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The role of the yeast S-adenosylmethionine: A24-sterol-C-

methyltransferase (SCMT) in sterol metabolism was investigated.

Structural analogs of S-adenosylhomocysteine were tested for

inhibition of the SCMT enzyme. A wide inhibitory range by these

compounds was observed, indicating which structural features of the

parent compound are important for binding to the enzyme. The most

active compound, sinefungin, was able to inhibit growth of yeast

cultures and cause the accumulation of the SCMT sterol substrate,

zymosterol. Sinefungin is transported inside the cell by the S-

adenosylmethionine permease and affects the metabolism of this

compound intracellularly.

The genetic organization of mutants defective in sterol

methylation was examined. Mutations isolated from different

parentals were demonstrated to be from the same gene, erg6. This

mutation was mapped to chromosome four of the yeast genome, 18.0 cM

from the trpl locus.



The lipids of mutants defective in the SCMT or in 5(6)

desaturation (erg3) were analyzed. The distribution of ergosterol

precursors accumulated by these mutants varied with growth phase

and between free sterols and steryl esters. The steryl ester

concentrations of the mutants were eight times higher than the wild

type from exponential growth samples. When the culture entered

stationary phase, the ester concentration increased seven fold in

the parental, but less than two fold in the mutants. These results

suggest that the regulation of ester synthesis is defective in the

mutants. The sterol mutants also had elevated lipid synthetic

rates, implicating a role for ergosterol in modulating cellular

lipid synthesis. While the head group phospholipid composition was

the same between parentals and mutants, strain-dependent changes in

fatty acids were observed, most notably a 40% increase in the oleic

acid content of phosphatidylethanolamine of one erg6 mutant, JR5.

Whole cell incorporation of methionine in sterols of JR5 was

less than 0.2% that of the parental, X2180-1B. No ergosterol (C-

28) could be detected in whole cell sterol extracts of JR5, the

limits of detection being less than 10
-11 moles of ergosterol per

108 cells. It can be concluded that little if any C-28 sterol is

required for growth of S. cerevisiae.
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Physiological, Biochemical, and Genetic Studies on the A24

Sterol Methyltransferase of Saccharomyces cerevisiae

INTRODUCTION

The properties of eukaryotic membranes are largely due to the

presence of two classes of amphiphilic lipids, the sterols and the

phospholipids. Together they naturally form into bilayers of

molecules with hydrophobic regions associating with one another in

the lipid interior while the respective polar regions are exposed

to the aqueous environment. The association of these lipids

results in the basic functionality of membranes.

The phospholipids are a heterogeneous class of molecules, with

each organism containing six or more different head groups as well

as a variety of fatty acids acylated to the glycerol backbone. The

species of sterols within a particular membrane, on the other hand,

are relatively limited. However the amount of sterols varies

widely in different membranes with respect to sterol to

phospholipid molar ratio. This ratio can be low (1:20) in

mitochondria and rough endoplasmic reticulum to very high (1:2) in

many plasma membranes (in mammalian erythrocytes cholesterol

represents 25% of the total membrane area, more than any other

molecule). This wide variation in sterol deposition indicates the

development of specialized membranes in eukaryotes programmed for

specific cellular functions (41). In addition the wide variation

of sterol structures found in nature reflects an evolutionary
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selection for those properties of these molecules best suited for

an organism in its environment.

It is necessary to study not only the metabolism of sterols

but also their roles in lipid structures in order to understand the

cell processes dependent on biological membranes. While the bulk

of our knowledge concerning sterol metabolism and membrane theory

centers on cholesterol, many other comparative systems have been of

critical importance. One of the more advanced sterol models is

that of ergosterol in fungi, especially in Saccharomyces

cerevisiae. This thesis concerns the role of sterol methylation in

the physiology of this yeast. I have attacked the problem at

various levels: the functioning of the sterol methyltransferase,

the genetic organization of mutants defective in this enzyme, and

most importantly, how these mutations affect cellular processes.
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SURVEY OF THE LITERATURE

Ergosterol is the major sterol of yeast and fungi. It differs

from cholesterol in three respects: ergosterol contains a

conjugated diene (A5'7) in the B ring of the steroid nucleus; it is

also unsaturated between C22 and C23 (A22); finally it is alkylated

with a methyl group on C24. This structure was first determined in

1933, and since that time the biosynthesis of ergosterol has been

described (reviewed in 67 and 76).

The early steps leading to the formation of squalene, its

epoxidation, and subsequent cyclization to lanosterol are the same

for both cholesterol and ergosterol. Lanosterol is demethylated at

C14 and at C4 to produce demethyl C-27 sterols. Acetyl Coenzyme A

is the principle starting compound from which the isoprenoid

building blocks are formed. However while all the carbons of

cholesterol can be derived entirely from acetate, the C28 of

ergosterol is derived enzymatically from S-adenosylmethionine

(SAM). This reaction will be described in more detail later.

Subsequent reactions of ergosterol biosynthesis after trans-

methylation of the C-27 sterol, zymosterol, to produce fecosterol

(Figure 1), include isomerization of A8(9) to A7(8), desaturation

of C5-C6 to produce A5(6) , desaturation of C22-C23 to introduce

A
22

, and finally reduction of the 24(28) methylene to a C28 methyl,

yielding ergosta-5,7,22-trien-3S-ol (ergosterol) (35). This main

sequence is controversial, and conclusions depend on the methods

utilized (c.f. 35 & 36). In addition there exists a variety of
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Figure 1. Sterol biosynthesis in Saccharomyces cerevisiae.

A. Pathway for the synthesis of ergosterol as occurs

in sterol wild type strains.

B. Sterol synthesis in mutants defective in the sterol

methyltransferase (erg6). The sterols accumulated

are listed in Table 2.

C. Sterol synthesis in mutants defective in the 5(6)

desaturase (erg3). The sterols accumulated are

listed in Table 2. A
7 and A8 isomers are both

possible in the later stages, but only A7 sterols

are shown for simplicity.
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side reactions on the intermediates that are also possible, for

instance the 05 can be inserted after the A22 . This is due to the

ability of the various enzymes to accept a range of sterol

structures as substrates to produce the necessary transformation.

Under certain conditions odd sterols such as ergosta-5,8-dienol or

cholesta-5,7,22,24-tetraenol can be isolated. There are some

limitations to the sterol structures acceptable for enzymatic

catalysis, however. For instance the A24(28) -methylene reductase

is unable to reduce the A24,(25) unsaturation. Oehlschlager and

colleagues (78) have described a hypercube of possible sterols in

yeast, and many of these structures have been isolated and

identified. The principle of wide enzyme specificity has reduced

the necessity for a single pathway in ergosterol synthesis. If an

enzymatic step is blocked, for example through mutation, subsequent

transformations of the steroid structure can occur (Fig. 1).

Sterol mutants will be discussed in more detail below. Finally,

the main pathway in the formation of ergosterol depends on the

genera. While the sequence has been described here for S.

cerevisiae, some steps occur in a different sequence from that

shown in Figure 1 in Candida albicans. For instance alkylation

more readily occurs at lanosterol or at 14-demethylanosta-

derivatives (78).

Many approaches have been used to investigate both the

metabolism and function of sterols. By using isotopically labelled

14[c]precursors such as -acetate or [14C-methyl] -methionine, the
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origins of individual carbon atoms can be traced. Individual

enzymes can be purified and studied in isolation in order to

determine substrates, products and kinetic parameters. Mutants

lacking in one or more enzymatic steps can be employed to

investigate the consequences of such a defect. Alternatively,

inhibitors can be used to look at transient blocks in one or more

steps.

Effects of cellular sterol deficiency can also be analyzed by

inducing a sterol auxotrophy into yeast. This can be done by

mutation or by altering cultural conditions. During aerobic

growth, S. cerevisiae will synthesize ergosterol and will not take

up sterol from the medium. When a culture is deprived of oxygen,

endogenous sterol synthesis ceases, and squalene accumulates. It

is under this condition where the culture will take up sterols from

the medium. If such a culture is then allowed to grow aerobically,

there is a rapid synthesis of sterols, the accumulated squalene is

metabolized, and added sterols are processed to ergosterol.

Some enzymes are still present under the anaerobic or

auxotrophic state and are capable of transforming the sterol

molecules added. For example the sterol methyltransferase is

present under anaerobic conditions (94), although the activity

rapidly increases during aerobic adaptation.

All of the above approaches have obvious benefits and also

serious technical problems. It is necessary that more than one

method be combined in order to develop a more accurate model of

ergosterol synthesis.



8

Of the enzymes involved in ergosterol synthesis of yeast, none

have been studied more than the S-adenosylmethionine: A24 sterol-C-

methyltransferase (SCMT, EC 2.1.1.41). This is certainly due to

the uniqueness of the transformation catalyzed relative to the

synthesis of cholesterol. Similar activities have been reported in

other fungi and in algae (reviewed in 101).

It was found thirty years ago in Bloch's lab that the C28 of

ergosterol did not arise from acetate (70). Alexander and Schwenk

(3) demonstrated that methionine was closely involved in the methyl

donation. Parks concluded that SAM was the actual donor (71).

Ergosterol is not the actual methyl acceptor, since alkylated

sterol intermediates could be isolated (98). It was surprising at

the time that only two of the hydrogens ofthe transferred methyl

groups were found in ergosterol (48), since in all other cases of

transmethylation via SAM, the entire methyl group was stably

transferred. It is now well accepted that the first C-28 sterol

intermediate is a methylene sterol (52,66). Other examples of

methylene intermediates from SAM have been reported in nature (52).

Moore and Gaylor were the first to purify and to characterize

the sterol methyltransferase (61). The activity on which they

reported was isolated in the microsomal fraction of autolyzed

baker's yeast and purified 670-fold over crude extracts. One step,

precipitation of protein in cold acetone, resulted in delipidation

of the extract. Zymosterol (cholesta-8,24-dienol) was the

preferred substrate (62), and the subsequent product formed was

fecosterol (ergosta-8,24(28)-dienol; 61; Figure 1).
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That sterol methylation occurs primarily at the 4-

demethylsterol level was confirmed by Parks et al. (73). However

many laboratories have reported 4-a-methyl sterols which have been

transformed by the methyltransferase (35,59,73).

While yeast are unable to synthesize sterols under anaerobic

conditions, the sterol methyltransferase is still present (94).

