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9,11-secogorgosterol is a secondary metabolite from the 

gorgonian Pseudopterogorgia americana which acts as a chemical 

defense. The soft coral lives in a symbiotic association with 

unicellular algae known as zooxanthellae. A biosynthetic 

investigation, using in vivo and in vitro methods, has resulted in the 

identification of the metabolic precursor of 9,11-secogorgosterol as 

gorgosterol. This finding is significant as it indicates that the 

conversion of gorgosterol to 9,11-secogorgosterol is due to gorgonian 

metabolism. Since gorgosterol is known to be a product of 

zooxanthellae metabolism, this would be the first example of a 

defensive secondary metabolite being produced by two organisms 

living in symbiosis. 

A viable acetone powder has been generated from the crude 

cell-free extract and has demonstrated the efficient transformation 

of gorgosterol to 9,11-secogorgosterol. This indicates possible future 

value as a synthetic tool for secosterol production. 
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CHAPTER 1 INTRODUCTION 

1. Role of sterols: 

Sterols are required compounds in all eukaryotes for the 

maintenance of optimal fluidity of cell membranes1 • The function 

commonly ascribed to membrane's resident sterol is to order, or to 

decrease acyl chain mobility above, and to raise mobility below, the 

phospholipids transition temperature. Therefore, the sterol in cell 

membranes increases their viscosity due to the rigid structure of the 

nucleus, and decreases their permeability to small water-soluble 

molecules, such as monosaccharides60• The sterol responsible for the 

changes of physical state of the phospholipid bilayers is mainly 

cholesterol (1) in the animal Kingdom, ergosterol (2) in the fungi 

Kingdom, and the phytosterols (3) (for example, stigmasterol (52)) in 

the plant Kingdom. 

These compounds can also act as precursors for the production 

of diverse steroid classes such as the polyoxygenated sterols and 

steroid hormones. Cholesterol ( 1) is the essential precursor for bile 

acids, corticosteroids, sex hormones, and vitamin D-derived 

hormones for all vertebrates61 • These transformations (fig.1) involve 

partial shortening or complete elimination of the side chain as well as 

a variety of ring hydroxylations. It is important to note that in all 

these transformations but one (vitamin D), the C19 carbocyclic ring 
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system remains intact. The position of oxygen functionalities and the 

length of the truncated side chain determine hormone specificity. In 

marine invertebrates the transformations seem to be restricted to 
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hydroxylations and a variety of side chain modifications. Side chain 

shortening does not commonly occur. 

2. Biosynthesis of sterols: 

Goad2 has suggested that there are four possible sources of 

sterols in marine invertebrates and that each organism must 

establish a balance between these factors. The four possible sources 

are: a) de novo biosynthesis; b) assimilation by host organism of 

sterols produced by symbiotic algae or other associated bacteria or 

fungi; c) assimilation of dietary sterols; and d) modification of dietary 

sterols. The de novo biosynthesis of sterols 1 involves the 

condensation of acetyl CoA and acetoacetyl CoA to give 

hydroxymethylglutaryl-CoA (see scheme described in figure 2). This 

is followed by an enzymatic reduction to give the primary alcohol of 
. 

mevalonic acid ( 4). This acid then undergoes a series of reactions 

including a phosphorylation, a decarboxylation, an isomerization and 

two condensations to afford squalene (5). Oxidation of squalene 

followed by a series of ring closures yields lanosterol ( 6) in animals 

and cycloartenol (7) in plants. Lanosterol (6) is then converted to 

desmosterol (8) after demethylations at C-4 and C-14, and formation 

of the 6. 5 double bond. Cycloartenol ( 7) is also converted to 

desmosterol (8) in photosynthetic organisms by a similar sequence of 

reactions. Finally, desmosterol (8) is transformed by the more 

advanced animals into the end product, cholesterol ( 1), after 

reduction of the C-24 double bond. The more prinlitive organisms 

4 
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convert desmosterol (8) to sterols with multi-alkylated side chains 

such as mutasterol (9). In the plant Kingdom, desmosterol (8) is the 

precursor of the phytosterols (3) characterized by alkylation of the 

C-24 position and the possible formation of the 6.22 double bond. 

3. Sterols from marine organisms: 

3 .1 Micro-organisms: 

Sterol mixtures seem to be more complex and unconventional 

structures more common in the less advanced eukaryotes. 

Conventional sterols are characterized by a cholesterol-type nucleus 

and a unique alkylation of the side chain at C-24. This group includes 

cholesterol (1) and the phytosterols (3). Phytosterols generally have 

a structure similar to cholesterol ( 1) with the exception of a methyl 

or ethyl group at C-24 and 6.2 2 or 1124 unsaturation. Unconventional 

sterols are characterized by the presence of multi-alkylated side 

chains. For instance, 25-methylxestosterol (15) 16 has 'extra' methyl 

groups at C-24, C-25 , C-26 , and C-27. Dinoflagellates are primitive 

unicellular eukaryotic organisms which along with diatoms and 

coccolithophores mainly constitute the phytoplankton3. 

Phytoplankton is the foundation of the complex marine food web. A 

number of dinoflagellates produce extremely toxic compounds (e.g. 

saxitoxin4 and its C-11 hydroxy and N-hydroxy derivatives), but also 

a variety of sterols with highly substituted side chains 5-7 • The most 

characteristic sterol of this group is dinosterol 4a,23,24(R)-trimethyl-

5a-cholest-22-en- 3~-ol (10). The unusual features of this sterol 
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include side chain alkylation at both C-23 and C-24 and the presence 

of a 4a-methyl substituent in the nucleus. The 4a-methyl sterols are 

generally intermediates in sterol biosynthesis in animals and in other 

divisions of the plant Kingdom, not end products of sterol 

biosynthesis8• In the case of diatoms, conventional C-27, C-28, and C-

29 phytosterols (3) are the major components of their sterol 

composition. 

3.2 Algae: 

Moving up into more advanced organisms, macro-algae are 

found to be characterized by an abundance of cholesterol ( 1) and its 

22-dehydro (11) and 24-dehydro derivatives (8) 3 • In the case of 

brown algae (Phaeophyta), fucosterol ( 12), a common phytosterol, is 

the predominant component9- 12 • 24-Methylene cholesterol ( 13) and 

desmosterol ( 8) are the biosynthetic precurs9rs of sterol 12. 

Although sterols with a side chain cyclopropane are frequently 

encountered among coelenterates and some molluscs containing 

dinoflagellate symbionts, they have also been reported in brown 

algae. For instance, algae of the genus Cystoseira contain cytosterol 

(14) 15. 

3.3 Sponges: 

Sponges (Porifera) were the first invertebrates shown to 

contain sterols other than cholesterol ( 1). Multi-alkylated sterols are 

common in sponges and characteristic of these organisms. For 

instance, mutasterol (9) a sterol with a quaternary carbon, was 
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isolated from Xestospongia muta16 • In addition to monohydroxylated 

sterols, an increasing number of sterols with multiple oxygen 

functionalities have been isolated from sponges as well as other 

phylal7- 19 • Pregnane steroids are one example of such sponge sterols. 

