, with the more complex PCD systems in animals
emerging with metazoans. Their cellular roles, however, still remain an open question
regarding unicellular protists and plants.

Autocatalytic cell death in diatoms was first documented in Ditylum brightwellii
(Brussaard et al., 1997) and Thalassiosira weissflogii (Berges & Falkowski, 1998) in

response to nutrient limitation. Later, a threshold and dose-dependent response to
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secondary metabolites (oxylipins) elicited from diatoms during stress and derived by
enzymatic oxidation of fatty acids (D Ippolito et al., 2005; Fontana et al., 2007), such
as the aldehyde 2-trans, 4-trans-decadienal, was shown to induce morphological and
biochemical features of apoptosis (Casotti et al., 2005). Subsequently, Vardi et al.
(2006) demonstrated a stress surveillance and cell-cell communication system in
Phaeodactylum tricornutum that employs secondary messengers (e.g., nitric oxide and
calcium) to critically regulate PCD and cell fate. A novel calcium-regulated protein
(ScDSP), with a transmembrane domain and a pair of EF-hand motifs, also was
identified in the last years in the diatom Skeletonema costatum and shown to have
strong up-regulation of gene expression in dying cells, suggestive of a role in the signal
transduction of stress to the death machinery (Chung et al., 2005). Finally activation of
autocatalytic PCD in the diatom Thalassiosira pseudonana was reported as a central

death pathway in response to nutrient starvation (Bidle & Bender, 2008).
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Figure 3.1.Summary of the causes, consequences and evolutionary implications of cell death processes in
unicellular phytoplankton. Simple cause and effect relationships are probably complicated by metabolic
heterogeneity amongst unicellular populations, the influence of undocumented life-history processes

(sexual cycles, asymmetric division) and intercellular signaling (Franklin et al., 2006).

These studies have provided intriguing mechanistic insights into how diatoms couple
environmental stress levels with cell death (Falciatore et al., 2000; Bratbak, et al.,
1993). Nevertheless, we still have very little mechanistic insight into the biochemical
execution of autocatalytic cell death in diatoms. Biological analyses were carried out to
clarify whether the mechanism of cell death triggered by sterol sulfates was due to a

type of apoptosis. Since the genome of S. marinoi is not known, we did not have access
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to the molecular data related to the caspase pathway involved in cell death. However,
apoptotic cells show also characteristic pattern of morphological changes, such as the
externalization of phosphatidylserine (PTS) in the membrane and nuclear DNA
fragmentation that can be used to target the cellular process. Thus were used these
phenotypic modifications to study the cytotoxic effect of apoptotic process induced by
cholesteryl sulfate (StS-1).

It has been assessed the production of reactive oxygen species (ROS) and nitric oxide
(NO) induced by StS-1 in S. marinoi. ROS and NO are both well established as
signaling molecules, mediating a wide range of cellular responses (Apel & Hirt, 2004;
Laloi et al., 2004; Wilkins et al., 2011) including hormone signaling, cell cycle, stress
and defense response, and PCD (Mittler et al., 2004; Kwak et al., 2006). Because NO
requires H,O, to induce cell death (Delledonne et al., 2001; de Pinto et al., 2002),
synergistic ROS and NO interactions has been also suggested as possible trigger of cell
death in plants and microalgae. In marine diatoms, namely Thalassiosira weissflogii and
Phaeodactylum tricornutum, aldehyde products have been demonstrated to induce
calcium-dependent NO synthase-like activity in signal transduction of PCD regulatory
pathway (Vardi, 2006). In the last years a novel gene, DSP-1 (ScDSP-1) (Chang et al.,
2008), encoding a death-specific protein (DSP) was obtained from Skeletonema

costatum. DSP expression was also associated with NO production pathway.

3. 2. Results and discussion

3.2.1. NO and hROS production

The effect of StS-1 on NO production in S. marinoi was measured by using the NO-

sensitive dye 4-amino-5-methylamino- 2°,7°- difluorescein diacetate (DAF-FM). This
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compound is essentially nonfluorescent until it reacts with NO to form a fluorescent
benzotriazole (Figure 3.2). DAF-FM diacetate is cell-permeant and passively diffuses
across cellular membranes. Once inside cells, it is deacetylated by intracellular esterases
to become DAF-FM. The fluorescence quantum vyield of DAF-FM is ~0.005, but

increases about 160-fold, to ~0.81, after reacting with nitric oxide.
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Figure 3.2.Reaction scheme for the detection of nitric oxide (NO) by DAF-FM and DAF-FM diacetate.
This compound is essentially nonfluorescent until it reacts with NO to form a fluorescent benzotriazole

derivative.

The increase in fluorescence was not immediate in the samples incubated with StS-1
compared to those incubated with the NO donors SNP and NONATE (Figure 3.3).
Nevertheless, a significant increase was detected after 3 hours. At 4 hours, the
fluorescence of samples incubated with lower concentration of StS-1 (50 pg mL™) was
comparable with that of the samples incubated with NONATE under the same
experimental conditions, while the highest concentration mimicked the effect of SNP.
StS-1 determined accumulation of green fluorescence corresponding to NO generation
inside the cells (Figure 3.4), while control cells revealed only presence of fluorescence

due to chlorophyll a.
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Figure 3.3.Estimated production in relative fluorescence units (RFU) in 4 hours of DAF-FM fluorescence
in cells untreated (Cont), treated with StS-1 (50 and 100 ug mL™) and with NO donor diethylamine nitric
oxide (DEANO) and sodium nitroprusside (SNP), as positive controls to verify the reliability of DAF-FM
as a probe for NO detection in S. marinoi cells. After 4 hours of incubation with StS-1 the samples

fluorescence was comparable with that of the samples incubated with NONATE and SNP.

Figure 3.4.Photo by epifluorescence microscopy by using a 530/30 BP emission filter for red and green
fluorescence emission (magnification of 40 x) after 4 hours of incubation: control cells (a); cells
incubated with StS-1 (b), in which there is a clear green fluorescence due to formation of benzotriazole
derivative of DAF-FM, index of NO production.
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Reactive Oxygen Species (ROS) encompass a humber of reactive molecules and free
radicals. The production of oxygen radicals is the result of aerobic processes. These
molecules, produced as byproducts during the mitochondrial electron transport or by
oxidoreductase enzymes and metal catalyzed oxidation, have the potential to cause a
number of deleterious events. Initially, it was thought that only phagocytic cells were
responsible for ROS production as their part in host cell defense mechanisms. Recent
work has instead demonstrated that ROS have a more general role in cell signaling,
being part of many different cell processes, including apoptosis and gene expression
(Hancock et al., 2001). Occurrence of hROS (highly reactive oxygen species) has been
previously detected in aged cells of S. marinoi by hydroxyphenyl fluorescein (HPF)
(Fontana et al., 2007), a fluorescein derivative that is nonfluorescent until it reacts with

the hydroxyl radical or peroxynitrite anion (Figure 3.5).
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Figure 3.5.Scheme of O-dearylation reaction of HPF with hROS. HPF revealed an intense green

fluorescence when reacts with hROS and is converted in its O-dearylated derivative.

As shown in Figure 3.6, incubation of S. marinoi with StS-1 triggered synthesis of
hROS as detected by HPF. After 4 hours the intensity of fluorescence of the samples
treated with the sulfated lipid was clearly higher than that of the positive control (H,0,).
The concentration of H,O, chosen for the experiment was 200 pM because with higher

concentrations the culture medium was colored bright green after only an hour (the
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same effect was obtained with the chosen concentration of H,O, after 4 hours and in the

wells inoculated with StS-1 after about 20 hours).

15+

Bl Oh
El 4h
Q
= 10-
4
oi——
3 5+
L.
0-
> X o &S & ®
S K @ & P
& ¢ o &
c° =) =)

Figure 3.6.Quantitation in relative fluorescence units (RFU) in 4 hours of HPF fluorescence in cells
untreated (Cont and Cont + HPF), treated with StS-1 (50, 100, 200 pg mL™) and with H,O, (200 uM)
chosen as positive control. The estimated fluorescence intensity revealed a hROS production by cells

treated with StS-1 that is higher to that of the positive control also at the lowest tested concentration.

3.2.2. In situ PCD detection

Cells undergoing apoptosis display a characteristic pattern of morphological changes
like phosphatidylserine (PTS) externalization and nuclear disintegration. Thus was
assessed the effect of StS-1 on apoptosis by incubation of S. marinoi cells with Annexin
V-FITC and TUNEL.

Staining with Annexin V-FITC was used for in vivo testing phosphatidylserine (PTS)

externalization (Bidle & Bendert, 2008), a diagnostic marker of PCD (Figure 3.7).
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Figure 3.7.Mechanism of detecting apoptotic cell by Annexin V-FITC. After binding to the phospholipid
surface, annexin V assembles into a trimeric cluster. This trimer consists of three annexin molecules
which are bound to each other via non-covalent protein-protein interactions. The formation of annexin
trimers results in the formation of a two-dimensional crystal lattice on the phospholipid membrane. This
clustering of annexin on the membrane greatly increases the intensity of annexin when labeled with a

fluorescent probe (FITC).

The collapse of the nucleus is associated with the activation of endonuclease, which
cleaves the nuclear DNA into oligonucleosome length DNA fragments (Orrenius et al.,
2003). Therefore, the occurrence of DNA fragmentation indicates that the self-
destruction mechanism in diatoms is similar to the apoptosis —like pathway in
metazoans (Vardi et al., 1999; Segovia et al., 2003; Casotti et al., 2005). Free 3°’OH
ends of DNA, generated by activation of endonuclease activity in dying cells, were
fluorescently labeled with a conventional in situ terminal transferase- mediated dUTP
nick end-labeling (TUNEL) assay (Gavrieli et al., 1992) by using an In Situ Cell Death
Detection Kit Fluorescein. This is based on the detection of single- and double-stranded
DNA breaks that occur at the early stages of apoptosis. Apoptotic cells are fixed and
permeabilized. Subsequently, the cells are incubated with the TUNEL reaction mixture
that contains TdT (enzyme terminal deoxynucleotidyl transferase) and fluorescein-
dUTP (2"-Deoxyuridine, 5" -Triphosphate). During this incubation period, TdT catalyzes

the addition of fluorescein-dUTP at free 3'-OH groups in single- and double-stranded
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DNA. After washing, the label incorporated at the damaged sites of the DNA is
visualized by flow cytometry and/or fluorescence microscopy.

Given the absence of literature about diatoms (Casotti et al., 2005; Vardi et al., 1999;
Chung, 2005), it was first necessary to develop the experimental method suitable for
cell labeling. In particular, we established the optimal number of cells, the conditions of
fixation and permeabilization, time of incubation and concentration of StS-1.

Assuming that the increased fluorescence intensity could be attributed to excessive
incubation time with StS-1, which may have already caused a massive DNA
fragmentation, cultures were inoculated with different concentrations of compound (2.5,
5 and 10 pg mL™ of StS-1) and the assay was performed at different times of
incubation. In triplicates, cultures of S. marinoi were inoculated in 20 mL of f/2 with 2.5
e 5 pg mL™" of StS-1. The cells were recovered after 3, 6, 12, and 24 h of incubation and
used for the detection of phosphatidylserine externalization and for TUNEL. For the
TUNEL assay, the best time for the success of the experiment was found to be 12 h with
a concentration of 2.5 ug mL™ of StS-1. At the same concentration, for the Annexin
assay the best sampling is found to be 2 h.

As shown in Figure 3.8, S. marinoi cells incubated for 2 h with 5 uM StS-1 were clearly
tagged by the intense green fluorescence in agreement with the PTS externalization
across the membrane. Untreated cells did not reveal any fluorescence due to PTS

neither inside nor outside the diatom cells.
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Figure 3.8.0bservation by epifluorescence microscopy (magnification of 100 x) of cells treated with 5
UM StS-1 and untreated cells (Control) after Annexin V-FITC assay. Images were taken by using 515/565
band filter for only green fluorescence, a LP615 band filters for only red fluorescence emission and
525/50 band filter for both green and red fluorescence emission. Both cell samples showed red
fluorescence due to chlorophyll, but only +StS-1 cells showed the green fluorescence outside the nucleus,

in agreement with the PTS externalization across the membrane.

TUNEL results with S. marinoi after addition of 5 uM StS-1 is reported in figure 3.9.
Diatom cells were considered positive (and therefore apoptotic) when both red
fluorescence from the chloroplast (due to chl) and green fluorescence from the nucleus
were visible after 12 h. It is evident by comparing the images of the cells treated with
negative control on the right column (control samples from cultures without StS-1
addition) the presence of a green fluorescence in the nucleus in agreement with the

DNA fragmentation.
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Figure 3.9.Fluorescence micrographs (magnification of 100 x) of control cells (Control) and cells treated
with 5 uM StS-1 after TUNEL assay. Images were taken by using 515/565 band filter for only green
fluorescence, a LP615 band filters for only red fluorescence emission and 525/50 band filter for both
green and red fluorescence emission. Both cell samples showed red fluorescence due to chlorophyll, but
only +StS-1 cells showed the green fluorescence inside the cells, in agreement with labeled 3’OH free-

ends of fragmented DNA.
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4. Qualitative and quantitative analysis of sterol sulfates in diatoms

4. 1. Introduction

Sterol sulfates have been reported from many marine organisms, including sponges
(Gunasekera, et al., 1994, Patil et al., 1996), echinoderms (Goodfellow & Goao, 1983,
Shubina et al., 1998), ophiuroids (McKee et al., 1994) and mammals (Langlais et al.,
1981). These compounds have been described as HIV inhibitors (Lerch & Faulkner,
2001; McKee et al., 1994), cytotoxic agents (D Auria et al., 1987; D Auria et al., 1998)
and enzyme inhibitors (Makarieva et al., 1986; Zvyagintseva et al., 1986). There are a
few reports of sterol sulfates also in diatoms (Kates et al., 1977; Kazufumi & Masami,
2002) but to the best of our knowledge their physiological role has been never
investigated in this line of microalgae. The purpose of this part of the thesis work was to
develop a method of quantitation for sterol sulfates in order to investigate the
physiological production in S. marinoi and the correlation with the cytotoxic dose. We
have also investigated the distribution of species of diatom sterols compared to the

sterol sulfates and their presence in other diatom species.