Interestingly Thompson et al., (94) reported that the SCMT was

localized primarily in the mitochondrial fraction of an ethanol-

grown, non-fermentative culture. When cultured fermentatively, the

activity was localized to the promitochondrial fraction. Although

enzymes involved in the early stages of sterol synthesis (from

acetyl coenzyme A to mevalonate) were localized in the

mitochondrion (86,87), the SCMT was the first enzyme of the

terminal stages of sterol synthesis to be found in that

organelle. Thompson's activity was found completely in a 25,000 x

g pellet, while a subsequent 105,000 x g microsomal pellet was

devoid of activity. SCMT activity was localized on a sucrose

gradient in a discreet band coincident with cytochrome oxidase

activity (i.e. mitochondrial). Methyltransferase activity was

found to be partitioned between the inner membrane and the

matrix. From kinetic data Bailey et al. (7), suggested that there

could be as many as three enzymes in the mitochondrion capable of

methylating zymosterol. The mitochondrial location of the SCMT has

recently been challenged (68).
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Considerable attention has been devoted to the regulation of

the SCMT as a controlling point of ergosterol synthesis. Moore and

Gaylor showed that alkylated sterols were able to affect the

activity of the methyltransferase (62). This effect may be due in

part to a form of endproduct inhibition, although this has never

been studied as such. More important may be the regulatory role of

the A 5
'

7-diene conjugation in ring B. Using an enzyme extract from

which the sterols were removed by deoxycholate treatment, Thompson

and Parks (96) demonstrated an increase in the activity of the

sterol methyltransferase in a mutant defective in the A52(6)-

desaturase (erg3), which accumulated ergosta-7,22-dienol as its

major sterol. The SCMT activity was four-fold higher in the mutant

compared to the parental. This suggested that ergosterol and other

A
5

'
7-sterols may exert control over the methyltransferase by acting

as a repressor of the enzyme's synthesis. Ergosterol was also able

to inhibit the activity of the SCMT in both wild type and erg3

extracts. Parallel reactions showed that the ergosta-7,22-dienol

did not inhibit the methyltransferase (74). The inhibition of

ergosterol was subsequently shown to be of the noncompetitive type,

with an apparent Ki of 28 pM (75). Further support for the

regulatory role of A5'7- sterols is the effect by a sterol

accumulated in mutants defective in the SCMT (erg6). This sterol,

cholesta-5,7,22,24(25)-tetraenol, was an unacceptable substrate for

the enzyme from wild type extract and was also inhibitory to

methylation of either zymosterol or endogenous sterol substrates
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(9). The A22 group may also exert a significant inhibitory effect,

since cholesta-5,7,24-trienol was a poor substrate for the SCMT

(see below). The cholestatetraenol may be viewed as a dead end

product which cannot be converted to ergosterol.

As mentioned earlier, zymosterol is the preferred substrate of

the SCMT. Although zymosterol can accumulate in sizeable amounts

in yeast (5-10% of the total sterol), most of this sterol is

esterified to long chain fatty acids, where it can represent up to

50% of the sterols accumulated in this pool (90). Zymosterol ester

does not serve as a substrate for the methyltransferase, however

(8,63). Interestingly while zymosterol oleate did not serve as a

substrate, neither did it inhibit methylation of zymosterol, in

fact activity was increased (8). This was shown to be true of

sterol esters in general, including ergosteryl ester. The

significance of this observation is not known.

The sterol specificity of the SCMT has been determined by

Moore and Gaylor (62) and by Yabusaki et al. (105). These results

are shown in Table 1. The structural requirement for an

unsaturation between C24 and C25 is absolute, while the activity of

A
22-sterols has not been fully investigated. The role of nuclear

unsaturations can be summarized: A8>A7>A5>A5'7>>A0. Sterols

alkylated at C-4 (4a- or 4,4-dimethyl) or at C14 are poor

substrates: C-27>4-a-methyl = 4,4-dimethyl = lanosterol (4,4,14-

trimethyl). While the 3-S hydroxyl group is important, it is not



Table 1. Sterol substrate specificity of yeast sterol methyltransferase.

Sterol Substrate Double Bonds Methyl Groups % Activity Reference

Zymosterol 8(9),24 100 62
4a-methylzymosterol 8(9),24 4 5

4,4-dimethylzymosterol 8(9),24 4,4 2

Lanosterol 8(9),24 4,4,14 0

Desmosterol 5,24 45

Cholesta-5,7,24-trienol 5,7,24 26

Zymosterone 8(9),24 23

4,4,14a trimethyl- 7,24 4,4,14 <1
5a-cholesta-7,24-dienol

Dihydrozymosterol 8(9) <1

Cholesterol 5 <1

5a-cholest-7-enol 7 <1

7-dehydrocholesterol 5,7 <1
Ergosterol 5,7,22 28 <1

Zymosterol 8,24 100 105
Desmosterol 5,24 26.6

Cholesterol 5 <1

Lanosterol 8,24 4,4,14 <1
Cycloartenol 24 4,4,14 <1

Cholesta-7,24-dienol 7,24 86

Cholesta-5,7,22,24-tetraenol 5,7,22,24 <la
9

aSterol inhibitory to methylation of zymosterol and of endogenous sterol.
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absolute, since the 3-ketosteroid zymosterone was a moderately

active substrate (62). As reported earlier steryl esters were

unacceptable substrates.

Little work has focused on the binding specificity of S-

adenosylmethionine or of the demethylated product, S-adenosylhomo-

cysteine (SAH). SAH has been shown to be a potent inhibitor of

virtually all cellular transmethylations involving SAM

(18,21,29). Hatanaka et al. (43) were able to inhibit the enzyme

activity by adding homocysteine to yeast cultures; cholesta-7,24-

dienol was accumulated. In a similar study (5) the same group fed

DL-ethionine to yeast and observed an accumulation of zymosterol.

Ethionine is presumably converted to S-adenosylethionine, which is

not an alkyl donor in this reaction. Unfortunately SAH and S-

adenosylethionine are quite nonspecific inhibitors of SAM-dependent

methylations. Recently structural analogs of SAH were synthesized,

and it was shown that some of these compounds were able to inhibit

certain methyltransferases specifically (18,21). These compounds

were obtained, and their effects on the SCMT were tested. It was

anticipated that the binding properties of the SCMT for SAH could

be determined using these analogs, and that one of these compounds

would be able to inhibit the sterol methyltransferase without

causing severe alterations to the activities of the other cellular

methyltransferases.

Three types of mutants defective in sterol synthesis have been

isolated. The first class includes mutants with lesions in heme
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biosynthesis. They are characterized by a pleiotropic phenotype

with auxotrophies for sterols, unsaturated fatty acids, and

methionine (11,104). The second class is also auxotrophic for

sterol. These mutants have thermosensitive lesions in ergosterol

synthesis (50). The enzymatic defects have been shown to be in the

early steps of ergosterol biosynthesis, from the phosphorylation of

mevalonic acid (ergl2) to the cylization of the squalene epoxide to

form lanosterol (erg7). Both of these classes of mutants are

important in the analysis of sterol biosynthesis but will not be

discussed further.

The third class of mutants is defective in the various

enzymatic transformations from lanosterol to ergosterol. These

mutants are not auxotrophic for sterol and will not take up sterol

from the medium. Instead they accumulate ergosterol precursors.

These mutants were selected on the basis of their resistance to

nystatin. Polyene antibiotics, such as nystatin, have as their

primary site of action, membrane sterols (69). These compounds

form tight noncovalent complexes with sterols, which result in the

genesis of pores in the membranes (30). The pores cause leakage of

cellular components and cell death (51). The avidity with which a

polyene antibiotic binds to a sterol depends on the structure of

the sterol. For instance filipin binds tightly to cholesterol but

not to ergosterol, while the binding of nystatin is tighter with

ergosterol than for cholesterol. The ergosterol precursors

accumulated by the mutants show reduced binding to nystatin
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(33,39), which allows these strains to survive treatments with this

antibiotic.

That nystatin resistance produced defects in sterol metabolism

was first reported by Woods (103). Parks et al. (72) demonstrated

that one of Wood's mutants accumulated ergosta-8,22-dienol. This

was later shown to be a mixture of the ergosta-7,22-dienol and the

A 8 isomer (14). Further polyene resistant strains were genetically

classified into complementation groups (60), and the sterols

accumulated were analyzed (12,14,15). The results are summarized

in Table 2.

The analysis of the sterols accumulated by these mutants

confirmed other studies on the biosynthetic pathway(s) of sterols

in yeast: the enzymes involved were not substrate specific, and

the other transformations could, for the most part, occur. There

is an interesting qualification in that when mutants defective in

two of the enzymatic steps are constructed, the sterols isolated

from the double mutants did not contain all of the possible

transformations (15). For instance a mutant blocked at both the

SCMT and the A 8-A 7-isomerase was expected to synthesize cholesta-

5,8,22,24-tetraenol. Instead only cholesta-8,24-dienol

(zymosterol) accumulated: desaturations at C5-C6 and at C22-C23

did not occur. Whether this increased selectivity of the sterol

enzymes is due to reduced substrate concentrations (the double

mutants contained reduced cellular sterol), or to accumulated

constraints of this sterol imposed by two enzymatic defects, or to

other control mechanisms is not known.



Table 2. Mutants in the late stages of ergosterol biosynthesis in Saccharomyces
cerevisiae.

Genotype Biosynthetic Defect Sterol Accumulated (12,14,76)

Wild type Ergosterol (ergosta-5,7,24-trienol)
Zymosterol (cholesta-8,24-dienol)

erg2 A
8-0- 07 Isomerization Ergosta-8-enol

Ergosta-8,22-dienol
Ergosta-5,8,22-trienol
Fecosterol (ergosta-8,24(28)-dienol)

erg3 5(6) Desaturation Ergosta-7,22-dienol
Ergosta-8,22-dienol
Ergosta-7,22,24(28)-trienol
Ergosta-8,22,24(28)-trienol
Fecosterol
Episterol (ergosta-7,24(28)-dienol

IMLL 22(23) Desaturation Episterol
Ergosta-5,7-dienol
Ergosta-5,7,24(28)-trienol
Ergosta-8,14,24(28)-trienol

erg6 C24 Transmethylation Zymosterol
Cholesta-5,7,24-trienol
Cholesta-5,7,22,24-tetraenol
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Only one of the above strains has been analyzed for enzymatic

activity. Bailey et al. (9) confirmed that sterol methylation was

defective in an erg6 strain of Bard and Woods as well as in an

independent isolate, 8R1.

The effects on cellular functions by the accumulation of

ergosterol precursors in the nystatin resistant mutants have been

studied at two levels. Thompson and Parks (96) and Ramp (81) have

reported that some of these mutants show a decreased ability to

grow at high temperatures on a nonfermentable carbon source. This

implicated an obligatory role for sterol in the development and/or

maintenance of mitochondrial function. Similar effects were

reported by Lees et al. (53). These mutants grew poorly or not at

all on a respiratory carbon substrate. While the impaired ability

to grow on a nonfermentable substrate appeared to be the sole cause

of decreased growth rates in most cases, the results with a double

mutant, erg6/2, indicated that this strain was also sensitive to

ethanol. The importance of sterol in mitochondria has been

reviewed (76).

Effects of altered sterol composition on membrane properties

have also been investigated. Cobon and Haslam (27) showed that

changes in the ergosterol level of a sterol auxotroph produced

alterations in the temperature of the phase transition of the

mitochondrial ATPase. Thompson and Parks (95) reported similar

temperature shifts of two other inner mitochondrial membrane

enzymes, the sterol methyltransferase and cytochrome oxidase.
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These studies have been extended and confirmed with the outer

mitochondrial membrane enzyme kynurenine hydroxylase (57), and with

the plasma membrane enzymes, the Na-le ATPase and chitin synthetase

(23).

The results from electron spin resonance (54), and from

fluorescence polarization techniques (57,23) indicate that the

ergosterol precursors alter membrane fluidity. However these

sterols appear to be adequate to fulfill a bulk membrane

function. Using differential scanning calorimetry, Parks et al.

(77) were unable to demonstrate bulk lipid transitions in

mitochondria or in whole cell lipid from either sterol mutants or

wild types. The membrane phase transitions observed by

fluorescence polarization were interpreted to represent lateral

phase separations of small isolated domains (77). The recent

observation of two plasma membrane enzymes differing greatly in

their sensitivity to sterol alterations (23) supports this model.

Hence in most cases these sterols appear to be adequate for many

membrane functions. These include the transmembrane potential (ip)

of mitochondria (58) as well as the osmotic stability of

mitochondria and of sphaeroplasts (59). On the other hand

increased permeability to nickel (49) and to cations (13) has also

been observed.

