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BIOSYNTHESIS OF YEAST STEROLS 

INTRODUCTION 

Except for its role in protein synthesis, the metabolic impor- 

tance of methionine centers around mobilization and transport of the 

methyl group. It has been recognized for many years that the'labile" 

methyl group on methionine could participate in a variety of trans- 

fer reactions. Relatively recently, however, it has been shown that 

the methionine must first be activated before group transfer can be 

accomplished. 

The following reaction -demonstrated in a large number of micro- 

bial, plant and animal systems -serves to activate methionine to S- 

adenosylmethionine. 

methionine + adenosine triphosphate -- S- adenosylmethionine 
+ tripolyphosphate 

Transmethylation from S- adenosylmethionine to nitrogen, sulfur 

and oxygen atoms of various compounds has been demonstrated. The 

first suggestions of a sulfur -carbon transmethylation appeared with 

the labeling experiments of Alexander and his colleagues (1, p. 2976) 

(2, p. 4554) who showed that carbon number 28 of ergosterol was de- 

rived from methionine. All other atoms of that sterol were prefer- 

entially derived from acetate. In_ a later communication Parks (20, 

p. 2023) reported that S- adenosylmethionine was a more efficient 

source than methionine for methyl groups in yeast sterol synthesis. 
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To gain more information of the nature of the sulfur - carbon 

transmethylation the present study was initiated. The subsequent 

development and direction of the study, like many others, changed 

as results indicated that additional information concerning the 

biosynthetic pathway of ergosterol could be derived with the tools 

developed in the enzyme work. 
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REVIEW OF LITERATURE 

Ergosterol was first isolated from ergot and accurately describ- 

ed in 1889 by Tanret (26, p. 98). In 1920 Smedley Maclean (24, p. 

483 -493) isolated and purified a sterol from yeast which she sug- 

gested to be identical to ergosterol. She demonstrated that sterols 

accounted for 17.2% of the total non -saponifiable material in crude 

yeast fat and that a greater proportion of sterol was present not 

in the free state but as fatty acid ester. 

During the 1930's as vitamins became intensively studied in 

biochemical research a great deal of interest was centered around 

ergosterol as a source of vitamin D. The work reported during the 

period was oriented toward elucidation of the structure of ergosterol 

and its subsequent transformations on treatment with ultraviolet 

light. Thus it was during this period that the complete structure 

of ergosterol was determined (11, p. 108). A wealth of information 

has been accumulated concerning substitution in the diet of irradi- 

ated ergosterol for vitamin D, however a precise metabolic function 

of the vitamin has not been established. 

The biosynthesis of sterols has been extensively investigated 

both in connection with ergosterol and cholesterol. The more rigor - 

our studies have been concerned with cholesterol no doubt because of 

its possible medical significance as a presumed cause of atheroscler- 

osis. The similarity between ergosterol and cholesterol synthesis up 

to the formation of lanosterol is indicated by the fact that enzymes 



have been found in yeast corresponding to mammalian enzymes which con- 

vert a variety of intermediates to lanosterol (8, p. 3 -28). 

Because of the homology in the preliminary reactions of biosyn- 

thesis of cholesterol and ergosterol, yeast provide an ideal system 

in which to study sterol synthesis. It is possible to carefully reg- 

ulate sterol synthesis in these organisms by controlling the avail- 

ability of oxygen. Klein (14, p. 620- 627)-has shown that under an- 

aerobic conditions large quantities of hydrocarbon (presumably 

squalene) accumulate. Subsequent aeration of these hydrocarbon rich 

cells will produce a three to eight fold increase in sterol content. 

It has also been demonstrated (25, p. 1-57) that the rate of sterol 

synthesis is at a maximum two hours after commencing aeration of an- 

aerobically grown yeast cells. Therefore, by using these cells for 

subsequent cell -free preparations it should be possible to obtain 

cell -free homogenates with high activity for sterol synthesis. 

Acetate has been reported (12, p. 167 -171) to serve as the sole 

carbon source for ergosterol in S. cerevisiae. This as demonstrated 

by incubation of whole cells in the presence of isotopic acetate and . 

isolation of radioactive ergosterol. Klein and Booher (15, p. 43 -44) 

have shown that cell -free yeast preparations incubated with adeno- 

sine triphosphate (ATP), and C14-acetate will incorporate radioactiv- 

ity into the non -saponifiable fraction. The source of the carbon 

atoms of the sterol nucleus of both cholesterol and ergosterol appear 

to be the same (27, p. 2023). As far as it has been determined, the 

only carbon atom of the ergosterol molecule which cannot be accounted 

4 

. 
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for from acetate is the methyl group at C -24. 