4. 2. Results and discussion

4.2.1. Sterol sulfates quantification along S. marinoi growth curve

Cholesterol can be assessed by enzymatic, colorimetric or chromatographic methods
(Burke et al., 1974; Grizard et al., 1995). All these methods suffer of severe technical
limitations or do not allow discriminating between different molecular species. On the
other hand, most methods for sulfated sterols require solvolysis and derivatization of the
natural products (Lalumiere et al., 1976; Connor et al., 1998). For this reason, a new

method based on quantification by LC-MS has been developed. As shown in Figure 4.1,
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good resolution of the three peaks corresponding to StS-1 (m/z 465.1), StS-2 (m/z 479.1)
and StS-3 (m/z 493.1) of S. marinoi was achieved by using a C8 reverse phase column
and a linear gradient of methanol in water (Table 8.4). To the best of our knowledge,
there is only another LC-MS application that has been proposed for the analysis of
sterol sulfates in human plasma (Shackleton & Reid, 1989). The novel methodology
proved to be direct and sensitive, allowing detection of sterol sulfates in 10-20 pg of
crude diatom extracts.

Furthermore, use of [25,26,26,26,27,27,27-D7]-cholesterol sulfate as internal standard,

allowed simple quantification of the natural products.
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Figure 4.1.Total ion current (TIC) MS profile acquired in full scan MS of S. marinoi extract. Numbers
above peaks indicate the molecular weight of the most intense ion. Three peaks correspond to three sterol
sulfates: StS-1 (m/z 465.1), StS-2 (m/z 479.1) and StS-3 (m/z 493.1).

In order to monitor level of sterols along growth curve of S. marinoi, diatom cell were
harvested every day by gentle centrifugation of 0.3 L of culture. The resulting pellets
were extracted by MeOH and analyzed by LC-MS as described in section 8.9. The last

samples were collected on the 12" day, corresponding to the first point of declining
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growth phase. The total amount of sterol sulfates per liter of culture increased along the
growth curve of S. marinoi, ranging from 13.9 + 0.05 pg/L of in the early exponential
phase to 807.11 £+ 0.95 pg/L in the last point of the curve during the beginning of the
declining phase. As shown in Figure 4.2, concentration of the sterol sulfates increased
dramatically concurrently with the cell number, thus suggesting an increase in cellular

production of these compounds corresponding to a progress of the growth towards

senescence.
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Figure 4.1.Sterol sulfates quantification along S. marinoi growth curve.

Moreover, the amount of sterol sulfates per mg of extract greatly increased from the
beginning to the end of the growth curve (Figure 4.2), corroborating the major activity
of the extract obtained from the point of declining growth phase in the first part of the

work (Chapter 2).
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Figure4.2.Sterol sulfates distribution along S. marinoi growth curve expressed as pg mg™ organic extract.

Recovery of the extraction procedure was calculated by recovery of internal deuterated standard.

LC-MS profile of the three sterol sulfates collected along 12 days of S. marinoi cultures
revealed that StS-2 was the compound that mostly accounted for the great increase of

sterol sulfates in the declining phase (Figure 4.3).
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Figure 4.3.Relative composition of StSs in S. marinoi biomass (a). Data are expressed as pg of sterol
sulfates isolated for mg of organic extract: StS-1 (MW 466), StS-2 (MW 480) and StS-3 (MW 494); LC-
MS profile of three StSs in samples collected at different days along growth curve of S. marinoi (b).
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These results support the hypothesis that cellular production of these compounds occurs
under physiological conditions and the gradual increase along the growth curve suggests
a physiological mechanism of preparation to senescence. It is worth noting that the
estimated amount of sterol sulfates (0.8 mg L™) in S. marinoi during the declining phase
is in the same range of the ECs value (2.2 mg L™ at 48 h) that we established with
standard StS-1 in the auto-allelopathic assays. These data confirmed the physiological

induction of cell death triggered by sterol sulfates in the marine diatom S. marinoi.

4.2.2. Sterol sulfates analysis in other diatoms

The LC-MS method developed for S. marinoi allowed determination of these
compounds in other related species of marine diatoms. The first species to be analyzed
were Pseudonitzchia multistriata, Pseudonitzchia arhenysensis and Phaeodactylum
tricornutum (Figure 4.4). These diatoms have a recognized ecological role in many

marine habitats and, unlike S. marinoi, are better characterized at molecular level.
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Figure 4.4.Extraction ion profile (m/z 477.0 and 465.2) acquired in full scan MS of sterol sulfates in P.

tricornutum (a), P. arhenysensis (b), P. multistriata (c) extracts.

P. tricornutum showed major presence of a sterol sulfate that was not present in S.
marinoi. This product was characterized by a molecular ion at m/z 477.1 (Figure 4.4, a)
and was identified by purification and NMR study as 24-methylene cholesterol sulfate
(StS-4) (Figure 4.5). This metabolite was also found in P. arenysenis (Figure 4.4, b),
whereas the extracts of the sister species P. multistriata contained only StS-1 (Figure
4.4, ¢). On the other hand, StS-2 and StS-4 were predominant in Cyclothella criptica

and Thalassiosira weissflogii (Figure 4.6).
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Figure 4.5.ESI" MS/MS spectrum of 24-methylene cholesterol sulfate (4) with loss of HSO, residue (m/z
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Figure 4.6.Extraction ion profile (m/z 477.1, 479.1) of sterol sulfates acquired in full scan ESI" MS of C.
cryptica (a) and T. weissflogii (b) extracts. StS-4 (m/z 477.0) and StS-2 (m/z 479.1) are the predominant

compound in these species.
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It would be interesting to investigate therefore the biosynthetic pathway of sterol and
the subsequent step of sulfonation to understanding the biochemical mechanism
underlying the different distribution of these molecules.

The LC-MS analysis of sterol sulfates in diatoms suggests a species specific distribution
of these molecules with the lineage. To verify the occurrence of sterol sulfates variation
along the growth curve in other species, samples were collected along the growth curve
of C. cryptica. The results showed a gradual and significant increase of the level of
sterol sulfates from 15.0 + 3.4 ug L™ in the exponential phase to 100.3 + 5.6 pg L™ in
the declining phase. Because the lower density of C. cryptica cultures, the total amount
of sterol sulfates for liter of culture was lower than in S. marinoi cultures even if the
amount of sterol sulfates per cell (Figure 4.7) was very close in the two diatoms (0.65 +

0.01 pg cell* in C. cryptica and 0.95 + 0.04 pg cell* in S. marinoi).
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Figure 4.7.Sterol sulfates quantification expressed as pg cell™ along C. cryptica growth curve.
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4. 2. 4. Isolation and analysis of sterols from S. marinoi and C. cryptica

The pool of sterols in these species was analyzed in order to assess if differences in the
sterol sulfates pattern were also reflected by a different distribution of sterols in marine
diatoms and to check if there was a distribution similar to that observed with the
corresponding sulfated derivatives.

After enrichment by HR-X SPE, S. marinoi and C. cryptica extracts (that eluted with
CH,Cl,:CH30H, see section 2.2.2.) were purified by sequential chromatographic steps
to give a pure fraction of sterol mixture from both species. In Figure 4.8 is reported the

TLC analysis of the first chromatographic step on silica column.

#
.

Figure 4.8.TLC analysis of a S. marinoi HR-fraction (R) purification eluted in petroleum ether: ethylic
ether (1:1; v/v), Spots were detected by Ce(SO,), e cholesterol (col) was used as reference. Fraction 4

contains pure sterol mixture.

Sterols were then analyzed by GC-MS on acetyl derivatives obtained by reaction with
acetic anhydride in dry prydine overnight at room temperature. The complete course of
the derivatization was monitored by TLC in petroleum ether: ethylic ether (6:4; v/v)

(Figure 4.9).
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col mix R

Figure 4.9.TLC analysis of acetylation reaction; cholesterol (col) was used as reference. Mix of starting
mixture and final product (mix) was analyzed with the only final product (R) that revealed as one spot up
the TLC. Spots were detected by Ce(SO,),.

GC-MS profile revealed a sterol mixture composed of cholesterol (1),
diidrobrassicasterol (2), 24-methyilene cholesterol (3) and B-sitosterol (4) in S. marinoi
(Figure 4.10a), whereas only diidrobrassicasterol (2) and 24-methyilene cholesterol (3)
in C. criptica (Figure 4.10b). Every compound was unambiguously identified by mass
spectra, diagnostic fragments and retention times compared to those reported in
literature (Wyllie & Djerassi, 1968; Wyllie & Amos, 1977).

Relative abundance of each species was estimated by area integration of the single peak
in the two species. In S. marinoi the main component was diidrobrassicasterol with a
relative abundance percentage of 49.8 %, while cholesterol and 24-methylene
cholesterol were respectively the 31.3 and 11.7 % of the mixture. B-sitosterol was the
minor constituent with only 7.2 %. In C. cryptica diidrobrassicasterol accounted for the
most abundant species with a percentage of 61.3 % versus 38.2 % of 24-methyilene
cholesterol. These analyses proved a close correlation between the qualitative and
quantitative composition of free and sulfated sterols in the two diatom species (after

identification of 24- methylene cholesterol in the extract of S. marinoi, re-analysis of the
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b)

sulfated pool revealed the presence of 24- methylene cholesterol sulfate). This result
indicated that sulfanation was most likely not responsible for modulation of the pool of
sulfated sterols along the growth curve, thus suggesting that regulation of the levels of

this class of compounds could be dependent on biosynthesis of the terpene skeleton.
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Figure 4.10.GC Chromatograms of acetylated derivatives of S. marinoi (a) and C. cryptica (b) sterols
with respective chain side structures. In S. marinoi we found 4 different sterols: cholesterol (1),
diidrobrassicasterol (2), 24-methylene cholesterol (3) and - sitosterol (4), while in C. cryptica we

reported only diidrobrassicasterol (2) and 24-methylene cholesterol (3).
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5. Sterol biosynthesis in diatoms
5. 1. Introduction

In eukaryotes, sterols are important components of the plasma membrane, play relevant
roles in cellular defense and signaling, and are precursors of several hormones and
bioactive secondary metabolites (Adolph et al., 2004; Benveniste, 2004; Dufourc, 2008;
Vinci et al.,, 2008; Galea & Brown, 2009; Tomazic et al., 2011). The ability to
synthesize sterols is a common feature of eukaryotes, with rare exceptions represented
by some insects, nematodes and oomycete plant pathogens, such as Phytophthora spp.
(Desmond & Gribaldo, 2009; Gaulin et al., 2010). Therefore, being deeply rooted in the
early history of eukaryotic life, the sterol biosynthesis pathway can be considered as a
prime example of metabolic evolutionary conservation. It is believed that the Last
Eukaryotic Common Ancestor (LECA) already possessed some of the metabolic
enzymes of the present sterol pathway (Desmond & Gribaldo, 2009). The presumed
presence of a primitive form of this pathway in the LECA is reflected by the
conservation of many aspects of the pathway in all sterol-producing organisms. Despite
the diversity in the end products of the sterol biosynthesis pathway, many upstream
reactions and intermediates are ubiquitously conserved in the different taxonomical
groups (Figure 5.1). A recent acquisition is the existence of two distinct pathways for
the synthesis of sterols and other terpenoids in nature. In plants and other photosynthetic
organisms, the two pathways co-occur but are responsible for synthesis of different
products. Thus sterols and terpenes are generally produced by the cytosolic mevalonate
(MVA) pathway, whereas carotenoids derive from the plastidic methylerythritol
phosphate (MEP) pathway (Cvejic & Rohmer, 2000). This differentiation is less clear in
green algae and some red algae, where sterol synthesis has been suggested to depend on
MEP pathway (Massé et al., 2004; Lohr et al., 2012).
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The MVA pathway has been well studied since the 1950s. The first two steps involve
condensation of three molecules of acetyl-coenzyme A (acetyl-CoA) to produce
hydroxymethyl glutaryl-CoA (HMG-CoA) (Amdur et al., 1957; Miziorko & Lane, 1977)
(Figure 5.1). HMG-CoA is then reduced to MVA, which is subsequently
phosphorylated twice before decarboxylation to isopentenyl pyorophosphate (IPP)
(Agranoff et al., 1960). IPP isomerase (IDI) converts IPP to dimethylally pyrophosphate
(DMAPP) and produces the basic building blocks for the construction of sterols and
other terpenes (Dhe-Paganon et al., 1994).

