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ABSTRACT 

Sterols from mycelia of Mortierella alpina CBS 210.32. a zygomycetous fungus, 

were identified by thin layer chromatography, gas-liquid chromatography, reversed 

phase-high performance liquid chromatography, gas chromatography/mass spectrometry. 

and whenever possible proton nuclear magnetic resonance spectroscopy The 

nonsaponifiable lipid fraction accounted for 1% of mycelial dr\ weight, and the total 

sterol content accounted for 0.07% of the mycelial dry wt. Desmosterol was the principal 

sterol of the mycelia. Previously reported sterols from this fungus have been isolated 

from the mycelium and their identities confirmed by chromatographic and spectral 

methods. Several new sterols were isolated from the fungus and identified in 

stereochemical detail here for the first time. Selected incubations with [̂ H3-

wef/rv'/]methionine have aided in the elucidation of M alpifia's biosynthetic sterol 

pathway, as well as further confirming minor components present in the mycelia. The 

results are interpreted to imply that flingal phylogenetic linkages exist in relation to sterol 

synthesis. 
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CHAPTER I 

INTRODUCTION 

1.1 History and General Information 

Isopentenoids have long drawn the attention and speculation among the scientific 

community. From the earliest days of recorded history, healers and shamans have 

intuitively sensed that there was a vital substance in our bodies that governed our strength 

and sexuality. Associations of secondary sex characteristics with the genitalia long 

provided a source for conversation. In fact, it was Aristotle who first analyzed the effects 

of castration on birds and humans. Throughout history, glands and sexual organs from 

male animals have been used to create medicines designed to restore potency and 

revitalize men. In the mid 1800's the importance of the adrenal glands, a major site for 

hormone production, became evident when patients died soon after their surgical 

removal. Although isopentenoid presence was recognized, it would be years before a 

biosynthetic pathway would be proposed. 

The first isopentenoid isolated from nature occurred in 1815 when the French 

chemist M. E. Chevreul, often called the "Father of Lipidology," isolated a biological 

substance obtained from gallstones, which was organic soluble. Using the (jreek terms 

"chole" and "stereos" for bile and solid respectively, he named his substance 

"cholesterine." Furthermore, in 1869 Berthelot chemically showed "cholesterine" to be 

an alcohol, however its complete structure wouldn't be determined until the 1930's. 

From "cholesterine" evolved the English translation cholesterol. In 1934, two Eastern 



European chemists discovered the stmcture of testosterone, and the study of steroids 

began. 

The definition of "steroids," however perplexing in the literature, refers to an\ 

unsaponifiable steroid alcohol with an aliphatic side chain of 8 to 10 carbon atoms and a 

hydroxyl group at C-3 with lipid properties. An operational definition of ^'sterols'' is a 

tetracyclic isopentenoid formed via the cyclization of squalene oxide through the 

transition state possessing stereochemistry similar to the trans-syn-trans-anti-trans-anti 

configuration, i.e., the protosteroid cation, and retain a polar group at C-3 (hydroxyl or 

keto), an all trans-anti stereochemistry in the ring system and a 20R side chain 

configuration (Fig. 1.1). " Molecules not possessing these properties are sterol-like and 

termed "triterpenoids." 

The development of our knowledge on the stmcture and function of sterols is bom 

from analytical, natural product and medicinal chemistry. One can view the sterol 

molecule either by a conventional or conformational view. As viewed on its edge to 

assess its 3-dimensional geometry and conformation (Fig. 1.2), the global shape of the 

sterol may be defined. Using the nucleus as a reference point it becomes possible to 

establish connecting lines and planes of stereochemical limits and confluence between 

the nucleus and side chain and along the side chain itself In this 3-dimensional 

approach, it is easy to see that the sterol occupies a defined volume determined by its 

length (orientated from C-3 to C-26 (27)), height (from C-18 to C-32) and width (from C-

10 to C-5). Since the side chain can freely rotate about its axis, the magnitude of the 

volume is a function of the population of rotamers assuming the right-handed staggered 

conformation, the presence of angular methyl groups protmding from the a and [3 faces. 



and the degree to which the side chain sweeps out a cone.^ As a result of the 20R side 

chain stereochemistry, generating the thermodynamicall) favored "right-handed"" 

conformation, the sterol will be flat and possess amphiphilic properties/̂ "^ 

The "generic" sterol's major function in the cell is as an architectural component 

in membranes. Cholesterol and other related sterols are always present in the 

phospholipid membranes of eukaryotes and are either biosynthesized endogenously or 

obtained by uptake from an exogenous source with few exceptions from this 

generalization.^' Their presence within the lipid bilayer increases stability and fluidity of 

the membrane by juxtapositioning itself between adjacent phospholipid acyl chains of the 

membrane^ and interfering with their intermolecular interactions.^ By such associations, 

cholesterol will tend to increase order in the membrane above the gel-to-liquid-crystalline 

transition temperature of artificial bilayers; at temperamres below the transition 

temperature there is a disordering effect. Therefore, cholesterol buffers the lipid bilayer 

against sharp phase transitions, maximizing fluidity across a wide temperature 

spectrum.'*"^ Sterols may interdigitate in either half of the lipid bilayer (intracellular or 

extracellular halves) permitted by the membrane's thickness being twice the length of a 

sterol (ca. 20A). In order for sterols to be effective membrane inserts, they must have a 

3p-hydroxyl polar group, allowing for cholesterol to modulate the angular fluctuations of 

the lipids throughout the bilayer, a planar nucleus and an alkyl side chain. ̂ "̂  The 3(3-OH 

is situated near the hydrophilic keto functional group of the phospholipid acyl groups and 

below the plane of rotation of the phosphatidylcholine group (Fig. 1.3) In addition, as 

substitution increases on a sterol, most notably as side-chain alkylations, so will its 

volume. Hence, the effect of each individual sterol membrane insert, while similar in 



biosynthetic origin, will vary in hs degree and effect on fluidity '̂ Despite individual 

sterols having varying effects, the global concepts are the same. Their presence is cmcial 

for maintaining membrane stmcture.^ Since, sterol composition may fluctuate throughout 

an organism's tissues, or even during one's life cycle, the dominant sterol present in the 

membranes, as well as the existence of various minor sterols, have seemingly been 

evolutionarily selected for different physiological purposes mandatory towards the 

survival of the organism's cells.̂ "^ 

1.2 Sterol Nomenclature and Stmcture 

The elucidation of sterol stmctures enabled scientists a systematic means for 

nomenclature. However, different ideologies have arisen, and presently two major 

systems are utilized. The lUPAC system is older and ahhough traditional it is confusing. 

The Nes system capitalizes on the culmination of practical biosynthetic reasoning, 

historical derivations and chemical properties.̂ "̂ "̂̂ ^ 

The lUPAC system uses the cholestane skeleton as its foundation for discussing 

the stereochemical details (R/S system) and numbering of the tetracyclic nucleus and side 

chain carbon atoms. Although the mles have been revised, configurational and 

numbering of the methyls remains confusing. Numbering sequential geminal methyls at 

C-4, for example, does not incorporate their geometric arrangement, instead viewing 

them as identical. lUPAC rules also view C-26 and C-27 as chemically equivalent, 

however they are distinct from one another based on NMR and biosynthetic derivation.^ 

Based on mevalonic acid studies used to obtain the "biosynthetic side chain rule," C-26 is 

defined as a side chain carbon derived from C-2 and C-27 is derived from C-6 (C-3') of 



mevalonic acid.̂ ^ When the side chain possesses the 24,25-double bond, the (Z)-methyl 

and (E)-methyl groups are derived from C-6 and C-2 of mevalonic acid respectivel) 

Applying these fundamental mles, C-2 of mevalonic acid may never become C-27 (Fig 

1.1). Analysis by NMR further differentiates between the two methyl groups as evident 

in their chemical shifts. 

The Nes system, modified from Fieser and Fieser,^^ incorporates the "biosynthetic 

side chain rule." As explained above, this chemically and biosynthetically separates and 

identifies C-26 from C-27. It also appropriately dismisses the R/S system in favor of the 

cc/p system. This allows for simple configurational details about the position of methyls. 

Groups or atoms attached to the sterol nucleus are designated a or P if they are 

positioned below or above the plane of the paper respectively. Conversely, in the side 

chain a denotes an above the plane substituent whereas P signifies the group as below the 

plane. This rational system of nomenclature is independent of substituents on 

neighboring atoms (Fig. 1.4), further diminishing complications 

As apparent in organic chemistry, the jargon of steroid nomenclature is based on 

the names used for a small number of parent or stem compounds from which all other 

sterol derivatives are considered structurally related. For example, cholesterol is 

accepted as a parent compound and 24-methylene cholesterol is considered a derivative. 

In keeping with tradhion, unsaturation within the compound is acknowledged by 

changing the suffix "ane" of the parent hydrocarbon to "ene," "diene," "triene," etc., for 

one, two, three, etc., double bonds. The double bond's location is indicated by inserting 

the number of the carbon atom having the lower ordering linked by the double bond. If 

by chance the double bond connects two carbon atoms not consecutively numbered, then 

5 



both numbers are included. The practice of using 'A ' as a double bond indicator is 

reserved for the categorization of sterols. The sterols discussed herein will be 

operationally named using the A-s\ stem instead of using systematic nomenclamre 

1.3 Sterol Biosynthesis in Fungi 

Sterol biosyntheses in fungi is similar among all fungal species, yet there are 

some important differences, primarily with regard to side-chain bioalkv lation, and hence 

accumulating various sterol end products/̂ "^ Due to evolutionarily developed biological 

systems, a common pathwa> emerged allowing for sterol produaion to follow a general 

scheme, regardless of the organism.̂ "^ ̂  ̂  '̂ "̂̂ ^ Even if organisms of different species 

s\nthesize the same end product, they may ha\e derived it from var>ing biosynthetic 

pathways Since all organisms utilize the same basic processes, especially in the 

synthesis of squalene, it can be safely assumed that end produa variations evolved 

through time as regulatory functions active in the organisms began to specialize This 

physiological fine-tuning, allowing for selective advantages to enhance their procreation, 

will be discussed later. 

The general concepts of sterol biosyntheses in fungi will be reviewed here; for an 

in-depth look at the steps, consult Weete^^ and/or Mercer. ̂ ^ The formation of sterols 

occurs through four principal stages: (a) conversion of acetate to mevalonate, (b) 

conversion of mevalonate to squalene, (c) cyclization of squalene. and (d) conversion of 

the first cyclic intermediate (in the case of fungi, lanosterol) to the 4-desmethyl sterol end 

products. 