A similar situation exists concerning the C31 steroid, eburicaic 

acid, in which it has been determined that the C -28 methylene group 

is preferentially derived from formate rather than acetate (10, p. 

1000 -1001). Danielsson and Bloch have demonstrated that the 28th 

carbon of ergosterol synthesized in whole yeast cells also is de- -- 

rived preferentially from formate under certain conditions (9, P- 

500-501). Chemical degradation of the ergosterol isolated from cells 

cultured in the presence of carbon -14 labeled formate indicated that 

the resultant radioactivity of C -28 accounted for all the C14 in- 

corporated,into ergosterol.. Since there was no evidence for the 

presence of radioactive squalene, zymosterol or lanosterol, it was 

indicated that the side chain substitution was to a completely formed 

sterol structure. 

Alexander, Gold and Schwenk (1, p. 2976) found that cell -free 

yeast homogenates would incorporate four times as much radioactivity 

into ergosterol from methionine -methyl -C14 as from C14- formate. Deg- 

radation of the ergosterol proved C -28 to contain 20 -30 times as 

much radioactivity as the other Carbon atoms in the molecule. Al- 

though cognizant of the oxidation of the methyl group of methionine 

as a major source of formate in biological systems, they could not 

rule out transmethylation from sulfur to carbon. In support of the 

latter theory they found that aminopterin (a folic acid antagonist) 

would decrease the incorporation of the label from C14- formate but 

not from methionine -methyl -C14. Subsequently, Alexander and Schwenk 
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(2, p. 4554) demonstrated conclusively that the methyl group of methi- 

onine is transferred intact to a preformed sterol structure without 

first being oxidized to formate. When doubly labeled methionine 

3 
(a mixture of methionine -methyl -C14 and methionine -methyl -H ) was 

incubated with cell -free yeast homogenates, the H :C 
3 14 ratios of the 

substrate and product were virtually identical. This indicated that 

all three hydrogen atoms of the methyl group of methionine are trans- 

ferred intact to ergosterol while still associated with the methyl - 

group. This report was of further significance since it conclusively 

demonstrated transmethylation from sulfur to carbon. 

It has been established that in order to participate in trans - 

methylation reactions methionine must first react with adenosine tri- 

phosphate to form S- adenosylmethionine. This sulfonium compound may 

then participate in a variety of group transfer reactions (21, p. 

237 -280) (6, p. 745 -754). Parks, (20, p. 2023) investigated the 

possible role of S- adenosylmethionine in the sulfur- carbon.trans- ... 

methylation reported in ergosterol synthesis. He succeeded in demon- 

strating that S- adenosylmethionine was preferentially used as the 

methyl source for sterol synthesis in yeast. Incubation of cell -free 

yeast homogenates with S- adenosylmethionine and methionine -methyl 

C14 indicated a dilution of incorporation of label from methionine to 

ergosterol when non radioactive S- adenosylmethionine was added. No 

dilution was apparent when unlabeled methionine was added to the re- 

action mixture containing S- adenosylmethionine methyl -C14. This 

experiment has been repeated and confirmed in this study. 

- 
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Due to the difficulties of separation and identification of ster- 

ols, the terminal steps in ergosterol synthesis have been and continue 

to be elusive. Many sterols have been isolated from yeast, the most 

abundant of which is ergosterol. Zymosterol and lanosterol are found 

in yeast in lesser amounts, and a variety of minor sterols have been 

isolated and identified (11, p. 355 -358). Lanosterol is the only 

compound of this group which has been definitely established as a 

precursor of ergosterol. Zymosterol has been shown not to be a pre- 

cursor of ergosterol (18, p. 173 -184). 
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MATERIALS AND METHODS 

Cultures 

A wild type diploid strain of Saccharomyces cerevisiae, MCC 

was used for all experiments. All stock cultures were kept at 5 °C 

and transferred once each month. Inoculum for the 2 liter flasks 

was prepared by aerating strain MCC in 50.0 ml of yeast complete 

medium (YCM) at 30 °C for 12 hours. 

Media 

A medium designated YMAF was used to grow large amounts of cells. 