Unfortunately no model has been developed which completely

explains the various reported differences in membrane properties

beween the ergosterol-producing parentals and the sterol
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intermediate-accumulating mutants. This is due in part to an

inadequate description of the membrane lipids in the cultures under

investigation. Although the sterol pathways in wild type and in

sterol mutants have been defined, little is known about their

distribution within the cell. All of the studies to date analyzed

total sterol and did not address the question of selectivity in

specific sterol pools. It has been demonstrated that under normal

exponential growth conditions most of the ergosterol precursors

accumulate in the steryl ester fraction (8,96) and are effectively

removed from the membrane. The free and esterified sterol pools

are freely interconvertable, however (92). Sterol label appears

first in the free sterol fraction before accumulating in the esters

of stationary phase cells. When these cells are diluted into new

medium, the stored esters are converted into free sterols,

presumably in the rapidly proliferating membranes.

Zymosterol usually represents about 10% of the whole cell

sterol, most of which occurs in the ester fraction, representing

approximately 50% of the ester in exponentially growing cultures.

In erg6 mutants, however, zymosterol represents 50% of the total

sterol, but its distribution between the sterol pools is unknown.

Since this sterol is localized into the esters of the wild types it

is possible that a similar phenomenon may be occurring in the

mutants. Models built using zymosterol in the membranes of erg6

cultures may be grossly inaccurate due to this imprecise

localization. An understanding of the distribution of ergosterol
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intermediates between the steryl ester-free sterol fractions as

well as measurements of sterol concentrations in these pools could

provide important information concerning the role of sterol

synthesis in cellular function.

It is also necessary to consider the relationship between

sterols and the other membrane lipid, the phospholipids, as well as

the glycerolipid storage form, the triacylglycerols. There appears

to be some inter-regulation between the sterol and the

acylglyceride pools (44,56,92,93). When inositol auxotrophs are

starved for this phospholipid precursor, the sterol pools are

affected (56). It is also possible that alterations in the

phospholipids may occur due to the accumulation of ergosterol

precursors in the membranes of the sterol mutants. Phospholipid

changes have been noted in Candida albicans and in S. cerevisiae

nystatin resistant mutants (47,64), but in these reports the

sterols were ill defined and the phospholipid alterations were

suspect. Precise phospholipid analyses in well defined sterol

mutants would provide a more accurate picture of the possible

interplay between these membrane lipids.

Phospholipid analysis is important for a related reason.

Parks et al. (77) reported a disparity in the types of sterol

mutants isolated from various wild type strains. For instance

strain 3701b gave rise to only erg3-type mutants, while from Z008

only erg6-types were isolated. Selection for nystatin resistant

clones from S288C, on the other hand, yielded both erg3- and erg6-
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types, as well as other sterol mutant classes. The explanation for

this observation may be found in the phospholipids of these

mutants.

It may be possible that some sterol mutants may be inviable

because of an inability of these strains to make cellular

adjustments to accommodate the accumulated ergosterol precursors.

In this regard McLean-Bowen and Parks (57) observed no differences

between the fatty acids of either whole cell or mitochondrial

phospholipids from Z008 and its erg6 mutant, 8R1. These data

should be confirmed and extended to different parental backgrounds.

An alternative explanation proposes that multiple genes for

some sterol biosynthetic enzymes exist in some strains. Bailey et

al. (7) reported three apparent Km's for the sterol

methyltransferase in extracts of 3701b. If these apparent Km's

represent three different gene products, the probability of

inactivating all three enzymes simultaneously via mutation is

exceedingly small. This may explain why no nystatin resistant

clones defective in the SCMT were isolated from 3701b.

Genetic analysis of the sterol mutants will help determine

whether some of the sterol mutations can be introduced into a

parental background in which no mutants of that type were isolated

previously. It is also important to confirm that similar mutations

from different parentals are allelic. Mapping of the chromosomal

location of sterol synthetic genes will increase the genetic

foundation upon which further genetic problems can be addressed.
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Finally Nes (66) has proposed that the C28 is the structural

component of ergosterol which is of greatest importance in the

functioning of sterols in yeast(s). This model does not explain

the erg6 mutants, in which no C-28 sterols were observed. In light

of the recent observation of the sparking function of ergosterol in

cholestane-fed yeast sterol auxotrophs (82), it is possible that

only a minute amount of C-28 sterol may be necessary to provide

near normal cell function. An analysis of the minimal detectable

level of ergosterol in a SCMT mutant is crucial in testing for the

importance of the C28 methyl group.

The purpose of this thesis is to study the role of sterol

methylation in the physiology of yeast. Various experiments were

performed in order to test certain models. Structural analogs of

SAH were assayed to find if one of these compounds could inhibit

the SCMT specifically. In this way the effects of transient blocks

on sterol methylation on cellular metabolism could be studied. At

another level the genetic organization of mutants deficient in

sterol methylation was analyzed and related to differences in

growth parameters. These mutants were also studied in order to

identify the sterol distribution between free and esterified pools,

as well as the effects of these mutations and the accumulation of

ergosterol intermediates on the other cellular lipids.
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MATERIALS AND METHODS

Organisms and Cultural Conditions

Strains of S. cerevisiae used in these studies are listed in

Table 3. Cultures were maintained on YTD slants (0.5% yeast

extract, 1% tryptone, 2% glucose, and 1.5% agar) at 4°C. Routine

growth in liquid medium was at 28° on YTD, although other media

were also used: YTE (2% (v/v) ethanol), YT(D)E (2% ethanol, 0.1%

glucose), or YNBCD (0.67% Difco Yeast Nitrogen Base, 2% glucose,

and complete supplements). Complete supplements consisted of the

following per liter unless noted otherwise: adenine hydrochloride,

38 mg; uracil, histidine, 20 mg; arginine, isoleucine, valine, 30

mg; leucine, lysine, 40 mg; phenylalanine, 50 mg; and methionine,

30 mg. S-adenosyl-L-methionine hydrogensulfate, 100 mg and

potassium acetate, 2 g were also added where noted.

Growth was monitored three ways. Cell numbers were calculated

using a model B Coulter Counter equipped with a 100 1.an aperature.

Cultures were diluted in 7 mM phosphate buffer, pH 5.5, and cell

numbers analyzed in a saline/formic acid buffer (0.9% (w/v) NaCl,

0.2% (v/v) formaldehyde, pH 5.0). Growth was also measured

turbidimetrically using a Klett-Sommerson Photoelectric Colorimeter

equipped with a green filter. Dry weights were derived by

filtering cultures onto Whatman glass microfibre filters (934-AH),

which were subsequently washed three times. Dry weights were

obtained by lyophilizing the filters on aluminum planchets
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Table 3. Strains of Saccharomyces cerevisiae used.

Strain Genotype Source/Reference

3701b a ura H. Roman, (77)

838E8-B3 a met3 sap3 (91)

CC282-6C a sam1-11 sam2-3 (26)

S288C a S. Fogel

X2180-1A a S. Fogel

X2180-1B a S. Fogel

JR1 a "erg3" S288C, (77)

JR5 a erg6-5 S288C, (77)

Z008 a (9)

Z008r1 a Z008, (57)

8R1 a erg6 -8 Z008, (9)

A184D a (12)

Erg6 a erg6-6 (12)

X4037-14C a gall ilv3 arg9 leu2 Yeast Genetic Stock
met14 lys7 pet17 trpl Center, Berkeley, CA
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overnight. Net weights were calculated as the average of three

samples, from which blank filters were subtracted.

Genetic Studies

Genetic analysis of S. cerevisiae strains followed procedures

of Sherman et al. (85). Micromanipulations were performed on a W.

M. Brower dissection microscope. Asci were digested using

Glusulase (Endo Laboratories).

Nystatin resistance was determined by stamping yeast strains

from a YTD master plate onto YNBCD plates (2% agar) containing

various concentrations of nystatin (Sigma). Nystatin stock

solutions were prepared fresh daily to a concentration of 4000 U/ml

of dimethylformamide (DMF). Nystatin was added in DMF to 20 ml of

a YNBCD agar solution at 50°C and poured into plates immediately.

Nystatin plates were incubated at 28° for 2 h in the dark before

use. Nystatin resistance was determined by growth of the replicate

colony on nystatin plates at 24 h and at 48 h.

K+ Leakage in Sterol Mutants Induced by Nystatin

Forty ml of culture was grown on YTD, and was harvested at 200

Klett units by filtration on 47 mm diameter, 1.2 pm pore size

membrane filters (Millipore, RA). The sample was washed three

times with 25 ml of 10 mM malate buffer, pH 6.0. The cells were

washed off the filter and resuspended in 25 ml final volume malate

buffer containing 0.1 M NaCl. This yeast suspension was analyzed

for K
+

leakage using an Orion model 93-19 potassium electrode

attached to a Beckman model 76 pH meter operated in the millivolt
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mode. The sample was stirred with a small magnetic bar and was

incubated five minutes at room temperature before the addition of

nystatin. Nystatin was added at the concentrations noted from a

stock solution of 1500 U nystatin per ml of absolute ethanol, which

was prepared fresh daily. Final ethanol concentration in all

cases, including control, was 1% (v/v). Millivolt readings were

taken at timed intervals and were converted to molar concentrations

using a standard curve constructed using potassium chloride

standards (Orion). The external molar potassium concentration was

graphed versus time, and the maximal linear rates were calculated

using the linear regression analysis of a Hewlett-Packard 33C

programmable scientific calculator. The slopes derived from the

linear plots (r >.98) were plotted versus nystatin concentration

and are shown in Fig. 6.

Sterol Methyltransferase Isolation and Assay.

The procedure for analysis of the SCMT (EC 2.1.1.41) was

slightly modified from previous reports (7,94,95). To minimize the

endogenous sterol synthesis (75), precautions were taken to limit

dissolved 0
2
in all cultural and cellular fractionation procedures,

since 0
2
is required for ergosterol biosynthesis. Immediately

after autoclaving, a 10.5-liter volume of YTD medium was cooled

under N
2
purging and then inoculated with a 500-m1 aerobic culture

of 3701b in YTD. Fermentation was allowed to proceed for 24 h at

30°C in a New Brunswick Scientific Co. Microferm in a nitrogen

atmosphere. The culture was rapidly cooled in ice under argon and
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allowed to settle overnight. Subsequent steps were performed at

4°C under argon. Cells were broken in a Bronwill MSK tissue

homogenizer as described in Thompson et al. (94). The

promitochondrial pellet (16,000 x g for 20 min) was sonicated in

three 20-s bursts at 80 W by a model W140C Branson Ultrasonic Cell

Disrupter. The subsequent 16,000 x g supernatant was centrifuged

at 104,000 x g in a type 40 rotor (Beckman) for 1 h. The resulting

pellet was resuspended to 15 mg of protein per ml (55) in 0.1 M

Tris buffer, pH 7.5, and used as the enzyme sample. Enzyme

reaction volumes were 3 ml (in 25- by 150-mm screw-capped tubes)

containing 5 mg of protein per ml, and 21 pM zymosterol was added

in 0.2 ml of ethanol (final ethanol volume, 6.7%, vol/vol).

Inhibitors were dissolved in Tris buffer and added to final concen-

trations as indicated in Results and Discussion. SAM was added as

indicated in Results and Discussion from a 500 pM stock solution

containing 1.0 pCi/m1 of L- [methyl- 14C]SAM (2 pCi/mmol). Reactions

commenced with the addition of SAM, were incubated at 25°C for 45

min, and then were terminated with addition of 1.5 ml of 5%

trichloroacetic acid. The 500 x g pellets were made alkaline with

60% KOH, resuspended in 0.5 ml of dimethylsulfoxide (DMSO), and

steamed for 1 h. After cooling, 5 ml of water was added to each

tube. Sterols were extracted with three 9-ml hexane washes. A

0.5-m1 amount of methanol was used to disperse emulsions that often

developed in the organic phase. After the hexane was evaporated,

the residue was dissolved in 10 ml of a PPO-POPOP toluene cocktail
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(3 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis[2-(5-

phenyloxazoly1)] benzene in 1 liter of toluene), and radioactivity

was determined by a Beckman LS8000 liquid scintillation counter.

