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ABSTRACT

Diatoms are unicellular photosynthetic microalgae responsible for approximately 40% of
marine primary productivity. This algal class has traditionally been regarded as providing
the bulk of the food that sustains the marine food chain to top consumers and important

fisheries. However, this beneficial role has recently been questioned on the basis of
laboratory and field studies showing that although dominant zooplankton grazers such as

copepods feed extensively on diatoms, the hatching success of eggs thus produced is
seriously impaired. Short chain polyunsaturated aldehydes, such as 2,4,7-decatrienal and
2,4-decadienal, were correlated to the antiproliferative effect of diatoms on copepod
reproduction. After establishing a method of analysis, the aldehyde profile of some
ecologically relevant species of marine diatoms was assessed. The results showed that the
production of aldehydes is species-specific. Detailed chemical analysis revealed the
presence of fatty acid derivatives other than aldehydes such as hydroxyacids, ketoacids,
oxoacids and epoxyalcohols, increasing the complexity of a chemical defence of diatoms
mediated only by aldehydes. All these compounds belong to a class of compounds called
oxylipins, that are oxygenated compounds biosynthesized from fatty acids by oxygenase-
catalyzed oxygenation. Marine diatoms are able to produce the major antiproliferative

oxylipins by a novel oxygenase-dependent oxidation of C,s fatty acids hexadecatrienoic

acid (16:3 o-4) and hexadecatetrenoic acid (16:4 -1), and Cyp eicosapentaenoic acid (20:5

®-3). This process is triggered by lypolitic acyl hydrolase activity, that feeds the
downstream lipoxygenase pathway. The ecological meaning of the oxylipin pathway in the
diatom-copepod interactions is discussed, showing that attention should move from single
compounds to complex biochemical process. The deleterious effect on copepod
reproduction could be due to a biochemical process such as the generation of an high
oxidative potential, rather than only by aldehydes or other secondary oxygenated products,

that when present can co-occur to produce the final effect.
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1. INTRODUCTION

1.1. The plankton

The plankton are a group of organisms subject to the movement of the water in which they
live. While many are capable of small-scale movement, their large scale movements and
distribution are determined by currents, thus they are "drifters" in the sea. At this level,
"plankton" includes ZOOPLANKTON, or animal drifters (non-photosynthetic, heterotrophic

organisms such as copepods, and many larval forms of sessile animals, and jellyfish),
BACTERIOPLANKTON, bacteria (including both photosynthetic cyanobacteria and non-
photosynthetic, or heterotrophic, bacteria), and PHYTOPLANKTON, which refers primarily

to microalgae. More than 5000 species of marine microalgae are known to date; these are

separated into five major divisions: Chlorophyta (green-algae) Chrysophyta (golden-brown,
yellow algae and diatoms) Pyrrophyta (dinoflagellates) Euglenophyta and Cyanophyta (blue-
green algae). The taxonomy of microalgae 1s subject of controversy. For instance,
cyanobacteria (division Cianophyta) are prokaryotic bacteria sometimes included in
bacterioplankton, sometimes in phytoplankton because they photosynthesize. Another pending
issue is whether non-photosynthetic organisms should be included in the microalgae or not.
For example, a great number of dinoflagellates lack ;:hlorophylls and live heterotrophically,
eating bacteria and other microalgae.

Phytoplankton have been called the grasses of the sea. Through the process of photosynthesis,
these microscopic, single-celled plants nourish the entire food web of the oceans. The lives of
all animals that live in the sea, with the exception of hydrothermal vent organisms, depend on
phytoplankton for energy and minerals (Figure 1.1). The global carbon cycle, which regulates
the temperature of our planet, and life-sustaining oxygen, essential to the metabolism of all
aerobic organisms, is controlled by the activity of the phytoplankton. Perhaps no other group

of organisms plays such a major role in the maintenance of life on Earth.
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Figure 1.1: The marine food chain (Irom Isaacs, 1969)

Marine phytoplankton represent the major contributors of marine carbon fixation. In some
regions of the ocean, these organisms can fix approximately the same amount of carbon, a few
grams per square meter per day, as a terrestrial forest (Smetacek, 2001). Today, the oceans

cover 70% of the Earth’s surface, and on a global scale they are thought to contribute
approximately one half of the total primary productivity of the planet.

1.2. The diatoms

Diatoms are one of the most important group of eukaryotic phytoplankton colonizing the

oceans down to depths to which photosynthetically available radiation can penetrate. The
diatoms are responsible for approximately 40% of marine primary productivity (Falkowsk1 et
al., 1998). They also play a key role in the biogeochemical cycling of silica (Treguer et

al.,1995) owing to their requirement for this mineral for cell wall biogenesis. The cell wall of

9



diatoms 18 known as a frustule. The frustule 1s composed of pectin, a jelly-like carbohydrate
substance, and of silica. It 1s the siliceous part of the frustule that gives diatoms their
characteristic beauty. Every diatom frustule 1s split into an upper valve (epitheca) and a lower

valve (hypotheca). The upper valve overlaps with the lower valve giving the frustule a box-

like appearance. When a cell divides each new cell takes as its epitheca a valve of the parent

frustule, and within ten to twenty minutes builds its own hypotheca; this process may occur

between one and eight times per day (Figure 1.2).
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Figure 1.2: Life cvcle of diatoms (from Weir et al., 1982)

This means that the original lower valve now becomes the upper valve (of the daughter cell)
and that the size of the diatom 1s reduced. If this process continued, the diatom would shrink
out of existence. However. when a certain minimum size 1S reached. diatoms form a
reproductive spore, known as an auxospore. This spore gives rise to a full-size diatom and the

process starts all over again. Many planktonic diatoms alternate between a vegetative



reproductive phase and a thicker walled resting cyst or statospore stage. The siliceous resting
spore commonly forms after a period of active vegetative reproduction when nutrient levels
have been depleted. An increase in nutrient levels and/or length of daylight cause the
statospore to germinate and return to its normal vegetative state. Seasonal upwelling 1s
therefore a vital part of many diatoms life cycle as a provider of nutrients and as a transport
mechanism which brings statospores or their vegetative products up into the photic zone.
Since the frustules persist after death, they are also the subject of paleoclimate research as
frustules from sediments can be identified. Knowing who lived in the waters above the
sediment can give clues to past environmental conditions based on the tolerance range of the
species that are found.

The taxonomy of diatoms is mainly based on the morphology of the opaline frustule, its shape,
its fine structure, the presence-absence of special elevations, spines and processes, In
accordance with the classical Linnean method. Since the invention of the Scanning Electron
Microscope a much better understanding of the three dimensionality of the diatom frustule and
the shape of its processes has been established. But more and more research is being done
using molecular biology to examine the genetic relationships. Sometimes two species that look
quite similar are not closely related genetically.

Diatoms are divided into two subgroups, Centrales and Pennales, based on the symmetry of
their frustules (Figure 1.3). Centric diatoms are radially symmetrical, appearing round like
pillboxes or baskets. Pennate diatoms have bilateral symmetry, appearing slender and curved
like rods. Because of their shape, centric diatoms float better than pennate diatoms and, thus,
centric diatoms tend to be strictly planktonic while pennate diatoms tend to be primarily
benthic. There are well over 250 genera of extant diatoms, with perhaps as many as 100,000

species (Norton et al., 1996) ranging across three orders of magnitude 1n size (about as many

as land plants) and exhibiting a remarkable variety of shapes.



Figure 1.3: Typical centric (left) and pennate (right) diatom.

The well-studied small-celled species (5-50 um) tend to be most abundant at the beginning of
spring and autumn, when nutrients are not limiting and when light intensity and day length are
optimal for diatom photosynthesis. When nutrients run out they will often aggregate into
flocks that sink quickly out of the photic zone. The giant diatoms (which can reach 2—5 mm in
size) are ubiquitous in all oceans, and their abundance shows less seasonal variability. Their
silica cell walls predominate in the sediments of the ocean floor, thus making them serious
players in ocean biogeochemistry over geologically significant timescales (Kemp, 2000).
Besides planktonic diatoms, which are found in all open water masses, there are many benthic
forms, growing on sediments or attached to rocks or macroalgae, and some species can also be

found in soil (Lee, 1999). Diatoms also constitute a large proportion of the algae associated

with sea ice in the Antarctic and Arctic.

In spite of their ecological relevance, very little is known about the basic biology of diatoms
(Scala and Bowler, 2001). What are the molecular secrets behind their success? One
possibility is that they have an extraordinary capacity for finding different adaptive solutions
(e.g., physiological, biochemical, behavioural) to different environments. It has also been
proposed that the major factor behind ecological success is their siliceous cell wall. Smetacek
(Smetacek 1999 and 2001) has argued that the many different shapes and sizes of diatoms

evolved to provide a robust first line of defence against various type of grazers, therefore



being the functional equivalents of the waxy cuticles, trichomes, and spines of higher plants.
Plankton defense systems are poorly studied, but an emerging idea is that protection against
grazers may be an important factor in determining the composition and succession of
phytoplankton. If this is the case plankton evolution may be ruled as much by protection as by
short-term adaptations or competition (Falciatore and Bowler, 2002).

1.3. Effects of diatoms on copepod reproduction

There i1s at present considerable debate in the biological oceanography community as to
whether diatoms are a good or poor food for copepod reproduction and development. The idea
that diatoms were therefore at the base of the marine food chain, and constituted a suitable
tfood source for copepods, largely persisted until the 1990s. Various copepod species have
been successfully grown with unialgal diets of diatoms, even though there is some evidence
that diatoms are not an optimal food for copepod growth, because they lengthen the generation
time and increase mortality rates (e.g. Paffenhofer, 1970). Kleppel (1993) was the first to point
out that diatoms have been ascribed too much importance in the past and that, although
copepods do consume diatoms to a large extent, they also eat many other kinds of organisms.
It was originally shown by lanora & Poulet (1993) that a diatom diet induced high egg
production rates in the copepod Temora stylifera (Dana), even though hatching success was
seriously impaired, with a four- to six-fold difference in hatching success between a diatom
and a nondiatom diet. However, when Ianora & Poulet screened different biochemical
components in the diatom Thalassiosira rotula and the dinoflagellate Prorocentrum minimun
(including proteins, free amino acids, vitamins and fatty acids), they found no substantial
differences between them. Later, Poulet ef al. (1994) proposed that the inhibitory effect of
diatoms on copepod egg-hatching success was not caused by a nutritional deficiency of

diatoms, but by the presence of antimitotic compounds blocking copepod embryogenesis.

They showed that, when the copepod Calanus helgolandicus (Claus) was fed the diatom T.



rotula, hatching success was dramatically reduced, dropping to 20% after 4 days of feeding on
this diatom. The same type of inhibition was also observed using crude diatom extracts, which

not only blocked development of newly spawned C. helgolandicus eggs, but also arrested

cleavage in the classic sea urchin bioassay.

Several examples of how diatoms reduce hatching success with time, derived from a variety of
studies. However, the data also indicated that not all copepods showed the same sensitivity to

diatom metabolites, and that not all diatoms induced the same inhibitory effects on copepods.

For example, diatoms had different effects on egg production rates in different copepods.

“ Hatching success
® Egg production

18 cases
11 cases

| case

80 > —o—=® 7 cases

Figure 1.4: Thirty-seven selected combinations of copepod -diatom species (from Ban et al., 1997).

In an exceptional study intended to add more information about diatom-copepod interactions,
fifteen laboratories located worldwide in twelve different countries and representing a variety

of marine, estuarine and freshwater environments joined together to test combinations of
different copepod species with different diatoms species (Ban et al., 1997). Among 37 diatom-

copepod combinations examined, diatoms supported either lower copepod fecundity (7 cases)
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or hatching success (11 cases) or both (18 cases) (Figure 1.4). Thus, while diatoms may
provide a source of energy and materials for copepod growth, they often reduce fecundity
and/or hatching success. These observations constitute the paradox of diatom-copepod
Interactions in the pelagic food web (Ban et al., 1997).

1.4. Teratogenic effects of diatoms

By definition, ‘teratogens’ are substances that induce congenital malformations in the
offspring of organisms exposed to them during gestation. Teratogenesis is therefore the result
of developmental toxicity, which can ultimately elicit embryo or fetal mortality (i.e. abortion).
Diatoms have been shown not only to interfere with copepod embryogenesis, but also to
induce strong developmental aberrations in those nauplii that manage to develop to hatching.
Abnormal nauplii show a variety of birth defects, including asymmetrical bodies and

malformed or less numerous swimming and feeding appendages. Such individuals usually die

soon after birth, because they are unable to swim or feed properly.

Figure 1.5: Images of Calanus helgolandicus regarding the development from embryos to nauplii of normal
copepod (left) and copepod fed on toxic diatoms (right) (from Poulet et al., 1995).

The production of malformed nauplii was first reported by Poulet er al. (1995) for eggs

spawned by wild C. helgolandicus females in various seasons of the year, and for eggs

8



spawned by females maintained on a diet of the diatom Phaeodactylum tricornutum (Figure
1.5). Abnormal nauplii were also recorded by Uye (1996) in C. pacificus and Starr et al.
(1999) in Calanus finmarchicus fed on different diatom diets. Cell death through apoptosis
occurred in many tissues of the body and especially in limbs having strong structural
malformations, as revealed using confocal laser microscopy and the fluorescent probe terminal

deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick end labelling

(TUNEL) (Boehringer), specific for apoptosis (Figure 1.6).

Color
graphic

Figure 1.6: Abnormal Calanus helgolandicus nauplius generated from females that had been fed the diatom
Skeletonema costatum for 5 days and observed in bright-field microscopy (lower panel); deformed limbs were
positive for apoptosis, giving green fluorescence with TUNEL labelling (upper panel) (from lanora et al., 2003)

LS. Other inhibitory effects of diatoms

Reduced hatching success has been shown to be caused by diatom cells and not by the bacteria
associated with diatom cultures. To demonstrate this, Ianora et al. (1996) rendered their T
rotula strain axenic and showed that this strain induced even stronger effects on hatching than
the nonaxenic strain. Toxicity is not caused by anoxia. Miralto ef al. (1995) have shown that,
In containers with high concentrations of diatom (7. rotula) and dinoflagellate (P. minimum, as

control) diets, oxygen did not modify hatching rates in Centropages typicus. With or without



bubbling, hatching success was 100% with dinoflagellate extracts but reduced with diatom
extracts. Inhibition of egg-hatching success has been shown to be dependent on diatom density
(Chaudron et al. 1996). The greater the number of cells ingested, the greater the inhibition,
and vice versa. Starr et al. (1999) also found that the adverse effects of diatoms were density-
dependent. At 10® cells ml" of Thalassiosira nordenskioldii, egg production rates in C.
Sfinmarchicus were low but hatching success was high. At higher concentrations of 10* cells

ml™, the opposite was true, egg production being higher but hatching success lower; the

number of hatched nauplii that were abnormal increased.