The composition is as follows: 1% yeast extract, 2% glucose (auto- 

claved separately), 0.1% ammonium chloride, 1.1% K2HPO4 and 1.85% 

KH2PO4. 1700 ml of the medium (minus the glucose) was placed in a 

2 liter flask and autoclaved. Immediately after autoclaving, the 

glucose was added the flasks allowed to cool before inoculation. 

Aeration medium - 1% glucose, 0.1 molar KH2PO4. 

Yeast complete medium (YCM) - 2% glucose, 1% yeast extract and 

2% tryptone. 

Intermediates and substrates 

S- adenosylmethionine (AM) was synthesized from 1- methionine and 

adenosine triphosphate (ATP) using a rabbit liver preparation ac- 

cording to the procedure of Cantoni (7, p. 58 -61) but incorporating 

the modification of Bremer and Greenberg (5, p. 205 -216). S- adenosyl- 

methionine was isolated as the crystalline tri- reineckate, recovered 

by dissolving the complex with 2- butanone and extracting the 



reineckate with ethyl ether. Radioactive S- adenosylmethionine was pre- 

pared using 1- methionine -methyl -C14 in the reaction. 

All other substrates and intermediates were obtained from com- 

mercial sources at the highest available purities. 

Growth conditions for cells 

To obtain maximum sterol production the cells were grown accord- 

ing to the anaerobic -aerobic technique of Klein (14, p. 620 -627). 

At the end of the anaerobic incubation period the cells were har- 

vested by centrifugation, washed twice with 0.1 molar phosphate 

buffer (pH 6.5) and suspended in the aeration medium. This suspen- 

sion (approximately 14 mg dry wt. cells /ml) was aerated by shaking 

on a rotary shaker for 2 hours at 30 °C. The cells were then re- 

harvested if to be used for cell -free experiments, or incubated 

further with additional substrate when used for whole cell ex- 

periments. 

Whole cell experiments 

To study sterol synthesis in whole cells, the anaerobically grown 

cells were aerated for 2 hours in the aeration medium. At the end 

of this period methionine -methyl -C14 was added and aeration contin- 

ued for specified intervals. The cells were then harvested by cen- 

trifugation, washed twice with distilled water, saponified and the 

sterols extracted. 

9 
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Preparation of cell -free enzyme system 

Aerated cells were ground in dry ice according to the procedure 

of Klein (16, p. 530 -575). This was followed by centrifugation for 

two ten minute periods at 1500 x g to remove the unbroken cells and 

cellular debris. Two ml portions of the supernatant fluid were then 

passed through an eight ml G -50 Sephadex column. The extract after 

Sephadex treatment was termed the cell -free enzyme and was used in 

all subsequent cell -free experiments. 

Cell -free reaction conditions 

For preparation of sterols or determination of reaction compon- 

ents a cell -free sterol synthesizing system was constructed as fol- 

lows: 1.5 ml of the cell -free enzyme, 60 m N ATP, 20 r pm glucose -6- 

phosphate (G -6 -P), 20µm potassium ascorbate, 120 f,.m potassium 

acetate, 4 MnC12, and 0.2 µ m (1 c) H methionine- methyl -C14 or a 

specified amount of S- adenosylme`thionine- methyl -C14 was added to a 

glass stoppered tube in a total volume of 3.2 ml. The tubes were 

then stoppered and incubated for 5 hours at 30 °C. At the end of the, 

incubation period 1.0 ml of 30% KOH was added to stop the reaction. 

Zero time controls were obtained by adding the alkali prior to in- 

cubation. 

Isolation and analysis of sterols 

Sterols were isolated from both the cell -free system and whole 

cells by saponification with potassium hydroxide followed by extrac- 

tion with three 10.0 ml portions of petroleum ether (bp. 30 -60 °). 

In the cell free system unless otherwise specified, 5.0 mg of carrier 

J I U 

- 

- 
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ergosterol, 10.0 ml 95% ethanol and a boiling chip were added to each 

tube. The tubes were then heated in a water bath at 80 °C for 20 

minutes. The non -saponifiable fraction was extracted and transferred 

to scintillation vials for counting or prepared for chromatography. 

For isolation of sterols from whole cells 2.0 ml of a suspension of 

cells, 1.0 ml 40% potassium hydroxide and a boiling chip were added 

to a glass stoppered tube. The tubes were loosely covered with foil 

and placed in a steamer for six hours. The preparations were then 

cooled and the sterols extracted. 