Three pregnane steroids (16-18) were isolated from Haliclona 

rubens20 . They were the first example of pregnane derivatives 

isolated from marine organisms. Their structures suggest hormonal 

activity but the role of these sponge derived pregnane steroids have 

yet to be elucidated. More recently a group of norsterols, incisterols2 1 

( e.g. 19), with a highly degraded skeleton have been isolated from 

the Mediterranean sponge Dictyonella incisa. Other sterols of this 

sponge included a series of 115•7 sterols and 3,5 ,6-trihydroxy-117-

sterols, both with the same side chains as the incisterols (19). 

In addition to polyoxygenated sterols, secosterols have been 

recovered from sponges. The term secosterol characterizes any sterol 

which is missing bond in its nucleus. Therefore, a 9,11-secosterol (M) 

refers to the lack of a bond between C-9 and C-11. Originally 9,11-

secosterols were found in a gorgonian22 and in a soft coral of the 

genus Sinularia23, and only later in the sponge Dysidea herbacea24 

with the isolation of herbasterol (20). This polyoxygenated 9,11-

secosterol was shown to be ichthyotoxic and mildly antimicrobial24 • It 

has been suggested25 that this compound acts as a feeding deterrent 

to crustacean predators due to its similarities with the 

crustecd ysones. 
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3 .4 Cnidaria: 

The class Anthozoa of the phylum Coelenterata is subdivided 

into Hexacorallia and Octocorallia. The latter comprises different 

orders among which Gorgonacea and Alcyonacea are distinguished by 

their high content of polyhydroxylated sterols and 9,11 secosterols 

with conventional and unconventional side chains. 5a-Cholestane-

3~,5,6~,9-tetrol21, one of the first polyhydroxysteroids isolated from 

a marine species, was obtained from Pseudopterogorgia elisabetha&G. 

The first unique 9,11-secocholestane system was 3~,-11-dihydroxy-

9,11-secogorgost-5-en-9-one (22) was isolated from the gorgonian 

Pseudopterogorgia americana22 together with the known gorgosterol 

(23). A novel secosterol, astrogorgiadiol (24) has been isolated from 

the gorgonian Astrogorgia sp. 27 ; this acts as an inhibitor of cell 

division in fertilized starfish eggs. Sin ularia sp. (Alcyonacea) has 

given three new 9,11-secosterols with the same 9,11-seconucleus as 

(22) and conventional 24-methylene, 24-methyl, and cholestanol 

side chains (25-27) 23·28 • In addition to the 9,11-secosterols, the soft 

corals of the genus Sinularia have been shown to produce a series of 

new polyhydroxylated sterols. A group of eight polyhydroxylated 

sterols (28) containing an 11a-hydroxy substituent of potential 

utility as corticosteroid intermediates have been isolated from 

Sinularia dissecta17 • A corrunon feature of many polyhydroxysterols 

from soft corals is the 3~,5a,6~-trihydroxy moiety. In addition to this 

feature, a fourth hydroxyl group was found in the 7 ~-position in the 

soft coral Anthelia glauca (29) 29 collected in Laing Island, and also as 

the 7~-acetate analogs (30-32) in a species of the genus Xenia 

10 
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collected at Okinawa30 • The mixture containing the four sterols 

exhibited a growth inhibitory activity against B-16 melanoma cells. 

Litophyton viridis is the source of the rare 19-oxygenated sterols 

(33-35). The 19-hydroxylated sterols are very rare in nature; they 

are only found in a sponge32 and in the soft coral L. viridis31, and are 

of interest as a possible intermediate in the biosynthesis of 19-

norsterols. The 5~,6~-epoxide (35) showed antileukemic activity (IC50 

O.Sug/ ml) against leukemia cells in vitro3 1• 

Very few polyhydroxysteroids have been found in species of 

the class Anthozoa other than those found in the order Gorgonacea 

and Alcyonacea. Four new cytotoxic steroids named stoloniferones 

(36) were isolated from the stoloniferan Okinawan soft coral3 3 

Cia vularia viridis (order Stolonifera). They possess the same lla

h ydroxy-5 ~,6~-epoxy-2 -en -l-one steroidal skeleton. S toloniferones 

exhibited growth inhibition against P3s8 leukemia cells. 

OH 
33 R= OAc 

34 R= H 

35 R= H 5~,6~-oxide 
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Through this introduction, a description of some characteristic 

features as well as the importance of sterols of diverse marine phyla 

was presented. 

4. Gorgosterol: 

4.1 Introduction: 

The biosynthetic origin of gorgosterol (23 ), a cyclopropane

containig sterol, was under experimental investigation for many 

years. This marine sterol possesses the usual cholesterol ( 1) nucleus 

with an unprecedented side chain which includes a cyclopropane ring 

and alkyl substitution at positions 22,23 and 24. This sterol was first 

isolated in 1943 from the gorgonian Plexaura flexuosa by Bergmann 

et al.34, yet it was not until 1970 that its structure was elucidated by 

Djerassi and co-workers35 ·36 • Since Bergmann's initial work, 

gorgosterol (23) has been isolated from various coelenterates and 

molluscs 37 • It was noticed that all these invertebrates contained 

symbiotic zooxanthellae. Zooxanthellae are dinoflagellate symbionts 

and have been assigned to the single species Symbiodinium 

microadriaticum. They are found to live symbiotically inside the cells 

of marine invertebrates and are responsible for the production of 

gorgosterol (23)38 • When symbiotic dinoflagellates were isolated and 

cultured outside of their hosts, the production of gorgosterol ceased, 

leading to speculation that production of this sterol was a result of 

the symbiotic association. It has also been shown that gorgosterol has 

only been encountered in coelenterates containing zooxanthellae39• 

13 



4.2 Biosynthesis of gorgosterol: 

The biosynthesis of gorgosterol (23) has been discussed in the 

literature for many years since Ling and Djerassi's initial prediction 

in 197036• Dinosterol (10), one of the most characteristic sterols found 

in dinoflagellates, was recently established as the biosynthetic 

precursor of gorgosterol (23)40• The biosynthetic origin of the unique 

cyclopropane-containing side chain of gorgosterol (23) was 

experimentally demonstrated by the means of cell-free extracts from 

a number of dinoflagellate species. The sequence of biological 

methylation reactions is the following one: 

... ,~ 

N 
---"!,....._ 

N 
10 

N 

13 

23 

t_ 
~-· ... :LYY 

N 

These experiments were performed with a cell-free extract 

capable of catalyzing the transfer of 3 H-labeled methyl groups from 

S-adenosylmethionine (SAM) to the sterol side chain. These results 

confirmed the biosynthesis of a unique and characteristic 

dinoflagellate sterol. However, the biological role of gorgosterol (23) 

in zooxanthellae-bearing hosts, such as gorgonians, has still not be 

determined. 
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CHAPTER 2 THE SECOSTEROLS 

1. Introduction: 

The gorgonians belong to the phylum Cnidaria (or 

Coelenterata), class Anthozoa and subclass Octocorallia41 (Figure3). 

The octocorals are the most primitive of the anthozoans and their 

name is derived from the eight pinnate tentacles that surround the 

mouth of the polyp. Their color comes from one or a combination of 

three sources: pigments in the polyps' tissues; intracellular symbiotic 

algae in the polyps' tissues, called zooxanthellae; and/ or coloring 

minerals in the calcareous spicules of the colonial structure. 