Unlike the MVA pathway, the MEP pathway was discovered only recently. 1-Deoxy-d-
xylulose 5-Phosphate (DXP) synthase was the first protein identified, in 1997 (Sprenger
et al., 1997). The MEP pathway begins with condensation of glyceraldehyde 3-
phosphate (G3P) and pyruvate to produce DXP by DXP synthase (DXS) followed by
the MEP synthase (DXR)-catalyzed rearrangement and reduction of DXP to generate 2-
C-methyl-erythritol 4-phosphate (MEP) (Kuzuyama et al., 1998; Lois et al., 1998). MEP
is converted to 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (cMEDP) by the
successive actions of 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME) synthase
(IspD), CDP-ME 2-phosphate (CDP-ME2P) synthase (IspE), and cMEDP synthase
(IspF) (Herz et al., 2000). 1-Hydroxy 2-methyl-2-buten-4-yl diphosphate (HDMAPP) is
formed by the IspG-catalyzed ring opening of cMEDP (Rohdich et al., 2003). IPP and

DMAPP are ultimately formed in one step.
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Figure 5.1.MEP and MVA pathways for isoprenoid biosynthesis. G3P, glyceraldehyde 3-phosphate;

DXP, 1-Deoxy-d-xylulose 5-Phosphate; DXS, DXP synthase; DXR, MEP synthase; cMEDP, 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate; CDP-ME, 4-diphosphocytidyl-2-C-methyl-D-erythritol; IspD,
CDP-ME synthase; IspE, CDP-ME 2-phosphate synthase; IspF , cMEDP synthase; HDMAPP, 1-Hydroxy
2-methyl-2-buten-4-yl diphosphate; IPP, Isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate.
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The condensation of IPP and DMAPP produces geranyl diphosphate (GPP), which
forms farnesyl diphosphate (FPP) by head-totail reaction with another molecule of IPP.
FPP is the substrate of squalene synthase, which initiates sterol biosynthesis. The
squalene in eukaryotes is first epoxidized by squalene epoxidase (SQE) before
cyclization by an oxidosqualene cyclase (OSC) (Figure 5.2). The cyclization of 2,3-
epoxysqualene to lanosterol in animals and fungi, and cycloartenol in plants and green
algae is catalysed by distinct OSCs. The next conserved reaction is catalysed by a
cytochrome P450 (P450), sterol-14-demethylase (CYP51), which removes a methyl
group from lanosterol in animals and fungi, and from obtusifoliol, a product of
cycloartenol conversions, in the green lineage. After this reaction, the synthesis of

sterols becomes more specific and varies depending on the phylogeny.
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Figure 5.2.0xidosqualene cyclase (OSC) pre-fold oxidosqualene into a chair-boat-chair conformation.
There are distinct OSCs in animal and fungi and in photosynthetic organisms (plants and green algae): in
the first case 2,3-epoxysqualene cyclization take to lanosterol and in the second case to cycloartenol. A
last key step involves a P450 enzyme (CYP51) which uses lanosterol in animals and fungi, and
obtusifoliol in plants as substrates to form the different cluster of sterols: ergosterol in funghi, cholesterol

in mammals and campesterol, sitosterol, stigmasterol in plants. (Figure from Hartmann M., 1998)
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Contrary to the well understood biochemistry of sterols in animals, plants and fungi, our
knowledge of this process in other organisms, and in particular in many groups of
unicellular eukaryotes, remains fragmentary. Although efforts to chemically
characterize the sterol composition of several diatom species have revealed a marked
diversity in products (Volkman, 2003; Rampen et al., 2010; Giner & Wikfors, 2011), the
few studies carried out so far on the biosynthetic pathways (Fabris et al., 2014; Massé
et al., 2004) have left unresolved the origin of these compounds in the lineage. Some
diatom sterols seem to derive from cycloartenol, like phytosterols, whereas others
originate from lanosterol, making the collocation of the pathway difficult (Rampen et
al., 2010). Diatoms belong to the same kingdom as the oomycetes, one of the rare
eukaryotic groups that have lost the ability to synthesize sterols during their evolution
(Gaulin et al.,, 2010). Therefore, the study of sterol biosynthesis in diatoms is
fascinating, from both evolutionary and ecological perspectives.

Given the results that have led to the identification of sterol sulfates as possible cellular
mediators in diatoms and in consideration of the modulation of steroid levels in C.
criptica and S. marinoi, this part of the thesis addresses the characterization of the
biosynthetic pathway of sterols by the incorporation of a labeled organic substrate. To
this aim, it has been specifically designed conditions to grow diatoms upon **C-labeled
glucose as sole carbon and energy sources (Chen, 2006). Establishment of heterotrophic
conditions depend on strain and culture parameters, whereas consumption of the carbon
source depends on the transport or diffusion of the carbon source across the membrane,
and on the enzymatic processes required for its incorporation into the central carbon
metabolism (Mojtaba et al., 2011). Active transport appears to be the primary means by
which algae acquire organic carbon substrates from the environment. Active transport
of carbon sources has been documented in several species of diatoms (Hellebust &

Lewin, 1977), and is likely the most common mechanism for sequestering these
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compounds. C. cryptica was identified as model species in this study that is capable of
heterotrophic growth (Hellebust, 1971; Pahl et al, 2010) and traced the biosynthetic

pathway of sterols in this diatom.

5. 2. Results and discussion

5.2.1. Heterotrophic growth of C. cryptica

C. cryptica grow heterotrophically under different conditions (Hellebust, 1971; Pahl et
al, 2010). According to the protocol of Rohmer for studying terpene biosynthesis
(Schwender et al., 1996), the sugar was supplemented to established cultures of the
diatom in the dark. Hellebust (1970) and White (1974) have independently reported 2 g
L™ as optimal concentration to sustain heterotrophic growth of C. cryptica. Lower
concentrations were reported to inhibit diatom growth, whereas higher concentrations
did not increase substrate incorporation. Figure 5.3 reports the resulting curve of C.
cryptica on 2 g L™ glucose in comparison with growth under standard
photoautothrophic conditions. The cells remained dark brown in color and no
contamination was observed under the heterothrophic conditions. According to
Hellebust (1970 and 1971), the initial rate of growth was limited by glucose
assimilation due to development of the transport system necessary to the transport
across cell membrane (Hellebust, 1970; Hellebust, 1971). After this lag time, cell
growth recovered and cultures entered in stationary phase. Under microscope, diatom
cells appeared smaller but more numerous than under standard phototrophic conditions.
The cultures were harvested on day 15 at the first point of declining phase when glucose
consumption was 0.4 + 0.1 g L. No significant differences between heterotrophic and

photoautotrophic cultures were observed in the consumption of silicates and phosphates,
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whereas nitrates showed a different trend with a quicker consumption under dark

conditions (data not shown).

300000+
—— Standard growth
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3 200000+
E
w0
©
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Figure 5.3.Growth curves of C.cryptica (Cells/mL): growth in standard conditions and growth in the dark

on glucose.

To estimate incorporation of glucose, C. cryptica was incubated with 2 g/L [“Cg]-
glucose under the same conditions. After 15 days cells were recovered and extracted as
described in 8.10 and fatty acid composition was determined as methyl esters by GC-
MS as described in 8.14.

The MS spectrum of the major species revealed high incorporation of labeled glucose
(Figure 5.4). In particular, the molecular mass of the main species, namely Ci¢:1 (Figure
5.4 a, b) and Cys (Figure 5.4 ¢, d), showed a clear increase of 16 uma which was

consistent with incorporation of *3C atoms in all positions of the alkyl chain.
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Figure 5.4.GC-MS fragmentation of methyl ester of Cs4 (a, b) and Cyg (c, d) in the extract from C.

cryptica cultures on unlabeled glucose (a, ¢) and on **Cg glucose (b, d). It’s evident as the label pattern

of molecular ion (m/z 268 and 270 respectively) in the organic extracts of cells growth on **Cs glucose
shift to more 16 (m/z 284 and 286).
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5.3.2. Characterization of sterols biosynthetic pathway

The biosynthetic experiment was performed by using [1-**C]-glucose as precursor, in
order to discriminate the contribution of MVA and MEP pathway to the biosynthesis of

sterols according to a different labelling of isoprene unit (Figure 5.5).
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Figure 5.5.Formation of isopentenyl diphosphate (IPP) via MVA pathway (a) and MEP pathway (b).

'13C-Iabel, which arises from feeding of [1-**C]-glucose to cell cultures (Rohmer et al, 1993).

Sterols from organic extracts of heterotrophic cultures were purified by silica gel
column with a gradient of ethylic ether: petroleum ether as illustrated in section 8.11

(Figure 5.6).
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Figure 5.6.TLC analyses of a purification of C. cryptica extract (R) purification eluted in petroleum

ether: ethylic ether (6:4; v/v). Spots were detected by Ce(SO,), and cholesterol (col) and triglycerides
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from fish oil (TAG) were used as reference. Pure fractions of sterol mixtures (fractions 7-8) were
obtained in petroleum ether: ethylic ether 85:15 (v/v).

Purification by HPLC of the sterol fraction (Figure 5.7) gave dihydrobrassicasterol and

24-methylene cholesterol together with two other unidentified products.
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Figure 5.7.HPLC profile sterols silica gel fraction. UV profile was monitored at wavelength of 210 nm
and the 4 main peaks were collected. The main compounds in the mixture correspond to 24- methylene
cholesterol (peak 2), and to diidrobrassicasterol (peak 3).

After acetylation, these fractions were also analyzed by GC-MS. Presence of cluster
peak centered at m/z ratio higher than in natural isotopomers demonstrated the
enrichment of **C-labeling in the sterol nuclei of both compounds (Figure 5.8 and 5.9).
In particular, molecular ion and fragmentation pattern of dihydrobrassicasterol acetate
suggested average an incorporation of 5 labeled carbon atoms in the terpene molecule
(Figure 5.8, b), whereas the MS spectra of 24-methyilene cholesterol acetate showed
mass shift of the main fragments consistent with average incorporation of 4 labeled

carbon atoms (Figure 5.9).
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labeled compound).
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3C NMR spectrum of purified dihydrobrassicasterol is reported in Figure 5.10.

Comparison with average abundance of carbons in natural dihydrobrassicasterol clearly

revealed selective incorporation in specific position of sterol skeleton (Popjak et al,

1976). In particular, the data established enrichment at C-1, C-3, C-5, C-7, C-9, C-13,

C-15, C-17, C-18, C-19, C-21, C-22, C-24, C-26, C-27 and C-28 (Figure 5.11). This

latter carbon does not belong to the terpene skeleton and, according to Djerassi proposal

(Djerassi, 1981), arises from methylation by S-adenosyl methionine (SAM).
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Figure 5.10.2*C NMR spectrum of diidrobrassicasterol in CDCl; (spectrum of compounds from sterol

mixture of cells grown on labeled glucose).

4232 121.74

Figure 5.11."3C chemical shift assignments in diidrobrassicasterol expressed in ppm (8), recorded at 600
MHz in CDCI; Red circles showed the labeled positions corresponding to C-1, C-3, C-5, C-7, C-9, C-13,
C-15, C-17, C-18, C-19, C-21, C-22, C-24, C-26, C-27 and C-28.

As reported in Figure 5.12, a few positions such as C-6 (121.74 ppm) and C-16 (28.25
ppm) were clearly not labeled. Other carbon atoms resulted highly labeled, as C-1

(37.27 ppm), C-19 (19.41 ppm), C-18 (11.88 ppm) and C-7 (31.92 ppm). The labeling
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at C-8 (31.92 ppm) could not be determined due to the overlapping with the signal of C-

7 (31.92) ppm.
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Figure 5.12.Enlargements of some regions of the **C NMR spectra (10-140 ppm) in CDCl; of
dihydrobrassicasterol from C. cryptica cells growth on unlabeled glucose (red peaks) and on [1-*C]-

glucose (blue peaks). All signals are normalized on C14 (56.79 ppm).

Mapping of these positions permitted to conclude that labeling was specifically present
at C-2, C-4 and C-5 of the six isoprene units that form the rearranged terpene skeleton
of dihydrobrassicasterol (Figure 5.13). On the contrary, very low or no labeling were
observed at carbon positions derived from C-1 of the building isoprene units.

According to Rohmer scheme (Rohmer et al, 1993), this enrichment proved

unambiguously synthesis of dihydrobrassicasterol by mevalonate pathway (Figure 5.5).
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Figure 5.13.Labeling pattern of diidrobrassicasterol found after heterotrophic growth of C. cryptica
growth on [1-*C]-glucose with indication of correspondent carbon atoms of the isoprenic skeleton
represented by isopentenyl diphosphate (IPP) (on the left). Red circles illustrate the labeled carbon atoms

that correspond to positions 2, 4, 5 of IPP in according to mevalonate (MVA) biosynthetic pathway.

Labelling at C-2, C-4 and C-5 of the isoprene unit also indicated transformation of [1-
B3C]-glucose to [2-*3C]-acetate, thus providing the first direct evidence of Embden-
Meyerhof glycolysis in marine diatoms (Figure 5.14) Annotation of the diatom genome
(Phaeodactilum tricornutum) revealed occurrence of Entner- Doudoroff pathway and a
putative phosphoketolase pathway in addition to the conventional Embden-Meyerhof
process. Both additional pathways are uncommon in eukaryotes (Fabris et al, 2014;
Zheng et al, 2013), even if further experiments with labeled substrates will be necessary

to exclude their presence in C. cryptica.
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Figure 5.14.Expected labeling pattern of acetate and CO, from selectively labeled glucose via EM
(Embden-Meyerhof, ED (Entner- Doudoroff), and PPK (phosphoketolase) pathways. The numbers show

the fate of each carbon from glucose.