1.6. Reversibility of the negative effect of diatoms on egg hatching

In a series of laboratory experiments, Laabir ef al. (1995) and Lacoste et al. (2001) showed
that inhibition of egg-hatching success is reversible. When C. helgolandicus was first fed the
diatom P. tricornutum or T. rotula for several days, and then switched to the dinoflagellate P.
minimum, hatching success initially decreased dramatically to 0%, after which it increased
sharply to >75% in only a few days. From new experiments conducted on the copepod T.
stylifera, it has been shown that the reversibility of diatom inhibition may not necessarily
apply for all copepod species. Hatching success diminished when T. stylifera was fed the
diatom T. rotula, but despite some initial recovery after switching copepods to a nondiatom
food, hatching success never returned to the initial values. These results suggest that some

species of copepods, probably those that are more sensitive to diatom metabolites, never fully
recover from the negative effects of a diatom diet in terms of egg-hatching success.

1.7. Field evidence of the inhibitory effects of diatoms

The first convincing field evidence of inhibitory effects of diatoms on copepod reproduction

was reported by Miralto et al. (1999) who found that hatching success in 4. clausi was greatly

modified during two major diatom blooms in February 1997 and 1998 in the north Adriatic

Sea. Egg viability in these periods was only 12% and 24%, respectively, of the total number of
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eggs produced, compared with 90% after the bloom in June. Two diatom species, Skeletonema
costatum (66.3%) and Pseudonitzschia delicatissima (23%), dominated the bloom in 1997,
whereas in 1998 the bloom was almost entirely composed of P. delicatissima (80.6%).
Neither of these two diatom species lowered egg production rates in Acartia clausi, which
were, in fact, higher during the bloom. Notwithstanding the positive effect on fecundity,
however, hatching success was dramatically reduced in both years.
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Figure 1.7 1 In situ relationship between diatom densities and copepod reproductive success during three cruises
along four transects in the North Adriatic Sea during 1997+1998. Although the diatom bloom (green histograms)

in February of both years promoted higher copepod fecundity (turquoise histograms), corresponding values for
hatching success (blue portion of pie diagrams) were minimal in these periods compared with post-bloom
conditions in June when the microbial food web was established (from Miralto et al., 1999).

There have been other studies indicating that diatoms induce deleterious effects on copepod

reproduction in the wild. Mesocosm experiments off the Norwegian coast indicated a drop of
95% in the reproductive success of C. helgolandicus during a diatom bloom, even though

feeding rates were high and alternate prey were available (Nejstgaard et al. 2001). A high

incidence (20-40%) of abnormal nauplii of Pseudocalanus newmani was recently reported

during a diatom bloom in the Sea of Japan (Ban ef al. 2000). By contrast, other studies have
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not found a negative relationship between egg-hatching viability and diatom concentrations.
Ohman & Hirche (2001) concluded that mortality of C. finmarchicus eggs was caused mainly
by cannibalism, and was a function of the abundance of females and juveniles, rather than
diatom concentrations. Irigoien et al. (2002) too did not observe a negative relationship
between copepod hatching success and either diatom biomass or diatom dominance in the
microplankton from 12 globally distributed areas. They suggested that a possible explanation

for the differences between laboratory and field results might relate to the diatom assemblage

and culture conditions; that is, either toxicity 1s due to the diatom culture conditions in the
laboratory or cases of toxicity are exceptions, the species or strains maintained in laboratory
cultures being unrepresentative of natural field populations. Irigoien et al. concluded that there

1S no need to revise existing conceptual models of energy transfer from phytoplankton through

copepods to fish, in diatom-dominated systems.

1.8. The chemistry of diatom defence

Miralto et al. (1999) identified the compounds responsible for inhibitory effects during
copepod embryogenesis as 2-trans-4-cis-7-cis-decatrienal (1), 2-trans-4-trans-7-cis-
decatrienal (2), and 2-rrans-4-trans-decadienal (3) (Miralto et al. 1999). Although all three
aldehydes were already known from other sources (Harkes & Begemann 1974), Miralto et al.
were the first to report the presence of these compounds in marine diatoms. Decatrienals had

been identified in the freshwater diatom Melosira varians C. Agardh (Wendel & Juttner

1996), although the biological function of these molecules was unknown at the time. The anti-

cell-growth activity of diatom aldehydes was tested on three animal models.

12



00 05 10 15 20
ng mi-

Figure 1.8 Effect of aldehydes on cell division. 2-trans-4-cis-7-cis-decatrienal (1) (pink), 2-trans-4-trans-7-cis-
decatrienal (2) (green), and 2-trans-4-trans-decadienal (3) (blue) (a) markedly reduced the percentage hatching

success of newly spawned copepod (b), cleavage of sea urchin embryos (c), and growth of Caco2 cells (d). The
related compound EPA (red), used as a negative control, had no effect on cell division (from Miralto et al., 1999).

All three aldehydes reduced egg hatching rates in copepods (Figure 1.8b) and inhibited
cleavage of sea urchin embryos (Figure 1.8c) when concentrations were >0.5 pg/ml”. In

Caco2 cell lines derived from a human colon adenocarcinoma?7, the concentration required to
arrest cell growth was 11417 pg/ml” (Figure 1.8d). Similar concentrations of the fatty acid

32,82,11Z,14Z,17Z-eicosapentaenoic acid (EPA), an inactive related compound used as a

negative control because of its presence in diatoms, had no effect on cell division. Aldehydes
have been shown to arrest cell proliferation and induce apoptosis in cultured cell lines. It was
suggested that these aldehydes were the probable agents of copepod reproductive failure when

diatoms were the major source of food.
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1.9. Aims of this PhD thesis

Starting from the evidence for the insidious ecological effect of diatoms on copepod
reproduction, and from the preliminary identification of C,o aldehydes as molecules

responsible for this effect, this PhD thesis was developed with the following aims:

1) Develop of a method for analyzing aldehydes.

2) Assess aldehyde profiles in different species to understand if the production of aldehydes is

species-dependent.

3) Isolate and elucidate the structure of oxylipins other than aldehydes, probably involved in

ecological interactions within planktonic commumties.

4) Clarify oxylipin biosynthetic pathway and characterize enzymatic activities involved, to

better understand the regulating factors of the process, and to develop suitable enzymatic tools

to address in the future the study of phytoplankton bloom at Sea.

5) Understand the biochemical and ecological dynamics of oxylipin pathway in marine

diatoms.

14



2. RESULTS

Plan of work

The first step was the development of a suitable method of derivatisation of aldehydes.
This method was initially developed on commercially available standards, and then applied
directly on diatom extracts. Five centric diatoms were choosen for the chemical ecology
studies of this PhD thesis: Skeletonema costatum, Thalassiosira rotula, Pseudonitschia
delicatissima, Chaetoceros socialis and Chaetoceros affinis (Fig....).The results were
presented separately for each species and faced together into the discussion.

The selected diatoms were initially tested for their effect on copepod reproduction and
screened for aldehyde composition. Then biosynthetic studies were conducted. First of all
the fatty acid composition of some diatoms was assessed to understand the possible
substrates involved in the oxidative processes. The biosynthetic pathways were elucidated
using commercially available radioactive fatty acids or synthesizing deuterated fatty acids.
After assessing the fatty acid precursor of aldehydes, their distribution in complex lipids
was investigated, in order to understand the role of each lipid class in the generation of
aldehydes. Biosynthesis from complex lipids was investigated using either partially

purified enzymatic systems or radiolabelled substrate.

For each species, the presence of oxylipin derivatives other than aldehydes was
investigated, and complete structure elucidation and stereocemical analysis were presented.

Finally, the biological activity of studied oxylipins was investigated using a sea urchin

embryos bioassay as a model.

2.1. Derivatization procedure of aldehydes

In order to detect polyunsaturated aldehydes in marine diatoms, a new procedure was

developed based on the conversion of aldehyde into ethyl ester by the Wittig reaction with

(CarbethoxyEThylidene)-triphenylphosphorane [CET-triphenylphosphorane] (Scheme

2.1). The method was designed to allow the GCMS detection of compounds with alkyl
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chains ranging from 7 to 16 carbon atoms, but the procedure is also suitable for NMR and

HPLC applications (d’Ippolito et al., 2002b).

Ph P-‘-—< oy 2
,/6\/1\_;52\ ¥ co2Et ° : .-"2 i
R CHO R CO,Et
5§ 3 1 CHCly, r.t., 18 h 5 3 1

Scheme 2.1: Derivatisation procedure of aldehydes with CET-triphenylphosphorane.

The effect of temperature (16°-70°C), solvent (CH,Cl,, CsHs) and reaction time (1h-36h)

was carefully evaluated in order to establish the most advantageous conditions for

derivatization (data not shown). Reaction with 1.1 equivalent of derivatizing agent in
CH,Cl; at room temperature for 18 hours was found to be a good balance between yield

and product alteration. Under these conditions, CET derivatives were formed almost
quantitatively (about 98% of yield) with unconjugated aldehydes (5-10 and 12), whereas

lower yields (87% of yield) were found with o,B-unsaturated homologues (1-4 and 11).

\/—__7_\/_—:\’/\(: N WCH::X

1. X=0; 1a. X=C(CH;)CO,Et=CsH;0, 2_ nﬁ’ )}§=o; 5a. n=2, X=C,H;0,
/ / =4, X=0); 6a.n=4 X=CHzO,
—— CH=—X 7. n=5, X=0; 7a.n=5, X=CsHzO>

8. n=6, X=0; 8a. n=6 X=CsH;0,
0. n==7, X==O; 9a. n=7, X=C5H302
10. n=8, X=0; 10a. n=8 C;H;0,

W\/\CH=X
11. X=0; 11a. X=C<H;0,

/\/\/:_\/\ CH==X \//\/\/\/\CH:::X

4. X=0: 4a. X"CanO; 12. X=O; 12a. X=C5H307

2. X=0; 2a. X=CsHg0;

W\///\/\cm-—-x

3. X=0; 3a. X=CsH;0,

The new generated double bond showed almost exclusively £ configuration (95-98 %),
even if the fraction of Z isomers increased proportionally with the amount of derivatizing
agent and reaction temperature. For GCMS analysis, the reaction mixture was evaporated
to dryness and dissolved in n-hexane or CH,Cl, in order to obtain a final concentration of
0.1 or 1 pg/uL. These solutions were directly analyzed by GCMS, thus preventing any loss

of material due to further sample manipulation. Alternatively, the sample was applied onto

a SepPack SiO;- cartridge and the derivatized compounds were purified with petroleum
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cther/Et;0 95:5. An average recovery of 90% was obtained in this latter case. Gas
chromatographic elution of CET derivatives required a slow temperature gradient that led

to separate saturated compounds at intervals of 2-3 min (Table 2.1).

Parent aldehyde Time (min.)  m/z
5a C38.0 9.6 212 (25), 167 (45), 141 (30}, 115 (80), 102 (100), 87 (65)
6a C10:0 15.6 240 {(15), 195 (35), 141 (15), 115 (85), 102 (100), 87 (50)
8a C12:0 21.9 268 (15),223(25), 141 (15), 167 (60) 115 ( 80), 102 (100)
92 C13:0 25.5 282 (15),237 (40), 171 (15), 141 (20), 117 (75), 102 (100)
11a  C8:1 QE) 11.7 210 (45), 165 (25), 139 (100), 111 (70), 81 (50), 79 (55)
12  C10:1 (4E) 14.8 238(10), 193 (15), 128 (100), 100 (45), 69 (65)
4a Cl10:2 QEAZ) 17.9 236 (30), 207 (25), 291 (65), 250 (70}, 161 (70), 109 (80), 93 (100)
3a C10:2 2E4E) 20.8 236 (70), 207 (35), 191 (15), 137 (40), 133 (65), 93 (100), 79 (55)
la Cl10:3 RE42,72) 19.8 234 (60), 205 (15), 189 (25), 159 (40), 131 (65), 91 (100), 79 (50)
22 C10:3 (2E,4E,72) 21.0 234 (30),205 (10), 189 (15), 159 (25), 131 (55), 91 (100), 79 (80)

Table 2.1. GC-MS (EI, 70 eV) data of selected CET derivatives.

On the other hand, in agreement with the number of double bonds, derivatives of
conjugated aldehydes were eluted later than the saturated homologues (Figure 2.1).
Unambiguous characterization of each component was facilitated by the very characteristic

fragmentation pattern in the high mass range of the MS spectra (Table 2.1).

5a .
a
i la
30 4 12a
6a
20 I 7a 1,
| 4a 82
10 | | | 10a
a
O ».‘J_. L_A‘A.L_—Ll -——J‘J—_____A‘__n\_’—‘
——T——'T-‘“"T"—"l"""_l'"'l
10.00 15.00 20.00 25.00 30.00

Figure 2.1: GC profile of CET derivatives of octanal (5a), 2E-octenal (11a), 4E-decenal (12a), decanal (6a),
2E,4Z-decadienal (4a), undecanal (7a), 2E,4Z,7Z-decatrienal (1a), 2E,4E-decadienal (3a), dodecanal (8a),

tetradecanal (10a).
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These included the intense molecular ion (M”), and ions formed by loss of CH;CH,0" (M-
45") and of CH;CH," (M-29"). However, the analysis of the MS spectra proved to be rather

simple since most of the peaks could be explained by fragments of the (M-45") ions

(Figure 2.2).
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Figure 2.2: MS spectrum of CET-decatrienal (1a).

It i1s noteworthy that there was no double bond isomerization as a consequence of the
derivatization procedure. The method was totally faithful even with very unstable
compounds, such as trans,cis,cis-2,4,7-decatrienal (1) and trans,cis-2,4-decadienal (4), that

have the intrinsic instability of double bond geometry (Spiteller and Spiteller, 2000). In

this regard, an unambiguous determination of the double bond configuration of CET

denivatives was obtained by NMR spectroscopy, since introduction of the

carboxyethylidene group produced a strong regio-differentiation of hydrogens in a, § and y
to the carboxylic group. Clear evidence of this effect is offered by the CET derivatives of

trans,cis-2,4-decadienal (4a) and trans,trans-2,4-decadienal (3a) that differ significantly

for the chemical shift of H-1°, H-2’ and H-3" [respectively, § 7.27, 6.48 and 6.84 in 4a and

at 0 7.20, 6.38, and 6.50 in 3a] (Figure 2.3).

