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HIGHLY BRANCHED ISOPRENOID ALKENES FROM DIATOMS;

A BIOSYNTHETIC AND LIFE CYCLE INVESTIGATION

by
Guillaume Gabrid Massé

ABSTRACT

In addition to the production of phytol (from chlorophylls) and sterols, a limited number of diatom
species are capable of synthesising unusua C,s and Cy, highly branched isoprenoid (HBI) alkenes. At
the outset of the current investigation, the structures of most C,s and Csy HBIs had been identified.
Some environmental factors had been shown to control their production, athough a detailed
understanding of these remained unclear. In addition, the biological functions of the chemicals
remained unknown, and the reasons for their production by some species and not by others, was not
understood.

Investigations on the distributions of Cx and Cz HBI akenes biosynthesised by Rhizosolenia
setigera demonstrated a dependence on the physiological status of the cells, as measured by the
position of this diatom in its life cycle. Thus, while Csy HBIs were observed at every stage of thelife
cycle, C,s HBIs were not always present in the cells. Since the synthesis of Cys HBIs appears to be
stimulated by the onset of auxosporulation (sexua reproduction), an explanation is provided as to
why they have rarely been observed in previous studies.

Two novel monocyclic Cy alkenes (previoudly reported in other strains of Rhizosolenia setigera), and
a novel monocyclic Cy akene were aso observed during life cycle experiments. The two Cy
hydrocarbons structures were subsequently characterised and the potential geochemical relevance of
these compounds was highlighted by comparison of their mass spectra and chromatographic
properties with those of alkenes reported in sediments and suspended water column particles.

An invedtigation of terpenoid (including HBI) biosynthesis in the diatoms Hadea ostrearia,
Rhizosolenia setigera and Pleurosigma intermedium has been performed. Evidence for species and
organelle dependent biosynthetic pathways has been observed. Phytol is synthesised by each species
investigated according to the recently discovered methyl-erythritol phosphate (MEP) pathway. This
pathway is aso involved in the synthesis of C,s HBIs in the two species Hadea ostrearia and
Pleurosigma intermedium. In contrast, Cxs and Csy HBIs, and (at least) one monocyclic Cyy akene,
appear to be made predominantly via the mevalonate (MVA) route in the diatom R setigera.
Evidence for the contribution of the MV A pathway to the biosynthesis of sterols was found for the
diatoms Rhizosolenia setigera, and Pleurosigma intermedium. In contrast, only contributions from
the MEP pathway were found for the biosynthesis of sterols in Hadea ostrearia. Preliminary
evidence for dynamic interchange between the two pathways has a so been observed.

Fractionation of Rhizosolenia setigera cells revealed that phytol was present in the chloroplasts, while
sterols and HBIs were present in the cytoplasm.
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Based on differences of the wall morphology, Round and co-workers (1990) divided the

diatoms into three class: Coscinodiscophyceae, Fragillariophyceae and Bacillariophyceae.

Given their widespread occurrence, diatoms also exhibit large differences in their ecology.
As aresult, diatoms are divided into planktonic and benthic species. Planktonic species live
mainly in the water column, while benthic species live in, or near to, the substratum. Due to
these ecologica differences and necessary adaptations to their habitats, the valves of benthic
diatoms are usualy strongly slicified, while planktonic diatoms usualy exhibit lightly

glicified valvesto minimise their sinking rates (Figure 1.1).

Figure 1.2 Rhizosolenia setigera cells auxosporulating: initia cell formation.