Interestingly many signals showed flanking doublets due to incorporation in the vicinal
carbons in the same molecules (Figure 5.12). The intensity of the doublets was stronger
in those signals whose proximity is in agreement with the biosynthetic sterol pathway
(Figure 5.2). This was particularly evident with the pairs C-13/C-18 and C-24/C-28.
Unfortunately these experiments did not allow us to determine whether cycloartenol or
lanosterol was the precursors of dihydrobrassicasterol, but the incorporation and the co-
occurrence of 24-methylene cholesterol are consistent with the biosynthetic pathway

reported in Figure 5.15.
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Figure 5.15.Proposed biosynthesis of sterols in the diatom C. cryptica Acetyl-CoA (Ac-CoA) is
converted to mevalonate by three-step reaction. Squalene synthase (SQS) catalyze two-step reaction in
which two identical molecules of farnesyl pyrophosphate (FPP) are converted into squalene (SQ).
Squalene is oxidized to oxidosqualene (SQOX) that is the substrate of various oxidosqualene cyclases,
which produces lanosterol (LAN) or cycloarthenol (CYCL). This biosynthetic step is not yet clear, but
our results suggest that the following sterols precursor is desmosterol (DESM) from which 24-methylene
cholesterol (24-MetCOL) and then diidrobrassicasterol (DHBRS) are formed.
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6. Inhibition of sterols sulfotransferase

6. 1. Introduction

Sulfotransferases (SULTSs) catalyze the transfer of a sulfuryl group (SOs) from the
universal donor 3'-phosphoadenosine 5'-phosphosulfate (PAPS) to a hydroxyl group of
various substrates in a process called the sulfonation reaction (Figure 6.1). These
enzymes share highly conserved sequence regions across all kingdoms; however, their
substrates and physiological function are predicted to be very diverse (Hernandez-

Sebastia et al., 2008).
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Figure 6.1.Enzymatic reaction catalyzed by sulfotransferases.

SULTSs are classified as cytosolic and membrane-associated enzymes. Cytosolic SULTSs
perform the reaction of sulfonation of small organic molecules such as steroids,
flavonoids, glucosinolates and hydroxyjasmonates. Membrane-associated SULTs show
preference for larger biomolecules such as complex carbohydrates, peptides and
proteins. In animals, including mammalians, addition of sulfonate group is suggested to
play a regulatory role and affect biological properties of substrates. Initially, the

cytosolic SULTs were thought to be primarily involved in detoxification of endogenous
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and exogenous metabolites. They were considered as part of the detoxification arsenal,
which includes hydroxylases and glucuronidases. It is now clear that this is not their
only function. For example, the sulfonation of steroids in mammalians modulated the
biological activity of this class of terpenes (Clarke et al., 1982). The roles of sulfated
compounds in bacteria and plants are less clear and nothing is has been hitherto reported
about the function, expression or structure of SULTS in diatoms.

The enzyme that produces cholesterol sulfate was identified as a member of the
cytosolic SULT superfamily (Javitt et al., 2001). The SULT superfamily is divided into
five families, one of which (SULTZ2) is primarily engaged in the sulfoconjugation of
sterols (Nagata & Yamazoe, 2000). The human SULT2 family is further divided into
two subfamilies, i.e., SULT2A1 and SULT2B1; furthermore, the SULT2B1 subfamily
consists of two isoforms designated SULT2Bla and SULT2B1b (Her et al, 1998).
SULT2B1b sulfonates cholesterol and in is more than an order of magnitude more
active than the other SULT2 isozymes (Fuda et al., 2002).

To date, efforts to develop inhibitors for the SULTs have focused on targeting the
sulfate transfer. Molecules such as environmental toxins, natural products and
bisubstrate-based compounds (compounds that incorporate elements from the substrate
and the cofactor PAPS) have been tested mostly on cytosolic SULTs (Armstrong et al.,
2001). Polychlorinated biphenols and compounds that mimic the end products of sulfate
transfer have been identified as inhibitors of estrogen, phenol and cholesterol SULTs
(Rath et al., 2004; Wang & James, 2006).

The last part of my thesis was focused on the characterization of the regulatory
mechanism of the sulfotransferase reaction involved in synthesis of sterol sulfates in the
marine diatoms. To this aim, the effect of inhibitors of SULTs was evaluated in S.
marinoi and C. cryptica, as well as we carried out a first Real-Time PCR analysis of

putative sulfotransferase gene in S. marinoi.
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6. 2. Results and discussion

6.2.1. Preliminary sulfotransferase inhibitors assay

Seven established inhibitors (Figure 6.2) of mammalian SULTs were screened for cell

proliferation activity on S. marinoi in 24 multiwell plates. Effects on viability and

diatom growth were determined by cell number and by extrapolation of chlorophyll a

fluorescence.
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Figure 6.2.Structures of sulfotransferase inhibitors tested on diatoms cells.
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Among the tested compounds, only quercetin gave good results (Figure 6.4). At the
highest dose (40 uM) the flavonol blocked reversibly cell growth, whereas at
concentrations between 10 and 20 pM the molecule induced significant cell
proliferation. No effect was found at lower concentrations. In addition to increase of cell
number, quercetin determined duration of the growth curve until day 9 whereas the
untreated cells were in declining phase already at day 8. Furthermore, unlike control
cultures that showed irregular shape and little chains, S. marinoi cells treated with
quercetin formed long and numerous chains with regularly-shaped cells (Figure 6.5).
The mechanism seemed to be structure-dependent since the other molecules were all
toxic or ineffective. In fact, cells treated with salicylic acid, naproxen and
tetrapropylammonium iodide showed growth rate and morphology very close to control
over 7 day period. On the contrary clomiphene was toxic in the whole concentration
range tested (0.25- 40 uM) with the 100% of cell mortality already in 24 hours (not
shown), danazol revealed cytotoxic effects from 5 to 40 uM with a mortality rate of
100% only at the highest concentrations and inhibition at lower concentration, and

spironolactone was cytotoxic only in the range between 20 and 40 M.
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Figure 6.4.Test results of sulfotransferase inhibitors assayed on S. marinoi cells. Data are expressed as
cellular concentration (Cells/mL) at day 3,4 and 7 at different concentrations of compound tested,
compared to cells growth under standard conditions (control) and cells growth with 10 pL of DMSO
(solvent used to dissolve the test compounds). While the other tested compounds have a toxic effect or

none effect on S. marinoi growth, quercetin showed a proliferative effect in the concentration range 10-20

UM,
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Control

Treated

Figure 6.5.Enlargement of photo by fluorescence microscopy at 20 x magnification (530/30 BP emission
filter for red fluorescence emission of chl) after 7 days of control cells and S. marinoi cells incubated with

quercetin 20 uM (Treated). Cells grown with quercetin are more numerous and form longer chains.

Quercetin is one of the most common natural flavonoid, one of the most widespread
classes of secondary metabolite that play different physiological functions including
floral pigmentation, UV filtration, radical scavenging and cell cycle inhibitors.
Flavonoids compounds are sensitive to light exposure in water and the products are
dependent on pH of the aqueous solutions. In particular, UVA and UVB radiations
induce degradation of quercetin to give a single product deriving from oxidation and
addition to the 2,3 double bond (Dall’Acqua et al, 2012). In neutral or basic media, the
reaction leads to the addition of water with formation of a stable 2-hydroxy derivative

(Figure 6. 6, compound 2).
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Figure 6.6.Structures of quercetin products obtained by either UVA or UVB irradiation (1) or in alkaline

solution (2).

Because this inherent reactivity of the molecule, we evaluated the stability of quercetin
in f/2 medium prior to start testing the substance on diatom cells on larger volumes.
Maximum UV absorption of the flavonol in organic solvent (acetonitrile) was at 375 nm
but it gradually shifted toward blue wavelengths (295 nm) in water under the conditions
used to grow diatoms. The presence of at least two isosbestic points at 275 and 325 nm
suggested that at least one or more photoproducts were formed under these conditions.
After only one hour of light exposure in f/2 medium, main absorption peak was at 325
nm. No UV activity was evident after three days, thus suggesting that the hemi-life of

the compound in diatom cultures could be no longer than 36 hours (Figure 6.7).
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Figure 6.7.UV absorption (Abs) of quercetin and its degradation products at 325 and 375 nm in S.

marinoi cultures.

6.2.2. Effect of quercetin on S. marinoi

To examine in depth the physiological role of quercetin on diatom cells, 20 uM (6 ug
mL™) solution of the flavonol in DMSO was administered to S. marinoi in 2-L carboy.
Because macronutrients, namely phosphate and silicate, were consumed completely
within 4 days under standard conditions (data not shown), nutrients were supplemented
by two regimes corresponding to one single administration at day one or two
administrations at day 1 and 4.

Under both experimental conditions, addition of quercetin to f/2 medium triggered
regular reduction in the level of the sulfated sterols in comparison with control cultures
(Figure 6.8). As already discussed in Section 4, levels of these lipids increased regularly
along the growth curve but the rate was retarded in cells treated with the flavonol. In
cultures with gradual nutrient depletion (Figure 6.8a), concentration of sulfated sterols
never increased above 0.5 pg/cell, whereas it was higher than 1.3 pg/cell during

declining phase in untreated diatoms. It is worth noting that these values are both lower
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than the cytotoxic level estimated by external addition of cholesterol sulfate (37
po/cell), but is has also to be considered that most of this latter compound is presumably
lost after addition to the cultures due to the low solubility in water.

The effect of quercetin on inhibition of sulfated sterol synthesis was even more marked
under the second experimental set-up (Figure 6.8b). In fact, whereas the addition of
nutrient at day 4 did not produce significant change in level of these lipids in standard
cultures, quercetin maintained the cellular concentration of sulfated sterols below 0.5 pg
during more than 10 days. The consequence of this process was an apparently higher
responsiveness of S. marinoi to repletion of nutrients that caused a net increase of the
number of cells and an extended duration of the stationary phase, which is consistent

with the hypothesis that sulfated sterols mediate cell death in diatoms.

In collaboration with Dr.Mariella Ferrante of Stazione Zoologica A. Dohrn in Naples,
we have identified four genes (SmSulfl, SmSulf2, SmSulf3, SmSulf4) coding for putative
sulfotransferases in S. marinoi. The comparative expression of these genes from treated
and untreated diatom sampled along the growth curves reported in Figure 6.8a showed
that only SmSulfl was down-regulated at day 6 and up-regulated at day 7 (personal
communication of Dr. Valeria Sabatino), which is in well agreement with the difference
in concentration of sulfated sterols between day 6 and day 7. The correlation of
molecular and biochemical data seem to support the role of SmSulfl in the biosynthesis
of sulfated sterols in S. marinoi, as well as they are consistent with direct regulation of

quercetin on the reaction of sulfonation in this diatom.
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Figure 6.8.S. marinoi growth curves in standard conditions (Control) and supplemented with quercetin 20
UM (Quercetin) with gradual nutrient depletion (a) and the addition of nutrient at day 4 (b). On the right
side is reported the correspondent quantitative analysis of sterol sulfates along both of growth curves.
Under both experimental conditions, addition of quercetin triggered regular reduction in the level of the
sulfated sterols in comparison with control cultures and induced a transient lag in the progression of algal
growth increasing the cells number.

Although the effect of quercetin on cellular levels of sulfated sterol is direct and likely
mediated by inhibition of SmSulfl, the result on diatom growth is unquestionably due to
a more complex process that probably involves physiological adaptation of the diatom.
In fact, addition of the flavonoid to the culture of S. marinoi induced a transient lag in
the progression of algal growth. Only after a few days the number of the treated cells
rose above that of control cultures (Figure 6.8). Although the final cell concentration
was independent of quercetin, diatoms supplemented with nutrient only at day 1 (Figure

6.8a) were delayed during the exponential phase but showed a longer stationary phase
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with consequent expansion of the whole growth curve until day 10. Repletion of
nutrients at day 4 (Figure 6.8b) produced a significant increase of S. marinoi growth
with the cell concentration (about 2.4-10° cells mL™) that doubled the number of cells of
controls (about 1.3-10° cells mL™).

In addition to confirm the anti-age effect of quercetin on S. marinoi, these experiments
put forward a possible use of this compound to improve the culture yield of the diatom.
As matter of fact, the addition of the flavonoid led to net increase in biomass and lipid
content (Table 6.1) without affecting significantly the percentages of the major lipid
pools (Figure 6.10). We only noticed a limited remodeling (less than 15%) of the
glycolipids  (GLs), namely  monogalactosyldiacylglycerols (MGDG) and

sulfoquinovosyldiacylglycerols (SQDG), to the detriment of phospholipids (PLs).

Table 6.1.Biomass amount (wet weight) and lipid content of S. marinoi cultures in standard conditions
(Control) and treated with quercetin (Quercetin) at day 9.

Biomass Lipid content
(g9/L) (mglL)
Control 1.9+0.2 41.04+£1.1
Quercetin 28+0.1 61.40+11.4
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Figure 6.10.S. marinoi lipid composition obtained by ERETIC *H-NMR analysis as described in 8.10 in
control (a) and treated with quercetin (b). TAG= triglycerides; PL= phospholipids; GL= glycolipids;
MGDG= monogalactosyldiacylglycerols; DGDG= digalactosyldiacylglycerolstriacylglycerols; SQDG=

sulfoquinovosyldiacylglycerols Data are expressed as percentage.