Zymosterol Purification.

Zymosterol was purified from strain 8R1 which contains 50% of

its whole cell sterols as zymosterol. Sterols were isolated from

whole cells as described by P. R. Hays (45), converted to sterol

acetates (22), dissolved in ether, and layered onto a 2-mm silia

gel plate (Kieselgel 60 F-254, EM Laboratories) impregnated with

10% AgNO3. Plates were run 24 h with a wick in cyclohexane:ethyl

acetate (85:15). The zymosterol band was characterized by its UV

adsorption only after the application to the plate of a Berberine

aerosol (0.1% in 95% ethanol) (73) and extracted with chloroform-

methanol (4:1). Free sterols were reformed by methanolic

saponification (65) and analyzed by gas-liquid chromatography.

Zymosterol was determined to be more than 98% pure.

Sinefungin Inhibition of Growing Cultures.

For initial growth studies of SF inhibition (Figure 3),

cultures of 3701b and CC282-6C were diluted 100-fold into YNBCD

plus supplements and SAM. Cultures were allowed to grow to a cell

density of 80 Klett units before the addition of SF in 2 ml of

sterile medium. Final volume was 10 ml, and the final SAM

concentration was 0.2 mM. Similar procedures were followed for

subsequent studies, except that SAM and methionine were omitted

from the media unless specified otherwise. After growth of the



29

cultures had ceased, the cells were subjected to methanolic

saponification.

Measurement of Cellular SAM and SF.

For measurement of cellular SAM and SF, appropriately treated

cells (see Results and Discussion) were washed twice, and the

pellets were extracted with an equal volume of 1.5 N perchloric

acid for 1 h. After centrifugation the supernatants were analyzed

for SAM and SF levels by high-pressure liquid chromatography with a

Waters M600A pump, U6K injector, and a model 440 absorbance

detector set at 254 nm. The solvent system was 10 mM potassium

acetate, 10% acetonitrile with 5 mM 1-heptane sulfonic acid (Waters

PIC B-7), pH 4.0. SAM and SF were quantitated via standard curves

of stock solutions in the high-pressure liquid chromatography

system. The SAM standard stock was quantitated to adjust for

impurities due to MTA.

Sterol Analysis.

Free sterols and steryl esters were extracted from yeast by

the DMSO procedure of Taylor and Parks (92). Total sterols were

prepared by acid pretreatment of the yeast sample (39), followed by

methanolic saponification (65). Sterols were purified by the thin

layer chromatographic (TLC) systems of Skipski and Barclay (89),

and visualized either by iodine or by UV absorption. These bands

were scraped from the plates, and the sterol fractions were eluted

from the silica gel by three 3 ml washes of chloroform methanol

(4:1 v/v). Free sterols were filtered through sodium sulfate
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columns in pasteur pipettes. Steryl esters were converted to free

sterols by saponification as described. Sterols were stored in

frozen benzene prior to analysis.

Gas-liquid chromatograpic analyses of sterols were performed

with a Varian-Aerograph 2740 gas chromatograph equipped with a CDS-

111 data processor. Columns for separation were either 3% SP2250

(275°C) or 3% SE30 (235°C). Sterols were quantitated using

cholesterol or cholesteryl palmitate as internal standards for free

sterols and steryl esters respectively. Retention of sterols on

the SE30 column was quantitated relative to long chain hydrocarbons

C30 and C32 using the following formula:

log (tx/t30)
RCN (Relative Carbon Number) (200) + 3000

log (t32/t30)

Where tx, t30 and t32 are the retention times of the sterol x, C30

and C32 respectively. RCN values were between 3000 and 3200 for

sterols and were consistent for a given column and conditions.

High pressure liquid chromatographic (HPLC) analysis was

performed on an Altex model 332 gradient liquid chromatograph

coupled to a Hitachi model 155-40 variable wavelength spectro-

photometer. Sterols were separated using a Beckman 25 cm x 4.6 mm

(i.d.) stainless steel column packed with 10 pm ODS-Ultrasphere.

Sample injections were 25 pl in isopropanol, flow rate was 1.5 ml

of ethanol-methanol-water (10:86:4 v/v/v) per minute, and

absorption was monitored at either 210 nm or 282 nm. The elution

parameters of the sterols were the same as in Rodriguez and Parks

(83). The following constants are used:
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Elution volume (Ve) = elution time (min) X flow rate (ml/min)

Ve (sterolx) - Vv (solvent)
Vv

K' (sterolx)
a

K' (sitosterol)

Sterols were purified by thin layer chromatography prior to HPLC

analysis.

For gas chromatographic - mass spectroscopic analysis whole

cell sterols were prepared by saponification, purified by TLC, and

separated by HPLC using a preparative column of 5 um ODS-

Ultrasphere (25 cm x 10 mm c.d.). Injection sample was 250 pl, and

flow rate was 6 ml/min of the above ethanol-methanol water

system. Sterols were collected and concentrated. These fractions

were checked for purity and for calculation of RCN by gas-liquid

chromatography (SE-30) as described above. Mass spectral analysis

was performed on a Finegan 4000 mass spectrometer at 70 eV after

separation of the sterols on 7% OV101.

Labelling of Lipids in Sterol Mutants

Cultures of X2180-1B, JR1, and JR5 were grown on YNBCD, except

methionine was 31 uM and potassium acetate (20 mM) was added.

Lipids were labelled with sodium [1-14C] acetate (56 mCi/mmol) or

with L- [methyl- 14C]methionine (54 mCi/mmol). Three 31 ml cultures

of each strain were grown in 250 ml Klett flasks. At a cell

density of 1.3-1.7 x 10 7
/ml, [14C]acetate and [14C]methionine were

added separately to one of the growth flasks each. Final

radioactivity in both cases was 0.1 iCi /ml of medium; specific
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activities were .005 pCi/mmol acetate and 3.09 pCi/mmol

methionine. Growth incubation continued for 90 minutes before the

cultures were divided into three 10 ml aliquots, and label

incorporation was stopped by the addition of 5 ml of 5% (w/v)

trichloroacetic acid. Pellets were collected, and lipids were

extracted and separated by TLC as described above. The third

parallel culture was used to calculate cell concentration and cell

dry weight.

The basal rate of sterol methylation was measured using

[methyl- 14C]methionine as described above except incorporation was

allowed for one hour. Lipids were extracted and separated as

usual.

Detection of Ergosterol in JR5

Ten ml cell samples of JR5 were grown in YTD to a cell

concentration of 3.6 x 10 8/ml. The pellet was washed three times

in 10 ml of 0.1 M phosphate buffer to remove any adsorbed

ergosterol from the medium. The sample was acid treated,

saponified, and extracted. Total sterols were purified by TLC as

above. Sterols were extracted from the silica gel with chloroform-

methanol (4:1) through sodium sulfate.

This lipid sample was resuspended in 0.25 ml of isopropanol

with sonication. Samples were analyzed by HPLC at a detection

wavelength of 282 nm. This wavelength is the Amax of A517 sterols,

such as ergosterol. The detection was set for maximal sensitivity

(range .02).
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The minimal detectable amount of ergosterol was calculated as

follows. The concentration of an ergosterol standard in

isopropanol was determined by measuring its absorbance at 282 nm

using a Zeiss spectrophotometer. The molar extinction coefficient

of ergosterol in alcohol, 11,900, was used. Various dilutions from

this stock were injected into the HPLC, and the minimal detectable

ergosterol concentration was determined.

Phospholipid Separation and Fatty Acid Analysis

Yeast starter cultures were grown overnight on YTD,

transferred to YT(D)E, and then inoculated into 500 ml YTE.

Cultures were harvested at 150 Klett units and divided into four

samples which would give approximately 45 mg of dry weight per

tube. Cells were pelleted, frozen, and lyophilized before DMSO

extraction as described. A total lipid extract was applied to 0.25

mm silica gel plates (20 cm x 20 cm, Kieselgel 60 F-254, EM

Laboratories). Phospholipids were separated by the two dimensional

system of Esko and Raetz (31). Individual phospholipid species

were visualized by iodine vapor, and the outlines were traced.

Phospholipid-containing silica gel was scraped into 16 x 150 mm

culture tubes. Phospholipids were quantitated by phosphorous

content as described in Skipski and Barclay (89). Phosphorous was

quantitated from a standard curve of KH2PO4 standards, which were

added to blank silica gel and processed in parallel with the lipid

samples.
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Phospholipid species were identified using authentic standards

and by use of reagent sprays (89).

The fatty acid composition of the phospholipids was determined

after extraction and separation of the phospholipid species as

described above. The phospholipids were extracted from silica gel,

converted to methyl esters, and analyzed for relative amounts as

described in McLean-Bowen and Parks (57).

Chemical and Reagents

Sodium [1-14C]-acetate (56 mCi/mmol) was purchased from ICN.

L-[methyl-14C]methionine (54 mCi/mmol) was from New England

Nuclear. S- adenosyl -L- [methyl- 14C]methionine (62 mCi/mmol) was

from Amersham Corp. (-)-S-adenosyl-L-methionine hydrogensulfate

and S-adenosyl-L-homocysteine hydrogensulfate were obtained from

Boehringer Mannheim Corp. D-SAH, SAHO, SAH02, decarboxylated SAH,

deaminated SAH, SAC, SGH, SIH, N6-methyl-SAH, N6-ethyl-SAH, 2-aza-

SAH, 3-deaza-SAH, STH, SUH, SCH and A9145C were generously donated

by R. T. Borchardt; sinefungin was from J. R. Turner of Lilly

Research Laboratories; SIBA was supplied by E. Lederer; MTA and MTT

were gifts of A. J. Ferro (see Figure 2 for structures and complete

compound names). N-Triacontane (C30) and N-Dotriacontane (C32)

were purchased from Supelco Inc. Phosphatidyl-myo-inositol was

from Applied Science Laboratories. All other phospholipids,

sterols, and other chemicals were from Sigma. Solvents were

redistilled prior to use.
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RESULTS AND DISCUSSION

Inhibition of Sterol Transmethylation by S-Adenosylhomocysteine
Analogs

In an attempt to determine cellular adjustments resulting from

an inhibition of the SCMT, I studied the effect of analogs of S-

adenosylhomocysteine (SAH) on both in vitro and in vivo sterol

methylation. It was anticipated that a derivative of SAH might be

selected that would inhibit the SCMT exclusive of other

transmethylases. Towards that end, many SAH analogs were obtained

(Figure 2) and tested on the yeast sterol methyltransferase.

Compounds are classified on the basis of whether they represent a

modification of the amino acid or of the base portion of the parent

SAH molecule. In most cases each derivative represents one

structural modification in the SAH molecule. In this manner, the

enzymatic binding properties can be systematically dissected.

The amino acid-modified analogs include a few natural

compounds: MTA, an important compound in the degradation of SAM

and an inhibitor of some methylations (32); SF (A9145) and a sister

compound, A9145C. The last two are antifungal metabolites isolated

from Streptomyces griseolus (40,42).