Gorgonian is the preferred name for this large group of 

octocorallians; however they are commonly called 'soft corals' 

because of the colonies lack of hard, rigid, permanent skeletons. They 

include the animal colonies known as sea rods, flat sea whips, sea 

feather plumes, sea fans and orange sea whips4 1• Pseudopterogorgia 

americana is a colonial organism commonly known as the slimmy sea 

plume due to the feather-like branches and the large amount of 

mucus it produces. These gorgonians are commonly found in the 

Bahamas, the Caribbean, and the Florida Keys. P. americana is a 

gorgonian rich in novel steroids. The first unique 9,11-secocholestane 

nucleus, fl. 5-9, 11-secogorgos tene- 3~, 11-diol-9-one ( 2 2 )2 2 , was 

15 



isolated from this gorgonian. The corresponding 5 ,6a -epoxy 

derivative was also isolated from the same species. 

Phylum Cnidaria (Coelenterata) 

~ 
Hydrozoa Anthozoa Scyphozoa Cubozoa 

Zoantharia Alcyonaria (Octocorallia) 

Gorgonacea Alcyonacea Pennatulacea 

Holaxonia Scleraxonia 

I 
Gorgoniidae 

I 
Pse udopte rogorgia 

I 
amerzcana 

Figure 3: Phylum Cnidaria 

2. Structural relatedness of polyoxygenated sterols: 

An array of polyoxygenated secosterols have been isolated 

from diverse phyla. The occurrence of several polyoxygenated sterols 
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and secosterols in a single organism suggested a possible structural 

relatedness between them. Indeed, from the sponge Dysidea incisa21 

some highly degraded sterols have been isolated known as the 

incisterols (19). In addition to these secosterols, a series of !).5.7 sterols 

(41) and 3,5 ,6-trihydroxy-/).7 -sterols (40) have also been isolated 

from the same sponge as well as related organisms43 •44 • A plausible 

biosynthesis of these highly degraded sterols ( 19) involving the 

conversion of !).5. 7 sterols (41) to the 3,5,6-triols sterol (40) 44 has been 

proposed. The following step was inspired by the first report of a 

ring B secosterol from a marine organism, hipposterol (39). This 5,6-

secosterol was isolated from Hippospongia communiS43 • Indeed, the 

oxidative cleavage of the C-5 / C-6 bond of compound ( 40) would 

yield secosteroids related to (39). Subsequent cleavage of the C-9/ C-

10 bond would result in the removal of the entire ring A. These 

analogies between several polyoxygenated st~rols and secosterols 

could thus provide some clues for the biosynthetic origin of the 

secogorgosterol (22). 

3. Retrosynthetic analysis of the 9,11-secosterol nucleus: 

A retrosynthetic study of the relatedness of gorgosterol (23) 

and the 9,11-secosterol (22) suggests a possible biosynthetic origin of 

the open ring C. As indicated in figure 4, 9,11-secogorgosterol (22) 

could arise from the 9,11-dioxygenated sterol (42) after the opening 

of the C-ring and the oxidation of the alcohol function at C-9. 

Compound ( 42) could be obtained from the alkene ( 43) either 
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directly after reduction of the double bond or through the formation 

of a 9,11-epoxide. The ~5 · 90 1 > nucleus (43) could be the result of the 
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reduction of the flS .7,9 triene sterol nucleus ( 44 ). This latter is then 

likely to come from the 115 •7 nucleus ( 41) which is commonly 

encountered among marine sterols. Finally, the 115•7 sterol nucleus 

( 41) could be obtained from the common 115 sterol nucleus which is 

found in gorgosterol ( 23). This study has demonstrated that 

gorgosterol ( 23) could be considered as a logical precursor for the 

novel 9, 11 secosterol ( 2 2). 

4. Biological activity of the 9,11-secogorgosterol: 

In addition to its unique structural features, the 9,11 secosterol 

(22) was found to exhibit biological activity. Indeed, Fenical and co

workers4s discovered this compound, along with two other related 

secosterols ( 45) and ( 46), had feeding deterrent property towards 

fish. This result was obtained by means of presenting fish food 

pellets46 to fish in aquaria. Initially, some of the food pellets were 

laced with a crude extract of the gorgonian P. americana. In all cases 

pellets without gorgonian extract were used as controls. This 

experimental set up was presented to the generalist predator 

Thalassoma bifasciatum, commonly called the bluehead wrasse47 . 

From this palatability assay, it was possible to observe the fish 

behavior towards the laced food pellets and the blank pellets. These 

latter pellets were completely eaten compared to the crude extract 

containing pellets which were tasted and rejected by the fish. The 
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RETROSYNTHETIC ANALYSIS OF 9,11-SECOSTEROL 
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Figure4: Retrosynthetic analysis of 9, 11-secogorgosterol 

gorgonian crude extract was submitted to purification by silica 

column chromatography. From the column, several fractions of 
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different polarities were isolated and applied individually to fish 

food pellets. Again the fish behavior was observed and monitored. 

Only the rejected pellets were kept for further purification. The 

fraction applied to these pellets was then submitted to high 

performance liquid chromatography and three peaks were obtained. 

These three peaks corresponded to the 9,11-secosterol (22), 9,11-

secodinosterol (45), and 7-hydroxy-9,11-secosterol (46). A final 

palatability assay was performed using blank fish food pellets, 

pellets laced with the three combined secosterols, and pellets laced 

with the individual secosterols. This study revealed that the feeding 

deterrent property towards fish for all three secosteroids. However, 

an enhancement of this property was evident when the three 

compounds were combined and presented to the predator. 

5. Theoretical origin of the 9, 11-secogorgosterol: 

The sea fans and whips (order Gorgonacea), especially those 

found in the Caribbean sea, are unusually rich in zooxanthellae. For 

related coelenterate-zooxanthellae associations, it has been proposed 

that the photosynthetic alga provides substantive levels of nutrition 

for the host, while the host, in turn, provides essential elements for 

autotrophic metabolism48 • In the host-symbiont association, the 

zooxanthellae produce carbon sources such as glucose, glycerol, and 

alanine which pass through the cell membrane to the host. It has 

been recognized that the complex mixture of sterols isolated from a 
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number of gorgonians probably reflect a dietary accumulation and a 

contribution from their endosymbiotic zooxanthellae. 

A characteristic of the gorgonians, as well as of other 

zooxanthellae-bearing coelenterates, is the presence of several 

sterols with unique, highly alkylated side chains such as gorgosterol 

(23) and 23-demethylgorgosterol (47). Since these latter compounds 

are found absent in coelenterates which lack zooxanthellae, it has 

been assumed that zooxanthellae are responsible for producing (23) 

and ( 4 7)49 • When symbiotic dinoflagellates were isolated and 

cultured outside their hosts, the production of gorgosterol (23) 

ceased in almost every case. These results suggest that ( 2 3) was 

somehow a result of the symbiotic association and was thus subject 

to regulation49• Recently, the biosynthetic origin of gorgosterol (23) 

was experimentally demonstrated40 and an explanation for the 

absence of gorgosterol in zooxanthellae was provided. The drastic 

drop of the gorgosterol level in the algae symbiont isolated from 

their host and cultured in sea water, is due to a diversion of SAM to 

the biosynthesis of the osmotic regulator dimethylpropiothetinso.s r.s2. 

This regulation could be due to either reduced levels of SAM, or to 

increased levels of S-adenosylhomocysteine (SAH), or both. Thus the 

enzymatic methylation of the dinosterol ( 10) side chain to yield to 

gorgosterol (23) is suppressed. 