6.2.3. Effect of quercetin on C. cryptica

In consideration of the effect on S marinoi, we decided to test quercetin on cultures of
C. cryptica that has attracted attention as species of biotechnological interest. As
reported in Figure 6.11, this diatom showed a cellular response similar to that of S.
marinoi. In fact, the flavonoid was inactive at concentration below 5 uM and toxic
above 40 puM. A concentration between 10 and 40 pM, the flavonoid showed a
reversible inhibitory effect that after day 4 led to recovery of growth progression. As
also observed with S. marinoi, whereas control cells of C. cryptica showed a round and

irregular shape, cells treated with 10 and 20 uM quercetin had mostly rectangular shape.
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Figure 6.11.Test results of quercetin assayed on C. cryptica cells. Data are expressed as cellular
concentration (Cells/mL) at day 1, 2,4, 7 and 8 at different concentrations of compound quercetin,
compared to cells growth under standard conditions (Control) and cells growth with 10 pL of DMSO
(solvent used to dissolve the test compounds).

As shown in Figure 6.12, C. cryptica was more sensitive to addition of quercetin in
comparison to S. marinoi and increase of cell number could be achieved without

nutrients repletion.
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Figure 6.12.Growth curves of C.cryptica cultures (cells/mL) in standard conditions and with 20 puM
quercetin. In the stationary phase (day 7-9) resulted a significant increase of cells number in the cultures

treated with the flavonoid.
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In fact, the shape and duration of the growth curve was the same until day 7 under both
experimental conditions. After that point, cultures treated with the flavonoid
experienced a significant increase of cell number that almost double that of controls
(3.2 - 10° cells mL™ vs is 2.0 + 0.1 - 10° cells mL™, respectively) with a consequent
increase in biomass (dry weight) (147.2 + 1.0 mg L* vs 119.7 + 54 mg L*,
respectively). Carbohydrates percentage decreased to 8.1 + 2 % of dry weight and
protein content increased to 30.6 + 5.9 %, while lipids percentage increased to 29.6 +
6.8 % (compared to 24.4 + 2% in untreated cultures) (Figure 6.13). The increase in cell
density corresponds thus a slight increase in total biomass and a change in the
biochemical composition. The most evident effect is the reduction of the component of

carbohydrates with a relative increase in the fraction of protein and lipid.
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Figure 6.13.Biochemical composition of C. cryptica biomass growth in standard condition (Control) and

supplemented with quercetin 20 UM (Quercetin). Data referred to the last point of growth curve.

In the lipid composition the proportion of triglycerides increased reaching a percentage

of about 86% (Figure 6.14) compared to about 70% in control cultures. The
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phospholipids percentage is reduced by half, while the percentage of glycolipids
remains almost unchanged. Among these there is a slight decrease of DGDG and SQDG

and an increase of 10% in the MGDG percentage.
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Figure 6.14.C. cryptica lipid composition obtained by ERETIC *H- NMR analysis as described in 8.10 in
standard conditions (a) and growth supplemented with quercetin (b). TAG= tryglicerides; GL=
glycolipids; PL= phospholipids. MGDG= monogalactosyldiacylglycerols; DGDG=
digalactosyldiacylglycerolstriacylglycerols; SQDG= sulfoquinovosyldiacylglycerols. Data are expressed

as percentage.

Quercetin has therefore on C. cryptica cells an effect comparable to that found in S.
marinoi: an increase in cell density, with the relative increase of biomass and reduced
production of sterol sulfates. In C. cryptica there is also an evident change in the

biochemical composition.
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7. Conclusions

Prokaryotes and eukaryotes produce a wide range of organic compounds, most of which
have species-specific distribution and, sometimes, those vary at level of strain or clone.
These substances, traditionally known as “secondary metabolites” or “natural products”,
are the results of highly-regulated pathways often occurring among limited taxonomic
groups. Usually these compounds possess specific function in the adaptive protection
against predators and microbial infections, or in inter- or intra-specific signals, such as
attractants for pollinating insects. Within marine planktic communities, an important
topic is the potential role of secondary metabolites as defensive or allelopathic agents
(allelochemicals affect competition between plant species) in controlling species
successions during bloom development, species competition and defense against
zooplanktic grazers, mainly copepods (lanora et al., 2006). Chemical interactions are
very well known and studied in terrestrial ecosystems (Inderjit & Duke, 2003), but
studies in aquatic systems have been biased by technical difficulties, mainly arising
from dilution in the water medium and physical constraints such as viscosity or shear
forces (Wolfe, 2000). In aquatic systems there is a broader diversity of species and
chemical compounds than in terrestrial ecosystems (McClintock et al., 2001).

This Doctoral thesis was focused on production of secondary metabolites in diatoms, a
lineage that is responsible for almost 20% of primary marine productivity and is thus
crucial to sustain life on the planet. In the natural environment, diatoms
(Bacillariophyceae) often outcompete other classes of algae for nutrients and growth
and are among the most productive and environmentally-flexible eukaryotic
microorganisms on Earth (Hildebrand et al., 2012). They are also identified as the best

candidate organisms for lipid-based biofuels production (Sheehan et al., 1998).
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Bioassay-guided fractionation led to the isolation and characterization of four sulfated
sterols, namely cholesterol sulfate (1), dihydrobrassicasterol sulfate (2), p-sitosterol
sulfate (3) and 24-methylen-cholesterol sulfate (4), as responsible of cytotoxic effect on
cells of S. marinoi, a diatom species that is, responsible for the wintry maximum annual
phytoplankton biomass in the Adriatic Sea.

Following identification of sulfated sterols in other species of diatoms (e.g.
Pseudonitzchia multistriata, Pseudonitzchia arhenysensis, Phaeodactylum tricornutum,
Thalassiosira weissflogii, Cyclotella cryptica) strongly suggest that this class of
molecules is commonly present in the lineage. Nevertheless, like the distribution of
oxylipins previously reported in diatoms (Fontana et al., 2007; Lamari et al., 2013;
Gerecht et al., 2011), their qualitative and quantitative occurrence seems to vary from

species to species (Table 7.1).

Table 7.1.0ccurrence of sulfated sterols across diatom lineage: cholesterol sulfate (1),

dihydrobrassicasterol sulfate (2), p-sitosterol sulfate (3) and 24-methylen-cholesterol sulfate (4)

Diatom sp. Sulfated sterols
Skeletonema marinoi 1,2,3,4
Pseudonitzchia mulistriata 1
Pseudonitzichia arenysensis 4
Phaeodactylum tricornutum 4
Thalassiosira weissflogii 2,4
Cyclotella cryptica 2,4

Although the sulfoconjugation of steroids was first described in the late 1930s and early
1940s, the sulfoconjugation of sterols, in particular of cholesterol, was not appreciated
until much later, when the isolation of cholesterol sulfate from a natural source

appeared in 1964 (Drayer et al., 1964). While the initial report (Siiteri, 1970) described
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the isolation of cholesterol sulfate from the bovine adrenal gland, it was subsequently
isolated from diverse human sources and tissues. The discovery of the existence of
cholesterol sulfate was followed by a concerted effort to discern its biologic importance.
Of particular interest was the finding that cholesterol sulfate can function as a regulatory
molecule (Ikuta et al., 1994; Denning el al., 1995). Sterol sulfates have been detected
occasionally in lower life forms, such as sponges (Gunasekera, et al., 1994, Patil et al.,
1996), echinoderms (Goodfellow & Goao, 1983, Shubina et al., 1998) and ophiuroids
(McKee et al., 1994). In literature sulfated sterols are reported to have antiviral,
antitumor effects (McKee et al., 1994; Roccatagliata et al., 1996; Roccatagliata et al.,
1998) and were in the last years described as ligand of a nuclear receptor, conveyed
outside the cells by a polar transporter (Charles et al., 2003; Kallen et al., 2004; Sepe et
al., 2011). On the other hand, there are few reports of sterol sulfates in diatoms (Kates et
al., 1977; Anderson et al., 1978; Kazufumi & Masami, 2002), but physiological and
ecological function, mechanism of action and biosynthesis were unknown in plankton
communities.

This study proved that toxicity of sulfated sterols 1-4 on S. marinoi cells was mediated
by an increase of NO and hROS. Both products have been previously reported as stress
cellular signals related to the programmed cell death (PCD) activation (Mittler et al.,
2004; Kwak et al., 2006; Vardi, 2006). Use of Annexin V-FITC and TUNEL seems to
confirm the role to trigger PCD also in S marinoi by a caspase-like mechanism, even if
these results need further confirmation by molecular studies. Cellular production of
sulfated sterols occurred under physiological conditions and increased gradually along
the growth curve up to toxic concentration on the verge of the declining phase when the
estimated amount per liter of (0.8 mg L™) is comparable to ECs established by addition
of exogenous cholesterol sulfate (2.2 mg L™ at 48 h). Sterol sulfates can passively cross

cell membranes and may target specific intracellular receptors triggering PCD.
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In order to understand the key factors that affect this process, part of the Thesis has been
committed to fully elucidate the biosynthesis of sulfated sterols in diatoms. Firstly,
qualitative and quantitative composition of sulfated sterols perfectly matched that of
sterols in different species, thus proving that were no preferential sulfonation of specific
sterols. This also suggested that regulation of the process may occur during terpene
assembly during synthesis of isopentenyl/dimethylallyl pryrophosphate, production of
squalene or cyclization and functionalization of the sterol nucleus.

Sterols are vital components of all eukaryotic cells. They are precursors for many
signaling molecules that regulate growth and development in plants and animals, in
higher plants, sterols play a structural role in cell viability and modulation of activity
and distribution of membrane-bound proteins such as enzymes and receptors. Sterols
belong to a class of isoprenoids derived from isopentenyl pyrophosphate (IPP), a
universal precursor of isoprenoids. In animals and fungi, the cytoplasmic mevalonic
acid (MVA) pathway is the only route for biosynthesis of IPP, the building block for
lanosterol, which is then metabolized into cholesterol in animals and ergosterol in fungi.
In higher plants, IPP can be derived via either the MVVA pathway or the plastidial 1-
deoxyxylulose 5-phosphate or methylerythritol phosphate (MEP) pathway (Rohmer,
1999), despite the former being the main contributor to sterol biosynthesis. Distribution
of MVA and MEP pathways within taxonomic order has been so far addressed by
incorporation of **C- or 2H- labeled precursors (Rohmer, 1999), use of highly specific
inhibitors of MVA and MEP pathways (Bach & Lichtenthaler, 1982; Zeidler et al.,
1998), or measuring the distribution of the genes of both pathways (Boucher &
Doolittle, 2000). Based on these approaches, it has been established that archaea, certain
bacteria, yeasts, fungi, and some protozoa and animals use only MVA pathway,
whereas many bacteria, green algae, and some protists rely on MEP pathway. On the

other hand, both routes have been reported in few species of algae, streptomycetes,
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mosses, liverworts, higher plants and two diatoms (Cvejic & Rohmer, 2000). Recently,
the biosynthetic pathway form acetyl-coenzyme A to sterols has been suggested on the
basis of molecular considerations in Phaeodactylum tricornutum (Fabris et al., 2014).
In analogy with the concomitant results in Nannochloropsis oceanica (Lu et al., 2014),
the inferred biosynthetic pathway has features of both higher plants and mammals, but
to date there was no biochemical confirmation.

During the Thesis full biosynthesis of sterol and sulfated sterols was achieved by
incorporation of *3C-labelled glucose according to Rohmer protocols (Schwender et al.,
1996). To this aim, C. cryptica was grown under heterotrophic condition by use of
glucose as sole source of carbon and energy (Chen, 2006; Hellebust, 1971; Pahl et al,
2010). The study proved that glucose was metabolized to acetyl-CoA mostly by
Embden-Meyerhof pathway and synthesis of IPP and DMAPP occurred by MVA
pathway. Incorporation rate of labeled glucose in C. cryptica and analysis of the sterol
composition in the other diatoms also allow us to put forward the biosynthetic scheme
depicted in Figure 7.1. Although the present results do not allow to make conclusion
about the key intermediate of cyclization, thus both routes through cycloartenol (plant
route) or lanosterol (animal and fungal route) cannot be established, sterol biosynthesis
of diatoms are to involve sequential transformation of desmosterol (DESM) to
cholesterol (COL) or 24- methylene cholesterol (24-MetCOL). This latter product is the

suggested precursor of B-sitosterol (B-SITO) and dihydrobrassicasterol (DHBRS).
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Figure 7.1.Proposed biosynthesis of sulfated sterols across diatom lineage. Acetil-CoA (Ac-CoA) is
converted to farnesyl pyrophosphate (FPP) by mevalonate pathway. FPP is converted into squalene (SQ).
Squalene is oxidized to oxidosqualene (SQOX) that is the substrate of various oxidosqualene cyclases,
which produces lanosterol (LAN) or cycloarthenol (CYCL). This biosynthetic step is not yet clear, but
our results suggest that the following sterols precursor is desmosterol (DESM) from what cholesterol
(COL) and 24-methylene cholesterol are synthetized (24-MetCOL). 24- MetCOL is the precursor of
diidrobrassicasterol (DHBRS) and - sitosterol (- SITO). The last biosynthetic step is catalyzed by a

sulfotransferase (SULT 1) that converts sterols in their sulfated derivatives.
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Last biosynthetic step to sulfated sterols is sulfonation,that was studied by biochemical
and molecular approaches. The enzyme that catalyzes the sulfoconjugation of sterols is
part of a superfamily of cytosolic sulfotransferases (SULTSs). Specific inhibitors of
diatoms SULTs are not reported, thus different classes of human sulfotransferase
inhibitors were tested on S. marinoi and C. cryptica cells. Among the seven different
compound types, only quercetin reduced levels of sulfated sterols in both diatoms.
According to the role of signal in PCD, biochemical inhibition of this class of molecules
affected positively diatom growth and induced increase of cell density, extension of the
stationary phase and morphological improvement of diatom cells. Furthermore, analysis
of DNA expression of the major SULTs in the transcripts of S. marinoi identified
SmSulfl gene as key gene for the sulfonation reaction in this species.