558 dd 6.14,t 6.48,dd 6.18,dd  6.38 dd
— . CsH \./4'\/2'\/|\
sH; G
/ / COOEt

5 3 I
6.84,dd 7.27,bd 5.88,dt 6.50,dd  7.20,dd

Figure 2.3: Chemical shifts of CET-derivatives of 2E,4Z-decadienal (4a) and 2E 4E-decadienal (3a). 'H-
NMR (400 MHz) data were recorded in CDCl,; and are referenced to CHCl; (8 7.26) as internal standard.
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2.2. Skeletonema costatum

ECOLOGICAL STUDY CHEMICAL ANALYSIS

*Ecological effect of S, Isolation and structure

costatum on copepod elucidation of aldehydes
reproduction by GC-MS and NMR

BIOSYNTHESIS OF ALDEHDYES ..~ ;°

FROM FATTY ACIDS TO ALDEHYDES
Determination of fatty acid composition

*Incubation experiments
with d,-hexadecatrienoic acid and *H, -EPA

FROM COMPLEX LIPIDS TO FATTY ACIDS
*Distribution of fatty acids in the complex lipds
*Incubation of complex lipids in homogenates
with reduced level of aldehydes

Incubation of radioactive complex lipids
*Characterization of MGDG by NMR and LC-MS

o]solation and structure elucidation
of oxylipins other than aldehydes by
LC-MS and NMR

*Determination of the absolute
sterecochemistry of the major derivatives

2.2.1, Ecological effect of S. costatum on copepod reproduction.

Egg production rates (Figure 2.4 A) and hatching viability (Figure 2.4 B) in the copepod
Temora stylifera were strongly affected by diet. Fecundity diminished to 3.7% of initial

values within only 4 days and to 0% hatching success within 7 days.
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Figure 2.4:Laboratory experiments testing the effects of S.costatum on egg production rates (A) and hatching
viability (B) in the copepod T. swylifera.

2.2.2, Aldehyde profile

The CET derivatization was applied to detect the production of short chain aldehydes in S.
costatum. The microalgae (3 g) were sonicated in F/2 and after 30 minutes the resulting
water suspensions were extracted with acetone and dichloromethane (Experimental
Section). Direct derivatization of the organic extracts gave an enriched pool of CET
derivatives that were examined after purification on mini-columns of silica gel. CET
derivatives were resolved by GCMS in 2E,4Z-octadienal (13), 2E,4E-octadienal (14),

2E,AE,7-octatrienal (16) and 2E,4E-heptadienal (18), 14 being the main component. The
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mixture of CET derivatives also contained a variety of saturated and monounsaturated
compounds, including ftridecanal (9), pentadecanal (19) and 8-pentadecenal (20)

(d’Ippolito et al., 2002a).

/\/‘z\/\ CHE=X \/—__—.\/\

CH=—X
13. X=0; 13a. X=C;H;0; 17. X=0; 17a. X=C;sH;0,
\/\/\/\C}{:X
/\N\C}{mx
14. X=0; 14a. X=C;H;0; 18. X=0; 18a. X=CsH;0;
AN N SNeu=x /\(\/)n/\/\CH=x
15. X=0; 15a. X=C;H;0; 2.0=7, X=0; 9a.n=7, X=C;H;0;

19. n=9, X=0; 19a. n=9 CsH;0,

\/\/\/\ —
N AN CH==X C.H, N N c=x

16. X=0; 16a. X=CsH;0; 20. X=0; 20a. X=Cs;H;30,

All the described aldehyde compounds were unambiguously characterized by comparison

of their NMR data with those of standard products. In fact, CET derivatives were purified

on RP-HPLC in CH;CN/H,O 70/30 and further characterized by mono- and bidi-
mensional NMR. Except for octatrienal (16), all of these compounds were already known

as products of lipid oxidation. So, the structure of octatrienal (16) was unambiguously

1dentified by 2D NMR spectroscopy.

Figure 2.5: '"H-'"H COSY of 2E,4E,7-octatrienal (16) (CDCl;, 400 MHz).
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In particular, '"H-'"H COSY spectrum revealed a bis-allylic methylene group (8 2.89)

coupled to the vinyl protons at & 5.92 and 5.74; this latter signal was in turn correlated to

the methylene protons at 6 5.07 (H-8a, bd, /= 17.1 Hz) and 4.99 (H-8b, bd, J = 10.1 Hz)
(Figure 2.5). The remaining part of the molecule, as well as the configuration of the double
bonds in the other aldehydes, were assigned in analogy with CET derivative of 2E,4E-
octadienal. No aldehyde was found in intact cells of §. costatum. The intact cells were

obtained after treatment of fresh cell pellet with boiling methanol.

2.2.3. Fatty acid composition

Since aldehydes generally derive from fatty acid oxidation, the first step in approaching the
biosynthesis of these compounds was the description of the fatty acid composition. A cell
suspension was sonicated for 1 min and extracted with acetone and CH,Cl; as described
above. The extract was methylated with diazomethane and fatty acid methyl ester (FAME)

analyzed in GCMS. In agreement with Berge ef al. (1995), the lipid profile of S. costatum
showed a predominance of eicosapentaenoic acid (20:5 ®-3) (21) whereas neither ©-1 or

©-4 C, fatty acids were detectable. S. costatum lipids contained also high levels of Cis
compounds (almost 65% of the whole fatty acid content). In particular, significant amounts
of 6,9,12-hexadecatrienoic (HTrA, 16:3w-4, almost 26% of Ci¢ content) (22) and

6,9,12,15-hexadecatetraecnoic acids (HTA, 16:4w-1, almost 12% of C,4 content) (23) were

found, which may be related to the production of octadienals and octatrienal, respectively.

— CO,H
@/\
EPA (21)
~ CO,H 7 CO,H

S

HTrA (22) HTA (23)

It is worth noting that no other fatty acid with a terminal double bond was detected in the

S. costatum extract and that the structure of 6,9,12,15-hexadecatetraenoic acid was
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rigorously determined by NMR after purification of the product on RP-HPLC with
MeOH/H,0/TFA 85:15:0.3 (v/v/v). In addition to the typical signals of polyunsaturated
fatty acids (PUFAs), the 'H-NMR spectra (Figure 2.6) clearly showed the presence of the

terminal double bond at 6 4.99 (H-16a), 6 5.04 (H-16b) and 6 5.79 (H-15).
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Figure 2.6: '"H-NMR of 6,9,12,15-hexadecatetraenoic acid (23) (CDCl,;, 400 MHz).

2.2.4. Biosynthesis of octadienal from 6,9,12-hexadecatrienocic acid

To test the possibility that octadienal should derive from HTrA, the deuterated fatty acid
was synthetized since this labelled fatty acid was not commercially available.
[6,7,9,10,12,13-°H]-6,9,12-Hexadecatrienoic acid (dg-HTrA) was prepared as reported in
Scheme 2.2, following a general procedure based on coupling of propargyl halide with
terminal alkyne in the presence of cesium carbonate. Reduction of the resulting polyalkyne

by *H,/Pd on BaSOj as catalyst gave good yield (77%) of the deuterated Cy¢ methyl ester,

from which pure dg-HTTA (22a, D¢ 91%) was quantitatively obtained by basic hydrolyss.

' Bul o 1. CBry4, PPh3
. Bu
2. 1-Pentyne, Cs,CO3,,
2. CH,0 NOCHa 2 Cul Ng s
Cl 70% Cl OH 0320031 CUIr Nal 869%
90%
O 1. Do/ Pd on BaSOy4
_, [ D OCHs quinoline D DD DD D COH
/ P R
4 2. NaOH, H,0 2
779 22a

Scheme 2.2: Synthesis of dg-hexadecatrienoic acid (22a)

22



Once the labelled precursor was synthesized, d¢-HTrA was incubated for 30 min in

different suspensions of S. costatum, in concentration ranging from 8.3 to 15.6 umol/g of
wet cells. The suspension was extracted after 30 min, and denvatized with CET-

triphenylphosphorane. The pool of CET aldehydes was purified on silica gel, and analyzed

by GC-MS and NMR. GC-MS analysis of the mixture of CET derivatives obtained from
cells treated with dg-HTrA (22a) showed clear labelling of 2,4 octadienal (13) (d’Ippolito
et al., 2003). In fact, the MS spectra of this compound (Figure 2.7) showed significant M +
4 peaks (natural Cy3Ha0; ', m/z 208; labelled Ci3H;sD4O,", m/z 212) that agreed well with
the retention of four deuterium atoms. The presence of these isotopomers was also
confirmed by the isotopic clusters associated with fragments generated by the diagnostic
loss of ethyl (natural C,;H;50:°, m/z 179, labelled Cy;H{D4O,", m/z 183) and ethoxyl
(natural C;1H,s0*, m/z 163; labelled C;1H11D4O", m/z 167) radicals in the mass spectra of

2,4 octadienal (Figure 2.7). As expected, no trace of labelling was detectable in the other

aldehydes, supporting the prediction of a substrate-specific process.
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Figure 2.7: EI-MS spectrum of 2,4 octadienal from cells of S. costarum fed with Ds-hexadecatrienoic acid.

The localization of the deuterium atoms, on the other hand, was clearly established by
NMR spectroscopy. In fact, the “H-NMR spectrum of derivatized 2,4 octadienal purified
from treated cells showed three signals attributable to 2H-2 (6 6.42), °H-4 (5 6.20), and *H-

5 (6 5.91) (Figure 2.8). The resonance of the fourth deuterium atom (°H-1) was only
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apparently missing, since it fell under the large peak of CDCI; (6 7.26). The assignment

was rigorously proved by comparison with the 'H NMR spectrum of derivatized

trans,trans-2,4-octadienal (14a) (Figure 2.8).

(2)
CDCl,

7.5 7.0 6.5 6.0 5.5 ppm

Figure 2.8: Downfield regions of H-NMR (a) and '"H-NMR (b) of the CET derivatives of labelled (a) and
commercially available (b) trans,trans-2,4-octadienal.

On the basis of the labelling pattern, it was possible to hypothesize a mechanism of

octadienal formation through the action of 9-lipoxygenase (9-LOX) and a hydroperoxide

lyase (HPL) (Scheme 2.3).

D D
HTrA

2E,4Z octadienal 2F,4E octadienal

Scheme 2.3: Hypothesized mechanism of 2,4 octadienal formation from HTTA.

As previously reported, no detectable level of octadienal was found in intact cells of S.

costatum. Analogously, octadienal production was totally inhibited when the deuterated
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acid was added to a boiled sample of the diatom, suggesting that the aldehydes are not

formed by a spontaneous, auto-oxidative process.

2.2.5. Incubation experiments with *Hy-EPA

To test the origin of heptadienal in S. costatum, commercially available tritiated EPA was
used. [5,6,8,9,1 1,12,14,15,17,18-3H]-eicosapentaenoic acid (CH;o-EPA) at concentration

ranging from 0.5 to 3 uCi was incubated with cell homogenates of the diatom for 30 min at

room temperature.
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| | 0.0
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Figure 2.9: Conversion of “H;o-EPA by cell homogenates of S. costatum. (A) RP-HPLC profile of PUAs
produced by diatom cells incubated with 3 uCi of [’H]-EPA; (B) radio-chromatogram of Skeletonema
PUAs; (C) RP-HPLC of hydrogenated CET-PUAs produced by cells incubated with 3 uCi of [’H,0]-EPA.

After extraction and derivatization of the mixture with CET-TPP, analysis of
polyunsaturated aldehydes (PUAs) derivatives on RP-HPLC demonstrated the specific
presence of radioactivity only in the two 1somers 2F,4Z and 2E,4E of heptadienal (5180

cpm) (Figure 2.9A and B, Tr=23.1 and 24.2 min), whereas no labelling was found in the

25



peaks corresponding to octadienal and octatrienal (Tr=37.5 and 34.1 min) (d’Ippolito et
al., 2004).

The 1dentity of these products was ascertained by co-elution with CET derivatives prepared
from commercially available heptadienal. As further evidence of the labelling specificity,
an aliquot of the mixture of PUAs was exhaustively hydrogenated and analysed by HPLC.

Two distinct peaks were detected on reverse phase column (Figure 2.9C). These

compounds derived by conversion of the different C; and Cg stereoisomers of CET-PUAs
Into the corresponding saturated analogues 2-methyl-nonanoic acid ethyl ester (Tr=22.8
min) and 2-methyl-decanoic acid ethyl ester (Tr=32.8 min). The structures of these last
compounds were unambiguously proved by NMR spectroscopy on hydrogenated CET-
derivatives of commercially available C7:2 and C8:2 aldehydes, respectively.
Radioactivity was found associated only with the peak of 2-methylnonanoic acid ethyl
ester (2190 cpm), thus confirming the specific origin of heptadienal from EPA. The

oxidizing activities leading to heptadienal were totally inhibited when radioactive

precursor was added to boiled homogenates of diatom cells.

2.2.6. Lipid analysis

After demonstrating the origin of Cg aldehydes from Cy¢ fatty acids and heptadienal from
EPA, the lipid analysis was carried out to understand the distribution of these fatty acids in
the complex lipids of S. costatum, even though these data were already available in the
literature (Berge et al., 1995). In fact, it has been reported that there is a certain variability
of lipid pools within different strains of the same species (Pohnert et al., 2002) and 1n
response to different environmental parameters, including culture conditions and growth

cycle (Lopez et al., 2000). For simplicity, every experiment was carried out with cells at
the stationary phase and the results should be considered within this specific frame. S.
costatum cultures were gently centrifuged at 1200g before inactivating lipase activity with

boiling MeOH. Extraction was performed following the Folch method (Hamilton et al.,
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1993) and fractionation of this material was carried out on silica gel. Trnacylglycerols
(TAG) were eluted with petroleum ether/diethyl ether 90:10, whereas glycolipids (GL) and

phospholipids (PL) were obtained with acetone/MeOH 9:1 and CHCl3/MeOH/H,;0

05:25:4, respectively (Berge ef al., 1995).
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Figure 2.10: GCMS spectra of FAME from (A) phospholipids, (B) triacylglycerols and (C) glycolipids. (D)
Relative composition of FAME in the three different classes of complex lipids. T is expressed in minutes.