Examination of the cultured zooxanthellae had also shown the 

absence of 9,11-secogorgosterol (22). A similar study was conducted 

with gorgonians that did not contain zooxanthellae45 • The sterol 

mixture was found to be devoid of gorgosterol ( 2 3) and 9 ,11-
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secosterol(22). From these results, a question arises as to the origin 

of the secosterol (22). If one assumes that gorgosterol (23) is the 

precursor of 9,11-secogorgosterol (22), which organism, the 

gorgonian or the zooxanthellae, is responsible for the modification of 

the sterol to the secosteroid? This question will be addressed in this 

thesis. 
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CHAPTER 3 BIOSYNTHFfiC STUDY OF SECOGORGOSTEROL 

1. Synthesis of 3H-Gorgosterol: 

1.1 Introduction: 

The retrosynthetic analysis of 9,11 secogorgosterol (22) (figure 

4) proposed that gorgosterol ( 2 3) is a logical precursor to the 

secosterol. This hypothetical scheme can be confirmed by the means 

of in vivo and/or in vitro biosynthetic experiments. Such 

experiments would involve the "feeding" of radiolabeled gorgosterol 

(23) and monitoring for the production of radioactive secogorgosterol 

(22). 

Since it is not commercially available, the synthesis of 3H

gorgosterol was performed in our laboratory. The synthesis required 

the purification of gorgosterol from the gorgonian P. americana. This 

was achieved according to the following steps. A 

methanol/ chloroform extract of the animal was generated and 

purified by flash column chromatography. The sterol fraction was 

obtained with the solvent system hexane/ diethyl ether ( 6:4). This 

fraction was then purified by normal phase HPLC which separates 

the compounds based on their type of nucleus. The peak 

corresponding to the cholesterol-type nucleus, !1. 5 nucleus, was 

collected and finally purified by reversed-phase HPLC (see 
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experimental section in chapter 5). Pure gorgosterol was isolated and 

used for the subsequent two step synthesis. 

1.2 Synthesis of 3H-gorgosterol: 

Initially, the sterol was treated with pyridinium chloro 

chromate (PCC) for one hour in methylene chloride to obtain the 

corresponding ketone ( 48) (figure 5). Compound ( 48) was reduced to 

3H-gorgosterol after reacting overnight with radiolabeled (20mCi) 

NaBT 4 in isopropanol. Two products were obtained from this 

reaction, the two isomers of gorgosterol ( 49 and 50). These two 

isomers were separated and purified by reversed-phase HPLC. The 

radioactivity of 3H-gorgosterol ( 49) was determined by scintillation 

counting to be 300uCi. 

2. In vivo experiment: 

2.1 Methods used for in vivo experiments: 

Gorgonians are composed of stems and branches attached to a 

central axis. The central core is wood-like. Since the nature of the 

animal body would not permit the direct injection of the precursor 

into the gorgonian, a new technique had to be established to perform 

in vivo feeding experiments. First a bag was placed around the 

animal. Then, a known amount of precursor was injected into the bag 

and, a few hours later, the gorgonians were collected by divers. The 

efficiency of this method was first verified with radiolabeled 

cholesterol (figure 6). A sample of 20uCi of cholesterol was used in 

this experiment. The animal was submitted to a 
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methanol/ chloroform extraction. The crude extract was then checked 

for recovered activity. 

sc 

PCC 

23 

48 

sc sc 

iPrOH ,.... 

sc 
48 70% + 

....... ··· 
OH 

30% 50 

Figure 5: Synthesis of radiolabeled gorgosterol 
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The results described in figure 6 demonstrated the efficiency of this 

technique and will thus be used with 3H-gorgosterol ( 49). 

Figure 6: Result of in vivo experiment: 

OH 
T 

3H -cholesterol 

Injected into animal 

Recovered from extract 

Amount (DPM) 

44x10& 

1x10s 

2.2 Results of in vivo experiment: 

A methanol/chloroform crude extract of the gorgonian, 

incubated with 3H-gorgosterol, was obtained and submitted to the 

purification described in figure 742 • The extract was first treated with 

a mixture of isopropanol/ethyl acetate (1:10). From the filtration of 

the mixture, a residue was obtained and treated first with ethyl 

acetate, then with a 10% HCl solution, and finally with chloroform, 

which constitutes solution I. This latter fraction was checked by thin 

layer chromatography (TLC) to verify the presence of secogorgosterol 

(22). The resulting filtrates were treated with a mixture of 

methanol/(2%) water. This mixture was extracted with hexane but 

only the aqueous layer was kept. Water was added to bring its 
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percentage to 22.5% in the mixture. A chloroform extraction was then 

performed and solution II was obtained. This fraction II was also 

checked by thin layer chromatography to verify the presence of 

secogorgosterol (22). Fractions I and II were combined and further 

purified by means of column chromatography and thin layer 

chromatography. The secogorgosterol isolated from the TLC plate was 

found not to be radioactive. 

This negative result could not be considered as an ending in 

our search for the precursor of the 9,11 secosterol. Indeed, the 

limited understanding of the chemical ecology of the gorgonians, that 

is the biological role and the reason for the production of the 

secosterol (22), could be the cause of this unsuccessful experiment. 

Therefore, the use of a cell-free extract, (or crude enzyme 

preparation), which would offer more control over experimental 

conditions, was considered more appropriate for our future studies. 
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Figure 7: Assay for in vivo experiment 
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3. Methods and Results of in vitro experiments: 

3.1 Cell lysis: 

In vitro experiments are based on protein (enzyme) extraction. 

Most enzymes are found inside cells, and are very often less stable 
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than the extracellular proteins. The purpose of a cell-free extract 

(CFE) is to disrupt the cells and to release the enzymes into an 

aqueous extract5 3 • This constitutes the first stage of enzyme 

purification techniques. There are many methods of cellular 

disintegration, as there are many types of cells. Animal tissues vary 

from the very easily broken erythrocytes to tough collagenous 

material such as blood vessels. It is generally not advisable to use a 

disruption treatment more vigorous than necessary, since labile 

enzymes may be inactivated once liberated into solution. For most 

animal tissues a moderate cell disintegration technique is needed. 

Such techniques could include a Waring blade-blender which chops 

up large cells and shears apart smaller ones. The enzymes are 

released in aqueous buffer and liquid nitrogen to maintain the 

temperature below OOC and to help the cell lysis. To ensure that all 

soluble cell constituents are extracted, one sho\lld use a buffer of 

ionic strength similar to the physiological one, and at the appropriate 

pH54• The buffers used were lmM phosphate, pH=7.5-7.7 and lmM 

Tris/ TES, pH= 7. 7 (figure 8). The extract is prepared after cell 

disintegration, by centrifuging off insoluble material. 

3.2 The buffer systems: 

The phosphate buffer, an inorganic buffer, as well as Tris/ TES 

buffer, an organic buffer, were used in the in vitro experiments. 

These two buffers contained protease inhibitors and protein 

stabilizers. The choice of buffers was based on previous successes 

obtained in our laboratory with marine invertebrates. 
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SOg cleaned 
Pseudopterogorgia amerzcana 

1. homogenize in liquid nitrogen 
in a Waring blender 

2. addition of buffer 

l crude cell-free extract 

I pellet I supernatant 
viable cell free extract 
(store at -80°C) 

. 
Figure 8: Cell-Free Exctract Preparation 

3.2a Phosphate buffer: 

The phosphate buffer includes a solution of monobasic sodium 

phosphate referred as phosphate buffer A, and a solution of dibasic 

sodium phosphate referred to as phosphate buffer B (see chapter 5). 