1.3.1 Pre-Squalene Pathway 

Acetyl coenzyme A (Acetyl-CoA) is the basic C2 building block of cellular 

biosynthesis in organisms. Acetyl-CoA is accumulated as a pool of compartmentalized 

carbon reserve through p-oxidation of acyl lipids (fatty acids), as a product of sugar 

degradation (from acetate), or by metabolism of isopentenoids and amino acids via the 

mevalonic acid (MVA) shunt.'" The MVA shunt channels amino acids into sterols and 

triterpenoids so that carbon flux between protein degradation and polycyclic 

isopentenoids '̂'̂ "* may bypass the sugar/acyl-CoA circuit. In the germination of some 

plants, the MVA shunt is responsible for 10% of this carbon flux. The universal Pre-

Squalene pathway is ouflined as follows (Fig. 1.5): 

1 Conversion of acetyl-CoA into acetoacetyl-CoA 

2. Condensation reaction between acetoacetyl-CoA and a second acetyl-CoA 

yielding (3s)-3-hydroxy-3-methyl glutanyl-CoA (HMG-CoA). 

3. Conversion of HMG-CoA into (+)-(3R)- mevalonic acid (MVA) 

4. Conversion of MVA into 5-phosphomevalonic acid (5P-MVA). 

5. Conversion of 5P-MVA into 5-diphosphomevalonic acid (5PP-MVA) 

6. Conversion of 5PP-MVA into A^-isopentyl diphosphate (A^-IPP). 

7 Isomerization of A^-IPP into A^-IPP. 

8. Head to tail condensation of A -IPP with A -IPP to form geranyl diphosphate 

(GPP) 

9 Head to tail condensation of GPP with another A -̂IPP to form farnesyl 

diphosphate (FPP). 



10. Two FPP molecules form squalene by tail to tail condensation. 

1.3.2 Post-Squalene Pathway 

As mentioned earlier, all organisms form squalene in the same manner. It is at the 

juncture forming the first cyclic intermediate where differentiation occurs. In fungi, 

lanosterol is the first cyclic intermediate formed, and in the ensuing conversions a 

plethora of end products are synthesized. In fiingi alone exists a wide diversity among 

possible products, and this fact is monumental acknowledging the fact that flingi are a 

relatively unexploited group. The post-squalene pathway for the synthesis of ergosterol 

is outlined below '̂ (Fig. 1.6); 

1. Oxidation of squalene to 2,3-oxidosqualene. 

2. Cyclization of 2,3-oxidosqualene to lanosterol. 

3 Methylation at C-24 to yield a 24-methylene sterol. 

4. Successive removal of the two C-4 geminal methyl groups from the 4a 

position (4,4-desmethyl-A^-sterol). 

5. Demethylation at C-14 to yield a 4-desmethyl-A -sterol. 

6. Saturation of the A'̂ '-double bond to yield a 4-desmethyl-A^-sterol. 

7. A^ Isomerization to A . 

8. Introduction of a A -double bond yielding a A " -sterol. 

9. Formation ofaA^^-double bond. 

10. Saturation of the A '̂̂ -double bond. 

8 



The post-cyclization reactions of most fungi yield ergosterol, a A "'-sterol, as 

the main end product. The initiation of squalene cyclization is aerobic dependant 

requiring molecular oxygen, which is also essential for the continual modification of the 

first cyclic intermediate toward the final sterol product.^^ Since A^-sterols are primary 

metabolites formed in active cell growth,^ it was proposed that upon A^-sterol formation, 

following Â  -> Â  -> A^̂  -> Â  transformation, the sterol pathway is complete. " 

However, A - sterols may serve as precursors for other pathways vital to cellular 

fijnction, such as hormones'^ or being conjugated with acyl lipids and sugars. Other 

than what is known from studies on accumulated end products, very little is known about 

how the details of sterol biosynthesis in the lower fungi may differ from that in the higher 

flingi.^ Actually, the quantitatively important intermediates and the sequences in which 

certain reactions occur differ between major taxonomic groups. Often, the intermediates 

cannot be accurately determined without the aid of modem analytical instmments and 

proper chromatographic protocols due to low detection levels. These 

intermediates, furthermore, are vital to the complete elucidation of sterol biosynthetic 

pathways in organisms. 

1.4 M.alpina and hs Phylogenetic Lineage 

Mortierella alpina is an arachidonic acid-producing, soil-inhabiting fungus. It 

plays an important role in the decomposition process of organic debris, having the ability 

to break down the very resistant chitinized remains from micro-fauna and exoskeletons of 
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insects. • Although much debate has occurred over the positioning of fungal taxa as 

well as the number of taxa to have, M. alpina is classified as follows: ̂ ^ 

Kingdom: Fungi 

Phylum: Zygomycoia 

Class: Zygomycetes 

Order: Mucorales 

Family: Mortierellaceae 

Genus: Mortierella 

Species: alpina 

Relatively few fungal species have been examined, and those that have had 

considerable variation among their sterol contents.'"^^^ Therefore, in discussing fungal 

sterols, several generalizations are made. Most work concerning fungi has involved 

yeasts (class: Ascomycetes), and such generalizations should be taken with caution" 

Sterols are virtually ubiquitous constituents of fungi at some point in their life history. 

As noted earlier, all sterols are not stmcturally the same even though they share similar 

amphipathic properties which make them suitable membrane inserts. The muhiple sterol 

fijnctions, ranging from reproduction, membrane fluidity and permeability, to 

mitochondrial functions, appear to be species specific, and which sterol(s) is essential in 

developmental regulation is dependent of fungal evolution. '̂''̂ ^ The precision required to 

permit all of the various sterols to interact harmoniously has been tuned purposefully to 

assure optimal physiological functions, as evident with membrane stmcture and 

environmental pressures for survival. 

10 



The predominate sterol constituent in fungi is ergosterol'̂ "*'̂ '̂ ^"^^^^"^" with 

fungisterol accompanying it in most species.'^ Its presence is associated with higher 

evolved species. Cholesterol is predominate in most primitive fungi (i.e., 

Chytridiomycota). Where ergosterol is present but not predominate, other C-28 sterols, 

presumably ergosterol precursors, accumulate to varying degrees depending on the 

species and growth conditions.'"* 

Within the class Zygomycetes, as in the Ascomycetes, ergosterol is the major sterol 

of most species and may be accompanied mostly by C-28 sterols.^^ Recently, the sterol 

composition of forty-two fiingal species representing six of the eight orders of 

Zygomycota, and twenty-five species representing fourteen of the sixteen families of the 

•JO 

order Mucorales, were examined using modem technology (GLC-MS). Of the species 

studied, ergosterol, 24-methyl cholesterol, cholesterol, and desmosterol were detected as 

the major end products. The study concluded that of the fourteen families ergosterol, a 

C-28 sterol, was the major end product in all but one. In Mortierellaceae desmosterol, a 

C-27 sterol, appeared to be the characteristic sterol. InM alpina lS-4 no ergosterol was 

detected and desmosterol dominated the sterol profile followed by two 24-methyl sterols, 

ergosta-5,25-dien-3p-ol and ergosta-5,24-dien-3p-ol, and a new novel sterol with a 

cyclopropane ring, 24,25-methylenecholest-5-en-3P-ol.^^ Desmosterol and 24-methylene 

cholesterol were found to be in a 66/14 ratio. 

Analysis of the biosynthetic sterol products may give insight into the phylogenetic 

lineage of organisms, however these are generalizations. Alkylation at C-24 might be 

considered more evolutionarily advanced, much like the series of double bond 
transformations from Â  to A^ In fact, among the Mucorales, A -̂ and A^-sterols are 

11 



prevalent in some species, whereas the most common system is the A" ^"-triene system/' 

There is even a phylogenetic linkage relating to stereochemistry, especially in the sterol 

nucleus and side chain. *̂  

Incorporating steroid analysis as an important taxonomic tool at a specific or 

subspecific level is questionable. Yet sterol distributions may offer help in classifying 

higher fungal taxa. Although it does seem unlikely that fungi produce a variety of 

structurally different sterols only to meet architectural requirements, the mere variations 

in fimgi lead to the assumption that their synthesis may involve different biosynthetic 

Steps among fungal species derived evolutionarily. Thus, by incorporating complete 

and accurate sterol analysis in conjunction with other taxonomic characters, a better 

representation may be devised, especially in reference to the taxonomic uncertainty of 

Mortierellaceae. More detailed analysis of the various fungal species is necessary in 

order to eliminate generalizations and inaccuracies. 

1.5 Research Obj ective 

To date, no literature has been published concerning the sterol biosynthetic 

pathway of M alpina. Desmosterol has been undeniably proven to be the major end 

-JO 

product, followed by 24-methylene cholesterol. The isolation of a novel cyclopropane 

sterol from strain lS-4, 24,25-methylenecholest-5-en-3P-ol, and the sterols 24-methyl 

desmosterol and 24-methylcholest-5,25-en-3p-ol ^ have provided a start. Successfijl 

elucidation of the pathway requires the conformation of many more intermediates. My 

research objective was to determine the growth cycle and to isolate minor sterol 

constituents. Incorporating [^H3-/w /̂/rv/]methionine studies further aided in exposing the 

12 



biosynthetic pathway. Optimizing chromatographic and analytical procedures was of 

extreme importance in ensuring accurate sterol identifications. The association between 

sterol content and phylogenetic significance is also discussed. 
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Figure 1.1 Nomenclature of Structural Features of the Sterol Skeleton using the Nes 
System (Reference 10). 
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Figure 1.5 Pre-Squalene Pathway (Reference 5). 
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CHAPTER 11 

ANALYTICAL METHODS 

2.1 Chromatography 

Chromatography is a tool for separating mixtures of compounds into its individual 

components. Used to separate trace impurities and/or major fractions from each other, all 

chromatographic procedures depend upon the phenomenon of parthion. Partition is the 

equilibration of a substance between two phases that are immiscible, i.e., oil and water. 

One phase is termed the mobile phase, because it moves over the second stationary phase. 

Based on the components of the mixture and their respective properties, in relation to 

absorbtivity among the two phases, they may be separated by the establishment of 

different partition coefficients. Constituents are better separated when their partition 

coefficients vary greatest. Chromatographic columns base their efficacy on the number 

of theoretical plates possessed. Theoretical plates describe the distribution cycle, and the 

more plates the better the separation. 

Chromatography is cmcial to biochemistry, and when performed correctly, 

increases separation and purity tremendously. It is important to understand, however, 

that many times various methods must be performed due to similar elution pattems. The 

design of an isolation protocol can yield vital stmctural information/^ Knowing what the 

general make-up of the sample is and the benefits of each of the different methods may 

further speed the separation process. 