* This peak is a mixture of C16:1 ©5 and C16: 2 w4.

In this condition, Skeletonema lipids contained approximately 9% of TAG, 24% of PL and

67% of GL. HTrA and HTA were mainly present in the glycolipid fraction. On the
contrary EPA was rather uniformly present in PL and GL (Figure 2.10). Other fatty acids,
for the most part Cis and C4 saturated and monounsaturated species, occurred at lower
levels in polar lipids. PUFAs, mainly EPA, did not reach 10% of the entire fatty acids

present in TAG. The analysis 1ndicated that GL was composed of

monogalactosyldiacylglycerols (MGDG) (about 65%), digalactosyldiacylglycerols
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(DGDG) (about 24%) and sulphoquinovosyldiacylglycerols (SQDG) (about 9%). MGDG

were separated from DGDG and SQDG by a further S10, column with CHCl;/MeOH 95:5.

2.2.7. PUAs formation from glycolipids

The precursor of octadienal, 6,9,12-hexadecatrienoic acid, was present only in glycolipids,
suggesting the active role of glycolipids in the process of PUAs formation. To investigate

the role of glycolipids in the generation of aldehydes, the production of PUAs was
measured after incubation of GL and MGDG with cell homogenates containing reduced
levels of aldehydes. To achieve such a goal, prior to adding the exogenous substrates, PUA

content was drastically lowered by keeping the cell homogenates under vacuum for 15 min

at 4°C.
350 -
| O heptadienal
300 - O octadienal
B octatrienal
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Figure 2.11: Incubation experiments with diatom homogenates kept under vacuum (5 torr) for 15 min (n=3).
(A) Control; (B) incubation with MGDG; (C) incubation with GL; (D) incubation with d,-HTrA and EPA.

T'he treatment did not cause any evident decrease in enzymatic activity and cell
preparations maintained the capability of converting de-HTrA and EPA into ds-octadienal
and heptadienal, respectively. Incubations of both GL and MGDG increased the levels of
octadienal, octatrienal and heptadienal (Figure 2.11). It is significant that the experiments
with MGDG affected mainly the synthesis of octadienal (increased by about 300-fold after

iIncubation), whereas incubation of the whole pool of glycolipids (MGDG, DGDG and
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SQDG) had a generalized effect on PUA levels (increased by about 45-65-fold after

incubation) (d’Ippolito et al., 2004).

2.2.8. Metabolism of complex lipids containing radioactive EPA

Since the precursor of heptadienal, EPA, was present in both glycolipids and
phospholipids, it was necessary to clarify the role of these complex lipids in the generation
of heptadienal. A procedure was developed to label the natural complex lipids with "Hio-
EPA. Radiolabelling was achieved by growing the diatom for 20 h in culture media
containing *H;o-EPA (5 1Ci). During this time the cells actively capture the labelled fatty
acid from the medium, storing it in the complex lipids. Microalgal cells were then
harvested at the stationary phase by gentle centnifugation, washing repetitively the cell
pellets to eliminate the residual radioactivity due to the presence of *Hyo-EPA in the
medium. After inactivation of the enzymes with boiling MeOH, extraction and
fractionation of TAG, PL and GL were carried out in agreement with procedures described
above. Basic hydrolysis of small aliquots of these lipids confirmed the incorporation of
tritiated EPA. The radioactive lipids (PL, GL and TAG) were then incubated with cell
homogenates of S. costatum (2 x10° cells) for 30 min at room temperature. Experiments

with TAG led apparently to complete recovery of the unmetabolised lipid (not shown),
without detectable formation of labelled heptadienal. However, due to the low content of

radioactive EPA, it was not possible to make a conclusion about the contribution of TAG
to the synthesis of this oxylipin. On the other hand, incubations of radioactive GL and PL
gave significant labelling of free fatty acid (FFA) (Table 2.2). Both lipid pools led to
similar levels of labelling of FFAs (10818 dpm/mg from GL and 9486 dpm/mg from PL)
although the initial content of radioactivity was significantly higher in PL (47856 dpm/mg)

than in GL (4434 dpm/mg). This is consistent with a different rate of hydrolysis,

suggesting that GL were metabolized with higher efficiency.
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Glycolipids Extract® CET-PUSCAs® (C7:28
181800 cpm 2460 dpm/mg 2670 dpmymg 2120 dpmv/mg
(4434 dpm/mg)

Water Residue FFA® C8:2-~C8:3¢
17790 dpm 0486 dpm/mg  n.d.

2 3 4

Synoptic picture of radioactivity
distribution in lipid fractions after
feeding experiments.

black column= glycolipids; white
column= phospholipids; 1* column:
supplemented  radioactiviy; 2™
column = extract; 3™ column = CET-
PUSCAs; 4™ column=heptadienal
C7:2) after HPLC purification.

"82.0 mg; °83.0 mg; ©2.7 mg after purification on column; “20.6mg after purification on column; *4.1 mg after
purification on column; ‘38.1 mg after purification on column; fafter purification on HPLC; n.d = value

below the background.

Phospholipids  Extract® CET-PUSCAs® C7:28
933200 cpm 9096 dpmymg 12776 dpm/mg 420 dpm/mg
(47856 dpm/mg)

Water Residue FFAS C8:2 ~(C8:3°¢
3640 dpm 10818 dpnvmg n.d.

Table 2.2: Radioactivity distribution through purification steps of S. costatum cell homogenates (4.4 g,
5.9x10 cells) incubated with lipid-containing *H,o-EPA.

After direct derivatization of the extracts with CET-TPP, the mixture of derivatized PUAs

was then analysed by HPLC showing significant radiolabelling (4x10* dpm/mg from PL
and 2x10° dpm/mg from GL) associated to CET-heptadienal (Table 2.2). To find further
confirmation that heptadienal can denive from the metabolism of both PL and GL, the
fractions of PUAs prepared from incubation with radioactive PL and GL were also
hydrogenated on Pd/C. As reported above for the experiments with free EPA, HPLC
analysis of the resulting material corroborated the presence of radioactivity only in the
peak of 2-methylnonaoic acid ethyl ester (TrR=22.8 min), the hydrogenated derivative of

CET-heptadienal. This indicated clearly that both GL and PL contribute to the origin of

this oxylipin.

2.2.9, Characterization of MGDG

Since MGDG was the most abundant part of glycolipids in marine diatoms, this class of
lipids was analyzed using HPLC/ESI-MS/MS in agreement with a recent methodology

proposed by Guella et al. (2003), in order to define sn-composition. Results are

summarized in Table 2.3. MGDG showed a very large content of PUFAs that, on the

30



whole, represented almost 98% of the total fatty acids. The MGDG fraction was composed
of four major molecular species, with 20:5/16:3 (26.7%) and 16:3/16:3 (25.9%) being the
most abundant. A distinctive feature was the specific presence of HTA at the sn-2 position
and EPA at the sn-1 position, whereas HTTA was uniformly present at both sn-1and s»n-2

positions (Table 2.3), demonstrating that both the sn-positions were involved in the

ProcCcss.
Retention M+Nal® F ] Fatty acid Abundance
Time : 2] o SH-K’SHQ o RP-HPLC profile of MGDG
7.3 min 739 C4Hs4010 C16:3/C16:4 13.2
83 mln 741 C4|H66010 C163/C163 25.9
9.2 min 791 CisHes010 C20:5/C16:4 16.1
9.8 min 743 C41H63010 Cl16:2/C16:3 6.5
10.6 min 793 C45H700w C20*5/0163 20.7
12.5 min 795 CyqsH72010 C20:5/C16:2 6.5
others 5.1

Table 2.3: Composition (mol%) of MGDG of S. costatum

Nuclear magnetic resonance (NMR) experiments supported the §-galactopyranosyl nature

of the sugar in MGDG, showing a spin system 1n good agreement with the literature data
of 3-(B-D-galactopyranosyl)-1,2-diacyl-sn-glycerol. The NMR data confirmed,
furthermore, the large presence of PUFAs with the unequivocal signals due to the terminal
double bond (6 4.99, dd, H-16a; 6 5.04, dd, H-16b; 6 5.81, m, H-15) of HTA. The Z

stereochemistry of the double bonds in this and in the other fatty acids was inferred on the

basis of the chemical shift of the bis-allylic carbons centred around 24.8 ppm in the °C-

NMR spectrum (not shown).

2.2.10. Structure elucidation of other oxylipins

In order to characterize oxylipin derivative other than aldehydes, extracts of S. costatum
were methylated with ethylic diazomethane and analyzed by RP-LCMS. The analysis

revealed the presence of a conspicuous pool of other oxylipins including hydroxy-fatty
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acids (25-27, 29), hydroperoxy-fatty acids (28) and keto-fatty acids (24). All these

compounds were purified as methyl ester, and characterized through LCMS and one- and

two-dimensional NMR.
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HO H
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26. R=H:; 26a. R=Me 27. R=H; 27a, R=Me
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28. R=H; 28a. R=Me 29. R=H: 29a. R=Me
@\/\N\COZMC
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25b. R=R-PhTFE; 25c¢. R=S-PhTFE

The structures of the two major derivatives 24a and 25a were determined as 9-keto-7E-
hexadecenoic acid methyl ester and 9-hydroxy-7E-hexadecenoic acid methyl ester by
ESI'-MS spectrometry and NMR spectroscopy. In particular, in-source collision induced

dissociation spectra (MacMillan and Murphy, 1995) (cone voltage = 90 V) of 24a

exhibited a diagnostic ion at m/z 165, which derives from the cleavage of the conjugated
double bond between C-7 and C-8, as well as TOCSY and HMBC spectra clearly indicated

the presence of two separate spin systems from C-2 to C-8 and from C-10 to C-16 (Table
2.4). The trans stereochemistry of the double bond was established on the basis of H-7/H-8
coupling constant (J=15.8 Hz). Similar results were obtained for 25a and the structure

relationship between the two oxylipins was proved by reduction of 24a into racemic 25a

after reduction with diisobutylaluminium hydride (DIBAL).
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Peak of compound 26a exhibited UV absorbance (Ama 235 nm) and ESI-MS

pseudomolecular 1on (m/z 303.5 for [C 17H2303+Na]") indicative for a hydroxy derivative of

HTrA methyl ester. NMR spectrum of this material after purification confirmed this

suggestion, showing the typical signal of one hydroxylated methine group (H-9, 6 4.05)

correlated to a rrans, cis-diene moiety (H-10/H-13, & 5.60, 6.65, 6.07 and 5.38) and

diastereotopic allylic protons (H,-8, 8 2.25 and 2.19) (Figure 2.12).

by ,

6.0 5.0 4.0 3.0 2.0 1.0

Figure 2.12: '"H-NMR of 9-HHT?E methyl ester (26a) (CsDs, 600 MHz).

The lack of signals in the region 2.5-3 ppm confirmed the absence of bis-allylic protons in

the molecule.
1
2 2.09,t, 7.4 :
3 1.54,q, 7.4 . 1.51,q, 7.4
4 1.16, m : 1.20,q, 7.4
5 1.25, m : 1.90,q, 7.4
6 1.91,q, 7.0 . 5.42, m
7 5.50, dt, 15.3; 7.0 5 | 540,m
8 5.43, dd, 15.3; 6.6 _ 2.19, m2.25, m
0 6 | 3.93,m . 4.05, m
10 27,4 7. . 1.55, m 1.43, m : 5.60, dd, 15.1;5.9
11 .64, m, 7. : 1.33, m . 6.65, dd, 15.1;10.9
12 22, .. 1.24°m . 6.07, ¢, 10.9
13 .20, : 1.24'm , 5.38, m
14 20, . 124" m . 2.09, q, 7.4
15 ety - [261 m . 1.32, m
16 86, ¢t, 7. . 0.88, t, 7.0 . 0.83,t, 7.4
OCH; 36, : 3.35,s . 3.34, 8

Table 2.4: NMR data (C¢Ds, 600MHz) for oxylipins 24-26 from S. costatum. Complete assignments were
determined on the basis of 1D- and 2D-NMR experiments.

The other NMR resonances (Table 2.4) were in agreement with the structure depicted,

proving that compound 26a is the methyl ester of 9-hydroxy-6Z,10E,12Z-hexadecatrienoic

acid (9-HHT(E).
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ESI"-MS spectra of compound 27a showed a pseudomolecular ion at m/z 355.0 accounting
for a molecular formula C;H3;03Na’, indicative of a hydroxyl derivative of the EPA
methyl ester. In fact, the '"H-NMR spectrum of 27a contained a typical signal of one
hydroxylated methine (H-15, 6 4.08) coupled to a trans, cis-diene moiety H-14/H-11 (H-14
0 5.65 J=15.1; H-13 § 6.70 /=15.1-10.7; H-12 § 6.05 J=15.1-10.7; H-11 & 5.40 J=10.7) and
to two diastereotopic allylic protons (H-12a, 0 2.22 and H-12b 2.28 ). The analysis of
homonuclear 2D-NMR data allowed for the build up of the entire spin system depicted for
15-hydroxy-eicosa-5Z,8Z,11Z,13E,17Z-pentacnoic acid (15-HEPE) methyl ester. A

complete chemical characterization was achieved through analysis of HSQC and HMBC

data.

Molecular data of compound 28a were almost identical to that of 15-HEPE (27a) except
for the chemical shift of carbinolic proton (H-15) that in 28a was down-shielded at 6 4.38,
in respect to & 4.08 of H-15 in 15-HEPE (Feussner et al., 1997) and the ESI" MS peak at
m/z 371 (CyH3,04+Na)" instead of 355. Both changes were consistent with the presence of
one hydroperoxy group at C15 and were unambiguously confirmed by COSY and TOCSY

experiments that showed correlation of the proton at 4.46 ppm with two spin systems
formed by the diene fragment from C-14 to C-11 and by the terminal pentenyl residue C-
16/C-20. Co-injection of 27a and 28a in RP-LCMS gave rise to a single peak eluting at 33
min in the condition used for oxylipin analysis.