To this mixture is added the protein stabilizers including 

dithiothreitol (DTT), and bovine serum albumin (BSA). In the process 

of extracting enzymes, the concentration will obviously drop if an 

organism is placed in an aqueous solution of buffer. Very dilute 

enzyme solutions are known to lose activity quickly. This loss can be 
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prevented by inclusion of exogenous protein, usually BSA to maintain 

a physiological concentration of protein. 

The active site of an enzyme contains amino acid residues 

which are very reactive and responsible for the enzyme's catalytic 

abilities. These residues are susceptible to modification when 

exposed to a higher oxygen tension than inside the cell. This is 

particularly the case with the sulfhydryl residues which can either 

form disulfide linkages, oxidize to a sulfonic acid, or react with metal 

ions. Disulfide formation is greatly accelerated by the presence of 

divalent ions which can activate the oxygen molecule and complex 

with the sulfhydryls. This can be prevented by first removing all 

traces of metal ions using the complexing agent EDTA, and secondly, 

including a sulfhydryl-containing reagent such as DTTss in the 

solution. Living cells contain digestive hydrolytic enzymes such as 

nucleases, polysaccharide hydrolases, phosphatases, and proteases 

(proteolytic enzymes). Their main purpose is to digest extracellular 

macromolecules into fragments small enough to be taken up into the 

cell. In the process of obtaining the cell-free extract, the proteolytic 

enzymes are mixed with the rest of the cell contents. To avoid the 

proteolytic destruction, selected protease inhibitors are added to the 

buffer. These latter compounds are specific to various types of 

enzymes56 • The protease inhibitors used in our buffer include 

phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor; 

pepstatin A, an acid protease inhibitor; and leupeptin57 , a thiol 

protease inhibitor. Finally, the powdered polyvinylpolypyrrolidone 

(PVPP) is added to adsorb any phenolic compounds. These 
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compounds can oxidize under the influence of endogenous phenol 

oxidases, and react covalently to inactivate many enzymes. 

3.2b Tris/ TES buffer: 

The Tris/ TES buffer included the addition of the same protein 

stabilizers and proteases inhibitors as the ones used in the phosphate 

buffer. However, this buffer was initially made of a mixture of a 

solution of lOOmM of N-Tris(hydroxymethyl)methyl-2-aminoethane 

sulfonic acid (TES), and a solution of lOOmM of Tris (hydroxymethyl) 

aminomethane (Tris). If necessary, the pH of the buffer could be 

adjusted to 7.7 with the addition of the Tris solution (see chapter 5). 

3.3 Results: 

To the freshly prepared cell-free extract, lOuCi of 3H

gorgosterol ( 49) was added. The solution was left _to incubate at 270C 

in a shaker bath for 12 hours. The reaction was finally quenched 

with ethyl acetate and kept at -80>C. The CFE was then submitted to 

the purification described in figure 9. The extract was first treated 

with ethyl acetate and then with chloroform to isolate the sterols and 

the more polar compounds such as the secosterols. These two 

fractions were combined and purified by column chromatography 

with a system of solvents of increasing polarity (see chapter 5). The 

sterols, which were found in the diethyl ether/ hexane fraction, were 

submitted to normal phase (NP) HPLC and reversed-phase (RP) HPLC 

to isolate the pure 3H-gorgosterol ( 49) (figure 10). The secosterol 

fractions found in the methanol/ chloroform were purified by 
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preparative TLC. At this point, the gorgosterol and the secosterol 

were checked for any recovered activity. 

Figure 9: cell-free extract assay 

CFE 
I extracted x2 

Alt~~~~ayer 
~ctedx2 

Silica Column 

( 4:6) Et20/Hex 7% MeOHICHCl3• 

Sterols Fraction Secosterol Fraction 

A 
NPHPLC TLC Acetate Derivative 

8% EtOAc/Hex 

RPHPLC NPHPLC 

MeOH 8% EtOAc/Hex 

GORGOSTEROL Acetate of Secosterol 
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Figure 10: RP HPLC of the sterols fraction 
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In the case of positive recovery, an acetate derivative of the 

9,11-secosterol (51) was synthesized. The acetate derivative had also 

better HPLC elution conditions than the secosterol (22) which could 

not be isolated by this chromatographic technique. The acetate 

derivative (51) was obtained after treatment of the 9,11 

secosterol(22) with acetic anhydride and pyridine for 22 hours 

(figure 11). Compound (51) was purified by NP HPLC and then 

checked for radioactivity (figure 12). 

OH 

OH 

+ A~O + Pyridine 

A cO 

T. 
51 

Figure 11 : Synthesis of acetate deri vati ve of secogorgos terol 

The CFE made with the phosphate buffer showed activity for 

gorgosterol (23), secosterol (22), and the acetate derivative (51). The 

amounts of radioactivity for the compound are listed in table 1. 
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Table 1: Recovered activity from CFE with phosphate buffer 

Compound 

Gorgosterol 

Secosterol 

Acetate Deriv. 

Activity (DPM) 

1,040,000 

9,200 

520 

The CFE obtained with the Tris / TES buffer did not show any 

recovered activity for secosterol (22). 

From the results of table 1, we can conclude that gorgosterol 

(23) is the precursor of the 9,11-secosterol (22). This conclusion can 

not be challenged by the unsuccessful Tris/ TES CFE experiment. This 

could be the result of an inappropriate choice of buffer. The 

efficiency of a buffer is based on its pKa value; variation of pKa with 

temperature, ionic strength; anionic, cationic, or _multiple charges on 

buffer species; interaction with other compounds, e.g. metal ions; 

buffering power; solubility; and UV absorption58•59 • Therefore, only 

certain buffers can be considered suitable for a specific application. 

3.4 Optimization of CFE preparations: 

A study was conducted on the CFE preparations to determine 

the optimal conditions for increasing the recovery of the secosterol 

activity (figure 13). This research was performed with both the 

phosphate and the Tris/ TES buffer. The secosterol was obtained by 

extracting the CFE with ethyl acetate and was purified by TLC (see 

chapter 5). For each buffer, six experiments monitoring the effect of 
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certain agents on the recovered activity were performed. These 

agents were leupeptin, a thiol protease inhibitor; pepstatin A, an acid 

protease inhibitor, PMSF, a serine protease inhibitor; and the 

magnesium salt of ATP, a source of energy and a Co-enzyme. 

The six experiments were divided as followed: 

-A(and G) had all the agents present, 

-B(and H) had no agent added, 

-F(and L) constituted the control experiments 

-In the last three experiments, only two agents were 

added. 

The control experiments were boiled at 100°C for one hour to 

denature the enzymes and thus any recovered activity observed in 

the other experiments will only be due to enzymatic activity. In the 

case of the phosphate buffer, experiment B showed a considerable 

amount of activity compared to the control. Ther~fore, the absence of 

the four agents did not affect the transformation of the sterol into 

the secosterol. 

For the Tris/ TES buffer, the biosynthetic conversion was not as 

efficient as for the phosphate buffer. However, experiment H still 

showed an increase of activity compared to the control experiment. 

The study provided some important information on the CFE 

preparation. The choice of phosphate buffer with no addition of 

leupeptin, pepstatin A, PMSF, and ATP should be the preferred one 

to monitor the modification of gorgosterol ( 23) to 9, 11 

secogorgosterol (22). 