In the separation of sterols, four principal chromatographic methodologies are 

incorporated;'*^"''' gravity-flow column liquid chromatography (GCC), thin-layer 
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chromatography (TLC), gas-liquid chromatography (GLC), and high-performance liquid 

chromatography (HPLC). No single system is more important than another Instead each 

plays a key role in the separation, purification, quantitation and stmctural elucidation of 

these compounds 

Hydrogen-bonding character and other electronic attractions (e.g.. Van Der Waals 

forces and dipole-dipole interactions) between the lipid and adsorbent influence the 

chromatographic behavior of each method. The rates of elution, or movement, for each 

compound will depend on:"*̂ ""*' (1) the stereochemistry and location of the polar 

substituents; (2) the solubility, polarity, partition coefficient and equilibrium constants of 

the solvent used to develop the system, (3) the size and shape of the molecule; and (4) the 

degree of hydration and surface area of the adsorbent affecting intermolecular attraction 

between the solvent, lipid and stationary phase If the four systems are utilized correctly 

and if used in a series, the researchers can achieve homogenehy near 100% In addition, 

by understanding the processes by which each individual method operates, pertinent 

diagnostic information about the location and geometry of selected substituents and the 

three-dimensional shape of the molecule as a whole may be deduced. Designing the 

appropriate chromatographic protocol will aid in the purification of the interested 

sterol."̂ '̂̂ "̂̂  Additional confirmations via analytical analysis, e.g., NMR and GC/MS, 

are necessary to confirm the isolated sterol's stmcture. 

2 1.1 Gravitv Column Chromatography 

(jravity column chromatography, also known as liquid-solid chromatography, 

includes ordinary phase (adsorption) and argentation chromatography. In this method, 
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the mobile phase is a solvent, such as benzene, and the stationary phase, such as silica 

gel, provides the adsorbent solid support. Regardless of the kind performed, gravity is 

the driving force for separation. Here, only ordinary phase chromatography will be 

discussed. 

Adsorption Chromatography employs a number of different substances. The 

practice of separating sterols has narrowed the selection to two dominant materials, finely 

ground aluminum oxide (100-200 mesh) and silica gel (60-200 mesh). The solvents and 

eluate, which contains the sample, are passed through the column over the silica gel and 

are eluted through the column either isocratically or step-wise (i e, of increasing 

polarity). 

Adsorption chromatography becomes useful in separating sterol subclasses from 

the nonsaponifiable lipid fraction (NSF) when it is complex in mixture or high in sample 

weight (i.e., 200 mg or more)."*̂  Sterols can be separated from triterpenoids, fatty acids 

and phospholipids according to the number and kind of oxygen functional groups'^ and 

size.'*^ As the number and polarity of functional groups and sterol size increases, elution 

times increase. As a first approximation, all 3p-0H sterols lacking steric hindrance will 

move at a similar rate while 4,4-dimethylpolycycles, regardless of whether they are 

sterols or triterpenoids, will move more or less together.'*^ Double bonds (which are 

weakly polar groups) usually have a small but definite influence and retard mobility "̂ "̂̂  

In general, as the number of double bonds increase or as double bonds become more 

exposed to outside influences, thereby increasing polarity, elution times will increase 

Separation can be achieved as follows in terms of mobility: Â  > A' > Â '"*̂  > Â  > A*̂^ > 

8̂.14 ^ 7̂.14 46 jj^g ĵgj.̂ j gytjsii-̂ ^g 5iĵ (js tQ thg pQiar stationary phase surface through 
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hydrogen-bonding and other electronic attractions (eg., dipole-dipole interactions) 

between the sterol and stationary phase, followed by elution with mobile phases of 

increasing polarity. '*̂ '*̂  The solvent series for silica gel columns are added in the order 

of increasing polarity. Two different series have been established; one for the separation 

of 4,4-di-, 4-mono-, and 4-desmethyl sterols, and another for the separation of the sterol 

fraction from the nonsteroidial fraction in the NSF. A typical NSF elution order is as 

follows: hydrocarbons (100% hexane) < ketones and esters < 4,4-dimethyl steroids 

(hindered hydroxyl) < 4-monomethyl steroids and long chain fatty alcohols < 4-

desmethyl steroids (30/70 hexane/ether) < steryl glycosides < phospholipids < nitrogen 

containing compounds, where the progression from left to right in this series is equivalent 

to decreases in the rate of movement of the sterol.'*̂ ''*̂  By incorporating various solvent 

systems, column dimensions and stationary phases, elution times, elution order and 

efficacy can be manipulated. 

2.1.2 Thin Laver Chromatography 

Thin layer chromatography is very similar to GCC in that it is another liquid-solid 

partition method used in separating and gathering information about the selected sterols 

Often, if the sample weight is too small to efficiently use GCC, TLC may completely 

take its place."*̂  An obvious distinction of TLC from GCC, however, is that the mobile 

phase ascends the stationary phase based on capillary action. A ratio can be established, 

termed the retention factor (Rf) measuring the migration rates of the sample versus the 

solvent over the TLC plate. The Rf values for a given substrate and solvent will be a 

constant, becoming a useful tool in identifying sterol subclasses. 
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TLC plates are glass whh silica gel evenly spread over the plate AnaKiical TLC 

plates have a thin layer of silica (< 0.25 mm in thickness) and is useful when separatmi: 

small amounts of sample. Preparative TLC plates have more silica (> 0.50 mm) and are 

useful when separating larger amounts without compromising separation effectiveness 

Compounds can be separated into various classes based on their hydrogen 

bonding strength at the polar C-3 group. In the lab, cholesterol is used as the standard 

reference marker. Its free 3P-0H group is the major contributing factor in its 

chromatographic behavior. As substitution increases at C-4, i.e., methyl groups, the 

hydrogen bonding capabilities of the 3P-0H decrease due to steric hindrance This 

hydrogen bonding strength is analogous with polarity, and as the compound's polarity 

decreases, its Rf ratio increases. Hence, a steroidal sample can be separated into 4-

desmethyl, 4-monomethyl, or 4,4-dimethyl sterol subclasses with the 4,4-dimethyl class 

having the largest Rf value and the 4-desmethyl class having the smallest R̂  value (Fig 

2 1). A common technique incorporated to enhance separation is double development 

This extra step helps to ensure maximal purity and consistent Rf values. 

Visualization of sterols and other steroids on TLC plates is achieved by spraying a 

50/50 sulfliric acid/methanol mixture. After heating, the sterols and lipids will show 

characteristic colors:"*^ lipids will char black after prolonged heat, A'-sterols will appear 

pink, A^-^-sterols will turn green, and A^-sterols will be orange. Once the sterols have 

been sprayed, their structures are destroyed due to the sulfuric acid. Since the sterol 

subclasses will migrate independent of one another, it is not essential to spray the entire 

plate, only the standards identifying the three sterol subclasses. This allows for the 
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recovery of the separated subclass bands. In some instances, as in visually confirming 

the presence of steroids by their respective colors, the necessity for spraying the entire 

plate is present. 

Incorporating TLC as a step towards purification has both its benefits and 

drawbacks. Its benefits are: (1) speed relative to CJCC; (2) ability to chromatograph 

several samples simultaneously; and (3) ease in system manipulation. The drawbacks 

include: (1) loss of sample during separation (about 20%), which can be minimized by 

using anal)^ical plates; (2) generation of artifacts from bulk sterols or loss of trace sterols 

by their interaction with the support, which can be reduced by double development and 

using analytical plates; and (3) reduaion in the number of theoretical plates which affects 

the efficiency of separation, this can be offset by double developing and not overloading 

the plate. 

2.1.3 High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) has been applied to 

triterpenoids"^^ and extensively to steroids^ '̂̂ ^ and is an example of liquid-liquid 

chromatography. Liquid-liquid chromatography refers to the sample being partitioned 

between a mobile and a stationary phase that travels down a column. The system is 

enclosed, thus the pressure can be monitored. The mobile phase, or solvent, is delivered 

to the system by a pump capable of maintaining pressures around 6,000 psi. The sample, 

in solution, is injected into the system via an injection loop to prevent inducing a pressure 

change. The stationary phase depends on the kind of HPLC column used. Various 
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columns offer different separation properties, and hence the appropriate column is 

determined based on the sample 

"Normal" HPLC refers to chromatography where the solid phase is more polar 

than the solvent causing the less polar compounds to elute first. Reversed phase HPLC 

(RP-HPLC), conversely, incorporates a solid phase wfiich is less polar than the solvent 

inducing the more polar compounds to elute first."^^ The more polar the sterol is by virtue 

of hydroxyl groups, double bonds or size, the faster it moves because it binds less well 

with the nonpolar stationary phase, hence the term reversed phase. Separation of sterols 

with very small differences in their structures can be achieved by such a system,"*̂ "̂̂ '̂ ^ 

and such systems are in many ways more sensitive to stmctural changes than are normal 

phase systems. As the number of double bonds increase or the size of the sterol 

decreases, less binding occurs with the stationary phase and the faster the molecule 

moves. In reference to the side chain, 24-alkyl sterols normally elute later compared to 

non-alkylated sterols because of steric hindrance caused by the alkyl group Applying 

this knowledge establishes a relationship between stmcture and elution time predictions, 

and in some cases confirming stmcture."'̂ "̂ "̂̂ "̂̂  

In RP-HPLC, the stationary phase is usually derivatized silica gel where an 

octadecyldimethylsiloxy group (-0-Si(CH3)2-(CH2)i7CH3) is attached to one of the Si 

atoms. The small diameter and porous group is at the heart of the so-called ODS or Cig 

RP-HPLC columns. They provide a very large effective surface area for the interaction 

of the sterols with the bonded alkyl groups."*^ Having a large surface area also allows for 

the rapid equilibration of the sterol between the stationary and mobile phases yielding 

columns with as much as 10"* theoretical plates, thereby giving increased resolution."*^ 
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Altering column temperature, solvent polarity, and increasing column length can 

separate structurally similar steroids to homogeneity (Fig. 2.2). The polarity of the eluent 

will influence the hydrogen bonding characteristics of sterols, i.e., it can act either as a 

hydrogen donor or acceptor. By employing a multiple wavelength diode array detector, 

RP-HPLC can be used as an analytical tool in steroid characterization The deteaor 

produces a signal for any sterol passing through the apermre. The resuking response or 

peak height is dependent on the amount of sample loaded onto the column and the 

number and kind of chromophores in the molecule. The UV monitor is selectively set at 

205 nm to detect double bonds in the nucleus. Similar peak heights may represent vastly 

different levels of sterols. However, ccc values do offer identification among the various 

peaks observed during HPLC chromatography, relative to cholesterol. 