The inhibitory effects of L-SAH and its analogs on the sterol

methyltransferase are shown in Table 4. Each compound was tested

in duplicate at concentrations of 50 and 500 pM. SAM concentration

was in all cases 200 11M, a saturating level (7). It is apparent
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Figure 2. Structural analogs of SAH. (A) Amino acid-modified

analogs of SAH. Abbreviations: L-SAH, S-adenosyl-L-

homocysteine; D-SAH, S-adenosyl-D-homocysteine; SAHO,

SAH sulfone; SAH02, SAFI. sulfoxide; decarboxylated SAH,

S- adenosyl -3- thiopropylamine; deaminated SAH, S-

adenosyl-4- thiobutyric acid; SAC, S-adenosyl-L-

cysteine; SIBA, S-isobutyladenosine; N-Ac-

decarboxylated SAH, S-adenosy1-3-N-

acetylthiopropylamine; MTA, 5'-methylthioadenosine;

MTT, 5'-methylthiotubercidin. (B) Base-modified

analogs of SAH. Letters (V-Z) correspond to sites of

alteration in the purine ring. SAH (adenine base) is

listed for comparison. Only alterations from this

structure are listed. Abbreviations: SGH, S-

guanosylhomocysteine; SIH, S-inosylhomocysteine; N6-

methyl -SAH, S-N6-methyladenosylhomocysteine; N6-ethyl-

SAH, S-N6-ethyladenosylhomocysteine; 2-aza-SAH, S-2-

azaadenosylhomocysteine; 3-deaza-SAH, S-3-

deazaadenosylhomocysteine; STH, S-tubercidiny1(7-

deaza)homocysteine; SUH, uridylhomocysteine; SCH, S-

cytidylhomocysteine. Unless otherwise stated, all

compounds have an "L" configuration at the amino acyl

moiety.



A AMINO ACID - MODIFIED ANALOGS
OF SAH

COMPOUND

L - SAH

0- SA 11

SAHO

SAHO2

Deccxboxylated SAH

Deaminoted SAH

SAC

SIB A

N-Ac-decarboxylated SAH

M TA

MT T

SINEFUNGIN

HAN.

pHCH2CHacH Ha
HOOC NH:

R

- SCH2CHICHINHOCOOH (L)

-S C HaCH2CH(NHI)C0 OH (R)

-S(1.01CH2 CH2CH(NH2)COOH

-S(a0)2CHsCH2CH(NHa)COGH

-S CH2CH2C112 NH:

-SCH2CHICHICOOH

-SCHsCH(NHOCOOH

-SCH2CH(Clia):

-SCHaCH2CH(NHAc)COOH

-SCH

-SCHs (tubercid in base)

A9145C

adenine Itzo>

HO

HCHICHtf HCH adsnips

Figure 2

B BASE-MODIFIED ANALOGS
OF SAH

Y3
X

aNC CHCH2CH2SCH2
HOO

COMPOUND

SAH

SGH

SIH

0-Methyl - SAN

0-Ethyl -SAH
2 -Aza- SAN

3-Deaza - SAN

ST H

8-Azo -SAM

SUH

SCH

OH OH

MODIFICATION

VW X Y I
CH N N CH NHa

CNH2 OH

CH OH
NHCH3

NHC2H6

N

N

CH

CH



38

Table 4. Inhibition of yeast sterol methyltransferase by analogs
of L-SAHa.

Compound
% Inhibition

50 pM 500

Amino-acid modified analog
L-SAH 72 92

D-SAH 50 87

SAHO 26 52

SAHO
2

17 42

Decarboxylated SAH 0 35

Deaminated SAH 0 17

SAC 38 50

SIBA 0 14

N-Ac-decarboxylated SAH 23 16

MTA 14 25

MTT 0 16

SF (A9145) 90 98

A9145C 95 98

Base-modified analog
L-SAH 72 92

SGH 40 52

STH 29 40

N'-methyl-SAH 70 91

N6-ethyl-SAH 20 42

2-Aza-SAH 51 81

3-Deaza-SAH 23 26

STH 9 91

8-Aza-SAH 72 93

SUH 50 72

SCH 0 0

pa

aEnzyme was prepared as described in the text. SAM concentration
was 200 pM. Each compound was tested in duplicate at 50 and 500
pM concentrations. See Figure 2 for complete compound names.
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that there is a wide variety of inhibitory activities. Some

compounds were ineffective as SCMT inhibitors: SAH02,

decarboxylated SAH, deaminated SAH, SIBA, N-Ac-decarboxylated SAH,

MTA, MTT, SIH, N6-ethyl-SAH, 3-deaza-SAH, and SCH. Since they were

not able to block sterol methylation, the modifications represented

by these analogs must be critical in the effective binding of the

parent SAH molecule in the active site of this enzyme.

Other compounds had intermediate inhibitory activities: SAHO,

SAC, SGH, and SUH. They represent structures of lesser importance

in binding to the enzyme. The remainder of the compounds had

effectiveness greater than or comparable to L-SAH: SF, A9145C, D-

SAH, 2-aza-SAH, STH (7-deaza-SAH), and N6-methyl-SAH. Alterations

of this class do not seriously affect the interaction with enzyme,

since strong inhibition was still observed.

Inhibition constants for some of the compounds are shown in

Table 5. Insufficient amounts of the analogs were available for

accurate determination of inhibition constants for all compounds.

Two compounds, MTT and SIBA, were tested but did not affect

activity. MTT is an analog of MTA (discussed above), and SIBA is a

compound found to be quite inhibitory in some systems (84). The

data in Table 5 reinforce the percent inhibition figures.

From the information in Tables 4 and 5, it is possible to

determine the structural features of SAH that are important in its

binding to the SCMT: the terminal amino acid and carboxyl groups

of the homocysteinyl residue, its three-carbon length, the thio
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Table 5. Inhibition constants of sterol methyltransferase by SAH
analogsa.

Compound Ki (pM)

SAH 8.8

SAHO
2

59

Decarboxylated SAH 80
SIBA NA
MTA 30.5
MTT NA
SGH 86

S-Aza-SAH 10

SF 1.6

aData were derived from double reciprocal plot of activity (counts
per minute) versus varying SAM concentration (range 10 to 200
pM). Reaction conditions are described in the text. NA, Not
active at concentration tested. Concentrations of compounds in
these experiments were: L-SAH, 2 pM; SAH02, 18 plq; decarboxylated
SAH, 19 pM; SIBA, 123 pM; MTA, 29 pM; MTT, 89 pli; SGH, 19 pM; 8-
aza-SAH, 19 pM; SF, 2 pM.
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ether linkage to the ribosyl group, the purine ring containing the

N6 amino group, and the 3-aza moiety. Although all analogs are of

the L configuration at the homocysteinyl alpha carbon, except of

course for D-SAH, it does not appear that the normal (L)

configuration is required for effective binding since D-SAH was a

good inhibitor. This lack of D/L specificity has been observed in

other methyltransferases (18).

The inhibitors tested yielded data that are similar to other

methyltransferases (18,20,46,80,84,99,106). One exception appears

to be SUH, which has the pyrimidine uracil substituted for

adenine. SUH had significant but intermediate inhibitory

activity. This is surprising in view of the fact that SCH, the

other pyrimidine analog, was completely ineffective as-an

inhibitor. SCH would appear to be a better mimic of SAH than SUH

because of the 6-amino group on the cytidyl residue.

SF and A9145C were the two compounds tested that were most

active against the SCMT (Table 4); the apparent Ki of SF was almost

five times lower than that of L-SAH (Table 5). SF, which contains

an ornithine residue linked via a carbon-carbon bond to the 5' end

of adenosine (16), has previously been found to be inhibitory to

the growth of the yeast Candida albicans (40) with a minimal

inhibitory concentration on YNB medium of 1.5 to 3 pg/ml (3 to 6

pM).

Because of these inhibitory properties, SF was used to test

for inhibition of SCMT in S. cerevisiae in vivo. Growth of 3701b



42

and of CC282-6C in the presence of a range of SF concentrations is

shown in Figure 3. Both strains were quite sensitive to SF,

although not to the same degree. At higher concentrations growth

inhibition was observed after about one generation, as best

apparent with CC282-6C. CC282-6C appeared to be more sensitive to

SF than 3701b (compare 0.1 and 0.01 OH concentrations). This may

occur because CC282-6C is dependent on exogenously added SAM (26),

and SF may interfere with either the uptake or the intracellular

processing of SAM.

Since SF is a potent inhibitor of many SAM-dependent

methylation enzymes (see below), we sought to look specifically at

the antibiotic's effect on sterol methylation. Control cultures

and cultures incubated with SF were harvested, subjected to mild

acid hydrolysis, and saponified. Sterols were extracted and

analyzed by gas-liquid chromatography. The results from two

strains are shown in Figure 4. As SF levels were increased to

around 1 11M, there was an increase in the levels of zymosterol, the

methyl-accepting substrate. This was true for 3701b, S288C, and

CC282-6C (data not shown). At higher concentrations of SF (100 to

1,000 11M) no ergosterol could be detected by our analysis. Sterols

other than zymosterol were detected, however these other sterols

are also found in yeast mutants lacking a functional sterol methyl-

transferase (8). Hence, SF addition to yeast cultures appears to

mimic the sterol pattern of a mutation in the SCMT, implying that

the antibiotic is blocking sterol methylation in the cell.
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Figure 3. Growth inhibition of yeast cultures by SF. For

procedures, see body of the text. (A) 3701b. (B)

CC282-6C. Symbols: , no added SF; X, 10-8 M SF; 0 ,

10 7 M SF; 0, 10 6 M SF; I, 10-5 M SF; A, 10-4 M SF;

A, 10-3 SF.
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SINEFUNGIN CONCN. (LOG of MOLAR)

Figure 4. Whole cell sterol composition of SFtreated cells.
Cell cultures were treated with various concentrations
of SF, and their sterols were extracted and analyzed.
The percentage of ergosterol (open symbols) and of
zymosterol (closed symbols) are plotted against the log
of the SF concentration with which cells were
treated. Symbols: (6,i) 3701b; (0,0) S288C.
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These data also suggest that SF is inhibiting more than one

methylation site in the cell, since growth of 3701b was inhibited

at SF concentrations where the sterol profile was not affected

(Figures 3A and 4). Conceding that SF was acting on many methyl-

transferases in vivo, we looked in a more general manner at the

inhibitory process of the antibiotic. The most likely mechanism of

growth inhibition would be a competition with SAM. The relevance

of this simple model is supported in the following experiments.

Figure 5A shows growth inhibition of S288C by SF in the presence

and in the absence of SAM. Although SAM addition did not cause an

increase in growth of a control culture, cultures with this

compound in the medium were not as sensitive to SF inhibition as

parallel cultures grown without SAM. It appears that SAM and SF

are competing for cellular binding sites. A similar experiment

utilized strain 838E8-B3, which requires methionine but is unable

to transport SAM. This organism cannot utilize exogenously added

SAM to satisfy its methionine requirement and will grow only when

methionine is supplied. 838E8-B3 was insensitive to SF inhibition

(Figure 5B). This demonstrates that SF must be taken up by the

cell before it can exert its inhibitory effect, and that it is

taken up by the SAM permease enzyme.

To define more accurately the relationship between SAM and SF,

the intracellular concentrations of these compounds were

determined. The results are shown in Table 6. As seen in 3701b,

no intracellular SAM was detected unless the culture was
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Figure 5. Effect of SAM and SF on growth.

A. Effect of SAM and SF on growth of S288C. Medium

was YNBCE without methionine. Open symbols contain

0.2 mM SAM; closed symbols lack SAM. Symbols:

(OM no SF; (0,1i) 1 pM SF; (A,A) 10 11M SF.

B. Effect of SAM and SF on growth of 838E8-B3. Medium

was YNBCD plus methionine, except where noted.