To analyze for C14, the sterols in petroleum ether were trans- 

ferred to scintillation vials, the solvent evaporated under nitrogen 

and 20.0 ml of scintillation fluid (3.0 gm 2- 5- diphenyloxazole (PPO) 

plus 0.1 gm 1,4- bis- 2- (5- phenyloxazolyl)- benzene (POPOP) per liter of 

toluene) added. The samples were counted in an automatic, model 314 - 

DC Tri -Carb Liquid Scintillation Spectrometer. For the fractions 

isolated via column chromatography the sterols were analyzed by C14 

counting and by Liebermann- Burchardt color (11, p. 56). One half of 

each fraction or every third fraction in some cases was removed to a 

scintillation vial for counting, the remaining half was evaporated to 

dryness under nitrogen and 3.0 ml of chloroform added. To each sample 

in chloroform 2.0 ml of a solution of 5% concentrated sulfuric acid 

in acetic anhydride (v /v) was added, the tube shaken and placed in an 

ice bath. Optical density measurements were taken exactly 15 minutes 

later at 625 mj with a Beckman DU spectrophotometer. 
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Digitonin precipitation and counting of the digitonides 

Digitonin, a saponin, is known to react with 3- beta -hydroxy 

sterols to form a sparingly soluble complex. This compound was used 

to determine the nature of materials extracted in the non-saponi- 

fiable fraction from whole cells or the cell -free system. Those com- 

pounds precipitating with digitonin were therefore shown to be 3 -beta- 

hydroxy sterols. Compounds not precipitating with digitonin could 

not, however, be termed non- sterolic because the 3- alpha -hydroxy 

sterols do not form a digitonin complex. These compounds were there- 

fore termed simply nondigitonin precipitable materials. 

When it was desired to precipitate and determine the radioactiv- 

ity of sterols as the digitonides, the sterols, in solvent, were placed 

in a scintillation vial, 1.0 mg carrier ergosterol added and the sol- 

vent evaporated. The sterols were then dissolved in 4.0 ml of 1:1 

acetone: absolute ethanol and 4.0 ml of a solution of 0.5% digitonin 

in 50% ethanol added. The samples were refrigerated overnight follow- 

ed by centrifugation ay 2500 rpm in an International model EXD centri- 

fuge for 15 -20 minutes. The precipitate was then washed twice with 

5.0 ml portions of 1:1 acetone:ether and twice with 5.0 ml portions 

of ether. The washed precipitate was dried at 550C for 30 minutes, 

powdered, 10.0 ml of counting gel added and the samples counted. 

The counting gel was prepared by dissolving in one liter of tolu- 

ene 0.1 gm POPOP and 3.0 gm PPO. This solution was placed in a 

Waring blendor and 8.0 ml of a 1:9 mixture of Tween- 80:Span -80, 

10.0 ml glycerol and 25 gm Cab -O -Sil gel added. The mixture was 
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stirred for 3 minutes at medium speed, and then dispensed into the 

counting vials with a 10.0 ml,syringe. 

To liberate the sterols from the digitonin complex the digitonide 

was dissolved in pyridine and heated at 80°C for 30 minutes. Ether 

was then added to precipitate the digitonin and extract the sterols. 

Chromatography of sterols isolated from yeast 

Two different columns were used for separation of sterols. The 

column for separation of free sterols was constructed of a 100 cm x 1 

cm glass tube packed with 1:1 Hyflo Super Cel (Fisher Scientific Co.): 

silicic acid (Bio Rad Laboratories, specially prepared for chromatog- 

raphy of lipids, minus 325 mesh). Benzene was used as the eluting 

solvent and 10,0 ml fractions were collected (22, p. 1668 -1673). 

The second column was constructed of a 100 cm x 0.45 cm glass 

tube fitted with a 2000 ml reservoir at the top and provided with an 

attachment to apply positive pressure (approximately 5 -7 lb/sq in) to 

the top of the column. The column was packed with silica gel #12, 

mesh 325 -200 (Grace Chemical Co.). In this procedure it was necessary 

to form acetate derivitives of the sterols before separation (17, 

p. 460 -466). 