2.1.4 Gas Liquid Chromatography 

2.1.4.1 General Principles 

Gas liquid chromatography (GLC) is a powerful and widely used tool in stmcture 

determination and quantitation of sterolic fractions. As an example of a gas-liquid 

system, the movement of volatile compounds in GLC is dependent on the polarity of the 

column packing"*^ and on the polarity and molecular weight of the molecule. Each of 

these structural features makes a major contribution to mobility. In essence, the larger 

or more polar the molecule is, the slower its movement. GLC thereby represents 

"normal" phase partition chromatography. The compounds are passed in a stream of 

inert gas (the mobile phase) through a column where the solid supporting material is 

packed and coated with a high boiling point liquid (the stationary phase). The substances 
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are separated according to their partition coefficients, which depend on sterol stmcture 

The influence of sterol stmcture on mobihty is a manifestation of the effect of stmcture 

on the ability of the molecule to repetitively vaporize from and to dissolve in the 

stationary liquid phase. Thus the contribution which molecular weight makes to mobilitv 

depends mainly on how vaporization is ahered, while changes in polarity influence 

mobility based on the nature of the liquid phase.̂ ^ 

The carrier gas must be thermally stable and inert, prohibiting chemical 

interactions between the sample and substrate. Helium is the most commonly used 

carrier gas followed by mtrogen and hydrogen. Helium is advantageous since it can be 

operated at high flow rates and is convenient for a number of detectors, such as the 

thermal conductivity detector. 

The sample is introduced onto the column in solution by injection. Once injected, 

the sample is rapidly vaporized due to the injection cell's high temperature. The vapors 

are then swept onto the column by the carrier gas where it is separated. A drawback of 

GLC is that the sample injected can be lost. This is offset somewhat by the fact that only 

small amounts (100 ^g) are necessary to get an accurate reading Even smaller amounts 

are acceptable depending on the purity of the sample. 

2.1.4.2 Detectors 

Detectors, as the name implies, are used to detect and measure the various 

components of the sample mixture as they elute off the column. The kind incorporated 

rests upon the type of analysis performed. Flame ionization detectors (FID) are highly 

sensitive and therefore preferred,"*^ but they do destroy the sample in the process. The 
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FID is sensitive to all organic compounds, including hydrocarbons, but is indifferent 

towards many inorganic compounds. In the FED, the effluent from the column is fed into 

an air-hydrogen flame that incinerates the molecule. Two wire electrodes containing an 

applied electrical potential are placed in the flame. In the absence of organic compounds 

the current across the electrodes is small and constant. However, when one enters the 

flame it is broken down into fragments that are highly conductive resuking in a change in 

current. This change in current is detected across the electrodes providing a 

1 '7 

measurement. The FDD is capable of detecting 10' g of organic material and therefore is 

one of the most sensitive units available for GLC. The degree of change in conductivity 

and its response to a given quantity of organic "debris" depends on the particular 

molecule. 

Other detectors include the electron capture detector and the thermal conductivity 

detector. The electron capture detector is selective towards halides and phosphorous and 
nitrogen containing compounds by using electrons, or (3-rays, as a source of detection. 

The thermal conductivity detector, or katharometer, employs an electrically heated wire 

centrally located in a hollow tube surrounded by the carrier gas. The entire chamber is 

kept at a steady temperature. Changes in temperature brought about by the introduction 

of a different gas (e.g., a sample component) are measured. It detects all components 

with a thermal conductivity different from the carrier gas. This detector allows for the 

retrieval of the sample after analysis. Modem computer controlled integrators can relate 

detector response to mass for each peak. Based on a value determined for a given 

standard, the amount of sterol in the sample can be quantified as well as being 

qualitatively determined via the calculated RRTc value. 
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2 14.3 LiquidPhases 

There are two basic types of liquid phases: (1) the nonpolar silicones ( eg , SE-30, 

methyl silicone), in which the silicone atoms of the polymer bear alkyl groups, and (2) 

polar phases of the silicone where one or more of the alkyl groups are replaced by a polar 

group (e.g., OV-17, phenyl-methyl silicone). The overall polarity is measured by 

McReynold's constant, which increase as the polarity increases. As the McReynold's 

constant increases there is a decrease in the mobility of the sterol, thus increasing the 

retention factor. Since no single liquid phase is capable of separating all sterols, the 

choice of phase will depend on the type of stmcture encountered. The separation of some 

steroids can be greatly increased as the polarity of the liquid phase increases.^^ Polar 

columns (i.e., SP-1000) unfortunately have shorter lives compared to the less polar 

columns (i.e., SE-30) due to the higher temperatures necessary to perform. Therefore, 

SE-30 has become the workhorse in the laboratory. They have also shown to be 

remarkably consistent in relation to retention time relative to cholesterol (RRTc) When 

the flow rate of gases and temperature are kept constant, RRTc values will vary 

negligibly from one injection to another.̂ '̂̂ ^"^ This becomes very useful considering 

RRTc values can be used as reference for sterol stmcture predictions. " * The 

polar fatty acids are eluted out of the SE-30 column before most sterols,^^"^^^ which 

fijrther validates is use. 
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2.1.4.4 GLC Columns 

Packed-column gas chromatography involves the use of columns with internal 

diameters of about 0.25 inches and the length may vary from three to twenty feet This 

method includes both qualitative and quantitative analysis in all forms of con\ entional 

organic molecular analysis. More recently, however, the development of capillary 

columns has been particulariy valuable. ̂ '̂̂ "̂̂ ^ Instead of filling a column fully with the 

stationary phase, as in packed columns, it can be bound to the inside surface of a column 

of capillary dimensions giving a "wall coated open tubular column" (WCOT). Another 

type has bound the support covered whh a liquid phase to the inside wall giving "support 

coated open tubular columns" (SCOT)."*^ These two types have allowed for a much more 

efficient transfer of sterol to the liquid phase resulting in tmer equilibria between gas and 

liquid phases and thereby sharpening the bands."^ 

Capillary columns are particularly useful in the separation of stmcturally similar 

no 

sterols. Long polar capillary columns have been used to separate isomeric C-24 sterols 

which cannot be resolved on packed columns. By increasing the length and polarity of 

the column, the number of theoretical plates is increased. 

2.1.4.5 GLC Analysis 

Information from the GLC analysis of sterol compounds throughout a 

chromatographic separation series is valuable to the continued success of the series itself 

Accurate quantifications are important to a series because the actual amount in the 

sample is important when considering which chromatographic method should be used 

next. For example, by shooting an eluted fraction off a GCC onto GLC, the detection, or 
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lack thereof, will signal whether or not continued separation is necessarv for that 

particular fraction 

With a mixture of unknowns, the peaks would be assigned a RRTc The influence 

between polarity of the liquid phase and the molecular features of sterols on their 

mobility has been reported.̂ '̂̂ ^^ By such research, extensive correlations between sterol 

structure and retention time^* ^̂ "̂ ^ have been assigned. Each alkyl group, double bond, 

O 1 

hydroxyl group, etc., in the sterol molecule affects retention time based on their 

individual effects on molecular polarity, molecular weight, and stereochemistry within a 

given column (Fig. 2.3). The consistency of RRTc values is related to column quality 

and by the amount of injection, where dilutions are cmcial when quantifying off-scale 

peaks.^' 

2.2 Spectroscopic Methods 

Spectroscopy is the study of the interactions between radiant energy and matter. 

The colors that we see and the fact that we can see them at all are consequences of energy 

absorption by compounds. The wavelengths at which an organic compound absorbs 

radiant energy are dependent upon the stmcture of the compound. 82 

2 2.1 Nuclear Magnetic Resonance Spectroscopy 

2.2.1.1 Origin of NMR Spectroscopy 

Natural hydrogen and carbon are isotopic mixtures mostly of H and H and of 

11^ 12̂ ^ i3(. ^^^ 14^ 42 respectively. Regardless of abundance, '̂ C and Ĥ are selected 

for study owing to spin characteristics. These nuclides serve as markers for all the H-
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and C-atoms in the sterol. The spectmm derived from NMR permit hydrogen and carbon 

atoms from a single position to be deteaed. Double bonds, hydroxyl groups and 

stereochemistry strongly influence the resolution signals (absorption peaks) in NMR 

spectrum. Diagnostically, this becomes extremely important. It is under strong fields that 

C-26 and C-27 can be spectroscopically differentiated. The number of H-atoms on a 

given C-atom can be determined from the multiplicity of the absorption band. 

The nuclei of atoms of all elements can be classified as either having or not 

having spin. A nucleus having spin gives rise to a small internal magnetic field. NMR 

spectroscopy generates an external magnetic field created by a magnet. When molecules 

containing hydrogen are placed inside the field, the spin of each hydrogen nucleus, or 

proton, aligns itself either parallel or anti-parallel to the external field. At any given time, 

approximately half of the protons will be in the parallel state and the other half will be in 

the anti-parallel spin state. The parallel state is more stable and of lower energy than its 

counterpart. When exposed to the proper radiofrequency, measured in cycles per second 

(Hz) displacement, the spin directions of a small portion of the parallel protons will 

absorb the energy and flip. This increased energy is not permanent and the nucleus can 

lose the energy returning to the more stable parallel state. Spin conversions and 

fluctuations in proton energy are sufficiently rapid enough to ensure an excess of nuclei 

in the parallel state will be maintained. Thus, the sample continually absorbs energy and 

the signal in the spectmm is observed. 

The amount of energy required to flip the spin states is dependent on the strength 

of the external magnetic field. As the field strength increases (e.g., from 60 MHz to 220 

MHz), the energy gap between the two spin states widens, thereby requiring more energy 
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to maintain resonance. Resonance refers to a situation where the radiofrequencv and 

external magnetic field strength cause a proton to oscillate from parallel to anti-parallel 

It is this phenomenon that NMR receives its name, meaning "nuclei in resonance in a 

magnetic field "̂ ^ 

The processes by which the different protons within a molecule are recognized are 

not obvious at first. It would seem that all protons should resonate at the same 

combination of field strength and energy level. However, this is not the case. The 

magnetic field actually observed by a proton in a particular molecule is a combination of 

two fields: (1) the applied external magnetic field and (2) induced internal molecular 

magnetic fields brought about by the molecule's bonds. Hence, protons will flip at 

different magnetic and radiofrequency combinations because they are in varying 

molecular environments. The spectmm of the different types of protons can be obtained 

because of these differences in energy absorption by the protons. 