Peak of compound 29a exhibited a pseudomolecular ion at m/z 355.0 accounting for a
molecular formula C,H3,03;Na’, indicative of a regioisomer of 27a. The 'H-NMR
spectrum of 29a contained the signal of hydroxylated methine (H-5, 6 3.86) up-field
shifted with respect to that registered for 27a, due to the absence on a side of the molecule
of double bonds. This carbynolic proton was correlated to H-6 & 5.50, from which trans,
cis-diene moiety H-6/H-9 was constructed (H-6 6 5.50 J=15.1; H-7 6 6.54 J/=15.1-10.7; H-
8 8 6.00 J=15.1-10.7; H-9 & 5.35 J=10.7). Signal integration in 'H-NMR spectra indicated

the presence of three bis-allylic methylenes at 6 2.83 (4H, H>-13 and H,-16) and at 6 2.94
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(2H, H,-10). The analysis of all the bidimensional connectivities allowed the assignment of

5-hydroxy-6E,8Z,11Z,14E,17Z-eicosapentaenoic acid (5-HEPE) methyl ester to 29a.

2,2.11. Absolute stereochemistry of 9-hydroxy-7E-hexadecenoic acid

The absolute stereochemistry at C9 of 9-hydroxy-7E-hexadecenoic acid (25a) was

determined in agreement with the method recently proposed by Williamson and co-

workers (2003). However, to achieve the determination on microscale, the methodology

was slightly modified by inverting the order of the reactions reported in the literature.

Therefore, dichlorodimethylsilane was first added to a solution of the hydroxy acid 23a
(1.4 pumol) in dry pyridine (200 pl) and then the resulting silyl derivative was reacted in

situ with an excess of (R)- or (S)-a-trifluoromethyl benzyl alcohol to give the

diastereomeric 25b and 25c.

Figure 2.13: Absolute stereochemistry of alcohol 25a. Ad (0R-6S5) are indicated. R = (R)- or (S)-PhTFE.

After purification on silica gel, both compounds were fully characterized by NMR
spectroscopy. Differences (8R-05) of the 'H chemical shifts of the diastercomeric a-

trifluoromethyl benzyl silyl derivatives (R- and S-PhTFE) 25b and 25c¢ (Figure 2.13)

indicated the S configuration of the secondary alcohol, thus characterizing compound 25 as

9(S )-hydroxy-7E-hexadecenoic acid.

2.2.12 Absolute stereochemistry of 9-hydroxy-6Z,10E,12Z-hexadecatrienoic acid

The absolute stereochemistry of 9-HHTTE (26a) was determined by applying of the

strategy described in Scheme 2.4.
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Scheme 2.4: Chiral analysis of 9S-HHTIE (26a) from T. rotula. Enantiomers of hydroxyhexadecanoic acid

methyl esters (30a and 30b) were obtained by hydrogenation of 25a and 26a, respectively. Racemic
oxyhexadecanoic acid methyl ester (30a/30b) was obtained by NaBH, reduction of 24a. Chiral APCI

hydr
HS%LC of (4) 9S-hydroxyhexadecanoic acid methyl ester (30a); (B) racemic (30a/30b) and 9S-

hydroxyhexadecanoic “acid methyl ester (30ba); (C) racemic (30a/30b) hydroxyhexadecanoic acid methyl
ester; (D) racemic (30a/30b) and 9R-hydroxyhexadecanoic acid methyl ester (30b); (E) 9R-

hydroxyhexadecanoic acid methyl ester (30b).

Hydrogenation of the 9S-alcohol 25a by 5% Pd on C and NaBH; reduction of the ketone
24a gave the S-enantiomer (30a) and racemic mixture (30a and 30b) of the 9-
hydroxyhexadecanoic acid methyl ester, respectively. Comparison of these products by

chiral APCI" HPLC allowed to discriminate the enantiomeric peaks (Scheme 2.4), thus

providing a tool suitable for the characterization of 26a. In fact, Pd-catalysed
hydrogenation of this last compound (26a) led to a single derivative that was recognized as
the R isomer of 9-hydroxyhexadecanoic methyl ester (30b) by elution on the chiral

column. This assigned the structure of 95% optically pure 9(S)-hydroxy-6Z,10E,122-

hexadecatrienoic acid methyl ester to 26a.

{
2.2.13 Absolute stereochemistry of 15-HEPE methyl ester and 5-HEPE methyl ester

The absolute stereochemistry of 27a and 29a was established as S and R, respectively, on
the basis of the product elution on chiral HPLC. 15(R,S)-HEPE/15(S)-HEPE and 5(R,S)-

HEPE/5(S)-HEPE were used as authentic standards. The chirality of the compounds was
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confirmed by coelution with commercially available standards. Whereas 15(S)-HEPE is

almost optically pure [ enantiomeric excess (e.e.) 99%], 5(R)-HEPE presented an e.e. of

14% (Figure 2.14).
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Figure 2.14: Chiral SP-HPLC analysis of 5-HEPE and 15-HEPE from S. costatum. All the products were
analyzed after methylation. (A) Commercial 5(R,S)-HEPE (bottom); 5(R)-HEPE from S. costatum (top); (B)

Commercial 15(R,S)-HEPE (bottom); 15(S)-HEPE from S. costatum (top).
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2.3 Thalassiosira rotula

ECOLOGICAL STUDY

*Ecological effect of T
rotula on copepod
reproduction

BIOSYNTHESIS OF ALDEHDYES ' ; - '~

CHEMICAL ANALYSIS

«[solation and structure
elucidation of aldehydes
by GC-MS and NMR

FROM FATTY ACIDS TO ALDEHYDES
*Determination of fatty acid composition
*Incubation experiments

with d,-hexadecatrienoic acid and *H, o~
eicosapentaenoic acid; characterization of
biosynthetic intermediates; determination of
stereochemical aspects

[solation and structure elucidation
of oxylipins other than aldehydes by
LC-MS and NMR

*Determination of the absolute

BIOSYNTHESIS OF
OXYLIPINS

*Metabolism of

hexadecatrienoic acid stereochemistry of the major
derivatives

PRELIMINAR CHARACTERIZATION OF ENZYMATIC ACTIVITIES .

LIPOXYGENASE

* Substrate specificity

* Subcellular localization

*Identification of lipoxygenase activities on [EF

LYPOLITIC ACTIVITY

*Identification of lipolytic activity on SDS-PAGE and determination of molecular
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2.3.1 Ecological effect of T. rotula on copepod reproduction.
This species forms major blooms at Sea, especially in coastal regions of the Atlantic. T.

rotula diet did not modify egg production rates, but hatching success of copepods eggs

diminished to 10% within 15 days (Figure 2.15). This effect was less intense than the

cffect obtained with a diet of S. costatum.
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Figure 2.15: Laboratory experiments testing the effects of the diatom T. rotula on egg production rates (A)
and hatching viability (B) in the copepod T. stylifera.

2.3.2. Aldehyde profile

GCMS analysis of T, rotula CET-derivatives showed the presence of unsaturated Cy

compounds, 2E,4Z,7Z decatrienal (1) and 2E,4E,7Z-decatrienal (2). This finding confirmed
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the results previously reported by Miralto et al., (1999) although our strain of T. rotula did
not contain 2,4 decadienal (3). The extracts also contained high levels of other aldehydes,
including 2E,4E-octadienal (14), 2E,4E,7-octatrienal (16) and 2E,4E-heptadienal (18). As

for S. costatum, the trans/trans isomers were predominant over the trans/cis i1somers

(d’Ippolito et al., 2002a).

2.3.3 Production of octadienal and its intermediate from HTrA

The production of octadienal was investigated using dg-HtrA. Sonicated diatoms (1.2 x 108
cells in 5 ml F/2 medium) were incubated for 30 min at room temperature (22 °C) with 0.3
mg ds-HTrA. After extraction, the material was denivatized with CET-TPP and analyzed
by GCMS. As in S. costatum, MS spectrum of the peak at 13.8 min indicated two series of
signals consistent with the presence of octadienal [m/z 208 (M+), 179 (M-29), 163 (M-45)]

and ds-octadienal [m/z 212 (M+), 183 (M-29), 167 (M-45)] (d’Ippolito et al., 2003) (Figure

2.16). The synthesis of the labelled aldehyde was further confirmed by high-resolution ’H-
NMR. Detailed LCMS analyses indicated that extracts of lysed cells of T. rotula contained
minor components showing spectroscopic and chromatographic characteristics attributable
to methyl ester of hydroperoxy derivative of HTrA [m/z 319 (M+Na"), 303 (M-O+Na")
UV Amax = 236 nm]. Hr:)wever, the exceptionally low levels of these compounds in raw
extracts did not allow the direct determination of their structures. To overcome this
problem, diatom homogenates incubated with dg-HTrA were reacted with
trimethylphosphite (TMP) in order to reduce hydroperoxides to the corresponding hydroxy

acids. After reaction, the total ion chromatogram (RP-LCMS) revealed a drastic

simplification of the extract, with complete disappearance of the aforementioned peak.
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F iﬁm:e 2.16: Biosynthesis of octadienal in cell homogenates of T. rotula. GCMS anagsis (A) of PUAs from
cells mcubated with dg-HTrA (STD = 4-frans-decenal as internal standard): Total GC profile (bottom), GC
profile after ion extraction at m/z 212 for ds-octadienal (top) and 208 for octadienal (middle). LC-MS/MS

detection of deuterated 9-HHTTE before (B) and after (C) reduction of extract incubated with dg-HTrA (STD
= 16-hydroxyhexadecanoic acid methyl ester). The depicted profiles were obtained by ion extraction at m/z
309 cormresponding to the psecudomolecular formulas of methylated d.-HHtrE (C,;H,,D¢03+Na”*) and 16-
hydroxyhexadecanoic aci (C -H,,0,+Na"). gDJ) RP LC-MS analysis of Thalassiosira homogenates
Incubated with dg-HTrA. ESI” MS spectrum of the J;eak eluted at 19.5 min (inserf) and chromatographic

profiles of methyl esters of 9S-HHTIE qnd [de]-95-HHTIE obtained by ion extraction at m/z 303.5
(C17H2305+Na") and 309.5 (C;;H;,Ds05+Na"), respectively.

In the presence of 16-hydroxyhexadecanoic acid as intenal standard, LCMS analysis

(Figure 2.16B and C) also proved a clear increase of the peak due to the deuterated
derivative of 9-hydroxy-6Z,10E,12Z- hexadecatrienoic acid (9-HHTIE) (m/z 303, UV Amax

= 234 nm) (Figure 2.16D). In agreement with the method already described (d'Ippolito et

al., 2005), the absolute stereochemistry of this product was verified by injection or co-
tnjection of standards, proving that 9(S)-HHTIE (95% e.e.) was the only detectable
stereoisomer (data not shown). Considering the selectivity of TMP for hydroperoxide

reduction and the stereospecificity of the hydroperoxy/alcohol conversion, the obtained

data seem to confirm the stereospecific formation of 9(S)-HPHTIE in lysed cells of T.
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rotula (d’Ippolito et al., 2006). The characterization of this intermediate was the first

circumstantial evidence of the mechanism of octadienal production through the action of a

LOX and further action of a HPL (Scheme 2.5).

HO})D

9(S)-HHTTE

2,4 octadienal

Scheme 2.5: Demonstrated mechanism of octadienal formation

2.3.4. Production of decatrienal and its intermediates from 3H10-EPA

To investigate the origin of decatrienal, in triplicate, Thalassiosira homogenates were
incubated with 0.6 mg of (1.2x10” cpm/mg) “Hyo-EPA. After extraction and derivatization,
the radioactive material (9.8x10° cpm) was fractionated on silica gel. Except for the
radioactivity recovered as unaffected EPA (about 5.8x10° cpm, 59%), only two other
fractions were significantly labeled. The less polar of these was clearly consistent with the
aldehydic pool (1.4x10° cpm, 14%). As shown in Figure 2.17A, HPLC purification of this

fraction indicated the presence of a major radioactive component (1.2x10° cpm, 12%) that

had the same chromatographic and spectroscopic properties of the derivatized decatrienal.
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Figure 2.17: Biosynthesis of decatrienal in cell homogenates of 7. rotula (A) HPLC analysis of CET-
aldehydes from cells incubated with "H-EPA: elution followed by UV 210 nm (below) and radio detectors
(top); (B) HPLC analysis of hydrogenated CET-aldehydes from cells incubated with *H-EPA. Derivative of
CET-heptadienal (Tg = 26.8 min ), CET-octadienal (Tx = 32.0 min ) and CET-decatrienal (T = 67.2 min ).

Peak identity was unambiguously determined by co-elution with a standard sample of
CET-decatrienal (data not shown) and further verified by chemical conversion. To this
aim, the derivatized pool of aldehydes was hydrogenated with 5% Pd on carbon and
analyzed by HPLC again (Figure 2.17B). The chromatogram of the resulting mixture
indicated labeling only of the peak corresponding to 2-methyl-dodecanoic acid ethyl ester
(3800 cpm), the product derived by reduction of CET-decatrienal. No significant
radioactivity was recorded for the hydrogenated derivatives of Cg and C; aldehydes,
namely 2-methyl-decanoic acid ethyl ester and 2-methyl-nonanoic acid ethyl ester.

The second radioactive fraction (1.1x10° cpm, 11%) obtained from silica gel separation

was methylated and resolved in a series of labelled and unlabelled peaks by RP-HPLC.
The major labelled product (0.6x10° cpm, 6%), co-eluted at 31.5 min with the methy] ester
of 11-hydroxy-52,82,12E,142Z,17Z-¢eicosapentaenoic acid (11-HEPE), was a lipoxygenase
product previously isolated from mussel ovarans (Coffa & Hill, 2000) To confirm this
identification, a further RP-LCMS analysis on a fresh extract of 7. rotula was conducted.
The UV absorbance and the MS spectrum of the peak at 31.5 min were indistinguishable
from authentic 11-HEPE with a maximum at 236 nm and molecular ion at m/z 355
(C21H3,03Na"). Traces of 11-hydroperoxy-5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (11-

HPEPE) were also detectable in the chromatogram [R, 31 min, ESI" m/z 371 (M+Na",
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Ca1H3;04+Na"), 355 (M-O+Na', CzH3,0;Na")], but the extremely low levels of this

metabolite did not allow!a more accur!ate identification. Other labelled products were also
present in radio-HPLC but the tiny amount prevented their identification. Among these
compounds only the peak of 11-HEPE was still observable after treatment of Thalassiosira

extracts with reducing agents (data not shown). To determine the stereochemistry of

Thalassiosira 11-HEPE, the peak corresponding to this product was purtfied on RP-HPLC

from raw extracts of the diatom and re-injected on chiral HPLC. The procedure was
repeated several times both before and after reduction of the diatom material. Figure 2.18A
shows the elution of racemic methyl esters of commercially available 11-HEPE. The R and
S enatiomers were resolved in two well-separated peaks eluted at approximately 19 min.
11-HEPE methyl ester isolated from Thalassiosira was eluted as an asymmetric doublet at
the same retention time of the commercial R/S 11-HEPE, indicating the presence of a non-
racemic mixture containing a slight predominance of the R isomer (12% e.e.) (Figure

2.18B). This was fully confirmed by co-clution of the diatom product with standard 11R-

HEPE (Figure 2.18C). In agreement with the enzymatic origin of this compound, synthesis

of decatrienal and 11-HEPE was completely abolished in homogenates of boiled cells

incubated with radioactive EPA.