Fractions from both columns were collected with an LKB automatic 

fraction collector. To reduce evaporation, the effluent was collected 

directly into the tubes rather than through a collecting syphon. 
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RESULTS 

Development of cell -free enzyme system 

Various methods were tested to find one which would give effic- 

ient cell breakage and produce an active enzyme preparation. Cells 

were treated in a sonic disintegrator, dried and ground with alumina, 

lysed with toluene, or ground as a paste with alumina. None of 

these procedures proved satisfactory. The method finally adopted 

was that developed by Klein (16, p. 530 -537) in which the cells are 

ground in dry ice. Using this method of cell disruption and the puri- 

fication of the enzyme described in the methods and materials, a re- 

producible cell -free sterol synthesizing system could be constructed. 

In the preliminary experiments S- adenosylmethionine -methyl -C14 

was used as the methyl donor. However, methionine- methyl -C14 was 

used in subsequent experiments because of the difficulty and expense 

of preparing highly labeled S- adenosylmethionine. This is justified 

since these cell -free yeast systems are known to contain an active 

S- adenosylmethionine synthetase system. 

Previous dilution experiments by Parks (20, p. 2023 have shown 

that non -radioactive S- adenosylmethionine reduces the incorporation 

of label from methionine- methyl -C14 while non -radioactive methionine 

does not dilute the incorporation of label from S-adenosylmethionine- 

methyl -C14. This establishes the preferential use of S- adenosyl- 

methionine in this sytem as methyl donor for the C -28 carbon of ergos- 

terol. These experiments have been repeated with the present system 

- 
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the results of parks confirmed (Table 1). 

C14- methyl donor 

Table 1 

non -radioactive counts /minute 
substrate added 

methionine none 13,157 

methionine AM 9,332 

AM none 419 
AM methionine 416 

The low incorporation from S- adenosylmethionine- methyl -C14 

could be due to at least two causes: (1) the S- adenosylmethionine - 

methyl -C14 was of very low specific activity and (2) S- adenosyl- 

methionine is known to be decomposed in biological systems to 

methylthioadenosine and homoserine (23, p. 631 -633). 

A series of experiments were conducted to obtain a system giving 

a high level of incorporation of labeled methyl groups into yeast 

sterols. The effects of divalent cations, reducing substances and 

age of enzyme preparations were tested. 

Table 2 shows the effect of divalent cations on the incorpora- 

tion of radioactivity into sterols. Mn ++ doubles the incorporation 

when added; Mg + +, Co + +, Zn ++ and Fe ++ all enhance incorporation al- 

though not to the extent of Mn + +. The remainder of the cations tested 

all reduced incorporation. 

Reducing agents were tested to determine which, if any, would 

enhance incorporation of C14 (Table 3). Potassium ascorbate was 

the only compound which gave a greater incorporation than the com- 

plete control containing cysteine. Reduced glutathionine and 
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three can be reversed by cysteine (Table 4). 

Table 4 

Reaction Counts /minute 

zero control 679 
complete control 71,471 

" plus PCMB (1.5µm) 1,566 
" plus PCMB, plus cysteine (10µm) 56,403 

plus arsenite (3&m) 72,085 
plus arsenite, plus cysteine (10µm) 66,880 
plus NEM (3,um) 2,170 
plus NEM, plus cysteine (10µm) 65,086 

Complete control: ATP 60,µm, Glucose -6- Phosphate 20µm, Potas- 
sium ascorbate 20Am potassium acetate 120)Ám., MnC12 t,um, C14 
methionine 0.21um (1.0)A c), 1.5 ml enzyme (32 mg protein) 

The effect of omission of the various cofactors from the estab- 

lished reaction was then tested (Table 5). Omission of ATP caused 

the greatest decrease of incorporation. This was predicted because 

of the requirement of ATP for synthesis of AM from methionine. ATP 

and Mn ** removal cause 99% and 43% reduction of incorporation re- 

spectively. Reduction because of acetate omission was 4.3% and be- 

cause of ascorbate omission 13 %. In this experiment omission of 

glucose -6- phosphate did not cause any significant decrease in incorp- 

oration. This has been found to be variable depending on the age of 

the enzyme preparation. Older preparations show a greater requirement 

for Glucose -6- Phosphate than fresh preparations. 

The activity of a cell -free enzyme preparation dropped rapidly, 

even when stored in a frozen state (Table 6). An 80% reduction of 

activity occurred after 72 hours storage. Therefore in all cases the 

enzyme was used immediately after preparation. 