The protons that flip more easily absorb at a lower magnetic field. They give rise 

to an absorption peak downfield. Protons that flip with greater difficulty absorb energy at 

higher field strengths giving a peak upfield. The actual position of a peak represented on 

a NMR spectrum, as mentioned earlier, is a result of the applied magnetic field and the 

induced molecular field surrounding the proton. If the magnitude of the induced field 

around a particular proton is relatively strong, it opposes the magnetic field more strongly 

and a greater applied field is required to bring the proton into resonance. This particular 

proton is shielded and its signal occurs upfield. Conversely, if the induced field is 

relatively weak, it will take a weaker applied field to establish resonance. This proton is 
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identified as deshielded and appears downfield. Functional groups in a molecule are 

distinguishable from each other as a consequence of their chemical shifts 

Shielding and deshielding are relative terms. An internal standard must be used 

as a reference point. Tetramethylsilane (TMS) is primarily chosen for this purpose due to 

its chemical inertness, symmetry, solubility, and volatility (bp. 27°C). The absorption for 

a majority of other protons is observed downfield from TMS The difference between the 

position of absorption for TMS and that of a given proton is called the chemical shift, 

expressed as parts per million (ppm) of the applied radiofrequency 

When the protons flip, the absorption of energy is detected. In NMR 

spectroscopy the radiofrequency is held constant (e.g., 60 MHz) and the external 

magnetic field is varied over a small range. The absorption of energy is recorded at the 

various field strengths. A graphical representation of the energy absorbed versus field 

strength results, giving the observed NMR spectmm (Fig. 2.4). 

2.2.1.2 Spin-Spin Coupling and Splitting 

Protons having the same magnetic environment in a molecule have the same 

chemical shift and are considered equivalent. Nonequivalent protons, then, refer to 

protons having different environments. In chloroethane, for example, the three protons of 

H3C C H2 CI 

Chloroethane 

the methyl group are equivalent, as are the two protons of the CH2. However, the protons 
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on each carbon are nonequivalent. The two CH2 protons are deshielded compared to the 

methyl protons and have a greater chemical shift. 

Equivalent protons may occur on different carbons, as in diethyl ether. Here the 

protons on the two methyls (six protons) are equivalent and the protons on the two CH2 

CH3-CH2-O—CH2-CH3 

Diethyl Ether 

(four protons) are equivalent too. Restricted rotation and the geometry of a molecule can 

affect the equivalence as well. Insertion of a double bond restricts rotation and can 

establish different magnetic environments. A simple example is chloroethane where a cis 

CI H 

Chloroethene 

H H 

and trans arrangement is present. The proton cis to the Cl-atom is nonequivalent to the 

trans proton. In fact, in chloroethane all three protons are nonequivalent. 

Spin-spin splitting is caused by the presence of neighboring protons (on adjacent 

carbons) that are nonequivalent to the one in question. Splitting is seen when spectral 

resolution is increased and the peaks are resolved, or split, into groups of peaks. Protons 

that split each other's signals have undergone spin-spin coupling. When hydrogen is 

replaced by its isotope deuterium neither spin-spin coupling nor splitting occurs. This 

isotope effect even affects the chemical shifts of neighboring hydrogens. 

Spin-spin splitting arises from opposite states of neighboring protons. Due to the 

various combinations of parallel and antiparallel states for adjacent hydrogens, more than 
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one peak is necessary to represent these possibilities. For many compounds, the number 

of spin-spin splitting peaks in the NMR absorption of a particular proton or equivalent 

one can be predicted The "n + 1 Rule" establishes the prediction criteria for the number 

of possible peaks, where n is the number of neighboring protons nonequivalent to the 

proton in question. In chloroethane, the methyl hydrogens see two adjacent 

nonequivalent protons, so their NMR band is spHt into three peaks Likewise, the CH2 

protons are split into four peaks. Only those having different chemical shifts will incur 

splitting. Essentially, as the difference in chemical shifts for two protons becomes zero, 

the peaks coalesce giving a single peak. The actual number of peaks, also called bands, 

is sometimes referred to as the muhiplichy. 

2.2.1.3 ^H-NMR Analysis of Sterols 

Proton NMR spectroscopy is incredibly versatile for structural determinations of 

many kinds. Sterols generally have the 3P-0H as the lone functional group. ^H-NMR 

analysis permits stmctural determinations in sterols concerning locations of double 

bonds, methyl groups and stereochemistry about C-24 (Fig 2.4). When a proton is 

attached, a strong downfield shift resuhs. The methyl resonances of C-18 and C-19 are 
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beneficial since they can be predicted on the basis of available data. Recently, H-NMR 

has become important in diagnosing the alkylation about C-24. Many C-24 alkyl isomers 

can be differentiated on the basis of their 100 MHz spectmrn,̂ '̂̂ '̂̂ ^ and high resolution 
89-91 

H-NMR (frequency > 220 MHz) has proven effective. ' By increasing to 270 MHz, 

24a and 24P isomers of A^^-sterols can be distinguished in the proton signals of C-22 and 

C-23.^^ This becomes convenient when using known mixtures of 24a- and 24p-sterols to 



analyze the o/p content of unknown C-24 methyl sterols.^' In instances where high field 

'H-NMR (i.e., 500 MHz) is unable to distinguish epimers, ^^C-NMR may be 

instituted.̂ ^^"* 

2.2.1.4 ^^C-NMR Analysis 

Proton NMR spectroscopy provides structural information about the hydrogen atoms 

1 'X 

in an organic molecule and C-NMR produces stmctural information about the carbons 

in an organic molecule. Whereas the natural isotope of hydrogen ( 'H) accounts for 

approximately 99.9% of the total hydrogen content, carbon-13 constitutes a mere 11% of 

the naturally occurring carbon atoms. The change of a C nucleus from a parallel to 

antiparallel is a low-energy transition, which further complicates matters. While the low 

abundance of C nuclei resuhs in reduced signals, it also diminishes the spectral 

complexhy compared to Ĥ spectmm. Obviously, a large amount of sample is necessary 

to obtain an effective reading. Although adjacent C nuclei will split each other's 

signals, the chances of finding adjacent "̂̂C nuclei are very small. Thus, no spin-spin 

splitting pattems are observed in '"̂ C-NMR spectmms. 

Incorporating '^C-NMR spectroscopy into an analysis protocol is very beneficial in 

determining structural details. It offers cmcial information, where H-NMR cannot, on 

complex molecules because of the great sensitivity of ^̂ C chemical shifts due to 

structural changes. Furthermore, each carbon atom in the molecule can usually be 

examined individually. The stereochemistry of carbons can be defined since the chiral 

centers generate different chemical shifts. Spectmms of sterols can be distinguished only 

on the basis of their relative intensity and chemical shifts. The number of protons bonded 
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to each carbon cannot be determined by C-NMR As stated earlier, differentiation and 

identification of C-24 epimers of 24-alkyl sterols can be achieved using 'H-NMR,^^'^^ but 

C shifts have proven more effective. The C-28 and C-16 signals, in addition to other 

less definitive side chain carbons, provide a basis for assigning the configuration at C-24. 

2.2.2 Mass Spectroscopy 

2.2.2.1 General Properties 

Mass spectroscopy (MS) has become an indispensable method in the study of 

sterols. Beneficial because only a small amount of sample is required (i.e., 10 ^g) which 

can ehher be pure or a mixture. It involves the bombardment of the sample, in the 

gaseous state, with electrons of sufficient energy to exceed the first ionization potential of 

the compound. Collisions between the compound and high-energy electrons result in the 

formation of positively charged ions. Naturally, the ions are unstable and systematically 

break apart into smaller fragments. It is these positive fragments that are detected. The 

mass spectmm is a plot of abundance (number of fragments) versus the mass-to-charge 

ratio (m/z). The m/z value for an ion is equal to its mass. The fragmentation pattern of a 

molecule or ion, which can again be ionized and broken down further, depends upon the 

functional groups and carbon skeleton. By identifying the stmcture and mass of the 

particles, pertinent clues about the parent molecule are obtained, including molecular 

weight. 

Oftentimes, gas chromatography is integrated with MS creating an especially 

convenient MS scan. With this approach, MS scans can be carried out quickly, providing 

several different GC peaks to analyze for homogeneity. In utilizing a capillary column, h 
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also allows for greater separation of closely related compounds that would otherwise co-

elute and produce a confusing MS spectmm. Such a combined system is referred to as 

GC/MS 

2.2.2.2 GC/MS/^alysis 

Aside from simplifications brought about by the integration of GC with MS, there 

are three major applications relating to sterols: (1) determination of the molecular weight; 

(2) empirical identification using MS spectmms of authentic standards as comparison, 

and (3) elucidation of stmctural features by interpretation of the fragmentation pattems 

Details for the interpretation of sterol fragments have been reported.^^ 

2.3 Summary 

Where no single chromatographic method yields pure sterol, no single spectral 

method provides absolute stmctural details. The elucidation of one sterol involves many 

tedious steps and requires an intense dedication to the effort. If the proper 

chromatographic series and spectroscopic analysis are chosen, all of which have not been 

discussed here simply because not all were included in my research, undoubtedly the 

correct sterol stmcture can be discovered. The use of known standards is extremely 

helpfiil throughout the stages of the evaluation With the advent of new techniques and 

superior instruments, the unraveling of complex biosynthetic pathways will pose a less 

intimidating role. This becomes promising, especially in the argument for sterols as a 

determining character, in the phylogenetic classification of organisms. 
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Figure 2.1 Chromatographic Behavior of Sterols on Adsorption TLC (Reference 41). 
Developed with Benzene-Diethyl Ether (9:1). 
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CHAPTER III 

ISOLATION AND PURIFICATON OF STEROLS 

3.1 Introduction 

Natural sterol biosynthetic studies on organisms are often a very tedious affair, 

yet, if successful the rewards can be high It requires large amounts of tissue to 

accumulate enough sample to achieve proper representation of the biosynthetic spectmm 

for the organism. If minor components are overlooked, which is often the case in hastily 

performed research, the correct elucidation of the pathway can be quite elusive A 

preferred situation is one that allows for enough time to accumulate muhiple sterolic 

constituents in the scheme. Undoubtedly, attention to detail, patience and a trained eye is 

necessary to identify the important details in a project. 

As discussed in Chapter I, M. alpina is a member of the order Mucorales. This 

i ^ O Q C Q/C 

order is particularly adopted to terrestrial life. ' They grow up from the soil via the 

continuum of organic debris, and their exact role they play in the decomposition process 

has not been fully exposed. As characterized in the class Zygomycetes, the vegetative 

mycelial thallus grows rapidly and extensively. Maximal natural growth populations are 

reached in the autumn due to a change in seasons and increased organic terrestrial matter. 

The vegetative thallus' function is the absorption of food materials, accumulation of food 

reserves, reproduction (both sexual and asexual), and growth. Expansion of the thallus 

in M. alpina occurs through apical extension of branched cylindrical filaments, called 

hyphae. Sexual reproduction relies upon wind-disseminated spores, which can create a 

dubious situation in the laboratory. 
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The fungi have long served as a major source for natural product chemistn 

research. This is partially due to ease of maintaining cultures and abundance of 

organisms. M. alpina is no exception. However, due to low total sterol content (0.07° o 

of mycelium dry weight) and low minor sterol content (desmosterol alone comprised 

83.59% of the total sterol content) immense amounts of harvested mycelium was 

necessary for proper analysis. 