Open symbols contain SAM; closed symbols lack

SAM. Symbols: (OM no SF; (0,11) 1 tip SF;

(A, 41) no methionine.
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supplemented with SAM. When added to the medium, SF could also be

detected in the cells; the lower amount compared with SAM probably

reflects the lower concentration of SF added as well as the time of

addition, which was during the middle of balanced growth. When

both SAM and SF were supplied, there was an increase in the levels

of SAM in the cell and a decrease in the amount of SF to the limits

of detection. A similar increase in the intracellular SAM concen-

tration was also seen in S288C (data not shown) and in CC282-6C.

Neither compound could be detected in parallel extracts of 838E8-

B3, further supporting the mechanism of their entry via the SAM

permease.

These results may explain why the growth of cultures

supplemented with SAM is not as sensitive to SF inhibition as

unsupplemented cultures. There is less SF accumulated in the cells

fed with SAM, and there is more intracellular SAM. Alternatively,

the increased SAM concentration in SF-treated cells may reflect an

accumulation of internal SAM caused by the antibiotic's disruption

of the flow of SAM into other cellular components. This may not be

likely since no SAM was observed to accumulate in cultures grown

without SAM but in the presence of SF.

Although SF is capable of inhibiting the SCMT intracellularly

with the resulting accumulation of zymosterol, it is also toxic for

a wide variety of SAM-dependent methyltransferases. SF and its

related compound, A9145C, have been shown to be more effective than

L-SAH in inhibiting several mRNA methyltransferases in vitro as
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Table 6. Intracellular concentrations of SAM and SF in treated
cells.

SAM SF

Strain SAMa SFb (pmo1/105 cells) (pmo1/105 cells)

3701b - - __c __c

+ 298 --
+ + 769 4.d

- + 78

CC282-6C 697
754 21

aSAM added to growth medium at a concentration of 0.2 mM.

bSF added at 10 pM after cells were approximately 60 Klett units.

cCompound not detected in the assay.

dCompound detected but could not be precisely quantitated.
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well as stopping viral multiplication (80). SF was a potent

inhibitor of transformation of chicken embryo fibroblasts induced

by Rous sarcoma virus (100) as well as being effective against

several protein methylases (19,100). The activities of a family of

sinefungin and sinefungin-like compounds on several mammalian

methyltransferases have also been reported (38).

As seen in growth inhibition studies (Figure 3), SF is capable

of inhibiting yeast growth at concentrations where the sterol

profile is not affected (Figure 4). Since it appears that there

are methylation enzymes which are more sensitive to SF than the

SCMT, the cellular perturbations brought about by inhibition of

these other transmethylases preclude an unambiguous analysis of the

role of sterol methylation in the physiology of yeasts, based on

studies with the inhibitors.

Genetic Analysis of Sterol Methyltransferase Mutants

Nystatin resistant mutants defective in sterol methylation

have been reported from several sources (9,14,77). In view of the

reported nonequivalence in isolation of sterol mutants from various

wild type parental strains (77), it became necessary to initiate a

more precise definition of sterol mutants at the genetic level.

The sterol methyltransferase mutants were chosen because of the

wealth of biochemical data on the enzyme itself, because of a good

background on analysis of SCMT mutants, and because of the

availability of mutants isolated from three different parental

backgrounds. Erg6 was isolated from A184D by Molzahn and Woods
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(60), JR5 was isolated from S288C (77), and 8R1 was derived from

Z008 by Bailey et al. (9). The parentals were also included in

this analysis. Although Z008 originally contained significant

amounts of ergosta-5,7,22,24(28)-tetraenol, this sterol phenotype

was subsequently lost (57). The strain Z008r1 is the same as Z008

except for this difference. JR1, which is defective in 5(6)

desaturation (erg3), was often included in many assays or tests not

only because of the importance of this transformation in ergosterol

synthesis, but also because it would serve as a comparison of a

mutant defective in another step of sterol synthesis which was also

resistant to nystatin.

The levels of nystatin resistance of these mutants and their

parentals are shown in Table 7. Best results were obtained after

48 h incubation on nystatin-containing plates at 28° in the dark.

These results represent a summation of resistance from fifteen

colonies of each strain, the levels of resistance being consistent

for each colony. In most subsequent assays nystatin concentrations

slightly lower than these maximal resistance levels were used to

ensure visualization of the nystatin resistant phenotype. Although

not shown on the table, the strain X2180-1B, a nonmutant derivative

of S288C, was used in many of the genetic crosses; its level of

resistance was identical to S288C.

The levels of resistance reported in Table 7 are much lower

than originally reported by Molzahn and Woods. This is due to two

factors. They used ethanol to solubilize nystatin; the polyene
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Table 7. Nystatin resistance of SCMT mutants and parental wild
types.

Strain
Nystatin Resistance (U/ml)
24 h 48 h

S288C 2 3

JR1 5 8

JR5 10 14

Z008r1 2 3

8R1 4.5 6

A184D 2 3

Erg6 5 7

Assay and quantitation are described in Materials and Methods.
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antibiotics often form micelles in marginal solvents such as

ethanol (69). I used dimethylformamide, the solvent of choice for

nystatin (69). While the concentration of DMF did not affect

growth of the yeasts, it may have increased the solubilization and

the association of nystatin with cellular surfaces. In addition

nystatin-containing plates were incubated in the dark for two hours

before use in this study. In previous reports nystatin was allowed

to equilibrate for 24 h before use. Nystatin quickly loses

biological activity when exposed to light or to high temperature.

It was noted that the resistance level of JR5 was twice that

of the other sterol methyltransferase mutants. The wild type

parentals, however, were equally sensitive. If resistance was due

to the SCMT mutation entirely, and not due to parental background,

then it would be possible to differentiate the mutation in JR5 from

that of either 8R1 or Erg6 in genetic crosses by nystatin

resistance.

Nystatin resistance was also analyzed by a different method.

When cells are exposed to polyene antibiotics, plasma membrane

pores are formed through which cellular components leak (51,69). A

simplified model states that it is this efflux which is believed to

result in the cytotoxic effect of polyene antibiotics (51). One of

the most frequently used assays of polyene-cell interactions is le

efflux from cells into the internal medium/buffer. Although this

technique has not been applied to sterol mutants previously, the

method has proven to be sensitive to small changes in cultural
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conditions or to other growth parameters which have been important

in describing the interaction of polyene antibiotics with

membranes.

The nystatin-induced efflux of Kt from X2180-1B, JR1 and JR5

is shown in Figure 6. Cultures were harvested in exponential

growth phase and washed free of extracellular Kt. All three

strains contained the same concentration of cellular K +, 365

nmol/mg d.w. Under these conditions the rate of leakage without

nystatin was very similar for each strain. Figure 6A shows efflux

of le from these strains at two different nystatin concentrations,

2.5 U/m1 and 15 U/ml. Two distinct phases were observed in the

appearance of extracellular Kt. The first phase was approximately

equal in rate for the three cultures but varied in duration. This

initial phase was shortest for JR1 and longest for JR5 and was

shortened by increasing nystatin concentrations. For example,

while the rate was observed up to three minutes after the addition

of 2.5 U of nystatin per ml of a JR1 sample, this period was

reduced to less than thirty seconds when the nystatin concentration

was increased to 15 U/ml.

During the second phase K+ efflux reached maximal velocities

and differences in rates were observed between strains. While the

rates were similar for JR1 and X2180-1B, the efflux from JR5 was

much slower. The maximum rate of efflux for a strain at that

concentration of nystatin was derived from the slope of this second

period (Figure 6B). It can be seen that rates of efflux were
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Figure 6. Nystatin-induced leakage of le from yeast.

A. Efflux of le from yeast strains after addition of

15 U nystatin/ml (closed symbols) or of 2.5 U

nystatin/ml (open symbols). Symbols: (0,0),

X2180-1B; (OA), JR1; (A,A), JR5.

B. Effect of nystatin concentration on the rate of le

leakage from yeast strains. Maximum rates of

efflux were calculated from leakage curves, some of

which are shown in Figure 6A. Symbols: (),

X2180-1B; (II), JR1; (A), JR5.
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proportional to nystatin concentrations added to the sample. This

is true for all three cultures. Again the responses by X2180-1B

and JR1 were very similar (0.222 and 0.192 mM Rf/min/U nystatin,

respectively), while JR5 was much less affected (0.042 mM e/min/U

nystatin).

How can these results be related to nystatin resistance as

calculated in Table 7? The second period is interpreted as

representing the resistance of the strain. The initial phase can

be viewed as the period of time during which the polyene-sterol

pores are formed. In all three strains the lower the concentration

of nystatin, the longer before the maximal rate is achieved.

Interestingly this period is shorter for JR1 than for X2180-1B,

even though resistance is slightly greater in the former strain

compared to the latter. This may occur because the molecular

organization of the plasma membranes are slightly different from

one strain to another due to the sterols accumulated. Alterations

in membrane fluidity, order parameter, and sensitivity to cations

by sterol mutants have been reported (13,23,49,54).

When the conditions of incubation are changed, differences

between the parental and the mutants can be observed in the rates

of K+ efflux which occur without nystatin addition. For instance

if the buffer concentration is increased from 10 mM to 50 mM, the

basal rate of efflux is greater in the mutants, even at low

temperatures (Figure 7). The efflux of K
+

is very similar for

X2180-1B and JR5 when ethanol is not included in the incubation
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Figure 7. K+ leakage of X2180-1B and JR5 at 4°C. Leakage of le

was calculated as percent of total cellular r which
was monitored extracellularly. Procedure is described
in Materials and Methods except buffer was 50 mM malate
instead of 10 mM, and ethanol was not added (open

symbols). Ethanol was added (closed symbols) to a
final volume of 1% (v/v). Symbols: (0,0), X2180-1B;

(A,A), JR5.
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mixture. When ethanol is added to a final concentration of 1%, the

appearance of external cellular le from X2180-1B cells decreased by

50% over this time period while ethanol addition appears to have

little effect on JR5. Apparently X2180-1B is able to maintain a le

gradient across its plasma membrane under some conditions where JR5

cultures cannot.

Measurements of e efflux may prove useful in the analysis of

membrane properties which are affected by the accumulation of

sterol intermediates. In addition, although this technique may not

be as facile as the plate method for quantitating nystatin

resistance, it may be preferred in some instances, especially for

sterol auxotrophs. It is not possible to quantitate nystatin

resistance of sterol auxotrophs by the plate method due to the

formation of extracellular complexes between nystatin and the

sterol, which must be included in the medium to allow the mutants

to grow. These complexes reduce the amount of nystatin which can

associate with the yeast cells, and hence the true level of

nystatin resistance would be obscured. Since the K+ leakage

procedure quickly assays resistance of exponentially growing cells

which are removed from the growth medium, possible interference

with external sterol is avoided.

Each sterol methylation mutant was tested for the segregation

of a single determinant (gene) for nystatin resistance. JR5, 8R1,

and Erg6 were mated to parentals of the other mutants, which were

of opposite mating type. The diploids were caused to sporulate,
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and four-spored asci were dissected. Only completely viable

tetrads from these dissections were analyzed for nystatin

resistance. Resistance levels were quantitated between 2 to 12.5

units per ml of medium at 2.5 unit intervals per plate. The

results are shown in Table 8, crosses 1 to 4. In each case

resistance to sensitivity segregated 2:2, indicating a single locus

for resistance from each strain. In cross 2, ZOO8r1 x JR5, one

tetrad segregated 3 resistant:1 sensitive. The sum of resistance

segregation in crosses involving JR5 (1 and 2), indicate 34/35

tetrads showing 2:2 segregation and 1/35 showing 3:1 segregation.