If 



Table 5 

Reaction Counts /minute 

zero control 687 

complete control 105,583 
minus ATP 1,141 

ft minus g -6 -P 106,779 
minus ascorbate 91,610 

If minus acetate 91,968 
rr minus MnC12 28,885 
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Complete control: ATP 60µm, Glucose -6- Phosphate 20µm, 
Potassium ascorbate 20,a m, Potassium acetate 120A a, 
MnC12 4J(,cm, C14- methionine 0.2 jAm (1.0).(c), 1.5 ml 
enzyme (54 mg protein. 

Reaction 

Table 6 

hrs after 
preparation Counts /minute 

zero control 3 828 
complete 3 11,425 
zero control 72 480 
complete 72 2,558 

Separation of sterols from whole cells and cell -free systems 

During the preliminary work on the development of a cell -free 

system it was determined only that the radioactivity from the methyl 

donors was being incorporated into the non-saponifiable fraction. 

It was necessary therefore to establish that the label was being 

incorporated into ergosterol by this system. Separation and iden- 

tification of the sterol component(s) containing the radioactivity 

was therefore attempted. 
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Figure 1 shows the results obtained by separation of the non - 

saponifiable fraction isolated from a cell -free incubation with C14- 

methionine. The silicic acid:Hyflo Super Cel column was used. Five 

radioactive fractions and three Liebermann -Burchardt positive frac- 

tions were recovered. The major Liebermann -Burchardt peak, identi- 

fied as ergosterol, does not correspond to the major radioactive 

fraction. Since carrier ergosterol was added before separation 

the possibility existed that this difference was due to breakdown 

of ergosterol formed during the reaction period. However, this 

would indicate preferential breakdown of the radioactive ergosterol 

which does not appear probable. Figure 2 depicts the same experiment 

without addition of carrier ergosterol and using the Klein column 

(17, p. 460 -466). It may be seen that a much more clear separation 

of ergosterol from other sterols was accomplished. 

It was of interest to determine if whole cells incubated with 

C14- methionine would show the same pattern of incorporation as the 

cell -free system. Figure 3 shows the labeling pattern of the sterols 

isolated from whole cells after aeration for 2 hours followed by 15 

minutes incubation with C14- methionine. The same pattern of radio- 

activity and Liebermann -Burchardt positive material was found as in 

the cell -free system. The major radioactive fraction does not cor- 

respond to the ergosterol fraction. 

Figure 4 shows the results of separation of the sterols from a 

cell -free system followed by precipitation of the fractions with 

digitonin. There was almost quantitative precipitation of the radio- 



FIGURE 1 

Cell -free; Schroepfer column 
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FIGURE 2 

Cell -free; Klein column 
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FIGURE 3 

Whole cell, 15 minutes; Schroepfer column 
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FIGURE 4 

Cell-free; Schroepfer column 
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active material with digitonin. The component containing the radio- 

activity was therefore shown to be a 3- beta- hydroxy sterol, probably 

closely related structurally, although more polar than ergosterol. 

These results suggest a possible precursor relationship of the 

radioactive component to ergosterol. In all instances the cell -free 

system did not incorporate significant amounts of radioactivity into 

ergosterol but accumulated the more polar component. In order to 

establish the precursor relationship a time course study was design- 

ed using whole cells to follow the incorporation of radioactivity into 

sterols. Approximately 30 gm of anaerobic cells were aerated at 30°C 

for 2 hours in 500 ml of aeration medium. At the end of this period 

2.5pm (15,c) of C14- methionine was added. Samples of 166 ml each 

were removed at 15 minutes, 5 hours and 15 hours. The cells were 

centrifuged, washed twice with distilled water and saponified with 

40% KOH. The sterols were isolated, acetates prepared and separated 

on the Klein column. 

Figures 5, 6, and 7 show the results of this experiment. The, 

radioactivity appears in the 15 minute sample in the more polar com- 

ponent, ergosterol and another possible precursor which had not been 

previously detected. At five hours almost all of the radioactivity 

appears in ergosterol and another less polar component. At 15 hours 

the greater part of the radioactivity has moved to the less polar 

component, the remainder in ergosterol and practically none in they 

more polar "precursor ". The less polar component is a yellow oil 

which does not crystalize or precipitate with digitonin. This 

probably is a breakdown product of ergosterol. 



FIGURE 5 

Whole cell 15 minutes; Klein column 
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FIGURE 6 

Whole cell 5 hours; Klein column 
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FIGURE 7 

Whole cell, 15 hours; Klein column 
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DISCUSSION 

A variety of sterols have been isolated from yeast and identi- 

fied; of these however, only lanosterol has been established as a 

precursor of ergosterol. To date there has not been a concerted in- 

vestigation of the steps leading from lanosterol to ergosterol. The 

results presented here, however, indicate that some insight may be 

gained into this problem. 