3.2 M. alpina Growth and Harvest 

3.2.1 Culture Conditions 

M. alpina was cultured using a media of 1% yeast extract - 2% peptone - 2% 

anhydrous dextrose (YPD). For reserve and inoculation purposes, the fungus was 

maintained on YPD plus 1.5% agar plates, or solid media. Erlenmeyer flasks with a 

volume of 250 mL were needed for mass growth and were filled with 50 mL of liquid 

medium. After autoclaving at 15 Ibs./sq. in. for 20 minutes, to ensure sterility, the flasks 

were allowed to cool to room temperature before inoculation. Inoculation was performed 

in a sterile room observing sterile techniques to prevent contamination. 

Solid media plates were inoculated using a sterilized cork borer with an internal 

diameter of 1.2 cm. The borer allowed for the removal of a "plug" from an established 

plate to be transferred to a fresh disposable 150 mm plate for the continuation and 

maintenance of the bug in log growth phase. Freshly inoculated plates were allowed to 

grow for 48 hours at room temperature before being inverted and placed at 4°C to slow 

growth. 
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Liquid media flasks were inoculated from solid plates, which were room 

temperature adjusted, using the same "plug" method described above. However, during 

experimentation fresh liquid media was inoculated from established liquid cultures after 

the mycelium had been homogenated. Homogenation of the mycelium allowed for 

consistent distribution of mycelium during the inoculation process, which is cmcial to 

establishing an accurate growth curve. Additionally, it was experimentally determined 

that 1.0 mL of homogenate was most effective in maintaining maximal growth conditions 

(Fig. 3.1) within a reasonable amount of time. Once inoculated, the flasks were placed 

on the bench and allowed to grow statically at room temperature (27°C) until harvest. 

Furthermore, h was experimentally determined thatM. alpina strain CBS 210.32 reached 

stationary growth phase at 8 days with log phase occurring maximally between days 4 

and 6 (Fig. 3.2) 

3.2.2 Harvest Protocol 

Harvesting of liquid cultures was achieved by vacuum filtration. Using a Biichner 

funnel with filter paper mounted on vacuum flask which was sealed and attached to a 

spigot, the mycelium was poured into the funnel, flask by flask, washed with double 

distilled H2O (ddH20), and allowed to vacuum dry for an additional five minutes. The 

liquid filtrate was autoclaved then discarded. All but one flask was harvested, which was 

homogenated and used for the succeeding inoculation. The harvested mycelium was then 

allowed to dry completely and its weight, recorded in grams, was taken for further 

calculations (Table 3.1). It was experimentally determined that the vacuum dried 

mycelium weight was comprised of 82% residual water. 
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3.3 Preparation of NSF 

3.3.1 Saponification 

Immediate saponification of dried mycelium is necessary to prevent 

contamination. Re-hydration of the mycelium, using a minimal volume of ddH20, is 

beneficial for saponification because it supports maximal sterol extraction from the 

tissue. In addition to re-hydration, grinding the mycelium with sea sand and a mortar and 

pestle increased sterol recovery by tearing the tissue and increasing surface area. The 

ground mycelium is then placed into a round bottom flask with lOX volume of prepared 

methanoic potassium hydroxide (10:10:80 - K0H:H20: MeOH, w/v/v) to mycelium dry 

weight. The flask contents were then boiled for 30 minutes on a reflux column. Heating 

facilitates hydrolysis of sterol esters and destroys cellular membranes resulting in the 

release of free sterols. After reflux, an equal volume of ddH20 is added to the flask to 

quickly cool and dilute the contents. Following an extra 10 minutes of cooling, the 

mixture is ready for extraction. 

3.3.2 Extraction 

Differences in physical properties establish the means by which extractions work. 

The aqueous phase and organic phase separate with the sterol residing in the organic 

phase (skelly hexanes - mixed hexanes) and the polar compounds, such as phospholipids, 

going into the aqueous layer. The saponification mixture was divided into thirds whh 

each fraction transferred into a separatory fiinnel and extracted three times. Skelly 

hexanes were added to the aqueous fraction in equal volumes and the mixture was 

vigorously shaken, while venting, and allowed to separate. The organic phase was 
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collected and the solvent was evaporated off using a rotavap (Buchi R-124 Rotavapor 

combined whh a Biichi B-481 Water Bath, produced by Buchi/Brinkman Instmments. 

Inc, Westbury, NY) leaving the NSF residue. After all of the saponification mix had 

been properiy extracted and the skelly hexanes evaporated, the NSF remained, which 

included fatty acids, triterpenoids, phospholipids, sterols, and other lipid types. The NSF 

was transferred into a weighed glass test tube using acetone as the solvent and dried on a 

heating block (Pierce Reacti-Therm III Heating Module, Rockford, IL). NSF weight was 

then recorded and the NSF/mycelium dry weight calculated (1.0%). The prepared NSF 

was ready for the first step in a series of chromatographic and analytical steps. 

3.4 Materials and Methods 

3.4.1 Sterol Separation 

Preliminary clean up of the NSF was achieved by silica-gel (obtained from Fisher 

Scientific with a size of 60-200 mesh) gravity column chromatography. The column (id. 

6.4 cm X 34.3 cm length) was slurry packed with 100.0 g silica gel. Slurry packing 

involves mixing the silica gel in degassed skelly hexanes and pouring h into the column. 

This method is quicker and prevents the formation of air pockets. Once poured, the 

column was washed with 600 mL skelly hexanes and the flow rate was set at 1.0 mL/min 

The NSF sample was then dissolved in skelly hexanes and loaded onto the top of the 

column. The solvent gradient increased in polarity and consisted of 300 mL of each of 

the following solvents: skelly hexanes (100%), skelly hexanes/benzene (50/50), benzene 

(100%), benzene/diethyl ether (50/50), diethyl ether (100%), and methanol (100%). Six 

fractions of 300 mL each were collected corresponding to the solvents used. The 
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fractions were then rotavaped to recover any sterols, and an aliquot was plated on an 

analytical TLC plate and visualized for sterolic contents. Addkional silica gel columns 

were used of varying solvent systems and dimensions for subfractioning of the sterolic 

fractions. 

Thin layer Chromatography was mn on silica G plates (purchased from Analtech). 

For analytical purposes, sample size <l.O mg, analytical plates (20x20 cm, 250 ^m) were 

used and preparative plates (20x20 cm, 1000 îm) were reserved for preparative purposes, 

sample size <20.0 mg. The mobile phase was benzene-diethyl ether (85:15). Cholesterol 

and lanosterol, 4-desmethyl and 4,4-dimethyl sterols, respectively, were included as 

reference standards at known concentrations. Visualization of the compounds was 

achieved by spraying the plates whh a 50% sulfuric acid-methanol mixture followed by 

heating to 100°C for 3-6 minutes, depending on the amount of compound present and 

type of plate used. 

The RP-HPLC system incorporated for all work was an ISCO model 2350 HPLC 

coupled to a diode array multiple wavelength detector (DAD) set in the UV spectmm 

Two different columns, whh various solvent systems to maximize separation, were 

included: Whatman Cig analytical column (Alhech, 5 ^m particle size, 4.6 mm -i.d. x 250 

mm - length) and Zorbax Cig semipreparative column (Phenomenex, 10 ^m particle size, 

10 mm - id. x 250 mm - length). The columns were kept at ambient (room) temperature 

and the flow rate set at 1.0 mL/min. and 4.0 mL/min. for analytical and semipreparative 

columns, respectively. The UV detector was kept at 205 nm, and HPLC etc was relative 

to cholesterol. 
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The gas liquid chromatography was performed on a glass column packed with 3°o 

SE-30. Operating condhions of the system (Hewlett Packard 5890 Series II merged with 

a Hewlett Packard 3395 Integrator) were maintained as follows: column temperature at 

245°C, detector temperature at 300°C, injector temperature at 275°C, and helium carrier 

gas flow rate set at 20 mL/min. Retention time (RRTc) was relative to cholesterol at a 

concentration of 1.0 mg/mL and injections were shot at 1.0 \iL volumes. In addhion to 

GLC, a combination GC/MS instmment was applied providing more GLC analysis. 

3.4.11 Gravhy Column Chromatography 

Due to low sterolic content versus mycelial dry weight, as well as the effective 

separation of sterols using TLC methods alone, gravhy column chromatography (GCC) 

was utilized only once. A total of 1,120.6 mg of NSF was loaded onto the column 

packed whh 1150.6 g of silica gel. Using an excess of silica gel whh a large volume of 

solvent enabled the sterols to be effectively separated from the non-steroidal compounds 

in the NSF. 

The six fractions collected from this first column were visualized on an analytical 

TLC plate. It was determined that fractions four through six contained sterols. 

Therefore, these were subfractionated on separate GCC silica gel columns. Different 

column dimensions were used to maximize both separation and sterol recovery of the 

subfractions. Approximately ten times the silica gel weight to fraction weight was placed 

in the respective columns and ran whh a gradient of 100% skelly hexanes to 100% 

diethyl ether in 10% increments of 150 mL volumes. The solvent system gradually 

increased in polarity and separated sterols based on their C-4 methyl stereochemistry 
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Subfractions were collected in 50 mL volumes, rotavaped dr\ and visually confirmed for 

the presence of sterols on analytical TLC plates. 

3.4.1.2 Thin Layer Chromatography 

Since h was not realistic to incorporate GCC each time, thin layer 

chromatography (TLC) was the inhial step in separating sterols from the prepared NSF 

From this point forward, meticulous care was taken to ensure maximal recovery and 

reduce the amount of unnecessary steroidal loss. 

The NSF, appearing as a thick oily residue, was first dissolved in acetone, 

sonicated (using an Elma Transsonic Dighal model 9334, distributed by Lab Line 

Instmments, Inc., Melrose Park, EL), and vortexed. Acetone dissolved the sterols best, 

sonication promoted complete dissolving and removed the sample from the test tube wall, 

and vortexing enhanced the mixing of the solution. This procedure is termed an "acetone 

wash." 

Next, using micropipettes the NSF solution was placed along the origin of a 

preparative TLC plate (Fig. 3.3). The plate was allowed to frilly develop in an 

equilibrated and sealed chamber of the mobile phase Once developed, the plate was 

removed, dried, and a second development performed in fresh mobile phase to facilhate 

separation. 