(A) 11R 11S

13 20 25 min
(B)

15 20 25 min
(C)

16 20 25 min

Figure 2.18: Chiral analysis of 11-HEPE from Thalassiosira homogenates. (A) resolution of enantiomers of
racemic 11-HEPE methyl ester; (B) elution of 11-HEPE methyl ester from extract of T. rotula; (C) co-

elution of 11-HEPE methyl ester from extract of 1. rotula plus authentic 11R-HEPE methyl ester.
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2.3.5. Substrate specificity

In support of the enzymatic origin of octadienal and decatrienal from HTrA and EPA,
substrate specificity in the synthesis of these aldehydes was investigated. To this aim, fatty
acid-depleted preparations of diatoms were prepared as described in the Materials and
Methods by ultrafiltrating the 9600 g supernatant from 1.2 x 10° of diatom cells on

membranes with 10’000 cut off. F/2 Suspension of these retents were then incubated with

the following polyunsaturated free fatty acids (PUFAs): HTrA (12 pmol), EPA (10 pmol),
arachidonic acid (AA) (10 umol), linoleic acid (11 pumol), linolenic acid (11 pmol) and

0,9,12,15-octadecatetraenoic acid (C18:4 ®-3) (11 umol) (Figure 2.19).
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Figure 2,19: Conversion of free fatty acids by YM10 Amicon retents of 7. rotula. GC profiles of aldehydes
after incubation of: HTTA = 6,9,12-hexadecatrienoic acid; AA = arachidonic acid; EPA = eicosapentaenoic
acid; C18:4 = 6,9,12,15-octadecatetraenoic acid; LnA = a-linolenic acid. 4-trans-Decenal was used as

Internal standard (std).
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As expected, HTrA and EPA were mainly converted to 2E,4Z-octadienal (4.7+0.8 pmol)

and 2E,47,7Z-decatrienal (3.9+1.1 upmol), respectively. The 4E-isomers of the two
products were not detected, in sharp contrast with the results obtained with raw cell
homogenates that showed pairs of isomeric compounds. The retents also catalysed

production of 2E,4Z-decadienal (3.6 £0.7 umol) from arachidonic acid under conditions

1dentical to those used for EPA. The absence of decadienal in lipid profiles of T. rotula 1s

therefore explained by the deficiency of arachidonic acid in this diatom. Interestingly,

octadecatetraenoic acid (C18:4 ®-3) was also converted to 2E,4Z,7Z-decatrienal 1n low

rate (1.6+0.7 umol). On the other hand, linoleic acid and a-linolenic acid were apparently

not involved in the formation of PUAs, since their conversion did not occur or was very

low (0.3£0.2 umol for a-linolenic). Heat denaturation of the retents also abolished the

generation of aldehydes.

2.3.6. Subcellular localization of enzymatic activities involved in the synthesis of
aldehydes

To test the subcellular localization of enzymatic activities related to the synthesis of
octadienal, cytosolic and microsomal fractions of T. rotula cells (1 x 10° cells) were
prepared after sonication and successive centrifugation at 9,600 and 102,000 g. Pellets and
supernatants were incubated with dg-HTrA (0.5 mg) at room temperature for 30 min. The
formation of aldehydes was monitored by GCMS analysis of the incubation mixture after
extraction and derivatization with CET-TPP. As shown in Figure 2.20, octadienal synthesis
was predominantly associated to the microsomal fraction, with a very evident formation of
the deuterated aldehyde (192.3 +7.2 fg/cell) in the 102,000 g pellet. The process was
totally inhibited by boiling the preparations for 2 min. LOX activity of the subcellular
fractions of Thalassiosira cells was also measured by the spectrophotometric method

recently proposed by Anthon & Barrett (Anthon & Barrett, 2001) and adapted for using on

diatom homogenate.
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Figure 2.20: Fractionation of cell homogenate (left) and correspondent production of ds-octadienal by cell
fractions of T. rotula (right) derived by (a) crude homogenate + 0.5 mg of ds-HTrA, (b) 9600 g
centrifugation + 0.5 mg of dg-HTTA, (c) 102,000 g centrifugation + 0.5 mg of d¢-HTrA., Control experiments

were carried out by adding dg-HTTA to boiled preparations.

Protein content was determined by the Lowry method. Using EPA as exogenous substrate,

LOX analysis was carried out in triplicate on increasing concentrations of algal cells (1.42

x 10° 2.13 x 10% 2.84 x 10° and 4.26 x 10%. As shown in Figure 2.21, the highest

production of lipid hydroperoxides (expressed as absorbance at 598 nm per ug of total

protein) occurred in the 102,000 g pellet, indicating distribution of aldehyde synthesis and

lipoxygenase activity in the subcellular fractions of T. rotula.
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Figure 2.21: Lipoxygenase activity vs number of diatom cells. Assays were performed in triplicate in
agreement with the spectrophotometric method of Anthon and Barrett (2001). Lipoxygenase activity = Aseg
/ ll%l of protein. (o) = 102,000 g pellet; (A )= 9600 g supernatant; (o)= 102,000 g supernatant; (+) = 9600 g
pellet.
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2.3.7. Lipid analysis

Qualitative composition and distribution of fatty acids in the major lipidic groups of T.

rotula are reported in Figure 2.22.
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Figure 2.22: GCMS spectra of FAME from glycolipids (bottom), phospholipids (middle) and
triacylglycerols (top) in T. rotula.

Except for EPA, which was uniformly distributed in the different classes of lipids, GCMS
profiling revealed strict differences between triglycerides, phospholipids and glycolipid.
The acyl chains linked to phospholipids and triglycerides of the diatom are mainly C20:5,
C16:0 and C16:1 together with minor amounts of C14:0, C22:6 and C18:2. On the
contrary, in agreement with the literature data on other diatoms, glycolipids contained a
very large content of PUFAs, since the percentage of saturated fatty acids was lower than

10%. Furthermore, it was clearly evident that polyunsaturated C;s and Ci¢ fatty acids,

including HTrA and HTA, were only present in the glycolipid fractions.

2.3.8. Metabolism of complex lipids by cell preparations

Considering that HTrA is largely bound to glycolipids, the conversion of this fatty acid to

octadienal implicitly suggested that this class of polar lipids could be the specific source of
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PUAs in vivo. To test this process, aldehyde synthesis was evaluated after incubation of

complex lipids in lipid-depleted preparations of Thalassiosira homogenate. All the

preparations were also incubated with dg-HTTA to control that the LOX/HPL pathway was

active. As shown in Figure 2.23, 2E,4Z-octadienal (24.3 ug) and 2E,4Z,7Z-decatrienal (48

ig) were formed after 30 min incubation of glycolipid (8 mg) with the diatom’s crude

fractions retained on membrane (YM10 Amicon filter) with cut-off of 10,000 (Cutignano

et al.,, 2006). Similar results were obtained in experiments with MGDG, the major

glycolipidic pool of the diatom (data not shown). On the other hand, in agreement with the

fatty acid composition, PLs metabolism led only to formation of decatrienal (43 pug). TAG

were apparently not metabolised by Thalassiosira retents and most of this lipidic fraction

was recovered unaltered after the experiment, without any detectable formation of

aldehydes.
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Figure 2.23. Conversion of complex lipids by YM10 Amicon retenates of T. rotula. GC profiles of
aldehydes after incubation of: GL = glycolipids; PL = phospholipids; TAG = triglycerides. 4-trans- Decenal
and d¢-HTTA were used as internal standard (std) and internal control, respectively. Aldehydes were analyzed

as the corresponding CET-derivatives.
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2.3.9. Free/bound fatty acids ratio

The hydrolysis rate of complex lipids was monitored in 7. rotula by quantifying the levels
of free and bound forms of fatty acids in sonicated cells of the microalga. To this aim, a
simple methodology was designed based on formation of di-labelled methyl derivatives
specifically from the lipid-bound fatty acids, hydrolyzing residual complex lipids in
CD3;0D/NayCQOas, at 42 °C for 4 h. This allowed the GCMS comparison of the fatty acid
methyl esters (FAME) from esterified and non-esterified pools, giving a direct value of the
hydrolytic activity of the cell preparation. Quantification was performed by using erucic
acid as an internal standard, whereas free/bound ratio was directly established by
measuring for each compound the ratio between M and M+3 peak (Table 2.5). The fatty
acids directly involved in the synthesis of aldehydes, namely HTrA, HTA and EPA,
showed a free/bound ratio of about 3 to 1, thus supporting the hypothesis that they were
largely present in a non-esterified form in the cell homogenates. The lipolytic process,
however, does posses a certain degree of specificity since other components, such as

palmitic and myristic acids, were almost found with the same distribution 1n the two pools

(free/bound ratio 0.9. % 0.1 and 0.8 % 0.1, respectively).

Fatty Acid  Retention Time pg/mg pellet (w/w) Free Species  Bound Species Free/Bound Ratio®

m/z m/z

Cl14:0 12.59 min 2,931+ 0,571 242 245 0.9 £0.1
C16:4 16.96 min 0,488 £ 0,177 262 265 3.0+0.1
C16:3 17.05 min 1,832 £ 0,266 264 267 3.1+1.3
C16:2 17.14 min 0,467 + 0,156 266 269 1.3+:0.6
Cl6:1 17.40 min 5,164 £ 0,584 268 271 2.5%+0.3
C16:0 17.95 min 2,181 +£0,168 270 273 0.8+0.1
C18:5 21.29 min trace 288 n.d. n.cC.

C18:4 21.82 min 0,718 £ 0,365 290 293 3.2+x04
C18:4 22.11 min 1,528 +£ 0,234 290 293 3.8+0.6
C18:2 22.25 min 1,288 + 0,409 294 297 1.6£04
C18:1 22.88 min trace 296 n.d. 1n.C.

C20:5 26.56 min 4,818 + 0,369 316 319 2.6x0.5
C22:6 30.87 min 0,117+0,074 342 345 1.1£04

Table 2.5. Compoasition of fatty acids occurring in free and esterified forms in elicited cells of T. rotula.
Results are expressed as mean £ S.D. of three independent analyses. b Relative amount was established as
described in the text by measuring the M/(M+3) ratio of each component. n.d. = not detectable; n.c. = not

calculable.
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2.3.10. Glycolipid composition

As 1n §S. costatum, analysis of fatty acids linked to the sn-1 and sn-2 positions of the major
glycolipid fraction (MGDG) was made in T. rotula. MGDG was composed of seven major
molecular species, with 20:5/16:3 (20.5%) and 20:5/16:4 (15.6%) being the most abundant

(Table 2.6). C4-Fatty acids were largely predominant, with the sum of HTrA (C16:3 w-4)

(approximately 31% of the whole fatty acids) and HTA (C16:4 w-1) (approximately 27%
of the whole fatty acids) close to 60 % of the fatty acid content. The remaining PUFAs
consisted in EPA (C20:5 w-3) (approximately 19% of the whole fatty acids) and unusual

penta-and tetra-unsaturated C18-fatty acids (approximately 16% of the whole fatty acids).
In analogy with S. costatum (d’Ippolito ez al., 2004) a distinctive feature was the specific

presence of HTA at the sn-2 position and EPA at the sn-1 position, whereas HTrA was

uniformly present at both sn-1and sn-2 positions (Table 2.6).

Retention . - Molecular Fattyacids  Abundance
Time (min) MNal' [M-H] g snllsn2 %
tx=7.0 763 739 C,H,O, 185164 9713
te=7.2 739 715 C,H,O, 163/164 4815
18:4/16:4  8.5¢1.2
tx=8. CsHesO P
=80 T765 741 6610 185163 6.241.3
tx=8.2 741 717 C,H.O,, 16:3/16:3 0.8+42.3
t==9.0 791 767 C H0, 20:5/16:4  15.6£2.0
ta=9.2 767 743 C.H0, 18:4/163  12.042.8
20:5/16:3  20.5+2.8
te=10. H
k=104 793 769 CotleOn 14184 33206

Table 2.6. Fatty acid distribution in sn-1/sn-2 positions of MGDG of T. rotula.

2.3.11. Preliminary characterization of the lipolytic activity

When the diatom extracts were processed through centrifugation at 102,000 g as reported
In Figure 2.20, lipolytic activity towards 4-methylumbelliferone (MUF)-butyrate and

genuine diatom MGDG was found to be associated with both the supernatants and pellets
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(Figure 2.24). The reaction towards MUF-butyrate 1s an assay that allows to detect the

lipase activity directly on SDS-PAGE. In fact, analysis on SDS-PAGE showed the
presence of three protein bands positive to MUF-butyrate at approximately 45 kDa 1n both

fractions, suggesting the formation of large aggregates (Cutignano er al., 2006). The
aggregation was concentration dependent as repetitive cycles of suspension and

ultracentrifugation allowed to concentrate the fraction above 45 kDa in the pellet and the

prominent activities at approximately 41-43 kDa in the supernatants (Figure 2.24).
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Figure 2.24: SDS-PAGE of 7T rotula fractions stained in Comassie Brilliant Blue (A) and MUF for lipase
activity (B). Each lane holds 15 pg of samples: (1) extract after sonication; (2) 9600 g supernatant; (3)
102°000 g pellet: (4) 102°000 ¢ supernatant. Protein markers consisting of phosphorylase b (97,000), bovine
serum albumin (66,000), ova albumin (45,000), carbonic anhydrase (30,000). (C) Native molecular mass of
lipolytic activities (closed circle) determined by Superdex 200 size exclusion gel chromatography, using (1)

bovine serum albumin, 67 kDa: (2) aldolase, 158 kDa; (3) catalase, 232 kDa.