1.2 Highly Branched Isoprenoid alkenes: sourcesand structural features

Lipids are important diatom congtituents, representing up to 60% of their dry weight
(reviewed by Groth-nard and Robert, 1993). Polar lipids (phospholipids and glycolipids) are
usually the most abundant of these, representing up to 90% of the total lipids. Neutra lipids
(tri-glycerides, phytol, sterols and hydrocarbons) are usualy less abundant. Recently,
investigations into the non-saponifiable lipids obtained from laboratory cultures of severa
diatom species, showed that in addition to the production of phytol (from chlorophylls) and
sterols, some species are capable of synthesising unusual Cy and Czp highly branched
isoprenoid (HBI) alkenes (Volkman et al., 1994; Belt et al., 20003, 2001a,b,c). These HBIs
occur in a wide range of sedimentary environments (reviewed by Rowland and Robson,
1990) and since their first discovery in diatom cultures (Volkman et al., 1994), severd
studies have enabled for the structures of numerous Cys and Czy HBI isomers to be fully
characterised. Indeed, from bulk cultures of the diatom Hadea ostrearia (Bory) Simonsen,
Belt et al. (1996) and Johns et al. (1999) characterised the structures of severa Cys isomers
via NMR spectroscopy. Later, Wraige et al. (1999) excluded the possibility of a bacterid
origin of these HBIs (as suggested by Farrington et al. (1977), Boehm and Quinn (1978) and
Requejo and Quinn (1983)) by reporting the same HBIs in axenic cultures of this species.
More recently, several other diatom species belonging to the Hadea genus have been
reported to be capable of synthesising HBIs (Allard et al., 2001). From large-scale cultures
of these three newly identified producers (Hadea crucigera, Hadea salstonica and Hasea
pseudostrearia), they determined the structures of new tetrarunsaturated alkenes.
Interestingly, al the HBI alkenes found in Haslea species share common structural features
(Figure 1.4). Indeed, while these hydrocarbons exhibit differences in their degree of

unsaturation (2-6 double bonds), all possess the same parent carbon skeleton (Figure 1.3;



Robson and Rowland, 1986). The main characteristic of this acyclic skeleton consists of an

alkyl side chain at C7 of the main chain.

Figure 1.3 Structure and numbering scheme of the parent carbon skeleton of Cys HBIs.

In addition, all of these isomers possess a vinyl moiety at C23-C24, a second double bond in

either the C5-C6 or C6-C17 positions, and a saturated branch point at C7 (Figure 1.4).

T YT
T

Figure 1.4 Structures of Cys HBI akenes identified from cultures of Haslea species.



Most recently, two previoudy characterised Cys HBIs and a new Cys isomer (Figure 1.5)
were identified in a further Hadea species, previoudy classified as Gyrosigma nipkowii
(sgmoidal species) and recently transferred into the genus Hadlea (Bdlt et al., 2001d; Poulin
et al., 2000, 2002, submitted). In contrast to all other C,s HBI akenes from Hasea species,
two of these compounds were present as diasterecisomers (Figure 1.5). With the discovery of
this particular isomer, a geometrical isomerism at position C9-C10 was reported for the first

time within the alkenes produced by Haslea species.

Figure 1.5 Structures of the Cys HBIs identified in Hadlea nipkowii.

An identica isomerism was aso reported by Belt et al., (2000a, b), who identified two
Pleurosigma species (P. intermedium and Pleurosigma sp.) as sources for the most
commonly reported Cys HBIs in sediments. From bulk cultures of these diatoms, they
elucidated the structures of eight novel C,s HBI isomers (Figure 1.6). The structures of these
alkenes were found to be isomeric to those found in Hadea species. For these isomers, the
major branch point at C7 was found to be unsaturated, with a double bond in the C7-C20

position, while the double that was present in either the C5-C6 or C6-C17 positionsin HBIs



from Hadea species was absent for isomers obtained for P. intermedium. In addition, these
compounds were found to range in their unsaturation between 3 and 5 (double bonds), while
the relative concentrations of both E and Z isomers (C9-C10) were found to be variable

within different Pleurosigma cultures (usually ca 50% E / 50% Z).

Figure 1.6 Structure of the Cys HBIs identified from cultures of Pleurosigma species.

Finally, from bulk cultures of the diatom Rhizosolenia setigera Brightwell, Belt et al.
(2001a) ducidated the structures of four Czy HBIs (two Czp pentaenes and two Csp hexaenes)
for the first time. Similar structural features to the Cys HBIs were observed from these

compounds. Consistent with structural features found for HBIs from P. intermedium, the



main branch point was located at C7 (Figure 1.7) and found to be unsaturated with a double

bond at C7-C25, while geometric isomerism at C9-C10 was also observed.

Figure 1.8 Structures of the Czp HBIs identified from cultures of Rhizosolenia setigera.