Once developing was complete, removal of the sterols from the plate was the next 

task. The standard lanes were lightly sprayed with the sulfuric acid solution and heat 

scarred to detect their location. Throughout the visualization process, the sample lane 

must be protected to prevent destmction of the sample. By using the standards as guides, 
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the three methyl bands were carefully scraped and collected. Each band collected, 

denoting methylation characteristics at C-4, had to be removed from the silica gel. which 

was done by muhiple acetone washes. Centrifiigation of the acetone wash whh a tabletop 

centrifuge (Precision Clinical Centricone model 10-Y-l, Chicago, IL) at 1,000 RPM for 

five minutes preciphated out the silica gel from the solution. The acetone was blown off 

and the methyl band recovered. 

Finally after determining the amount of sterol in the samples by GLC, an 

addhional step was included to gain qualhative information. Each of the three methyl 

band samples were replated onto an analytical TLC plate in approximated amounts (50 

pg) whh known amounts of the standards (100 pg) and double developed. Complete 

visualization of the plate, including the sample lane, was performed and retention factors 

(Rf) values calculated for each band, then band purity could be determined. Rf values and 

C-4 methylation profile would provide key details in acquiring the sterol stmcture. 

3.4.1.3 Reversed Phase High Performance Liquid Chromatography 

With the separation of the three C-4 methyl classes, the samples were kept in their 

solid crystallized state. (Quantitation by GLC revealed the amount of sterolic compounds 

present in each band, thus a solution could be prepared at a known concentration, 

generally 1.0 mg/mL. The solution was loaded onto a selected column and the eluting 

fractions collected. The fractions were collected ehher as timed intervals or detected 

peak fractions. As they eluted from the column, the solvent was blown off and GLC 

performed. The derived analysis determined whether fiirther HPLC mns whh different 

solvent conditions were required or if the next step in the series could be initiated. 

53 



Retention times relative to cholesterol (HPLC ttc) for a given column and column 

conditions were taken and compiled for further identification purposes. 

3 4.1.4 Gas Liquid Chromatography 

As an important component of this chromatographic series, GLC was used after 

each individual step beginning whh the prepared NSF h provided quanthative data as 

well as diagnostic information whh respect to RRTc values, h allowed for a visual 

representation of the sample mixture, however a single peak did not necessarily signif\ a 

pure compound. Although the sample injected was lost, only a small amount was 

required, thereby minimizing the loss. 

3.4.2 Identification of Sterols 

Intertwined with chromatographic techniques, spectral methods were equally 

important in evaluating the sterols. Depending on the success of the separation steps and 

accurate identification values (i.e., RRTc), spectral identification of the sterols could be 

achieved. GC/MS and ^H-NMR were included to confirm the compounds stmcture 

A combined GC/MS system (Hewlett Packard 6890 GC combined with a Hewlett 

Packard 5973 Mass Selectivity Detector) was incorporated for mass spectral analysis. 

This combination allowed for the evaluation of unpure samples, giving GLC values in 

addition to MS" and fragmentation pattems vital to stmctural elucidation. The system 

was programmed as follows: 170°C for 10 minutes then ramped to 280°C at 20°C/min. 

The column was a DB5 capillary column (produced by J & W Scientific, Folsom, CA) 

having a 30 m x 250 pm dimension with a 0.25 pm film thickness ran with helium as the 
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carrier gas. Cholesterol was again the chosen reference standard for GC RRTc 

calculations. All GC/MS analysis was gratefully performed by Monica Lopez, to which 1 

am greatly indebted. 

H-NMR was ran on a Bmker AF 300 MHz Spectrophotometer referenced to 

TMS. All mns were operated by David Purkiss. W David Nes graciously interpreted all 

of the spectra. 

3.5 Resuhs and Discussion 

Much research has been devoted to the sterol constituents of fungi, trying to give 

support to hypothetical biosynthetic pathways, which was deemed operative 

Unfortunately, some of the research failed to incorporate the necessary protocols needed 

to isolate and identify minor components in the sterolic scheme. Ignored by many, such 

minor constituents are pertinent to hypothesizing a reasonable pathway Modem 

technology, which makes use of high field NMR, GLC, ( JC/MS, and RP-HPLC analysis, 

combined whh a detailed chromatographic series allows for minor sterols to be detected 

and identified. Obviously for some, only the easily obtained major components are 

purified and the pathway blindly constmcted. The research presented here involved the 

isolation (Fig. 3.4) and identification of thirteen sterols (Table 3.1). Nine of these were 

confirmed by NMR spectroscopy. As a resuh, a much more complete and accurate sterol 

pathway was reasoned (Fig. 3.5). 

A typical first step in most sterolic purification processes of NSF is GCC. In the 

study of plants and bacteria where large amounts of material, and therefore a large 

amount of sample, can be quickly obtained, this becomes an effective and time saving 
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addition to any chromatographic scheme. Whh M. alpma. however, this was not the 

case. After the accumulation of a large amount of mycelium (114.56 g) and the \SF 

prepared (recovering 1,120.6 mg or 0.98% of the mycelium dry weight) a silica gel 

column was ran whh and six fractions collected. Of the six fractions, three were found to 

contain sterolic compounds by TLC visualization. These fractions corresponded to the 

benzene/ether (50/50), ether (100%) and methanol (100%) solvent elutions. as 

predicted."^^^ 

Once identified, the sterol containing fractions were then subfractionated 

independently on additional GCC silica gel columns. Using a different solvent gradient 

system, 150 mL volumes of 100% skelly hexanes to 100% diethyl ether in 10% 

increments, the sterols were separated based on their C-4 methyl stmcmre. TLC again 

allowed for the visualization of the collected 50 mL fractions. The sterolic fractions were 

then further separated on TLC plates to ensure properly separated C-4 methyl subclasses 

Once the bands were separated, the remainder of this chromatographic series followed 

the one outlined below. When necessary, the distinctions will be made as to which of the 

two series a purified sterol was derived from. 

Approximately 63,000 mg of dry weight mycelium was gathered through 

extensive growth and harvesting. After saponification and extraction, 600 mg of 

nonsaponifiable lipid fraction (NSF) was obtained. An aliquot of the NSF was diluted 

and shot on GLC RP-HPLC and GC/MS. GLC RRTc values of 1.09 and 1.45 

representing the two detected peaks were calculated and the sterol content approximated 

at 111.63 mg or 0.18% NSF sterol/dry weight (Fig. 3.6). Using the Zorbax 

semipreparative column whh methanol-water (98:2), HPLC Oc values were determined at 
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0.801, 0.953, and 0.995 (Fig. 3.6). Although this information did not identify any sterols, 

it would become vital in showing the importance of a well-devised separation series The 

GC column of the GC/MS better separated the sterols as evident by the chromatogram 

(Fig. 3.7), which also reflected the sterols associated whh the corresponding peaks 

Whh the inhial information gathered, the NSF was dissolved in acetone and 

plated on preparative TLC plates at amounts no higher than 16 0 mg/plate. The C4-

methyl bands were scraped and separated and the sterols removed from the silica gel. 

Each of the bands was shot on GLC and RRTc values and quanthations were determined 

The 4-desmethyl band (Fig. 3.8) produced two peaks whh 1.08 and 1.44 RRTc values in 

amounts of 36.78 mg and 6.49 mg, respectively. It was also shot on RP-HPLC (Fig. 3.8) 

using Zorbax Cig semipreparative column whh methanol-water (98:2); etc values of 0.833 

and 0.988 resuhed. The 4-monomethyl GLC and RP-HPLC chromatograms (Fig 3.9) 

provided RRTc values of 1.02 and 1.34 and etc values of 0.853, 0.907 and 0.943, 

respectively Likewise, the 4.4-dimethyl band GLC and RP-HPLC chromatograms (Fig. 

3.10) gave RRTc values of 1.10, 1.30 and 1.61 and etc values of 0.729 and 0.791. 

Due to the evidence of possible unusual sterols in the 4-monomethyl and 4.4-

dimethyl band based on GLC and RP-HPLC, GC/MS was ran for each of the bands. The 

4-desmethyl GC (Fig. 3.11) shows the sterols isolated with their respective peaks, as does 

the 4-monomethyl GC (Fig. 3.12) and the 4,4-dimehtyl GC (Fig. 3.13). The GC RRTc 

values were determined from these ( JC /MS plots, providing yet another identification 

tool. 

A remarkable difference is seen in the number of peaks and separation efficac\ 

between the chromatograms of the GLC and GC/MS. This raises an important point 
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Not only is it vital to utilize proper protocols and techniques in steroidal applications, but 

it is equally important to have instmments or. more specificalK. columns that are 

sensitive enough to offer maximal separation. Simph because one does not see a 

representative peak for a given sterol does not necessarily imply h is absent. Conversely, 

a single peak does not prove purity, as is evident in the comparisons of the GLC and 

GC/MS plots. A complete and in-depth chromatographic scheme will aid in alleviating 

this complication, which some researchers have ignored. 

Following TLC, the separated C-4 methyl subclass bands were placed on RP-

HPLC. The solvents and columns used are given whh the purified sterols derived from 

them in Table 3.1. In instances where sterols were found to co-elute, the sample was 

reloaded whh the solvent system changed, a different column used, or both, until 

separation was achieved. As the fractions were collected, HPLC etc values were 

calculated and GLC and GC/MS were ran 

Once a sterol was verified at least 98% pure by RP-HPLC, GLC and GC/MS, 'H-

NMR analysis was performed. This served as the last qualhative step in the sterol 

determination of the isolated sterols from M. alpina CBS 210.32 Table 3 1 lists the 

thirteen isolated sterols by C-4 methyl subclass and their RRTc values from GLC and 

(X:/MS, MS , RP-HPLC etc values, TLC Rf values, the percentage of total sterol, and 

whether they were 'H-NMR confirmed. Whenever possible, data and chromatogram 

values were compared to those of known standards to further validate a confirmation 

Finally, based on all the evidence obtained in this research and by applying biosynthetic 

reasoning, a sterol biosynthetic pathway operating in M. alpifia CBS 210.32 has been 

proposed (Fig. 3.5) 
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Table 3.1 Chromatographic and Spectral Properties of Sterols Examined in A/ 
alpina. 