39 



Figure 13: Incubations of labeled gorgosterol with CFE 

preparations of P. americana 
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CHAPTER 4 ENZYME PURIFICATION 

1. Introduction: 

Since secosterols have interesting structural features and 

important biomedical properties, we decided to evaluate their 

production using an enzymatic system. As previously described, 

herbasterol ( 20) was shown to be ichthyotoxic and antimicrobial. The 

three 9,11-secosterols (22), (45), and (46) had experimentally 

demonstrated feeding deterrent property towards fish. The 

secosterols are commonly found in many phyla such as Porifera and 

Cnidaria. Therefore the discovery of the biosynthetic origin of the 

open ring or the highly degraded skeleton coulp represent a major 

advance in the understanding of marine natural products. 

2. Enzymatic Synthesis: 

An alternative to chemical synthesis is to develop an enzymatic 

system that mimics nature's ability to convert gorgosterol ( 23) into 

9,11-secogorgosterol (22). Such enzyme-catalyzed reactions have 

proven to be valuable tools for synthetic organic chemistryt>2 • For 

instance, some useful processes such as esterification62 , aminolyses64, 

transesterification63 ·6 \ and lactonization65 involved hydrolytic 
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enzymes. Most of these transformations have been shown to occur 

with remarkable regio-and/ or enantioselectivity. 

2.1 Transamination: 

The numerous properties of enzymes have been demonstrated 

in the production of amino acids by transamination. Amino acids 

have important industrial applications, including use as feed 

additives, ingredients in infusion solutions and other pharmaceutical 

products, components in flavor compositions, and chiral 

intermediates62 • Although amino acids are produced by a range of 

methods including chemical and fermentation techniques, 

biocatalytic routes have been recently proposed for their increasing 

frequency of production. For example , Genex Corporation 

commercialized a process for the production of 2-phenylalanine 

based on the stereoselective addition of ammonia to trans-cinnamic 

acid catalyzed by the enzyme phenylalanine ammonia lyase 66 • 

Similarly, a class of enzymes known as a aminotransferases (trans

aminases) have potential applicability to the production of a number 

of different amino acids, both naturally occurring and synthetic. 

Transaminases catalyze the transfer of an amino group from an L

amino acid donor to a 2-ketoacid acceptor67 ( see figure 14). 

The advantages of using transaminases as biocatalysts are the 

following67 : 

- optically active amino acids are produced stereo selectively 

from achiral 2-ketoacids; no resolution of the product is required. 
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- in most cases the catalytic rates of the enzyme catalyzed 

reactions are rapid. 

-a large number of the 2 ketoacid precursors can be produced 

inexpensively by conventional chemical synthesis. 

- transaminases are applicable to the production of a number 

of D- and L-amino acids, both naturally occurring and synthetic due 

to the enzymes' different and wide-ranging specificities. 

Therefore, in principle, almost any amino acid can be produced by 

transamination from the appropriate 2-ketoacid. 

Transaminase 

+ ·+ 

Figure 14: General reaction catalyzed by transaminases 

2.2 Hydroxysteroid dehydrogenases: 

The regio- and stereospecificity of enzymes can be also 

demonstrated in the oxidoreduction of a variety of hydroxyl and 
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carbonyl compounds. The enzymes, hydroxysteroid dehydrogenases, 

catalyze the reversible oxidoreduction of the hydroxyl-keto groups of 

steroids. These oxidoreductases are commonly used for the synthesis 

of neutral steroids76 and bile acids77 • For instance, cholic acid has 

been regiospecifically oxidized at the positions C-3, C-7, and C-1278 • 

These reactions depended on the presence of the Co-enzymes ~

nicotinamide adenine dinucleotide (NAD) and ~-nicotinamide adenine 

dinucleotide phosphate (NADP) which were regenerated in situ with 

a -ketoglutarate / glutamate dehydrogenase. The substrates 

quantitatively transformed into the products in a single step and the 

products were found 97-99% pure (figure 15). The enzymes were 

employed in the free form. This investigation showed that the 

products were synthesized more simply and in higher yield with the 

enzymatic method than chemical methods80·81 which require several 

steps and give rise to contamination byproducts. _ 

Due to the biomedical importance of secosterols in general, we 

decided to evaluate the feasability of producing secogorgosterol using 

the enzymatic machinery of Pseudopterogorgia americana. This 

method would be particularly efficient since it would require a single 

step synthesis compared to a potentially difficult chemical synthesis. 

Indeed, the recent synthesis of a 9,11-secosterol involved a complex 

multi-step synthesis79 • An enzymatic synthesis initially requires the 

purification of the enzyme(s) responsible for the modification of the 

sterol to the secosteroid. The purification can be achieved by a 

number of techniques. These latter techniques will be described in 

more detail in the following section. 
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Figure 15: Enzymatic oxidation of cholic acid 

/ 
a-Ketoglutarate+ NAD(P)H + NH 3 +H+ 

OOH 

+ NAD(P)+ 

~G=I~O=H==!:"'" L-Giutamate + NAD(PJ+ + H 0 
2 

+NAD(P)H +H+ 

NAD was used with 3a-hydroxysteroid dehydrogenase (3a- HSDH) and 7a-hydroxysteroid dehydrogenase (7a-HSDH) and 
NADP with 12a-hydroxysteroid dehydrogenase (12a-HSDH). Coenzyme regeneration was carried out with glutamate 
dehydrogenase (GIDH). 
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3. Enzyme purification techniques: 

3.1 Ammonium sulfate precipitation: 

Most enzymes exist in cell fluids as soluble proteins and may 

constitute up to 40% of the solution68 • They are very soluble in 

physiological salt conditions, at an ionic strength generally around 

0.15-0.2M, and neutral pH. One of the most widely used techniques 

in enzyme purification is the salting out of proteins, using high 

concentrations of salts. Salting out is largely dependent on the 

hydrophobicity of the protein. A typical protein molecule in solution 

has hydrophobic regions on its surface (side chains of Phe, Tyr, Leu). 

When these regions come in contact with the aqueous solvent, an 

ordering of water molecules occurs, thus freezing them around the 

side chains69 • This situation is known to be thermodynamically 

unstable due to the large decrease in entropy. In presence of a high 

salt concentration, the salt ions become solvated causing the removal 

of water molecules from the hydrophobic side chains. The exposed 

fatty areas are now capable of interacting with one another and 

protein aggregation will occur. The optimum salts are those that 

encourage hydration of polar regions on the protein without direct 

interaction themselves70• Thus multivalent anions, especially sulfate 

with "innocuous" cations such as ammonium are preferred. The 

application of salting out procedures is generally not used for 

fractionating proteins, but for concentrating them. 
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3.2 Acetone powder: 

The method of protein precipitation by water-miscible organic 

solvents has been employed since the early days of protein 

purification. It has been especially important in plasma protein 

fractionation71 • The principle effect of the addition of a miscible 

solvent such as acetone to an aqueous extract is the reduction in 

water activity. The solvating power for a charged, hydrophilic 

protein molecule is decreased as the concentration of organic solvent 

increases. Some hydrophobic proteins, normally located in 

membranes, may be soluble in 100% organic solvent but the net 

effect of miscible solvents is to decrease the solubility of cytoplasmic 

and other water-soluble proteins to the point of aggregation and 

precipitation. The size of the molecule also affects the organic layer 

precipitation. It has been found that large molecules aggregate 

sooner and require a lower percentage of solvent to precipitate73. The 

solvent used must be completely water-miscible, not react with 

proteins, and have a good precipitating effect. One of the most widely 

used is acetone. The organic solvent fractionation is carried out at 

subzero temperatures which prevents the possible denaturation of 

the proteins. The denaturation effects occur considerably at above 

lCK. 