A cell -free system has been developed which will incorporate 

C14 from methionine or S- adenosylmethionine into ergosterol at a 

high level. That this methyl group becomes the 28th carbon of ergos- 

terol appears straight forward when the evidence of Dauben (10, p. 

1000 - 1001), Danielsson and Bloch (9, p. 500 -501), Alexander and 

Schwenk (2, p. 4554) and Parks (20, p. 2023) is taken into consider- 

ation. 

The requirement of the cell -free system for ATP can be explained 

by the need for S- adenosylmethionine synthesis. The partial require- 

ment for glucose -6- phosphate is variable; the results not entirely 

conclusive. However, it has been shown in the terminal steps of 

cholesterol synthesis that TPNH is required for reduction of demo- 

sterol (3, p. 2989 -2900), 7- dehydrocholesterol (13, p. 358 -362), 

zymostenol (22, p. 1668 -1673) and lanosterol (4, p. 1283 -1286). It 

is possible, although these intermediates other than lanosterol 

have not been implicated in ergosterol synthesis, that the TPNH re- 

quirement is analogous considering the similarity of the preliminary 
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stages of sterol synthesis. The requirement for acetate, although 

slight, is definite and reproducible. This may be explained if there 

is total synthesis of sterol in this system, since acetate has been 

shown to be a precursor for the sterol nucleus. However, we have no 

evidence to show that total synthesis does occur in the cell -free 

system since labeled acetate was not used in these studies. 

The almost complete inhibition of the reaction by PCMB and NEM 

and the reversal of this inhibition by cysteine suggest that -SH 

groups on the enzyme play an important role in its activity. The 

lack of inhibition of the system by arsenite cannot be explained from 

the data. It has been shown that in rat liver preparations arsenite 

causes an inhibition of cholesterol synthesis with concomitant accum- 

ulation of lanosterol (19, p. 342 -343). We have not found lanosterol 

to be labeled by the yeast system from methionine or S- abenosylmethi- 

onine in the absence of arsenite and therefore would not expect 

labeling of that sterol in the presence of arsenite. This does not, 

however, explain the action of arsenite in this system. 

We have been able to show that the cell -free system does not 

produce any significant amounts of labeled ergosterol but stops syn- 

thesis with the accumulation of a more polar compound. The ultra- 

violet spectrum of the compound gives a single maximum absorption 

peak at 223 miuk and does not show the typical spectrum for a conju- 

gated system of ring B as in ergosterol. However, the compound pre- 

cipitates with digitonin, migrates as a free compound and as the 

acetate ester with the behavior expected from a sterol and from all 
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considerations definitely is a sterol. The compound is highly labeled 

by the labeled methyl groups from methionine- methyl -C14 or S- adenosyl- 

methionine- methyl -C14 and in whole cells is converted to ergosterol. 

The physiological importance of the transmethylation reaction 

appears evident since cell -free homogenates accumulate a highly 

labeled compound which in whole cells is converted to the end product, 

ergosterol. In short term whole cell experiments two labeled com- 

pounds, separable from ergosterol, have been detected. The radio- 

activity in both of these compounds is subsequently incorporated into 

ergosterol. The cell -free system, however, accumulates only one of 

the "precursors ". This evidence indicates that the transmethylation 

reaction probably occurs at least two steps prior to formation of 

ergosterol and that the cell -free system is capable of catalyzing 

only one of these steps. These observations lend confirmation to the 

prediction that transmethylation in ergosterol synthesis involves 

transfer of the methyl group to a preformed sterol nucleus (9, p. 

500 -501), and that it is at a late stage in the biosynthetic pathway. 
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SUMMARY 

Using a wild type diploid strain of S. cerevisiae a cell -free 

system capable of incorporating label from C14- methionine or C14 -S- 

adenosylmethionine into sterols has been developed. 

It has been shown that this system ceases sterol synthesis prior 

to ergosterol formation and accumulates a highly labeled sterol 

separable from ergosterol. The same highly labeled compound is found 

in whole cells after a short incubation period. On further incuba- 

tion, however, the label is found in ergosterol. 

Evidence is presented that the label is incorporated into the 

C -28 carbon of ergosterol and that the polar compound accumulating 

in the cell -free preparation is a precursor of ergosterol. 
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