1.3 Environmental controlson the production of HBIsin diatoms

In addition to the structural characterisation of most Cys and Czp HBI isomers, the influence
of environmental parameters such as sdinity (Wraige et al., 1998) and temperature
(Rowland et al., 2001a) have aso been investigated. While Wraige et al. demonstrated that
variations in the salinity of the culture media did not affect significantly HBI distributions in
H. ostrearia, Rowland and co-workers reported a significant effect of the culturing
temperature on the distribution of HBIs produced by this species. A low (5°C) culturing
temperature increased the saturation of the alkenes (Cys.2) contained in the cells, while a high
(25°C) culturing temperature increased the proportions of the more unsaturated isoprenoids
(Cas.4 - Cos5), suggesting that this diatom was senditive to changes in the environmental
conditions and that HBIs may have a significant biological function. In contrast, no clear
correlation between changes in the environmental conditions and HBI distributions was
detected when similar experiments were performed with the diatom Pleurosigma

intermedium (Allard et al., unpublished results).

Moreover, while the culture of Rhizosolenia setigera investigated by Volkman et al. (1994)
was found to contain three Csp pentaenes and two Czy hexaenes with no Cys HBIS, Sinninghe
Damsté et al. showed that a strain of R. setigera (CCMP 1330) contained only a single Cys
pentaene in addition to two noved n-alkenes, with no Czy homologues (Sinninghe Damsté et
al., 1999a,b, 2000). The strain of R. setigera (RS-99) isolated from northern France by Belt
et al. (2001a) contained only four Czy HBI isomers (two Cs pentaenes and two Cg
hexaenes) with no Cys HBIs. Additionally, Rowland et al. (2001b) demonstrated that cells
from the same R. setigera strain (RS-99) were capable of producing both Cys and Csp HBI
alkenes. Further, these variations were aso observed even under well-controlled culturing
conditions, indicating that factors other than environmental conditions were also affecting

HBI biosynthesisin diatoms.



1.4 Thepresent study

At the outset of the present study, it was clear that the likely sources and the structures of
most Cys and Cgo HBIs had been identified, and that environmental factors were to some
extent controlling their production. However, the controls on variations in their distributions
observed during previous studies still remained unclear. In addition, the biological functions
of the chemicas remained unknown, athough it had been suggested that they may be
membrane congtituents (Ourisson and Nakatani, 1994; Rowland et al., 2001a). Finally, the
reasons for their production by some species and not by others (including very closey

related species) was not understood. Therefore, the main aims of this study were to:

() investigate the distribution of Cys and C3y HBI alkenes biosynthesised by R.

setigera as afunction of the position of the diatom initslife cycle.

(D) search for new HBI producing diatomsin order to understand better the reasons

for the occurrence of HBIsin some species and their absence in others.

(@iii)  perform a comprehensive study of the mechanisms involved in the biosynthesis

of HBIsin diatoms.

(iv)  examinetheintra-cellular compartmentation of isoprenoidsin diatoms.

The results of this combined investigation are the main subject of this thesis and are

described as follows;

Chapter 2 describes an examination of (selected) lipid distributions in several species
belonging to the Rhizosolenia genus and members of closely related genera, together with an
investigation of the distributions of Cys and C39 HBI alkenes biosynthesised by R. setigera as

a function of its life cycle. As a result, a further species capable of producing both Cys and
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Cso HBI akenes has been identified and most of the differences in distributions observed in
previous studies have been explained. The formation of one new monocyclic Cys and two
monocyclic Cgp hydrocarbons have aso been observed during a limited phase within the life

cycleof R. setigera.

Chapter 3 describes the structural characterisation of these novel monocyclic Cgp akenes.
The HBI distributions of two R. setigera strains were investigated, and sufficient quantities
of pure compounds were isolated from bulk cultures of these two strains to allow for the

characterisation of their structures via GC-MS and NMR spectroscopy.

Chapter 4 describes the intra-cdlular fractionation of R. setigera cells in an attempt to
understand better the compartmentation and function of isoprenoids in diatoms. In a
comprehensive study, the biosynthetic mechanisms involved in terpenoid (including HBIS)
formation in the diatoms Hadea ostrearia, Rhizosolenia setigera and Pleurosigma
intermedium has been carried out. This has included culturing each species in the presence of
pathway-specific inhibitors, together with feeding experiments containing isotopicaly
labelled substrates. Analysis of natural carbon isotope fractionation in these lipids by GC-
irm-MS has been used to complement the results from other approaches. Evidence for
species and organelle dependent biosynthetic pathways is presented, together with

preliminary evidence for dynamic interchange between the two pathways.

(n.b. Individual compounds identified in diatom non-saponifiable fractions are numbered on

a chapter-by-chapter basis)
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