3.3 Gel filtration: 

The basic principles of this method are very simple. The gel 

consists of an open, cross-linked, three dimensional molecular 

networks, cast in bead form. This form makes the column packing 
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easier and optimizes flow characteristics 54 • The pores within the 

beads are of such sizes that some are not accessible by large 

molecules, but small molecules can penetrate all pores. Under 

optimum flow conditions all accessible pores can be filled as the 

proteins pass by. According to the pore sizes, only certain similar

sized protein molecules will elute at a specific time from the gel 

without contamination from unwanted material. Therefore, the gel 

filtration technique is a fast method for the separation of 

macromolecules based on molecular size73. 

3.4 HPLC: 

High performance liquid chromatography was originally 

applied to the separation of small molecules. It was not until 

equipment and materials specifically designed for proteins were 

developed that HPLC became a routine pros=edure for isolating 

proteins. Reversed-phase chromatography for proteins has been 

highly successful when dealing with small structurally sturdy 

proteins, up to 30,000 Da in size 5 3 • Because of the operating 

conditions (organic solvents, acids) larger proteins and most enzymes 

might not be suited to this technique which could cause their 

denaturation. The risk of denaturation would then affect the amount 

of recovered activity74 • Nevertheless, the high resolving power of the 

technique makes this a valuable final step in protein purification 

rather than in the early stage of large scale isolation procedures. This 

technique is also found very useful when dealing with minute 

amounts of mixtures. 
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The above techniques are applicable to the purification of the 

enzyme(s) responsible for the transformation of gorgosterol (23) into 

the 9 ,11-secosterol (22). The preliminary results are presented in the 

next section. 

4. Preliminary enzyme purification of P. americana: 

The acetone powder technique was used as a method of protein 

concentration from a cell-free extract of P. americana. 

4.1 Preparation of the acetone powder: 

The initial step of the preparation of the acetone powder was to 

make a CFE crude enzyme preparation. This CFE was prepared from 

freshly collected P. americana and a simplified phosphate buffer. The 

buffer was made of phosphate buffer A, phosphate buffer B, EDTA, 

and DTT (see chapter 5 for more details). The protein stabilizer BSA 

was not added to the solution as it constitutes exogenous 

contamination for the enzyme mixture. Only 25mL of this CFE (ca. 

30g of gorgonian) was used to make the acetone powder. Due to the 

extreme viscosity of the extract, the CFE was diluted with 75mL of 

buffer and centrifuged at 0°C and 10,000 x g for 30min. The 

supernatant was isolated and diluted a second time with 75mL of 

buffer. The sample was again submitted to centrifugation at 0°C and 

10,000 x g for 30min to finally remove all the animal debris. The 

resulting supernatant was separated from the pellet and submitted 

to ultracentrifugation for 45min at 0°C and 100,000 x g. A clear 

solution was obtained, filtered through glass wool, and slowly added 
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under vigorous stirring to 1L cold acetone ( -30°C). Rapidly, the 

formation of a precipitate was observed. The precipitate was allowed 

to settle for Smin before filtering. The precipitate was washed twice 

with 100mL acetone and twice with 100mL diethyl ether. The 

solvents used for the washing were kept at 0°C. The acetone powder 

was obtained after removal of residual ether by drying under 

vacuum. The powder ( 1.12g dry weight) was kept frozen at -800C 

until further use. 

4.2 Results: 

To assay for enzyme viability of the acetone powder, the 

protein precipitate was incubated with labeled gorgosterol as follows. 

The acetone powder ( 100mg) was suspended in 45mL of phosphate 

buffer ( no BSA ). To this solution, 2mg of Co-enzyme NAD and O.SuCi 

of 3H-gorgosterol were added. The mixture was incubated at 27°C in 

a shaker bath for 24 hours. Finally, the suspension was extracted 

twice with ethyl acetate. The addition of Celite was required to help 

separate the organic layer from the aqueous layer. The concentrated 

sample was purified by TLC using the solvent system ethyl 

acetate/ hexane ( 1:1). Two bands were obtained. The top one 

corresponded to gorgosterol while the bottom one had the same 

response factor as secogorgosterol. The radioactivity of the two 

compounds was as follows: 
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Table 2: Results from the acetone powder 

Compound 

gorgosterol 

secosterol 

Recovered activity (DPM) 

3400 

2100 

This preliminary result indicates firstly that the enzymes of 

interest in the acetone powder are viable. Secondly, the relatively 

high yield of secogorgosterol (38% of recovered radioactivity) 

suggests that the acetone powder may be a useful tool in the 

biosynthesis of secosterols. 
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CHAPTER 5 EXPERIMENTAl SECTION 

1. Instrumentation: 

HPLC was performed using Waters instruments. A M45 solvent 

delivery system and a Perkin-Elmer LC-30 refractive index detector 

were used for the normal phase HPLC. A M6000A solvent delivery 

system and a Waters differential refractometer R401 were used for 

the reversed-phase HPLC. The normal phase (NP) HPLC was carried 

out using an Altex Ultrasil-Si columns ( 10mm i.d. x 25cm) to separate 

the various sterol nuclei with the mobile phase 8% ethyl 

acetate/ hexane. The purification of gorgosterol required a reversed

phase (RP) HPLC with two Altex Ultrasphere ODS columns ( 10mm i.d. 

x 2Scm) connected in series using 100% methanol as mobile phase. 

The flow rate on the two HPLC systems was 3mllmin. A benchtop 

refrigerated centrifuge, Marathon 21K/ BR, was used in the 

preparation of CFE and the acetone powder. The radioactivity of the 

samples was checked on a 1219 Rackbeta liquid scintillation counter 

from LKB Wallac. 

2. Materials: 

The HPLC solvents were "HPLC grade" obtained from Fisher 

Scientific. Extraction solvents were Optima grade. The preparative 
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TLC plates were Analtech silica gel G (20x20cm) with a thickness of 

250um or 1000um. Analytical TLC plates were DC-alufolien Kieselgel 

60 F2s4· 

3. Synthesis of 3H-gorgosterol: 

Purification of gorgosterol: 

P. americana was collected off Long Key at a depth of 10 

meters in the Florida Keys. The gorgonian was cut in pieces and 

blended with methanol. The extraction was left overnight at 4oC. The 

supernatant was filtered and concentrated by rotovap. The residue 

was re-extracted twice with methanol/chloroform ( 1:1) overnight. 