These latter bands run very close on the gel and became undistinguishable a few seconds

after staining or in the presence of higher protein concentrations. Native molecular mass
determination of the lipolytic activity In the supernatant was carried out with a size

exclusion column calibrated with standard proteins. Assuming a globular structure, the

lipolytic activity appeared to have a molecular mass at around 200 kDa (Figure 2.24C).
The 1027000 g supernatants and 200 kDa material displayed hydrolytic activity using GL

fractions isolated from 7. rotula extracts as substrate.
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2.3.12. Structure elucidation of other oxylipins
Axenic cultures of T. rotula were obtained and worked out as already described in the
Experimental section. The analysis of methylated extract in RP-LCMS revealed the

presence of keto- and hydroxy- fatty acid derivatives mainly derived from Cy¢ fatty acids

(Figure 2.25).
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Figure 2.25: LC-ESI*-MS profile of oxylipins from methylated extracts of 7. rotula.

In particular, the structures of some products were identical to that already described for .
costatum. In fact, in analogy with this diatom, T. rotula contained 9-keto-7E-hexadecenoic
acid methyl ester (24a), 9(S)-hydroxy-7E-hexadecenoic acid methyl ester (25a), 9(S)-
HHTIE (26a), with the same stereochemical characteristics (d’Ippolito et al., 2005). In

addition, T. rotula also contained other C)¢ derivatives (31-35).
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Peak of compound 31a showed an ESI'-MS pseudomolecular ion at m/z 299 ((M+Na]")

consistent with the formula C;7H240;. The strong UV maximum at 282 nm indicated the
presence of an extended conjugation suggestive of a a,f,y,5-unsaturated ketone.
Consistently, NMR experiments (Table 2.7) indicated the presence of a keto group at o

198.2 (C-6) that separated two independent spin systems.

31a 32a
'H$, m,J BC [ 'H&m,J
1
) 2.04,t, 6.9 2.03,t, 7.2
3 1.48, m 1.48, m
4 1.53, m 1.26, m
5 2.13,t 7.2 1.36, m
6 3.88, g,
7 5.95,4d, 15.3 5.52 4dd, 14.9; 6.0
8 7.58, dd, 15.3; {1.5 6.53, dd, 14.9; 10.8
0 5.88,t, 11.5 6.0, 1 10.8
10 5.55,dt,11.5; 7.5 5.40,'m
11 2.76, t 7.5 290,14 6.3
12 527, m 5.40,°m
13 538, m 5.40,°m
14 2.63,¢ 6.2 2,73, t, 6.0
15 5.70, m 5.72, m
16 497, dd, 10.1; 1.5 498,44, 10.1; 1.5
5.02,dd, 17.1; 1.5 5.05,dd,17.1; 1.5
OCI{] 331, S . 3.33. 8

Table 2.7: NMR data (C4Ds, 600MHz) for oxylipins 31a and 32a from 7. rotula. Complete assignments were
determined on the basis of 1D- and 2D-NMR experiments

One of these embraced most of the deshielded signals, including the diene residue H-7/H-

10, one disubstituted double bond H-12/H-13 (8 5.27 and 5.38) and the terminal methylene
H-15/ H,-16 (5 5.70, 4.97 and 5.02) (Figure 2.26). The second fragment extended between

two methylene groups at & 2.04 (H:-2) and 2.13 (H,-5) through two shielded signals
attributable to H,-3 (8 1.48) and H;-4 (6 1.53). The stereochemistry of the double bonds

was identified as 7E, 9Z, 12Z on the basis of the coupling constants of the vinyl protons

(15.3, 11.5 and 7.5 Hz, respectively), thus yielding the total structure of compound 31 as

the methyl ester of 6-keto-7E,9Z,12Z,15-hexadecatetraenoic acid (6-KHTE).
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Figure 2.26: 'H-NMR of 6-KHTE methyl ester (31a) (CsDs, 600 MHz).

'H-NMR data (Table 2.6) of compound 32a show a strong resemblance with that of 6-

KHTE (31a), providing evidence for the presence of one cis, trans diene system, one
1solated double bond and one terminal olefin. Clear differences in the spectra of the two

compounds were only evident in the high-field region that in compound 32a is featured by
the distinctive resonance due to an allylic alcohol (H-6, & 3.88). Considering the molecular
formula Cy7H603, calculated from the ESI” MS molecular ion at m/z 301 [M+Na'] and the
hypsochromic shift of the UV absorption (Amax at 236 nm), these data established for 32 the
structure of 6-hydroxy-7E,9Z,122Z,15-hexadecatetraenoic acid (6-HHTE). 6-HHTE purified

from T. rotula eluted as a single enantiomer using chiral HPLC but the absence of

reference compounds and the little amount of the compound did not allow for the

determination of the absolute stereochemistry.

In addition to compound 24-26 and 31-32, lysis of T. rotula cells produce a complex group

of minor oxylipins. Although these compounds occur at levels too low to allow their
1solation, a combination of LC-MS/MS and NMR techniques proved to be suitable to
recognize, at least, three major classes of metabolites derived by oxidation of HTrA and
HTA. In particular, the chemical investigations of raw methylated extracts of the microalga

Were consistent with the presence of 9-hydroxy-62,9E,127,15-hexadecatetraenoic acid (9-
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HHTE) (33a), 6-keto-7E,9Z,12Z-hexadecatrienoic acid (6-KHTIE) (34a) and 6-hydroxy-
1E,92,127Z- hexadecatrienoic acid (6-HHTrE) (35a). Notably, synthesis of these

compounds was drastically inhibited when diatom cells were boiled prior to lysts.

2,3.13 Metabolism of HTrA

In the light of the other oxylipins identified in I. rotula, HTrA metabolism was assayed.

After incubation of crude homogenates of the diatom with ds-HTrA as previously
described, the production of deuterated 9S-HHTIE (26a), 6-KHTrE (34a) and 6-HHTIE
(35a) was observed. In fact, LCMS analysis of the peak at 19.5 min indicated the presence
of 9S-HHTYE methyl ester [m/z 303.5 (M+Na")] together with its hexadeuterated analogue
[m/z 309.5 (M+Na")] (Figure 2.16 D), thus proving the enzymatic conversion of HTrA to

95-HHTTE. Also 6-KHTIE (34a) and 6-HHTIE (35a) were labelled after incubation with

ds-HTrA. In particular, MS/MS analysis of the pentadeuterated derivative of 6-KHTrE

(ESI" m/z 306 [M+Na]", C;7H1sD;s03) indicated a fragmentation in a. to the keto function,
consistent with the LOX-derived structure of 34a. No product was obtained by incubating

the deuterated precursor with boiled preparations of the diatom, thus further supporting the

enzymatic origin of 26a.

2.3.14. Identification of lipoxygenase activities on SDS-PAGE

In order to identify the presence of lipoxygenase activities in the diatom I. rotula,
preliminary data were obtained by native isoelectric focusing (IEF) of the diatom proteins
partially purified by ammonium sulfate precipitation. The lipoxygenase activities were

directly localized on the polyacrylamide gels by a specific staining technique using o-
dianisidine as developer and HTrA (lane B), linoleic acid (lane C) and EPA (lane D)
(Figure 2.27). One single band was observable with HTrA, while the gel revealed more

activities specifically associated with EPA metabolism. The stained bands presented

average pH values of 5.63 suggesting a pl near this value. A more detailed pI’s

55



determination was carried out using the same ampholyte pH gradient in the PROTEAN 11
apparatus, doubling the gel length (about 13 c¢cm), and obtaining values in the range 5.61-

.76 (data not shown), in agreement with other known lipoxygenases from rabbit
reticulocyte (pI=5.5) (Kuribayashi er al., 2002), from Pleurotus ostreatus (pl=5.1)

(Doderer er al., 1992) and lipoxygenase isoenzymes from germinating barley (pl=5.2-5.3)

(Reisner, 1984).

Figure 2.27: IEF-PAGE of T rotula lipoxygenases. Lane A = total protein; lane B = HTrA-dependent LOX
activity; lane C = linoleic-dependent LOX activity; lane D = EPA-dependent LOX activity. Gel was stained

with Comassie for total protein and with o-anisidine and fatty acid for LOX activity.

Non-specific oxidation by heme proteins cannot be excluded for the absence in the assay of

KCN, but the different patterns obtained for the three fatty acids, suggest the absence of

these proteins in the pre-fractionated protein samples.
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2.4. Pseudonitschia delicatissima

CHEMICAL ANALYSIS .

Isolation and structure elucidation
of oxylipins other than aldehydes

by LC-MS and NMR
*Determination of the absolute

stereochemistry of the major
derivatives

BIOSYNTHESIS OF OXYLIPINS

*Incubation experiments with 3H-EPA

ECOLOGICAL STUDY

*Ecological effect of P,
delicatissima on copepod
reproduction

2.4.1. Ecological effect of P. delicatissima on copepod reproduction

The effect of a P. delicatissima diet was evaluated on the copepod Calanus helgolandicus.

This diatom modified hatching success, with egg viability dropping to 0% after two weeks;

the same diatom had no effect on egg production. These characteristics were very similar

i

to those reported for T. r::ztula on the copepod T. stylifera.
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Figure 2.28: Laboratory experiments testing the effects of the diatom P. delicatissima on egg production
rates (Ieft) and hatching viability (right) in the copepod C. helgolandicus.

2.4.2 Structure elucidation of oxylipins

Axenic cultures of P. delicatissima were pelletted and extracted as already described. GC-
MS analysis revealed the absence of short-chain aldehydes. The extract was methylated

and analysed in RP-LCMS. The HPLC profile immediately showed the presence of 3

major peak components (Figure 2.29). The extract was successively fractionated on silica

gel column by a polarity gradient system (Et2O in petroleum ether).
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Figure 2.29: ESI' LCMS profile of oxylipins from methylated extracts of P. delicatissima

Each fraction was analyzed by NMR and LCMS, and when required, the fractions were

ulterior purified on RP-HPLC. ESI'-MS and NMR spectra of the major compound was
identical to that of 15-HEPE (27a) previously characterized from extracts of S. costatum.

The absolute stereochemistry of this metabolite was established as § on the basis of the

product elution on chiral HPLC, using 15(R,5)-HEPE and 15(S)-HEPE as authentic

standards.

Due to the great instability of 28a, 15-hydroperoxyeicosapentaenoic acid (15-HPEPE), it
was not possible to purify a sufficient amount of the product for the NMR analysis. The

presence of this metabolite in the extract was however confirmed by ESIT MS that showed
a molecular ion at m/z 371 (M+Na"). This MS peak disappeared after the reduction of the
extract with TMP. As in S. costatum, the peak corresponding to 15-HPEPE was coeluted

with that of 15-HEPE in RP-HPLC, giving rise to a large peak with a retention time of 33.5

min (Figure 2.30) with a m/z of 355 and 371.
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Figure 2.30: ESI'/MS spectra of RP-LCMS peak eluted at 33.5 min, showing the m/z peak (355)
corresponding to 15-HEPE methyl ester and the m/z peak (371) corresponding to 15-HPEPE methyl ester.

Peak of compound 36a exhibited UV absorbance (Amax=210 nm) and ESI'-MS

pseudomolecular ion (m/z 371.19 for [C2:H3;04+Na]™) indicative for a di-oxygenated

derivative of EPA methyl ester. 'H-NMR spectrum of this material after purification

showed the typical signal of one hydroxylated methine group (H-13, 6 4.27) (Figure 2.31).
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Figure 2.31: 'H-NMR of 13-hydroxy-14,15-epoxyeicosa-52,82,112,172Z-tetraenoic acid methyl ester (36a)
from P. delicatissima.(C¢Dg, 600 MH2).
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In the COSY spectrum this resonance was correlated to one olefinic proton (H-12) é 5.50

and to one proton (H-14 6 2.74) on an oxygenated carbon (C-14 60.3 ppm). The chemical
shift of C-15 was diagnostic for epoxide moiety, whose spin system was assigned by the
signals of C-15 (56.0 ppm) and H-15 (6 2.88). This latter proton in the COSY spectrum
was further coupled to two methylene protons at 6 2.21 and 6 2.11 in « position to double
bond (H-17 & 5.35; H-18 & 5.44). All the remaining signals were unambiguously assigned,
on the basis of the connectivities observed in the homonuclear (COSY and TOCSY) and
heteronuclear (HSQC and HMBC) 2D-NMR spectra, to 13-hydroxy-14,15-epoxyeicosa-
22,82,11Z,17Z-tetraenoic acid methyl ester. Furthermore, the chemical structure was
confirmed by ESI-MS/MS spectra containing fragments 1ons corresponding to the breaking

of the epoxide moiety (loss of CcHio', M-82"; loss of CsH;oO", M-98") and between the

epoxide and alcohol functions (loss of C;H;20", M-1127), as showed in the Figure 2.32.
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Figure 2.32; ESI"-MS/MS spectrum of 13-hydroxy-14,15-epoxyeicosa-5Z,82,112,17Z-tetraenoic acid (36a)
from P. delicatissima.

The main stereochemical features of the product were established by 'H.-.NMR. The trans
configuration of the 14,15 epoxide was established on the basis of the coupling constant J

1415= 1.9 Hz (the coupling costant of cis epoxide is 4-5 Hz). The relative threo
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configuration was assigned on the basis of the coupling constant measured between the -
hydroxyl group and the epoxide moiety (Mercier & Agoh, 1974) ( J13,14 = 7.46 Hz in threo
product, Jy3 4= 2.7 Hz in erythro). The absence of reference compounds prevented the

determination of the absolute stereochemistry, even if it eluted as a single enantiomer on

chiral-HPLC.

Compound 37a showed a pseudomolecular ion in the ESI'MS spectrum at m/z 284.9
accounting for a molecular formula C;sH203+Na”. The strong UV maximum at 318 nm
clearly indicated the presence of a highly conjugated carbonyl system. In particular, on the
basis of the correlations observed in the COSY and TOCSY spectra it has been possible to
assign the entire spin system from the aldehydic proton at 6 9.4 to the protons of three
conjugated double bonds (H-14 6 5.95; H-13 6 7.04; H-12 6 5.64; H-11 6 6.1; H-10 6 6.46;
H-9 6 5.84). The signal at 5.84 ppm (H-9) was also coupled to methylene protons at 6 2.0
In turn coupled to si gnals at 61.94 in a position to the double bond H-6/H-5. The presence
of two additional allylic groups in the '"H NMR spectrum together with correlation data

contained in homo and heteronuclear 2D NMR experiments allowed for the build up of the

structure of 15-ox0-5Z,9E,11E,13E-pentadecatetraenoic acid.