This aberrant tetrad is probably due to gene conversion; the

frequency of 2.9% is close to the average of 4.5% for this genetic

event (33). In summary data indicate that each of these mutants

contains only a single locus conferring nystatin resistance.

Although variations in the level of resistance within the

tetrads were observed, these differences could not be conclusively

attributable to changes in parental background. In addition none

of the resistance markers were expressed in the diploid state when

heterozygous with the wild types. In other words the resistance

(mutants) alleles are recessive to the sensitive (wild type)

markers.

Genetic crosses were performed to test whether the nystatin

resistance loci of the three mutants were in the same gene. JR5

was mated to 8R1 and to Erg6. The results of tetrad analysis from

these crosses are shown in Table 8, crosses 5 and 6. In all
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Table 8. Paired matings of erg6 mutants.

Cross Strains Tetrads Tetrad Types (Resistant:Sensitive)
No. (a x a) Tested 4:0 3:1 2:2 1:3 0:4

1 A184D 15 15
X

JR5

2 Z008r1 20 1 19

X

JR5

Sum, JR5 35 1 34

3 Erg6 18 18
X

X2180-1B

4 8R1 18 18

X
X2180-1B

5 8R1 14 14

X
JR5

6 Erg6 19 19

X
Jr5
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tetrads analyzed, resistance segregated 4:0 over sensitivity.

Since no nystatin sensitive spores were found, it can be concluded

that the mutations in JR5, Erg6, and 8R1 are in the same gene, or

in genes very tightly linked. The limits of detection for a single

crossover event from 33 tetrads is 2.6 cM. This means that the

markers from the strains must be less than this distance from one

another. Another indication of allelism for these mutations comes

from the observation that the diploids formed from these matings

were also nystatin resistant. Hence these markers can be assigned

to the same complementation group (i.e. gene). I have assigned

these alleles to the gene locus erg6, so named for the mutation

from strain Erg6 (12). I have also designated alleles according to

strain origin.

Strain Allele

JR5 erg6-5
Erg6 erg6-6
8R1 erg6-8

Previous genetic analysis indicated that the nys-1 (erg6)

marker was linked to a centromere (2), although linkage to a

nutritional or to another marker was not demonstrated. Based on my

analysis of the erg6 locus discussed above, it seemed appropriate

to extend these studies by mapping this gene to a chromosomal

location. It was anticipated that such an undertaking would lay

the foundation for subsequent investigations on the genetic

organization and expression of the ergosterol biosynthetic

proteins.
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Cultures containing previously mapped chromosomal markers were

obtained from the Yeast Genetic Stock Center, in Berkeley,

California. JR5 was used for the erg6-5 marker because its

parental background (S288C) was the same as the Berkeley stocks and

because of the high level of resistance expressed by the

mutation. JR5 was mated to X4037-14C and to X4036-10D, which

contained between them contromere-linked markers for 16 of the 17

chromosomes of S. cerevisiae.

Linkage is demonstrated by analyzing the segregation of two

markers in pairwise fashion. Three classes of tetrads are possible

in the analysis of a diploid heterozygous for two markers from

haploids XY and xy:

PD (Parental Ditype) XY XY xy xy; markers are like parents

NPD (NonParental Ditype) Xy Xy xY xY; markers are not like
parents and there are
only two types

T (Tetratype) XY Xy xY xy markers in all four
combinations

From the frequencies of these types of tetrads, it is possible to

establish linkage between markers. If there is an excess of PD to

NPD, then the genes are linked due to the low frequency of

recombination between the markers. If the markers are on different

chromosomes, of if they are on the same chromosome but sufficiently

distant from one another that segregation appears random, then the

frequency of tetrads should approximate PD:NPD:T equalling 1:1:4.

The distance between markers can be determined by the recombination

frequency manifested in the tetrad types. Map distance in

centiMorgans can be estimated by using the following formula:
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cM = 100 x
(T + 6 NPD)
2(PD + NPD + T)

This formula is accurate for distances up to 40 cM.

Tetrad analysis of the asci from the cross of JR5 to X4037-14C

is shown in Table 9. From the excess of PD to NPD plus T, it was

concluded that erg6 was linked to trpl. In all other cases

segregation appeared to be random. The low frequency of T is due

to the close linkage of all markers to chromosomal centromeres,

hence little recombination between the marker and its respective

centromere occurred.

Using the above formula, and the segregation analysis from 25

tetrads, a map distance of 18.0 cM has been calculated between trpl

and erg6. The trpl locus is very tightly linked to the centromere

of chromosome four. From these data it is not possible to discern

on which side of the centromere the erg6 gene is located relative

to trpl.

Subsequent crosses to determine the sidedness of the erg6

locus relative to the centromere were unsuccessful. Matings to

strains carrying the gal3 marker did not produce zygotes. Diploids

from a cross carrying the rad57 mutant allele produced few spores

on germination, and the asci formed were resistant to digestion by

glusulase. No other genetic markers from chromosome four were

available which were sufficiently close to the centromere to

establish linkage with erg6.



Table 9. Chromosomal mapping of erg6-5.

Cross Marker Segregation Spore Types Map
No. Strains with erg6-5 PD NPD T Total Distance

1 X4037-14C gall 1 10 4 15
X

JR5 ilv3 7 7 2 16

arg9 6 8 1 15

leu2 6 6 4 16

met14 8 6 2 16

lys7 7 4 3 16

pet17 2 8 6 16

trpl 23 1 1 25 18.0
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As mentioned earlier some parental strains appeared to give

rise to only one sterol mutant class (77). I tested whether the

other sterol mutants available in our laboratory were viable in

these backgrounds. Since no sterol methylation defective mutants

(erg6) were isolated from 3701b, I mated this strain with JR5.

Similarly, since no mutants defective in 5(6) desaturation were

isolated from Z008, I mated Z008r1 with JR1. From the diploids

formed four spored asci were dissected, and the colonies arising

from the spores were screened for nystatin resistance.

Spores derived from the cross of 3701b and JR5 were poorly

viable. Of the 42 asci dissected only two were completely

viable. This was not due to the erg6 mutation of JR5, however,

since poor spore viability was also, observed from asci derived from

a cross of 3701b and X2180-1B. When the asci from the 3701b X JR5

cross were analyzed for nystatin resistance and for the uracil

auxotrophy of 3701b, both of these markers segregated 2:2

(mutant:wild type). In addition, the ascus patterns were NPD and

PD for these two markers, indicating that a mixing of the

chromosomes from the mating cultures into the spore derivations was

occurring. Tetrad analysis from the mating of Z008r1 and JR1

yielded similar results: a segregation pattern of 2:2

(resistant:sensitive) was observed in all seven tetrads.

These studies indicate that the erg6 and the erg3 mutations

are not lethal to 3701b or Z008r1 respectively. The evidence is

not conclusive, however, since the spores analyzed are the products
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of chromosomal mixing from the parental backgrounds. If the

occurrence of these sterol mutant classes are stabilized by

cellular factors derived from genes within the S288C - X2180-1B

background, the potential lethality of these mutations in 3701b or

Z008r1 might be obscurred. Further genetic tests and mutant

isolation from these spore derivations are necessary to clarify the

problem further.

Lipids and Lipid Synthesis of Sterol Mutants

Although sterol mutants of S. cerevisiae were first described

over ten years ago, very little is known about their cellular

lipids. The whole cell sterols have been well defined, but their

distribution within the cell is unknown. It is important to define

which sterols are found predominantly in the membranes of these

mutants, and which sterols are esterified, or even if such a

selectivity occurs. Due to the development of new sensitive HPLC

methods it is possible to detect even minor sterol intermediates;

this will enable an estimate of mutant enzyme basal synthesis or

"leakiness" to be made. Beyond identifying sterols in the free and

esterified fractions, it is also critical to look at the bulk

metabolism of these pools in order to investigate sterol regulation

as well as the possible interregulation with other lipids,

especially phospholipids. Analysis of not only phospholipid

synthesis but also of the relative amounts of the phospholipid

species is crucial in order to test whether the phospholipids

undergo compositional changes to accommodate the lack of ergosterol

and the accumulation of sterol intermediates.
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Sterol analyses of X2180-1B, JR1, and JR5 were performed on

cell samples during logarithmic growth (3-5 x 107/m1) and during

stationary phase (2-3 x 10 8 /ml) of the culture cycle. I wanted

samples during a period of maximal growth when steryl ester concen-

trations were low (8), and during a period of senescence when

steryl esters are known to accumulate in large amounts in wild type

strains (8,92). By using these two samples the elaboration of the

steryl ester pool relative to the free sterol fraction could be

investigated. Sterol concentrations were quantitated relative to

cell numbers and to cell dry weight. This analysis was performed

by gas-liquid chromotography using cholesterol and cholesteryl

palmitate as internal standards for quantitation of free and

esterified fractions respectively. Unfortunately this instrument

was not able to resolve completely all of the various sterol

precursors to enable quantitation of each species precisely.

Separation of the sterols was carried out using high pressure

liquid chromatographic techniques recently developed in this

laboratory (83). Although quantitation was not carried out by

HPLC, the major sterol species were ranked by peak height, which

was sufficient to elucidate general trends of sterol deposition

between the sterol pools. In addition sterols from whole cell

extracts were purified by HPLC and analyzed by gas chromatography-

mass spectroscopy for more positive identification.

The sterols of these strains are summarized in Table 10.

Ergosterol (a = 1.72) was the major sterol in the free sterol



Table 10. Chromatographic properties of sterols from X2180-1B, JR1, and JR5.

Strain Sterol

GLC
a

RCN

GC-MS
b

M/e

HPLC Properties
c

a K Ve(ml)

HPLC Peak Heighth Rankd

Free Sterol Steryl Ester

logarithmic stationary logarithmic stationary

X2180-1E1 2.67 6.14 23.8 3

Ergostatetraenol 3155 2.44 6.66 25.6 2 2 6

2.19 7.49 28.4 5

Zymosterol 3065 384 1.94 8.34 31.2 3 1 1

Ergosterol 3094 396 1.72 9.36 34.6 1 1 2 2

Episterol 1.37 11.49 41.7 4

Fecosterol 1.41 11.75 42.6 4

1.24 13.12 47.2 3 3

JR1 2.74 4.68 18.75 4

3136 2.17 6.15 23.0 4 4 5 3

Zymosterol 3073 384 1.91 7.02 26.2 5 3 4

Ergosta -7, 22,

24(28)-trienol 3148 1.66 8.06 29.6 3 3 1 2

3124e

Ergosta-7,22-

dienol 3098 1.47 9.13 33.0 1 1 2 1

Lanosterol 1.24 11.20 39.8 6 6

Ergosta-7-enol 3106 1.19 11.15 39.8 2 2 4 5



Table 10. Continued

Strain Sterol

GLC
a

RCN

GC-MSb HPLC Propertiesb

a Ve(ml)

HPLC Peak Heighth Rank
d

Free Sterol Steryl Ester

logarithmic stationary logarithmic stationary

JR5 3085 3.08 5.24 20.8 3 4 3 5

Cholesta-5,7,

22,24-tetraenol 3115 380 2.90 5.51 23.6 4 1 3 2

Cholesta-5,7,

24-trienol 3094 382 2.29 7.05 26.7 2 2 2 4

2.15 7.63 28.8 3

Zymosterol 3064 384 1.92 8.34 31.5 1 3 1 1

1.47 9.83 35.43 5

1.22 13.47 48.3 5

aGas-liquid chromatography relative carbon numbers were calculated as described in Materials and Methods.

b
Mass ion peak of free sterols analyzed by gas (liquid) chromatography-mass spectroscopy.

c Values are averaged over several samples.

d
Peak height was ranked on chromatographs at A210. See Figures 8 to 10 for sample chromatographic traces.

e
Contaminating peak of a = 1.66 fraction detected by GLC.
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fractions of X2180-1B from both logarithmic and stationary phases

of growth (Figure 8). A small amount of zymosterol (a = 1.91) was

found in the free sterols during the logarithmic growth only. A

small broad peak eluting after ergosterol appears to be a mixture

of three sterols. The trailing shoulder has been identified as

cholesterol (a = 1.33), which was added as a standard. This was

determined from a sample in which no cholesterol was added; the

shoulder was missing. The front of this peak appears to represent

two sterols, very slightly resolved (a = 1.41, 1.37). These are

tentatively identified as fecosterol (ergosta-8,24(28)-dienol) and

episterol (ergosta-7,24(28)-dienol). During stationary phase the

second sterol of this mixed peak appeared to dominate. The first

sterol eluting from these samples at 16.8 minutes (a = 2.44) has

not been identified.