In conclusion, this thesis has identified for the first time the role of secondary
metabolites, namely sulfated sterols, with pro apoptotic effects in diatoms. In addition to
the different tools that have been developed to carry out this study, the major outcome
of this work concern the first establishment of a cellular mechanism to control
Programmed Cell Death in the lineage and the first direct elucidation of the biosynthesis

in these organisms.

105



7.1. Further developments

In the latest years, algae cultivation has attracted enormous interest of the scientific and
industrial communities for the potential application of these organisms as CO;
mitigation system and as source of fuels and products. In algaculture the goal is to
trigger and sustain the initial proliferative growth for as long as possible — the notion of
‘bloom sustainability’. However, due to the ‘open’ nature of artificial systems,
cultivated microalgae are still faced with typical cellular cycle, availability of light and
nutrients, grazing and viral infection. Artificial cultures of microalgae therefore must be
view as an intensified yet managed mesocosm representative of open sea conditions -
essentially a miniature ocean sharing common processes and problems. This work of
Thesis has concerned the role of sulfated sterols as cellular signals involved in the
physiological control of growth and development of diatoms cells. Yet, in view of the
parallelism of the ecological parameters that rule natural and artificial systems, this
activity has a potential use as tool to intensify massive cultivation of algae and/or
induce higher yield of biomass or promote accumulation of specific products (e.g.
triglycerides). Thus, the chemical signaling that is mediated by sulfated sterols is no
longer only of ecological relevance but it also becomes central for biotechnological
application. According to this presupposition, the effect of quercetin on biomass
production and lipid accumulation in C. cryptica, as reported in Section 6, are extremely
encouraging.

This centric diatom has been already considered as a potential model organism for
biofuel production because of the capacity to grow quickly and to accumulate large
amount of triglycerides (Roessler, 1988), with consistent productivity levels of 20 g-m 2
d*in outdoor ponds (Huesemann et al., 2009). Recently, C. cryptica has been selected

as candidate species for biofuel production on large scale because of an oil
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concentration (above 70 %. of organic extract) that was much higher of 31other species
of diatoms and green microalgae (d’Ippolito et al, 2015). Furthermore, C. cryptica can
grow heterotrophically, which offers a further biotechnological advantage. Figure 9.2
summarizes the lipid composition of C. cryptica from dark cultures on glucose as

organic source. Analyses were carried out according to Nuzzo et al. (2014).

a)
E GL O DGDG
@ PL @& SQDG
@ TAG O MGDG
b) @ GL
@ PL & SQDG
@ TAG O MGDG

Figure 7.1.C. cryptica lipid composition obtained by NMR-ERETIC analysis according to Nuzzo et al.
(2014) in photoautotrophic conditions (a) and dark growth on glucose as organic source (b). TAG=
tryglicerides; GL= glycolipids; PL= phospholipids. MGDG= monogalactosyldiacylglycerols; DGDG=
digalactosyldiacylglycerolstriacylglycerols; SQDG= sulfoquinovosyldiacylglycerols. Data are expressed

as percentage.

The data showed that heterotrophic conditions stimulate glycolipids and triglycerides to
detriment of phospholipids. In particular, MGDG almost doubled, while decreased the
levels of SQDG and disappeared the component of DGDG. Galactolipids are the
predominant lipids in thylakoid membranes and indispensable for photosynthesis. The
accumulation of MGDG and the absence of DGDG are probably related to the reduction

of the photosynthesis under heterotrophic growth. Finally, in comparison with standard
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photoautotrophic conditions, the fatty acid fraction of C. cryptica was enriched in
palmitic acid (C16.0), palmitoleic acid (Ci6.1)and eicosapentenoic acid (Czo5) (Table 9.2).
Together with the increase in biomass reported in Section 5 and 6, this change in lipid
profile under heterotrophic cultures is very promising in view of biotechnological
applications and, for the first time, give concrete support to the possibility to manipulate

microalgal growth by chemical methods.

Table 9.2Fatty acids distribution (%) in the lipid classes in C. cryptica extracts growth in standard
conditions (Control) and growth on heterotrophic conditions (Dark): total extract (EXT), glycolipids
(GL), triglycerides (TAG) and phospholipids (PL). The results are expressed as mean percentage of a

triplicate with standard deviation < 1 %.

% EXT GL TAG PL
Control Dark Control Dark Control Dark Control Dark
C14:0 10,6 0.49 3.2 0 10,1 1.48 1.4 0
C16:3 4.6 0.72 8.9 0 3.8 2,16 42 0
C16:1 28.3 65,31 432 8439 36.6 44 19 33.8 67.35
C16:0 34 18,39 25 16,61 271 2574 32 13.81
C18:3 3.8 0 24 0 4 0 23 0
C18:2 1.5 0 0.5 0 1.2 0 1.4 0
C18:1 1.6 0.96 27 0 1.2 2,87 8.2 0
C18:0 0.8 0.24 0.4 0 0.3 0,72 1.1 0
C20:5 16,4 13,89 13,8 0 154 22,83 1687 18,84
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8. Experimental section

8.1.1 Microalgae cultures

Stock cultures of the diatom Skeletonema marinoi (CCMP 2092), Pseudonitzchia
multistriata (VF235), Pseudonitzchia arenysensis (B758), Thalassiosira weissflogii
(P09), Cyclothella criptica (CCMP 331) and Phaeodactylum tricornutum purchased
from Bigelow Laboratories, were maintained in f/2 medium (Guillard & Ryther, 1962)
in batch culture using a week transfer cycle. In particular the medium consists of sea
water supplemented with 1 mL L™ of following stock solutions (g L™): Na,SiO3 » 9H,0
30.0, NaNO;3 75.0, NaH,PO, « H,0 5.0. Then are added 1 mL L™ of a vitamin solution
containing biotin (0.5 mg L™), B12 vitamin (0.5 mg L™) and tiamin-HCI (100 mg L™),
and 1 mL L™ of a trace metal solution containing (g L™): Na,EDTA 4.36, FeCl; * 6H,0
3.15, MnCl,* 4H,0 0.18, CuSO4* 5H,0 0.01, ZnSO4* 7H,0 0.022, CoCl,* 6H,0 0.01,

NaMoOy* 2H,0 0.006.

For experiments, diatoms were grown in 10 L-sterile carboy in prefiltered sterile (0.22
um) f/2 medium at an initial concentration of 1-10* cells mL™. The cultures were
maintained in a growth chamber at 20 + 2°C on a 14:10 light:dark cycle under a photon
flux density of 100 pmol quanta m? sec’’. After the experiment was repeated in
triplicates, to accumulate a large quantity of microalgal biomass, S. marinoi was
cultivated (n = 4) under fed-batch condition in a 40 L-photobioreactor with an inoculum
5% (v/v) and f/2 algae culture medium. The cultures (initial concentration of 6 10* cells
mL™) were carried out over a period of 7 days under a photon flux density of 350-400
umol quanta m™ sec™ on a 14:10 h light: dark cycle in a room with temperature control
maintained at 20 = 3 °C. The culture was bubbled with CO, 0.04% in air (v/v). The
nutrients of f/2 culture medium were added every day. The pH of medium was first

automatically adjusted in the range of 7.5-8.5 by feeding of Mops 50 mM, then
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bubbling with CO, 5% in air (v/v) for 8 hours per day. The cells were counted and
monitored every day by microscopic observation (AxioVertAl, Carl Zeiss;
magnification of 20 and 40 x), counting by using a Blrker chamber. This chamber
consists of nine squares delimited by three adjacent lines and has a total volume of 0.1
mm3 (10* cm® = 1 mL); the concentration of cells per milliliter (cells / mL) was

determined by the following calculation:
Cells/ mL = average count per square - dilution factor - 10*

Cells were harvested by centrifugation at 3600 rpm for 10 minutes at 12 °C using a
swing-out rotor (Allegra X12R - Beckman Coulter). For all sterol sulfates qualitative
analysis culture in 1-L carboy were performed for all species in the same conditions. All
pellets for quantitative analysis were then frozen in liquid nitrogen and stored at -80° C

until analysis.

8.1.2. C. cryptica cultures for biosynthesis experiment

Culture medium was supplemented with antibiotics to obtain axenic cultures according
to published protocols (Kobayashi et al. 2003; Bruckner & Kroth 2009). In particular
we supplemented liquid culture medium with 1.5 mg mL™ penicillin, 1.0 mg mL™
streptomycin, 1.0 mg mL™ ampicillin and 0.5 mg mL* kanamicin.

For experiments, diatoms were grown in 1 L-sterile culture flasks (TPP25-300 cm?) in
prefiltered sterile (0.22 pm) f/2 medium supplemented with antibiotics and 2 g L™ of
glucose or 1-*C-glucose (Sigma Aldrich) (in the first experiment we used **C¢ glucose)
at an initial concentration of 1-10* cells mL™. The culture flasks were ventilated with
filter screw caps. Diatoms were incubated in the dark in a growth chamber at 20 £ 2°C

in constant gentle agitation. Cells were harvested by centrifugation at 3750 rpm for 10
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minutes at 12 °C using a swing-out rotor. All pellets were frozen in liquid nitrogen and

stored at -80° C until analysis.

8.1.3. S. marinoi and C. cryptica cultures for experiment with sulfotransferase inhibitor

Cultures in 2-L carboy in triplicates were set up as described in section 8.1.1 or
supplemented with 20 uM quercetin (Sigma Aldrich). For quantitation of sterol sulfates
and RNA analysis in each analysis point pellets from 0.2 L of each culture were
recovered by centrifugation at 3750 rpm for 10 minutes at 12°C using a swing-out rotor.

All pellets were frozen in liquid nitrogen and stored at -80° C until analysis.

8.2. Extraction and fractionation of S. marinoi biomass

The cell pellets were collected in 50 mL Falcon tubes and immediately extracted in
boiling methanol (Juttner, 2001; Cutignano et al., 2006). The resulting suspension was
centrifuged at 3750 rpm for 5 minutes at 5° C. After removing the methanol extract the
residual pellet was successively extracted two more times with methanol. The combined
methanol extracts were evaporated under reduced pressure with a rotary evaporator

(Buchi, Rotavapor R-200).

The extracts were then fractionated according to the protocol reported in table 8.1 using
a solid phase extraction method based on polystyrene—divinyl benzene columns
(CHROMABOND® HR-X), a reversed stationary phase with a higher capacity for
polar compounds than C18 because of its higher carbon percentage used for desalting
and adsorption—elution of natural products from aqueous extracts (Dittmar et al., 2008).
About 15.3 £5 mg of each extract (60 +10 mg of extracts/g of resin) were suspended in
1 mL of distilled water and sonicated for few seconds in an ultrasonic bath working at

104 MHz before loading them on a CHROMABOND® HR-X column (column
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volume=3 mL; resin=200 mg). According to the manufacturers’ guidelines, the
cartridge was rinsed with 1 cartridge filling of methanol and 1 cartridge filling of water
immediately before use. After the sample loading, salts were immediately eluted with 3
mL of distilled water. Polar compounds and then the increasingly apolar compounds
were eluted with 12 mL of water, 9 mL of methanol: water (1:1, v/v), 9 mL of
acetonitrile: water (7:3, v/v), 6 mL of acetonitrile and 6 mL of dichloromethane:

methanol (9:1, v/v), respectively.

Table 8.1.Protocol scheme of fractionation of organic extracts on HR-X resin. The volumes are referred

to a column volume of 3 mL and 200 mg of HR-X resin

I. Sample preparation: I1. Column equilibration: I11. Elution solvents:
Add 1 mL of distilled H,O 3 mL CH3;0OH 12 mL H,0
Sonicate 3mL H,0 9 mL CH30H:H,0 (1:1 viv)

9 mL CH3CN:H,0 (7:3 viv)
6 mL CH3;CN

6 mL CH,Cl,:CH;0H (9:1 viv)

The resulting fractions were monitored by thin layer chromatography (TLC) on 0.2-mm
silica-gel-coated sheets (Merck, Germany) developed with petroleum ether: ethylic
ether (6:4, v/v), chloroform: methanol (95:5, v/v) and chloroform: methanol: water
(65:25:4, viviv). Spots were detected by cerium sulfate (Ce SOa)), a general stain for
TLC, or Dittmer reagent for determination of phospholipid (this reagent would give a
blue spot to indicate the presence of phosphate) and a- naphthol reagent for glycolipid
or carbohydrates determination (this reagent would give a red- or purple-colored spot to
indicate the presence of carbohydrate). Cholesterol is used as reference. Each fraction

was also analyzed by NMR and LC-MS.
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8.3. Purification and characterization of sterol sulfates

The bioactive fraction was purified by HPLC (Jasco LC-2000) on a reversed phase
semipreparative column (Phenomenex, C-18 Luna 10 x 250 mm, 100 A) using a linear
CH3OH/H,0 gradient (Table 8.2) with a column flow of 3 mL min™. The only active
fraction obtained was finally obtained as pure compound on analytical reversed phase
column (Phenomenex, C-18 Luna 4.6 x 250 mm, 100 A) by using a linear CH;OH/H,0
gradient (Table 8.3) with 1 mL min™ flow. One-fifth of the column flow was channeled
by a post-column split to the Evaporative Light Scattering Detector (evaporation
temperature 45°C; nebulization temperature 60°C, N flow 1.4 mL min™). All HPLC
analyses were performed on a JASCO system (PU-2089 Plus-Quaternary gradient pump
equipped with a Jasco MD-2018 Plus photodiode array detector).