After filtration and concentration of the filtrate, an oily brown 

residue was obtained. The crude extract ( 60g) was run through a 

silica column with the solvent system 100% he'Xane, hexane/ diethyl 

ether (8:2), hexane/ diethyl ether (6:4), and hexane / diethyl ether 

(4:6). The sterols were found in the hexane/ diethyl ether (6:4) 

fractions. This was verified by TLC and by comparing its response 

factor with a cholesterol standard. The sterol mixture was purified 

by NP HPLC ( 8% ethyl acetate/ hexane). A cholesterol standard was 

run to determine the retention time of 11s sterols. Finally, gorgosterol 

was purified by RP HPLC with 100% methanol and its relative 

retention time was 1.6 7 compared to cholesterol. The ninth peak to 

elute corresponded to gorgosterol. 
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3fl -gorgosterol: 

Gorgosterol (3.6mg) was treated with 30mg of PCC in 

methylene chloride for one hour. The ketone formation was verified 

by TLC. After evaporating the solvent, the ketone was purified by a 

silica column with hexane/ diethyl ether (1:1). The dry compound 

was dissolved in isopropanol and (20mCi) NaBT4 was added. The 

reaction was left for 24 hours. The isopropanol was evaporated and 

the gorgosterol was partitioned between water and diethyl ether. 

The ether layer was purified by RP HPLC ( 100% methanol). The pure 

[C 3 - 3 H]-gorgosterol ( 300uCi) had a relative retention time of 1.6 7 

compared to cholesterol. 

4. In vivo biosynthetic experiment: 

A bag was placed and sealed around the animal by SCUBA 

divers. The precursor, gorgosterol (lOuCi), was injected inside the 

bag. After a period of eight hours the gorgonian was collected. A 

crude extract was obtained from the gorgonian as previously 

described. It was treated with an isopropanol/ethyl acetate (1:10) 

solution while stirring for 30 minutes. The solution was filtered and 

the resulting residue was extracted with 35mL ethyl acetate, then 

treated with 10% HCl solution, filtered, and finally extracted with 

chloroform ( 4 times) to obtain fraction I. The ethyl acetate filtrate as 

well as the isopropanol/ ethyl acetate filtrate were combined and 

concentrated under reduced pressure. A black residue was obtained. 

This latter was dissolved in 180mL methanol/2% water solution 
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which was extracted 3 times with hexane ( lOOmL each). To the 

aqueous mixture was added water to reach a 22.5% water/ methanol 

solution. Finally, the solution was extracted 4 times with chloroform 

which constituted fraction II. Fraction I and II were combined and 

purified by a silica column with 100% chloroform, 1% methanol I 

chloroform, 2% methanol/ chloroform, 7% methanol I chloroform. The 

secogorgosterol (22) was found in the fractions eluted with 7% 

methanol/ chloroform. 

5. In vitro experiment: 

Cell lysis: 

The gorgonian(200g) was placed in a Waring blender with 

300mL buffer and ca. SOOmL liquid nitrogen. The homogenate was 

then centrifuged at 10,000 x g, 0°C for 30min. The supernatant was 

maintained at -800C until further use. 

Phosphate buffer: 

The 0.2M phosphate buffer A was prepared with 13.9g of 

monobasic sodium phosphate dissolved in 500mL of water. The 0.2M 

phosphate buffer B was prepared with 53.65g of dibasic sodium 

phosphate dissolved in 1L of water. lO.SML of 0.2M phosphate 

buffer A is added to 90.5mL of 0.2M phosphate buffer B. The 

mixture is diluted to a total volume of 200mL. To this solution was 

added 0.157g DTT, 0.2192g EDTA, 0.15g BSA. For each experiment 60 

uL of pepstatin A ( lmg/ mL DMSO), 20uL of leupeptin ( 10mg/ 2mL 
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used. PMSF was prepared immediately before the experiment is 

performed due to its short half-life. 16.7g PVPP in lOOmL of buffer 

was hydrated in a shaker bath for three hours and then added. Only 

SOmL of this solution is required for each experiment. The pH should 

be between 7.5 and 7. 7. 

Tris/TES buffer: 

The stock solution of Tris and TES was first prepared. 22.92g 

TES ( lOOmM) and 12.12g Tris ( lOOmM) was dissolved into lL of 

deionized water. The buffer includes SOOmL of Tris / TES stock 

solution and SOOmL of water. To the buffer was added 0.5782g DTT, 

1.0958g EDTA, and 0.75g BSA. The pH of the buffer should be 7.7. For 

each experiment pepstatin A, leupeptin, PMSF, and PVPP are added 

in the same quantities as for the phosphate buffer. 

CFE assay: 

Gorgosterol ( lOuCi) was added to the CFE which was incubated 

at 27°C in a shaker bath for 12 hours. The reaction was finally 

quenched with ethyl acetate. The CFE was extracted twice with 

lOOmL ethyl acetate, then with chloroform ( lOOmL). The two organic 

layers were combined and concentrated before being purified by a 

silica column. The solvent system was 100% hexane, diethyl 

ether / hexane ( 6:4), and 7% methanol/ chloroform. The sterols were in 

the diethyl ether / hexane fractions and the secogorgosterol was in the 

methanol/ chloroform fractions. The sterols were purified by NP HPLC 
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and RP HPLC to isolate gorgosterol. The secogorgosterol was purified 

by preparative TLC with 35% ethyl acetate/ hexane. 

6. Synthesis of the 3-acetoxy-9,11-secogorgosterol (51): 

Secogorgosterol (6.3mg) was treated with acetic anhydride (5 

drops) and pyridine (5 drops) in 6mL methylene chloride at room 

temperature for 24 hours. The solvent was evaporated and the solid 

was partitioned between hexane and water. The organic layer was 

dried and purified by NP HPLC. 

7. Optimization of CFE: 

Six CFE experiments were performed with both the phosphate 

buffer and the Tris/ TES buffer. The first CFE _(A and G) contained 

pepstatin A, leupeptin, PMSF, and the magnesium salt of ATP. The 

second ones (B and H) had no agent added to the buffers. The 

experiments (C and I) had pepstatin A and PMSF added. The CFE (D 

and J) contained leupeptin and PMSF. Finally, experiments (E and K) 

had leupeptin and pepstatin A added. The last experiments (F and L) 

were the controls. These two CFE had the four agents added to the 

buffers and were boiled at 100°C for one hour. The CFE were 

extracted with ethyl acetate and Celite. The organic layer was 

filtered, concentrated, and applied to TLC to purify the 

secogorgosterol (22) as previously described. 
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8. Acetone powder preparation and incubation: 

25ML of CFE was diluted twice with 75mL of phosphate buffer 

before being centrifuged for 30min at 0°C at 10,000 x g. The 

supernatant was then centrifuged for 45min at 100,000 x g and OOC. 

1L of acetone was cooled to -300C in a bath of m-xylene and dry ice. 

The supernatant was filtered through glass wool into the cold acetone 

while vigorously stirred. The precipitate was filtered and washed 

twice with lOOmL acetone and lOOmL diethyl ether. The solvents 

were previously chilled at 0°C. The acetone powder ( 1.12g) was kept 

at -sooc until further use. The phosphate buffer used for this 

experiment included 0.0116g DTT, 0.2192g EDTA, 10.5 mL buffer A, 

and 90.5mL buffer B for a 200mL solution. 

The acetone powder ( 100mg) was suspended in 45mL of 

phosphate buffer. To this solution was added q.suCi gorgosterol and 

2mg of NAD. The solution was incubated at 2 70C in a shaker bath for 

24 hours. It was then extracted twice with ethyl acetate and Celite. 

After filtration the organic layer was concentrated and applied to a 

preparative TLC plate. The plate was eluted with the solvent system 

ethyl acetate/ hexane (1:1). Two bands were obtained. Secosterol was 

found in the bottom band while gorgosterol was found in the top 

band. The two bands were extracted with ethyl acetate, filtered, and 

concentrated under pressure, and both checked for radioactivity. 
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