STEROLt 
(Trivial name, A system) 

DIMETHYLS 
Lanosterol 
A^-Lanosterol 
14-Desmethyl Lanosterol 
24-Methyl Lanosterol 
24-Dihydro Lanosterol 

MONOMETHYLS 
4a-Methyl Zymosterol 
4a-Methyl-A^-Zymosterol 

DESMETHYLS 
Cholesterol 
Desmosterol 
A -Desmosterol 
Codisterol 
24-Methylene Cholesterol 
24-Methyl Desmosterol 

TLC 
Rf 

0.47 
0.47 
0.47 
0.47 
0.47 

0.39 
0.39 

0.31 
0.31 
0.31 
0.31 
0.31 
0.31 

GC 
RRTc 

1.309 
1.340 
1.324 
1.548 
1.243 

1.158 
1.212 

1.000 
1.048 
1.056 
1.116 
1.149 
1.238 

GLC 
RRTc 

1.63 
1.66 
1.68 
1.75 
1.78 

1.34 
1.34 

1.00 
1.08 
1.08 
1.24 
1.24 
1.44 

HPLC ttc 

0.978 (a) 
0.995 (b) 
1.060(a) 
1.115(b) 
1.158(b) 

0.907 (a) 
0.907 (a) 

1.000(b) 
0.854 (b) 
0.854 (b) 
0.985 (b) 
0.975 (b) 
1.049(b) 

M+ 

426 
426 
412 
440 
428 

398 
398 

386 
384 
382 
398 
398 
398 

NMR 

* 

* 

* 

* 

* 

* 

* 

* 

* 

% Tot. 
Sterol 

2.51 
0.09 
0.50 
0.02 
0.03 

1.20 
0.40 

0.16 
83.59 
0.98 
1.93 
6.18 
2.41 

(a)- Zorbax Ci8 Semipreparative Column Eluted with MeOH / H2O (98/2) 
(b)- Zorbax Cig Semipreparative Column Eluted with 100% MeOH 

t See Figure 3.5 for a Key to Structures. 
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CHAPTER IV 

METHIONINE BIOSYNTHESIS EXPERIMENTS 

4.1 Introduction 

The incorporation of [̂ H3-/w /̂/7v/]methionine (purchased from Aldrich Chemical 

Company, Milwaukee, Wisconsin) into biosynthetic experiments allowed for additional 

insight into the systems operating in M. alpina. \X aided in determining the alkylation 

processes occurring on the side chain during sterol synthesis. By isolating and 

identifying C-28 deuterated sterols by GC/MS analysis, and whenever possible 'H-NMR 

analysis, the C-24 alkylation/reduction bifiircation pathway fiinctioning in M alpina was 

established. 

4.2 Materials and Methods 

Following the same protocols outlined previously for growing, harvesting, 

saponifying, and extracting the mycelia, [ H3-/we///j/]methionine uptake was ensured by 

adding an excess amount into each liquid media flask. Using sterile techniques, 

approximately 50 mg of solid [ H3-/w /̂/3[v/]methionine was added to each flask prior to 

inoculation. After six days of growth and reaching peak log growth phase the mycelium 

was harvested, dried and the total weight was calculated (1,051 mg). After saponification 

and extraction, h was determined that the prepared NSF (2.51 mg) accounted for 0.24% 

of the mycelium dry weight. Although no growth curve was performed on the 

methionine incubated mycelium, due to the extreme cost, the cultures did appear normal 

both visually and by their odor. 
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Sterol separation was achieved by RP-HPLC only. Due to the small amount of 

NSF accumulated, ( JCC and TLC techniques were omitted based upon possible sample 

loss. The NSF was shot on GLC (Fig. 4.1) and quantified. The sample was then diluted 

and shot directly on RP-HPLC (Fig. 4.1) and six fractions were collected. Each of the six 

fractions were then shot on GLC and GC/MS (Figs. 4.2 - 4.7). Characterization of the 

sterols were based primarily on GC/MS data; however, ^H-NMR was used to confirm the 

structures of two sterols, [28-^H3]24-methyl desmosterol and lanosterol 

4.3 Resuhs and Discussion 

Based upon GC/MS data, codisterol, 24-methyl desmosterol and 24-methylene 

cholesterol were isolated as C-28 deuterated sterols. [28- H3]24-methyl desmosterol was 

further characterized, along whh "cold" lanosterol, by ^ H-NMR. Desmosterol remained 

the major sterol at 80.26%, slightly down from 83.59% for the initial mycelium cultures 

A total often sterols were isolated and identified (Table 4.1) by GC/MS, RP-HPLC ac, 

and GLC RRTc values. Three sterols, A '̂̂ -desmosterol, zymosterol and A^̂ '̂-zy mo sterol 

not previously listed in Table 3.1, were isolated from the [ H^-methyr]meth\or\\r\t 

incubated sample. Comparison of the mass spectmm (MS") of codisterol to hs C-28 

deuterated relative is provided (Fig. 4.8) as well as the MS" of C-28 deuterated 24-methyl 

desmosterol and 24-methyl desmosterol (Fig. 4.9). 

The identification of both C-28 deuterated 24-alkyl (CD3) and 24-alkene (CD2) 

sterols provided a key discovery to the side-chain alkylation mechanism operating in M. 

alpina. Based on biosynthetic reasoning, an alkylation/reduction bifurcation was 

proposed to be the functioning biosynthetic pathway.^ Isotope experiments in which the 
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deuterated methyl from [̂ H3-/w /̂/7>'/]methionine was incorporated into the sterol side 

chain has provided a more accurate synthetic scheme to be proposed. 
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Table 4.1 Chromatographic and Spectral Properties of Sterols Identified from ["H3-
/w^//rv/]Methionine Incubations with M. alpitia. 

STEROL 
(Trivial name, A system) 

Desmosterol 

A^^-Desmosterol 
Zymosterol 

A^'®-Desmosterol 
A^'^'^-Zymosterol 
^H-Codisterol 
^H-24-Methylene Cholesterol 
^H-24-Methyl Desmosterol 
Lanosterol 
14-Desmethyl Lanosterol 

GC 
RRTc 

1.051 
1.056 
1.070 
1.095 
1.096 
1.108 
1.158 
1.220 
1.314 
1.336 

GLC 
RRTc 

1.08 
1.08 
1.16 
1.14 
1.16 
1.23 
1.25 
1.43 
1.62 
1.65 

HPLC 
CCc 

0.813 
0.692 
0.756 
0.735 
0.756 
0.813 
0.937 
0.937 
0.937 
1.046 

Fr. # 

4 
1 
3 
2 
3 
4 
5 
5 
5 
6 

M+ NMR 
% Tot. 
Sterol 

384 80.26 
382 4.23 
384 0.33 
382 4.08 
382 0.11 
401 1.03 
400 0.84 
401 * 2.81 
426 * 3.76 
412 2.55 

** All Sterols were Chromatographed on a Zorbax Cig Semipreparative Column 
Eluted whh 100% MeOH 
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CHAPTER V 

REGARDING THE PHYLOGENETIC SIGNIFICANCE 

OF STEROL COMPOSITION IN FUNGI 

Much consideration in the Iherature has been devoted to the significance of sterol 

composhions in fungi regarding their phylogenetic, the derivation of genes from a 

common ancestor, and evolutionary advancement, the change over time of the 

proportions of organisms differing genetically whh respect to their genes expressed^^ In 

the constantly changing environment, organisms have evolved to respond to sterol-

function changes. In terms of fungal evolution, the change in sterol biosynthesis and 

fiinction induced by ecological, environmental or fungal host-mediated events may have 

been a significant contributing factor behind the divergence of organisms and perhaps 

even speciation. '̂* 

The sole use of sterols as a means by which fungi may be classified has been 

discussed. It is unlikely that they are useful taxonomic characters for distinguishing fungi 

at the species or even genus levels. It is now clear that the association of ergosterol as the 

"fiingal sterol" does not apply to all of the orders. Research on this is still in the 

primitive stages and it will be many more years before a more concise and accurate 

designation can be made. Using the current system of sterol occurrence in association to 

their phylogenetic placement, however, provides some insight into the evolution of M 

alpina. 

The presence of lanosterol as a sterol product clearly points to a non-

photosynthetic ancestry. As indicated earlier, the number and location of double bonds in 

86 



the nucleus is indicative of progression whh Â  being the most primitive and A" the most 

advanced. The total number of carbons in a sterol (eg . C27. C28 or C29) as well as the 

configuration around C-24 (ehher a or P) are of real importance here (Fig. 5 1). It is 

accepted that sterols whh a saturated side chain and no alkylations (i.e., 24-desalkylsj are 

most primhive regarding fungi. Whh the onset of C-24 alkylations, sterols are 

considered to become more advanced. Therefore, the evolution of sterols progresses 

from 24-desalkyls (C27) to 24-methyl alkyl (C28) to 24-ethyl alkyl (C29) sterols The 

arrangement around C-24 is considered to advance from C-24 P-methyl to C-24 (3-ethyl 

to C-24 a-methyl and to C-24 a-ethyl as the most evolved. Whh this knowledge, a 

hypothesis can be made as to the placement of A/, alpina since a detailed analysis of its 

sterolic profile has been completed. 

The phylogenetic relationships of fungi (Fig. 5.2) have been diagrammed. The 

most evolutionarily advanced fungi (Basidiomycetes and Deuteromycetes) synthesize 

ergosterol, a C28 A' "^-sterol. The less advanced fungi (Ch\iridiom\cetes) produce 

cholesterol, a C27 A^-sterol. as the principal sterol.^^ While 24-desalkyl sterols, typified 

by cholesterol, are synthesized in mammals, the most eyolutionarily advanced organisms, 

nevertheless theh synthesis in fungi is considered primhive. Parks and Casey suggested 

that ergosterol may be the preferred sterol in advanced fungi because h serves as a 

consensus in satisfying multiple cellular functions. 

The isolation of three 24-alkyl sterols, codisterol, 24-methyl desmosterol, 24-

methylene cholesterol, and a series of 24-desalkyl sterols, including desmosterol, provide 

evidence thatM alpitia is a primitive fungus (Fig. 5.3). However, the amount of 24-alkyl 
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sterol present in the sterol mixture raises concern over the level of mRN-A expression oi' 

certain sterol synthesizing enzymes, the level of which may be developmental 1\ 

regulated. Oomycetes themselves, characterized as a more primhive fungus than M. 

alpina, synthesize 24-methyl alkyls (e.g.. 24-methylene cholesterol) and 24-ethyl sterols 

(e.g., 24-ethylidene cholesterol). Hence, h follows that the reason for desmosterofs 

dominance is due to low levels of the C-24 methyl transferase enzyme The presence of 

C-24 alkylated and A'-sterols in primitive fringi provokes the thought that they are not 

necessarily chemotaxonomically representative of having phylogenetic significance. 

Nonetheless, consistent whh expectations, the a and (3 configuration at C-24 is 

phylogenetically significant, as was observed in that only 24(5-methyl sterols were 

synthesized by M. alpitia. 
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Figure 5.1 Evolution of C-24 Stereochemistry. 
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Figure 5.2 Phylogenetic Relationships of Fungi (adapted from Reference 34). 
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Figure 5.3 C-24 Alkylation Biochemistry in M. alpitia. 
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