Table 8.2.Solvent system and standard gradient employed for HPLC fractionation

Time Methanol Water

(min) (%) (%)
0 80 20
20 80 20
30 100 0
40 100 0

Table 8.3.Solvent system and standard gradient employed for analytical HPLC

Time Methanol Water

(min) (%) (%)
0 85 15
10 85 15
40 90 10
50 100 0
60 100 0
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Once individuate the class of molecules responsible for the bioactivity, to accumulate
larger amounts for the characterization of minor compounds, the first step of
fractionation by HPLC was replaced by preparative, centrifugally accelerated, radial,
thin-layer chromatography (Harrison Research Chromatrotron, model 7924T) (Figure
8.1). 100 + 10 mg of HR-X fractions were diluted in CHCI; and loaded on
Chromatroton and elution was carried out by increasing gradient of MeOH in CHCls.
The resulting fractions were monitored by TLC on 0.2-mm aluminum-coated sheets

(Merck, Germany) developed with CHCI3:CH30H:H,0 (65:25:4; viviv).

Chromatotron
Model 79247

Figure 8.1.Schematization of a Chromatrotron Model 7924T

Pure compounds were analyzed by NMR and MS analysis. For NMR experiments
samples were dissolved in 700 uL. CD3;OD and analysis were performed on a DRX 600
Bruker spectrometer, using an inverse TCI CryoProbe fitted with a gradient along the Z-
axis. A dual probe (*H/**C) was used. LC-MS analysis was performed on a micro-
Quadrupole time-of-flight (micro-QToF) Mass spectrometer (Water Spa, Milan, Italy)
equipped with elettrospray ionization (ESI) source (negative mode) and coupled with a
Waters Alliance HPLC system. For ESI-QToF-MS/MS experiments, argon was used as

collision gas at a pressure of 22 mbar.
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8.4.1. Biological assay

Methanolic extracts and fractions obtained as described above were tested in 24 well
plates at different concentrations of S. marinoi cells (from 6-10* to 8:10° cells mL™) and
products. All the tests were performed in duplicate twice. In two wells the extract was
not inoculated and in two wells were inoculated only 10 puL of methanol to exclude that
the observed activity was due to the solvent in which the samples were diluted or to a
non-optimal physiological state of cells used for the assays. The cells were counted and
monitored at 24 and 48 hours by microscopic observation (AxioVertAl; Carl Zeiss;

magnification of 20 and 40 x), counting by using a Burker chamber.

8.4.2. Chlorophyll a fluorescence measurement

Cellular growth was also monitored by chlorophyll a fluorescence intensity that
increases proportionally to cellular density (Veldhuis & Kraay, 2000). Chlorophyll a
fluorescence was detected using a fluorometer (Jasco FP-8300) equipped with a
microplate reader with a 451/5 nm excitation wavelength and a 679/5 nm emission

wavelength.

8.4.3. Cells vitality measurement

Cells vitality was monitored by using fluorescein diacetate [3°,6’-diacetylfluorescein
(FDA)] fluorescence according to the staining procedure of Lage et al. (2001). Optimal
concentration and time of incubation were assessed experimentally. Briefly, a stock
solution of fluorescein diacetate (FDA, Sigma Aldrich) (5 mg mL™ in DMSO) was
prepared and stored at 4°C. Just before use, each aliquot of the stock solution was
diluted 40-fold into cold 3.2% NaCl, pH 7.9, kept on ice in the dark, and 25 pulL were

subsequently injected in 1 mL of cell culture (FDA final concentration 7.5 uM).
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Samples were incubated in the dark for 10 min and analyzed with an AxioVertAl (Carl
Zeiss) epifluorescence microscopy (magnification of 40 and 100 x). The green cells
were positive. The FDA fluorescence was also estimated using the fluorometer (Jasco
FP-8300) with a 472/10 nm excitation wavelength and a 512/10 nm emission

wavelength.

8. 4. 4. Sulfotransferase inhibitor assay

Different molecules already known as in vivo and in vitro inhibitors of human SULTs
(Figure 6.4) were tested with 1 mL of the exponentially growing S. marinoi (6:10* cells
mL?) in 24 well plates. Experiments with C. cryptica cells were performed at
concentration of 1-10* cells mL™. Each compound was assessed between 0.25 and 40
MM in 10 pL of DMSO. All the tests were performed in duplicate twice. DMSO was
used as control (10 pL). Plates were incubated under the previously mentioned
conditions (section 8.4.1). The cells were counted and monitored for 7 days by
microscopic observation (AxioVertAl; Carl Zeiss; magnification of 20 and 40 x). Cells
were counted by a Burker chamber and chlorophyll a fluorescence was measured as

described above (section 8.1.1 and 8.4.2).

8.5. hROS detection

S. marinoi cells from 100 mL of culture were harvested at 3600 rpm at 12°C for 10 min.
The cells were suspended in 10 mL of f/2 and divided in ten aliquots: one aliquot was
used as control whereas the others were loaded with HPF /H,0O (sea water) 1:8 (30 pL).
After 30 min of dark incubation, the samples were centrifuged and washed two times
with /2. Two aliquots are then incubated with 200 uM of H,O, as positive control to
verify the reliability of HPF as a probe for hROS detection in Skeletonema cells; two

aliquots are untreated and the others were incubate with /2 containing 50, 100 and 200
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ng mL™ of cholesterol sulfate. All tests were carried out in 24-wells plates. To quantify
hROS accumulation, fluorescence was measured by a Jasco (FP-8300) Fluorescence
Microplate Reader (excitation 488/2.5 nm, emission 515/2.5 nm) (Setsukinai et al.,
2003) at 1, 3, 4 hours; as blank we considered the ty value. The fluorescence was also
monitored microscopically by using a 530/30 BP emission filter with an AxioVertAl

(Carl Zeiss) epifluorescence microscopy (magnification of 40 and 100 x).

8.6. NO measurements

For NO measurements, S. marinoi cells derived from 100 mL of culture (about 6:10°
cell mL™) were harvested via centrifugation, were suspended in 10 mL /2 and divided
in ten aliquots in a 24-wells plate. NO generation was measured by fluorometry using
the NO-sensitive dye 4-amino-5-methylamino- 2°,7’- difluorescein diacetate (DAF-FM,;
Sigma Aldrich). Cells were incubated in the dark with 10 uM DAF-FM (ltoh et al.,
2000) for 60 min followed by two washing steps (incubation for 30 min after the first
wash to remove the excess of probe). Two aliquots were then used as controls whereas
4 aliquots were loaded with two NO donors (0.5 mM), diethylamine nitric oxide
(DEANO) and sodium nitroprusside (SNP), as positive controls to verify the reliability
of DAF-FM as a probe for NO detection in S. marinoi cells. The others aliquots were
incubated in /2 containing 50 e 100 ug mL™ of cholesteryl sulfate (this compound has
been used in high concentration in order to detect a short time effect). To quantify NO
accumulation, DAF-FM fluorescence was measured by a Jasco (FP-8300) Fluorescence
Microplate Reader (excitation 485/30 nm, emission 530/30 nm) at 1, 3, 4 hours; as
blank we considered the to value. The fluorescence was also monitored microscopically
by using a 530/30 BP emission filter with an AxioVertAl (Carl Zeiss) epifluorescence

microscopy (magnification of 40 and 100 x).
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8.7. Annexin V-FITC assay

S. marinoi cells (1 - 10° cell mL™) were harvested via centrifugation after 2 hours of
incubation with 5 uM cholesterol sulfate, suspended in 100 pL of 1x Annexin binding
buffer and stained with 10 uL of Annexin V-FITC (Sigma Aldrich; Italy) for 20
minutes at room temperature in the dark. After being stained, cells were pelleted via
centrifugation, washed twice with 500 uL. of PBS and suspended in 200 pL of sea water
with 2% of formaldehyde. Stained cell were visualized and photographed by
epifluorescence microscopy (Carl Zeiss, magnification of 100 x) using a 515/565 BP
emission filter and a coupled-device camera interfaced with Axio Vision
acquisition/image analysis software (version 4.8). An unstained control was used for

each sample. All assays were repeated in triplicate.

8.8. TUNEL assay

S. marinoi cells were washed once in PBS, fixed in 2% formaldehyde for 20 minutes
and permeabilized with 3% Triton X-100 (Sigma Aldrich) for 15 minutes in ice. The
free 3°-OH of DNA strand breaks produced during the process of apoptosis were
labeled with green- fluorescing fluorescein labels incorporated in modified nucleotide
polymers in an enzymatic reaction.

The complete protocol consists of three phases that can be described as follows:

1) Fixation of cells: 10 mL of S. marinoi cultures at a concentration of about 1 - 10°

cells mL™ for each sample were centrifuged and resuspended in 1 mL of filtered sea
water with 4%formalin. The cells were left at 4 © C 30 minutes as reported for
Thalassiosira weissfloggii (Casotti et al., 2005).

2) Permeabilization of external cell membranes: cells are centrifuged (each sample now

has the concentration of 1 - 10" cell mL™ as determined in the different protocols
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reported) and washed with PBS at pH 7.5 containing 5 mM MgCl,, which corresponds
to the concentration required for maximum activity of Tdt enzyme and DNase enzyme
used as a positive control. Then each sample is suspended in 200 pL of permeabilizing
solution: 3% Triton X-100 in 0.1% sodium citrate on ice 15 minutes. Cells were again
washed with PBS and two samples are used as positive control: these are incubated 10
minutes with 500 pL of a solution of DNase 2000 U / mL (Roche) in PBS containing 1
mg mL™ of BSA at room temperature. For the negative control sample, we assay cells
from culture that were not incubated with cholesterol sulfate. Subsequently cells were
pelleted and washed with PBS.

3) Incubation with the reaction mix (enzyme + labeled nucleotides in reaction buffer):
cells were labeled according to the manufacturer’s instructions (Roche Diagnostics
GmbH), analyzed by epifluorescence microscopy (Carl Zeiss) using a 515/565 BP (for
only green fluorescence), a 525/50 BP (for green and red fluorescence) and a LP615
(for only red fluorescence) emission filter and a coupled-device camera interfaced with
Axio Vision acquisition/image analysis software (version 4.8). All assays were repeated

in triplicate.

8.9. Extraction procedure for quantitative analysis of sterol sulfates

All samples were extracted with methanol (5 mL g™ of wet weight) and homogenized.
The resulting suspension was centrifuged at 3750 rpm for 5 minutes at 5° C. After
removing the methanol extract the residual pellet was successively extracted with
methanol and two times with chloroform: methanol (2:1, v/iv; 5 mL g™ of wet weight).
Centrifugation and shaking was repeated after each extraction step. The combined
organic extracts were evaporated under reduced pressure with a rotary evaporator

(Buchi, Rotavapor R-200).
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8.10. Extraction procedure for lipid analysis

Frozen pellets were lyophilized in a Savan Micro Modulyo freeze dryer (Thermo
Scientific, Austin, TX, USA). Microalgal extracts were prepared according to the
modified Folch method (1957) according to the following protocol (solvent volumes are

referred to 50 mg of dry weight):
1. Cover dry sample with 1 mL methanol and kept at 4 °C for 1 min.
2. Add 2 mL chloroform.
3. Homogenized and incubate with shaking for 5 min.
4. Centrifuge (3750 rpm) for 5 min at room temperature.
5. Transfer supernatant to a fresh tube.

6. Suspend solid residue in 2 mL chloroform: methanol (2:1 v/v) and incubate with

shaking for 2 min.
7. Repeat steps 4 and 5.
8. To combined supernatants from steps 5 and 7, add 1 mL deionized water.
9. Vortex, centrifuge and discard the upper phase.

10. Recover lower phase (organic extract) with a Pasteur pipette and transfer to a

glass rotary evaporator flask.
11. Remove solvent and dry sample under vacuum at room temperature.

For qualitative and quantitative analysis of lipid composition 20 pg (24.4- 10~ pumol)
internal standard [(4-chlorophenyl)-trihexadecylsilane] for each mg of dry sample was

added during the extraction procedure. The organic extracts were dissolved in 700 pL
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CDCI3/CD50D 1:1 (v/v) and transferred to the 5-mm NMR tube for *H NMR analysis.
Chemical shift was referred to CHD,OD signal at 6 3.34. Quantitative assessment Was
established by the ERETIC method in agreement with Akoka et al. (1999) by using a
new method developed by us for analysis of lipid composition of microalgal extracts
(Nuzzo et al. 2013). The ERETIC signal was calibrated on the doublet signal at 6 7.40 of
4-chlorophenyl-trihexadecylsilane (2.20 pmol in 700 pL CDCI3/CD3OD 1:1). Peak
integration, ERETIC measurements and spectrum calibration were obtained by the
specific subroutines of Bruker Top-Spin 3.1 program. Spectra were acquired with 14
ppm of spectral width (8417.5 Hz), 32 K of time domain data points, 90° pulse, 32 K
spectrum size, and processed with 0.6 Hz of line broadening for the exponential decay

function.