2.4.3 Incubation experiments with “Hjp-EPA

All the products identified in the diatom P. delicatissima should derive from a 15-LOX
pathway starting from EPA. To test this hypothesis, 1 uCi of “H;o-EPA was incubated with
cell homogenates of the diatom for 20 min at room temperature. The incubation mixture
was extracted and methylated. An aliquot of the extract was reduced with TMP. The

untreated and the reduced extract were injected on RP-HPLC coupled with a radiodetector,

obtaining no substantial variations in the labelling values.
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Figure 2.33: Incorporation of *H,o EPA in cell homogenates of P. delicatissima. The bold line indicate the
HPLC profile at 210nm, The dashed line indicate the radio profile obtained with a radiodetector coupled to
the HPLC. (A) RP-HPLC chromatogram of total extract. (B) SP-HPLC chromatogram of untreated mixture
of 15-HEPE and 15-HPEPE. (C) SP-HPLC chromatogram of reduced mixture of 15-HEPE and 15-HPEPE.

The chromatograms revealed the clear labelling of 15-oxo-acid (Tr= 13 min, 464 cpm,
2.1%), 15-epoxyalcohol (Tr=22 min, 813 cpm, 3.7%) and 15-HEPE/15-HPEPE (Tr= 32
min, 3743 cpm, 17%) (Figure 2.33). Since 15-HPEPE and 15-HEPE were coeluted in RP-

HPLC, the large peak corresponding to these oxylipins (Tr= 32 min) was collected either

from TMP reduced and untreated extracts. Both fractions were injected on SP-HPLC (n-

hexane/diethyl gther 85:15 v/v), leading to resolution of 15-HPEPE and 15-HEPE
components. The radioactive analysis revealed the clear labelling of 15-HPEPE (Tr= 11
min, 279 c¢pm, 6.3%) and 15-HEPE (Tr=33 min, 1890 cpm 43%) in the untreated extract,
and the unique labelling of 15-HEPE (Tr=33 min, 3537 cpm, 73.6%) in the reduced

extract, showing the indirect labelling of 15-HPEPE in the cells.
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2.5. The genus Chaetoceros
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derivatives
*Comparison of LOX activity between
the two species

2.5.1. Effect of C. socialis and C.affinis on copepod reproduction

The effect of two diatom species belonging to the same genus, C. socialis and C. affinis,

was tested on the reproduction and development of early larval stages of the calanoid

copepod T, stylifera.
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Figure 2.34: Effect of C. socialis, C. affinis, P. minimum and S. costatum on hatching success in T, stylifera.

The dinoflagellate P. minimum and the diatom S. costatum were used as negative and

positive control, respectively. C. socialis did not affect copepod egg viability that remained

high after 15 day experiments; no abnormal nauplii were generated with this diet. In

contrast, with the C. affinis diet, copepod egg viability declined dramatically decreasing to
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0% after the first week (Figure 2.34). The nauplii produced during experiments were
assessed for morphological anomalies and for apoptosis (labelling techniques TUNEL)
using confocal laser scanning microscope. TUNEL staining is a specific cytochemical

reaction that labeled the ends of DNA fragments produced by apoptosis. Females reared

with negative control diet produce only morphologically normal nauplii that showed a low

value of fluorescence.

(A)

(©)

Figure 2.35: (A) and (B) Control copepod reared with P. minimum; (C) and (D) copepod reared with C.
affinis. The images were obtained with a laser confocal microscope; copepods in (A) and (C) were stained
with TUNEL.

Nauplii produced by females reared with positive control diet displayed strong
morphological anomalies and wide apoptotic areas. Nauplii produced by females reared
with C. affinis showed incomplete development of swimming appendages with segments

that differed from normal both in number and shape. The fluorescent light image of the

same specimen showed apoptotic areas corresponding to these morphological anomalies

(Figure 2.35 D).

2.5.2. Oxylipins in C. socialis and C. affinis

GCMS analysis of derivatized extracts showed the absence of aldehydes in both species.

The LCMS of methylated extracts showed the main presence of two hydroxyacids, 9-



hydroxy- 5Z,7E,11Z,14E,17Z-eicosapentaenoic acid (9-HEPE) (38a) in C. socialis, and 14-
hydroxy-52,87,11Z,15E,17Z-eicosapentaenoic acid (14-HEPE) (39a) in C. affinis. The
peaks of the compounds 38a and 39a exhibited UV absorbance (Anay=236 nm) and ESI'-
MS pseudomolecolar ion (mZz 3552 for [CyH303+Na]'* indicative for a

hydroxyderivatives of EPA methyl ester. Complete structure assignments were obtained on

the basis of the COSY connectivities and TOCSY spectrum, and in analogy with NMR
data of other hydroxyacids already characterized. In particular, TOCSY spectra revealed

all the correlations from the hydroxy-function to H-3 in 38a, and from the hydroxy-

function to the terminal methyl in 39a (data not shown).

o N — CO,R . = CO;R
— —_— — — 72—

i
38. R=H; 38a.R=Me l 039, R=H; 39a. R=Me

The absolute stereochemistry of 9-HEPE methyl ester (38a) was determined as S on the
basis of elution on chiral-HPLC of the purified compound, in comparison with commercial
9(R,S)-HEPE and 9(R)-HEPE. Due to the absence of reference compounds, the absolute

stereochemistry of 14-HEPE methyl ester (38a) was not determined, even if 38a eluted as

single enantiomer on chiral-HPLC.

2.5.3. Comparison of LOX activity between the two species.
Lipoxygenase activity in C. socialis and C. affinis cell homogenates was determined using

a rapid and sensitive colorimetic assay, in agreement with Anthon and Barrett (2001). The
assay 1s based on the detection of the lipoxygenase reaction products, fatty acid
hydroperoxides, by the oxidative coupling of 3-methyl-2-benzothiazolinone (MBTH) with

3-(dimethylamino) benzoic acid (DMAB) in a haemoglobin catalyzed reaction.
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Figure 2.36: .OX activity expressed as Asgg/mg protein in C. affinis and C. socialis homogenates in absence
and in presence of EPA as exogenous substrate.

Lipoxygenase activity is almost 3 times higher in C. affinis than in C. socialis, both in the

absence and presence of the exogenous substrate (EPA) (Figure 2.36).

2.6. Antimitotic assay of oxylipins

To detect the compounds responsible of the antiproliferative effet of diatoms on copepod
reproduction, a test of antimitotic activity on sea urchin embryos of Paracentrotus lividus
was used. The extracts blocked the division at concentration ranging from 25 to 100 pg/ml.
The effect of diatom extracts on sea urchin embryos is the result of the action of various
and differently active molecules. The treated embryos in fact were blocked in a dose-
dependent manner and among them, some undergo to apoptosis, estimated by the analysis

of morphological changes as cell blebbing and nuclear disorganization, and some other

show cell swelling identical to that induced in the same kind of assay by free fatty acid,
due to the alteration of cell membrane integrity and stability.

After a first fractionation on silica gel, the antimitotic assay identified two main active

fractions recognized as aldehydes and oxylipins in 7. rotula and S. costatum, and only

oxylipins in P. delicatissima, C. socialis and C. affinis which lacked of PUAs. The purified
aldehydic pools from both 7' rotula and S. costatum were able to inhibit the cleavage of
sea urchin embryos (100% inhibition) at concentration of 0.75 pg/ml for the first and 1

ng/ml for the latter diatom (Figure 2.37), and to induce apoptosis as already demonstrated
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in sea urchin and copepod embryos treated with the purified aldehydes. Among aldehydes,

natural 2.,4-octadienal was active at concentrations of 1.3 pg/ml, commercial 24-

decadienal at concentration of 1 pug/ml (100% inhibition), and the saturated tridecanal did

not mnhibit cell division until 50 pg/ml, suggesting that the reactive Michael-acceptor

element was the responsible of activity (Adolph et al., 2003)
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Figure 2.37: Effect of the aldehyde mixture obtained from S. costatum and 7. rotula on the first division of
sea urchin eggs (left). Effect of purified decadienal, octadienal and tridecanal in the same assay (right).

The active oxylipin fractions induced effects similar to that observed in assays with the
extracts. The oxylipin fractions were active at concentrations ranging from 5 to 50 pg/ml.
For example the pure oxylipin pool isolated from C. affinis was able to induce 100% of

blockage at concentration of 8 pg/ml, while the oxylipin fraction from C. socialis induced

the total block at concentrations of 50 pg/ml (Figure 2.38).
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Figure 2.38: Bioactivity guided screening on purified fractions from methylated extracts of C. socialis and C.
affinis. 1,2,3,4 represented fractions obtained from silica gel column in a gradient from petroleum ether to

petroleum ether/diethyl ether 10/90.

Some pure oxylipins were initially tested as methylated molecules, since they were
purified in this form after methylation of the extracts. In particular, the hydroxyacid 15(5)-
HEPE (27a) inhibited cell division at concentration 3.3 uM, and it was more active than

decadienal (4.95 puM). The ketoacid 6-KHTE (31a) induced the same effect at
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concentration 6.3 uM. The 9-keto-7E-hexadecanoic acid (24a) blocked cell division at

concentration 7 pM, whereas the correspondent 9-hydroxy-7E-hexadecanoic (25a) was

active at concentration 53 uM (Figure 2.39).
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Figure 2.39 Effect of methylated 15(S)-HEPE (27a), 6-KHTE (31a), 9-keto-7E-hexadecanoic acid (24a) on
the cleavage of sea urchin embryos, in comparison with 2,4-decadienal.

The epoxyalcohol (36a) isolated from P. delicatissima was not active at concentrations
from 0.7 to 20 uM Surprisingly, the same metabolites active as methyl ester lost their
antimitotic activity after hydrolysis at concentrations ranging from 0.7 to 30 uM. It is
iImportant to note that the influence of methylation on the molecule activity is opposite in
FFAs. In fact, whereas FFAs had an antimitotic effect at concentrations ranging from 100

to 300, FAME did not have the same effect even at very high concentrations (300 uM)

(Figure 2.40).
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Figure 2.40: Effect of EPA and EPA methyl ester on the cleavage of sea urchin embryos.
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In mammals and terrestrial plants, hydroperoxides, the primary intermediates in the
biosynthesis of oxylipins, are reported as apoptotic agents (Knight er al., 2001;
Kalyankrishna et al., 2002; Tang et al., 2002). Due to the instability of pure
hydroperoxides, these compounds were generally tested in a mixture obtained by the
autoxidation of fatty acids. The EPA was left for two weeks at 42°C, in the dark, in

presence of tocopherol. In order to estimate the quantity of hydroperoxides in the

autoxidation pool of EPA, the colorimetric method already reported for the determination
of lipoxygenase activity was used. The apoptotic and antimitotic effect of hydroperoxides
was assayed at concentration ranging from 0.05 to 2 pg/ml. The minimal dose required for

total block of mitotic events is 0.9 ng/ml of hydroperoxides. The apoptotic effect was

evaluated morphologically using an inverted microscope observing the arising of
membrane and cellular blebbing in treated sea urchin embryos. As shown in Figure 2.41B,

treated embryos did not undergo to cell cleavage (control embryos in figure 2.41A), and

they remained blocked at zigote stadium, presenting therefore a total block of mitosis that
precede induction of apoptosis. The embryos were totally destroyed presenting various

degree of vesciculation and cell fragmentation typical of the final steps of apoptosis

(A) (B)

Figure 2.41: (A) Control sea urchin embryos at two blastomere stage, 90 minutes after fertilization; (B)
embryos treated with 0.25 pg/ml of hydroperoxides, 90 minutes after fertilization. They were blocked at

zygote stage and presented cell fragmentation following the blebbing, typical of the final stage of apoptosis.
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3. DISCUSSION

3.1. Chemistry

After the isolation of Cyq aldehydes using a large-scale purification approach (Miralto et al.,
1999), studies focused on the analysis of volatile compounds in diatoms. Aldehyde-containing
compounds are generally very unstable and prompt to decompose, thus aldehydes are
generally analyzed in GCMS after transformation into more stable products (Vogel er al.
2000; Schulte-Ladbeck ef al. 2001). In the literature, different methods have been introduced
to analyze these volatile molecules in diatoms. A sensitive protocol with the use of solid-phase
microextraction (SPME) allowed rapid screening for the production of volatiles from small

culture samples (Pohnert, 2000). This method, however, does not allow samples to be stored

or denvatized, so structural elucidation 1s limited to metabolites that are available as reference
compounds.

For the analysis described in this thesis, an alternative procedure based on the conversion of
aldehyde into ethyl ester by Wittig reaction with (Carbethoxyethylidene)-
triphenylphosphorane was developed (Scheme 2.1) (d'Ippolito et al., 2002b). This method is
useful to improve the stability of the derivatives, allowing their purification and unequivocal
characterization with GCMS and NMR. For GCMS analysis, unambiguous characterisation of
each component was facilitated by the characteristic fragmentation pattem of the high mass
range in MS spectra. Very diagnostic was the intense molecular ion (M") and ion formed by

loss of CH;CH,0" (M-45") (Figure 2.2). The NMR properties of the CET derivatives resulted

particularly useful for the characterization of unknown PUAs, when standard compounds are

not commercially available. The conditions to directly analyze the extract in GCMS were

assessed for routine analysis.

Using this method, the presence of aldehydes was tested in the diatoms S. costatum, T. rotula,

P. delicatissima, C. socialis and C. affinis. As summarized in the Table 3.1, 7. rotula, in
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addition to the unsaturated Cyo compounds 2EA4Z,7Z-decatrienal (1), 2E,4E,7Z-decatrienal

(2) already described by Miralto et al. (1999), contained aldehydes with eight carbon atoms,
2EAZI2E AE-octadienal (13/14), 2E,4Z7/2EAE,T-octatrienal (15/16), and 2E,4Z/2EAE-
heptadienal (17/18) with a C5 skeleton (d’Ippolito et al., 2002b). Unlike previously reported

by Miralto et al, (1999), 2,4 decadienal (3) was absent in this strain of T. romula. In S,

costarum, the aldehydic pool was resolved in 2E4Z/2F 4F-octadienal (13/14) (the main
components), 2E4Z/2E AE-heptadienal (17/18), and 2E,4Z,7/2E.AE,7-octatrienal (15/16)
(d’Ippolito et al., 2002a). The mixture of CET derivatives also contained a v