8.11. Isolation and analysis of sterols from S. marinoi and C. cryptica

The organic extracts were methylated with diazomethane in diethyl ether (0.4 mL per
10 mg extract) for 1 h at room temperature to convert free fatty acids in methyl esters.
After removing the organic solvent under Ny, the resulting methylated extract was used
for a first step of sterols purification by silica gel column. The methylated extracts (40 +
10 mg) were diluted in the minimal volume of dichloromethane and loaded on silica gel
column (100 mg silica gel/ mg fraction). Elution was achieved by an increasing gradient
of diethyl ether in petroleum ether. Purification (Figure 5.6) starts with petroleum ether
as eluent (fraction 1) to increasing volume ratio of ethylic ether: petroleum ether: ethylic
ether (95:5; v/v) (fractions 2), petroleum ether: ethylic ether (9:1; v/v) (fractions 3-6),
petroleum ether: ethylic ether (85:15; v/v) (fractions 7-8), petroleum ether: ethylic ether
(80:20; v/v) (fraction 12), and chloroform (fraction 9), acetone: methanol (9:1; v/v)
(fraction 10), chloroform: methanol (2:1; v/v) (fraction 11), methanol (fraction 13). Pure

fractions of sterol mixtures (fractions 7-8) were obtained in petroleum ether: ethylic
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ether 85:15 (v/v). Fractions 3 are enriched of triglycerides. Product elution was
monitored by SiO,-TLC on 0.2-mm aluminum-coated sheets (Merck, Germany)
developed with petroleum ether: ethylic ether (1:1; v/v). Sterols fractions were
acetylated with Ac,O (100 pL/ 0.5 mg fraction) in dry pyridine (500 uL/0.5 mg
fraction) under magnetic stirring overnight at room temperature. After removal of the
organic solvent under nitrogen stream, sterols analyses were carried out using GC-MS
with an ion-trap MS instrument in EI mode (70 eV) connected with a GC system
(Thermo Focus GC Polaris Q), by using a 5% diphenyl- polysiloxane column (OV-5
column) and helium as gas carrier. Elution of acetylated sterols required an isocratic
temperature method at 300°C for 20 min. Samples dissolved in methanol with a drop of
THF were directly injected (2 pL) in split mode (1:10), with a blink window of 3
minutes, inlet temperature of 300° C, transfer line set at 310° C and ion source
temperature of 300° C (Laakso, 2005). We identified the mass spectra of sterols in
according to literature (Rampen et al., 2010; Nusaibah et al., 2011).

[25,26,26,26,27,27,27-D7]-Cholesterol- (C/D/N Isotopes) was used as internal standard.

For NMR analysis sterols fraction were dissolved in 700 pL CDCI3 and transferred to
the 5-mm NMR tube. *H and *C NMR spectra were recorded on Bruker DRX 600

spectrometer equipped with an inverse TCI CryoProbe.

Each sterol was then purified by an RP-HPLC column (C18-Luna, Phenomenex, 5 um
100A 250 x 10 mm) by an isocratic gradient of methanol: acetonitrile: water:
isopropanol: acetone with a column flow of 1 mL min™ monitoring UV absorbance at
210 nm. HPLC analyses have been performed on a Jasco system (PU-2089 Plus-
Quaternary gradient pump equipped with a Jasco MD-2018 Plus photodiode array

detector). Pure compounds were dissolved in 700 pL CDCl3 and transferred to the 5-
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mm NMR tube for *H and **C NMR analysis. All *C NMR analyses were recorded

with a relaxation delay of 6 seconds for a nearly complete longitudinal relaxation.

8.12. Sterol sulfates quantitation

The distribution and the amount of the three StS (1-3) was estimated in the pellets along
a growth curve of S. marinoi and C. cryptica [25,26,26,26,27,27,27-D;]-Cholesterol-
sulfate (C/D/N Isotopes) was used as standard for LC-MS calibration curve. All
calibration consisted of blank and standard samples in triplicates at concentrations
ranging from 1 to 20 pg mL™. Each concentration point was prepared by successive
dilution of a bulk MeOH solution containing 20 pg mL™ of standard. The bulk samples
were stored at -20° C. The calibration curve was constructed by plotting peak areas of
standard against concentrations (Figure 8.2). The standard and sterol sulfates
quantifications were carried out by Waters QUANLINK software according to the
manufacturer’s instructions.

The extracts were dissolved in methanol to a final concentration of 1pg pL™ and
directly analyzed by LC-MS. The MS method was based on a micro-QTof instrument
equipped with an ESI source in negative ion mode (scan range 150- 600 m/z). For ESI-
QTof-MS/MS experiments, argon was used as collision gas at a pressure of 22 mbar.
Chromatographic analysis was carried out on a reverse phase column (Phenomenex, C-
8 Kromasil 4.6 x 250 mm, 100 A) using a linear MeOH: H,O gradient (Table 8.4) with
a column flow of 1 mL min™. One-tenth of the column flow was channelled by a post-

column split to the ESI™ (Q-Tof). Measurements were in triplicate.
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Table 8.4.Solvent system and standard gradient employed for analytical LC-MS

Time Methanol Water
(min) (%) (%)
0 81 19
15 81 19
28 90 10
35 100 0
50 100 0
2000+ y= 3837,8 x
R?=0,9917

Area

Mg

Figure 8.2.LC-MS calibration curve of cholesterol-25,26,26,26,27,27,27-D7 sulfate in the range 0-0.5 pg
injected in 20 pL of methanol.

The above method was optimized for quantification of sterol sulfates along the growth
curve of C. cryptica. Analysis were performed by QExactive Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific) (coupling a quadrupole as a front-end
mass filter to an Orbitrap™ mass analyzer) with an ESI source in negative ion mode

(scan range 500- 600 m/z) coupled with a HPLC Infinity 1290 apparatus (Agilent
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Technologies) getting high-resolution mass spectra. Chromatographic analysis was
carried out on a reverse phase column (Phenomenex, C-8 Luna 4.6 x 250 mm, 100 A)
using the same linear MeOH: H,0 gradient reported in Table 8.4 and a column flow of
1 mL min™. Calibration curves of the deuterated standard consisted of blank and
standard samples in triplicates at concentrations ranging from 0.01 to 0.2 pg mL™*
(Figure 8.3). Diatom extracts were dissolved in methanol at a final concentration of 10
ng mL™? and directly analyzed by LC-MS. The quantifications were carried out by

Excalibur software according to the manufacturer’s instructions.

1.0x107- y= 3E+06x
R’=0,9978
8.0x10¢6-
© 6.0x10¢6-
et
< 40410
2.0x106-
0 1 1 1 1
0 1 2 3 4
ng

Figure 8.3.LC-MS calibration curve of cholesterol-25,26,26,26,27,27,27-D7 sulfate in the range 0-3.5 ng

injected in 5 pL of methanol.

8.13. Estimation of glucose consumption in C. cryptica heterotrophic cultures

C. cryptica culture (10 mL) were centrifuged at 3750 rpm for 10 minutes at 12 °C and
glucose consumption was estimated by dinitrosalicylic acid (DNS) assay (Miller, 1959).
The aldehyde group of glucose converts 3,5-dinitrosalicylic acid (DNS) to 3-amino-5-

nitrosalicylic acid, which is the reduced form of DNS. The formation of 3-amino-5-
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nitrosalicylic acid results in a change in the amount of light absorbed, at wavelength 546
nm. The absorbance measured using a spectrophotometer (Jasco V-650) is directly
proportional to the amount of reducing sugar. The DNS reagent (100 mL) is prepared
dissolving 1g of 3, 5- dinitrosallicylic acid in 20mL 2M NaOH by stirring at room
temperature. Then 30 g sodium potassium tartrate is added slowly and the solution is
diluted to a final volume of 100 mL using distilled water. An aliquot of the sample (10-
20 pL) to a final volume of 250 pL with distilled water is pipetted in duplicate in a test
tube with 0.25 mL of DNS reagent. The mixture is incubated in a boiling water bath for
5 minutes. After cooling to room temperature, 0.5 mL of distilled water was added and
the absorbance of the samples was measured at 546 nm. A calibration curve is

performed with a glucose stock solution at concentration of 1 mg mL™.

8.14. Fatty acid methyl esters analysis

The total fatty acid composition of organic extracts and of lipid classes was determined
by GC-MS on the corresponding fatty acid methyl esters (FAME) obtained after
saponification of lipid extracts with Na,CO3 in methanol at 42°C for 4 hours. FAME
mixtures were dissolved in n-hexane (1 pg mL™) and analysed by GC-MS equipped
with an ion-trap, on a 5% diphenyl column, in EI (70 eV) and negative mode analyzer.
Elution of free fatty acid methyl esters required an increasing gradient of temperature
according to the following method: 200° C for 2.5 min then 15° C min-1 till 290° C,
followed by 7 min at 290° C. 2 pL samples were directly injected in split mode (1:10),
with a blink window of 3 minutes (inlet temperature of 270° C, transfer line set at 280°
C and ion source temperature of 250° C). FAMESs have been identified by retention time
assigned after analysis of standard mixture FAME (Marine source, analytical standard,

Sigma Aldrich).
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8. 15. Estimate of quercetin incorporation

To monitor the uptake, 20 UM quercetin was incubated in 1 mL of diatom culture. After
centrifugation at 3750 rpm 10 minutes at 12°C, quercetin in the supernatant was
assessed by UV at 325 and 375 nm (JASCO spectrophotometer VV-650) (Dall’Acqua et

al., 2012).

8. 16. RNA extraction and cDNA preparation for sulfotransferase analysis

Total RNA was extracted with TriPure (Roche) according to manufacturer’s
instructions with the following few modifications. After the addiction of 1.5 mL of
TriPure, the samples were incubated with 0.5 mg of glass beads (Sigma Aldrich) in a
thermoshaker at 60°C for 10 minutes with maximum rpm (1400). The samples were
centrifuged briefly for one minute and supernatants were transferred to 2 mL Eppendorf
tubes. RNA was treated with DNase (Roche) to eliminate possible contaminations from
genomic DNA according to the manufacturer’s instructions. Clean up with RNeasy
plant mini kit (Qiagen) and Reverse Transcription of cDNA with QuantiTect Reverse

Transcription (Qiagen) were performed according to the manufacturers’ instructions.

8. 17. Real time PCR

cDNA from treated and untreated diatom cells (control) were used in real time
quantitative PCR (gPCR) for the gene expression analysis of SULT genes. Expression
profiles were analyzed by using ACT, RPS and CDK as normalization genes. qPCR was
performed using 1uL of cDNA (1:5 diluition), 4 pL of the primers (final concentration
0.7uM of each primer) and 5uL of Fasta SYBR Green Master mix with Rox (Applied
Biosystems) in a final volume of 10uL, using ViiA™ 7 Real-Time PCR System

(Applied Biosystems). PCR conditions were as follows: 95°C for 20 s, 40 cycles at
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95°C for 1 s and 60°C for 20 s, 95°C for 15 s, 60°C for 1 min, and a gradient from 60°C
to 95°C for 15 min. The results were analyzed and collected in an Excel sheet using the
ViiA™ 7software. Gene expression analysis was performed on three biological

replicates, and each of these was run in technical triplicates.

8.18. Protein assay for biochemical analysis

The protein content was determined by using the Lowry protein assay following the
manufacturer’s instructions (Bio-Rad) with BSA as standard. All measurements were
performed in triplicates and data are presented as means + SD.

The pellet from 10 mL of culture was lyophilized and dissolved in 100 pL of phosphate
buffer 50 mM and 20 pL of Triton 25%. Samples were then sonicated in ice 5 minutes
in an ultrasonic bath at 100 MHz (UltraSONIK NDI) and incubated 15 minutes at room
temperature. 380 pL of phosphate buffer was added to each sample and they were
centrifuged at 4°C 5 minutes at 10000 rpm (Thermo ALC PK131R). 10, 20 and 40 pL

of supernatant were assayed.

8.19. Carbohydrates assay for biochemical analysis

The determination of intracellular carbohydrates was performed by the phenol / sulfuric
acid assay (Dubois et al, 1956) derived from a method of spectrophotometric analysis of
total carbohydrates. Calibration curves were performed with D- glucose as standard.
Cells from 50 mL of culture were dissolved in 400 pL of distilled water and hydrolyzed
in 1.6 mL of H,SO, (98%) for 20 hours. After diluting with distilled water (1:3; v/v)
samples were centrifuged 4°C 5 minutes at 10000 rpm (Thermo ALC PK131R) and
supernatants were assayed. In test tubes were added 100 pL of sample, 400 pL of

distilled water, 250 puL phenol 5% and 1.25 mL of H,SO, (98%). The samples were
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shaken and incubated 30 minutes at room temperature. Absorbance readings were

performed at A = 490 nm with a spectrophotometer Jasco (V-650).
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