The steryl esters of X2180-1B (Figure 8C,D) were dominated by

zymosterol (a = 1.91), especially from the log phase sample.

Ergosterol was present in minor amounts, but appeared to accumulate

later in the culture cycle. Other trace sterols were found mainly

in the logarithmic sample, but appeared in lesser amounts in the

stationary phase sample.

The sterol fractions of JR1 contained three major peaks:

ergosta-7-enol (a = 1.19), ergosta-7,22-dienol (a = 1.47),and

ergosta-7,22,24(28)-trienol (a = 1.66). In both free sterol

fractions the ergostadienol was the major sterol, followed by

lesser amounts of the ergostanol and ergostatrienol (Figure
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Figure 8. High pressure liquid chromatographic analysis of

sterols from X2180 -1B. Samples were prepared and

lipids purified as described in Materials and

Methods. "a" values refer to sterols of X2180 -1B as

identified in Table 10. C, cholesterol, an internal

standard; S, sitosterol, an external standard. (A)

Elution of sterols from a free sterol fraction of an

exponential growth culture. (B) Elution of sterols

from a free sterol fraction of a stationary phase

culture. (C) Elution of sterols from a steryl ester

sample of an exponential phase culture. (D) Elution of

sterols from a steryl ester fraction of a stationary

phase culture.
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Figure 9. High pressure liquid chromatographic analysis of

sterols from JR1. Samples were prepared and lipids

purified as described in Materials and Methods.

values refer to sterols of JR1 as identified in Table

10. C, cholesterol, an internal standard; S,

sitosterol, an external standard. (A) Elution of

sterols from a free sterol fraction of an exponential

growth culture. (B) Elution of sterols from a free

sterol fraction of a stationary phase culture. (C)

Elution of sterols from a steryl ester fraction of an

exponential phase culture. (D) Elution of sterols from

a steryl ester fraction of a stationary phase culture.
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9A,B). The proportions of these two sterols in the stationary

phase sample were very much reduced compared to the

ergostadienol. The ergostatrienol had elution properties very

similar to ergosterol (a = 1.72). When the wavelength of detection

was changed from 210 nm to 282 nm, this ergosterol precursor was

not observed. A small peak was detected, however, indicating that

a small amount of 5(6)-desaturation was occurring, since 282 nm is

the Amax of A5,7diene-containing sterols. This contaminating peak

is presumably ergosterol. Many other peaks are also suspected to

be contaminated by sterol isomers. Using nuclear magnetic

resonance spectroscopy Barton et al. (14) were able to identify A8-

isomers in the A7-sterols they had purified by argentation

chromatography. It is likely that the A7-trgosta-sterols

identified here contain significant amounts of A8-sterols.

While the ergostatrienol was the major sterol in the ester

fraction from a logarithmic sample of JR1, the ergostadienol

predominated in the stationary phase sample (Figure 9C,D). Minor

but nearly equal amounts of zymosterol, ergostadienol, ergostenol,

and a small amount of an unidentified sterol (a = 2.20) were

detected in the exponential growth sample. Minor sterols from the

stationary phase sample (in decreasing order) were ergostatrienol,

a2.20-sterol, ergostenol, and zymosterol.

The sterol fractions of JR5 were predominated by three

sterols: zymosterol, cholesta-5,7,24-trienol (a = 2.29) and

cholesta-5,7,22,24-tetraenol (a = 2.90). Wide differences in the
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Figure 10. High pressure liquid chromatographic analysis of

sterols from JR5. Samples were prepared and lipids

purified as described in Materials and Methods.

values refer to sterols of JR5 as identified in Table

10. C, cholesterol, an internal standard; S,

sitosterol, an external standard. (A) Elution of

sterols from a free sterol fraction of an exponential

growth culture. (B) Elution of sterols from a free

sterol fraction of a stationary phase sample. (C)

Elution of sterols from a steryl ester fraction of an

exponential phase sample. (D) Elution of sterols from

a steryl ester fraction of a stationary phase sample.
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amounts and in the localization of these sterols were observed.

For instance, while zymosterol was the major sterol during

logarithmic growth, very little of this sterol was found in the

stationary phase sample (Figure 10). Instead near equal amounts of

the cholestatrienol and cholestatetraenol were found. Similarly

zymosterol was the major sterol in the ester fractions (Figure

10C,D). The logarithmic sample contained little cholestatrienol

and very little cholestatetraenol. Interestingly, the latter

sterol was observed to elute with another peak (a = 3.08), which

was observed in many other fractions; its structure is not known.

In the stationary phase sample the cholestatetraenol was second in

proportion only to zymosterol. Interestingly the trienol peak

appeared to be split into two sterols (a = 2.29 and 2.15), the

latter predominanting over the other may be cholesta-7,22,24-

trienol.

In summary the major sterol composition of the two sterol

pools was dependent on where in the culture cycle sampling took

place. This is best illustrated using JR5. Whereas zymosterol was

the major sterol in the free sterol pool during logarithmic growth,

only a minor amount of this sterol was found in that fraction from

the later sampling. Instead an equal ratio of cholestatetraenol

and cholestatrienol were found. While a similar accumulation of

these two sterols was observed in the stationary phase ester

fraction, they were not found in major amounts.
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It would appear that the enzymatic transformations after the

sterol methyltransferase are most efficient with C-28 sterols.

This is best seen in the desaturation at C22-C23 in JR5. Little

cholestatetraenol is observed during exponential growth and is only

accumulated in large amounts during stationary phase, where it is

found in large amounts. This implies that the z22- desaturase

requires the 24(28)-methylene. When this moiety is lacking, as in

JR5, desaturation between C22 and C23 proceeds slowly. Since the

cholestatetraenol is thought to be the major sterol of JR5 most

like ergosterol, it would be expected to appear in the free sterol

fraction. When significant amounts accumulate, the free sterols

are relatively enriched with this sterol over the ester fraction.

This observation can be attributed to the specificity of the A22

desaturase. Similar observations were reported by Barton et al.

(15) using sterol mutants blocked at two separate enzymatic

steps. Strains defective in the sterol methyltransferase and in

either the 5(6)-desaturase or the A
8+A7-isomerase contained no A22 -

sterols.

By observing the accumulation of sterol intermediates through

the culture cycle, it can be seen that the main pathway for sterol

synthesis is the same in the sterol mutants and in the wild type.

It is clear that the following pathway occurs in JR5:

A8+,6,7+A54.,622+(6,24(28))
. Many trace sterols have been observed in

the fractions of these yeast strains, some of which may not have

been identified previously. Although some predictions of sterol
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structure were based solely on retention properties relative to

known standards, or to previously published reports on these sterol

mutants, the potential for isolation of novel sterols from these

cultures is high. This is especially true in the ester pools.

Finally since the sterol composition of the free sterols

changes with growth in these mutants, caution is urged in

constructing models based on the whole cell sterol composition only

(see JR5 above). The alterations in sterol composition may affect

membrane properties. It is important that samples be from the same

stage of growth in order to retain a particular sterol pattern.

This may explain differences noted by Lees et al. (54) in membrane

permeability between similar sterol mutants from logarithmic and

stationary phases of growth.

The samples which were analyzed for sterol distribution,

discussed above, were also assayed for sterol concentration in both

free and esterified fractions. These data are shown in Table 11.

It can be seen that the concentration of free sterol is higher in

the mutants than in the wild type. The increase is approximately

1.5 times the wild type level in both exponential and stationary

phase samples. In addition the free sterol concentration changes

very little from logarithmic to stationary phases in either the

wild type or the sterol mutants.

The increase in sterol accumulation by the mutants is very

dramatic in the steryl ester fraction. The cellular concentrations

of sterol from the ester pool for both JR1 and JR5 are nearly eight



Table 11. Sterol concentrations in free and esterified fractions of X2180-1B, JR1, and JR5.

log
pg sterol /cell no.a
(rel) stationary (rel) log

g sterol/g dwa
(rel) stationary (rel)

Free
Sterols

X2180-1B 8.0x10-8 (1.00) 7.9x10-8 (1.00) 3.4x103 (1.00) 3.1x10-3 (1.00)

JR1 13.9 (1.74) 12.0 (1.52) 5.0 (1.47) 4.2 (1.35)

JR5 15.7 (1.96) 13.0 (1.65) 5.0 (1.47) 4.7 (1.52)

Steryl
Esters

X2180-1B 2.4x10 8 (1.00) 15.1x10 8
(1.00) 1.0x10-3 (1.00) 6.1x10-3 (1.00)

JR1 19.0 (7.92) 27.6 (1.83) 6.3 (6.30) 9.7 (1.59)

JR5 19.0 (7.92) 22.0 (1.46) 5.9 (5.90) 8.0 (1.31)

aValues represent the average of three samples.

b
Represents the ratio of sterol concentration in that sample divided by the corresponding
sterol fraction of X2180-1B.
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times higher than that of X2180-1B. Interestingly the excess in

ester accumulation by the mutants is not as great in the stationary

phase samples. This is due to the large increase in esters by the

wild type. During exponential growth the steryl ester

concentration is low in X2180-1B, approximately 30% of the free

sterol concentration. As the culture enters stationary phase, the

ester concentration rises six fold to a level twice the free sterol

concentration.

In the mutants, however, a different pattern occurs. During

exponential growth the steryl ester concentration is higher than

the free sterol concentration by about 50%. As these cultures go

into stationary phase, the esters increase, but by less than one

half. The steryl ester concentration in the mutants during the

stationary phase is approximately twice the free sterol concen-

tration. A similar excess of ester over free sterol is observed in

the parallel wild type sample. In addition the difference in ester

concentration between parental and mutants during stationary phase

resembles the difference found in the free sterol fraction during

this same time.

This accumulation of esters by wild type cultures during

senescence confirms earlier observations (8,92), however the

pattern in the mutants has not been reported previously. It

appears that the mechanism whereby the ester concentration is

regulated is defective in these sterol mutants. Possible models

must explain not only this phenomenon but also the increase in

ester by wild type.
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Steryl ester concentration is low in exponentially growing

yeast cultures. There is little ergosterol in this pool during

early growth, the bulk of the ester has been found to be ergosterol

precursors, especially zymosterol. While ergosterol synthesis is

high during this period, the steryl esters are not directly

metabolized to ergosterol since the biosynthetic enzymes do not

catalyze steryl ester substrates (8,63). In order for the

ergosterol precursors to be transformed into ergosterol, the ester

bond must be hydrolyzed.

As cell growth slows during stationary phase, the synthesis of

many cellular components slows. The steryl ester concentration,

however, rapidly increases. This may be viewed as an accumulation

of ergosterol, which can account for up to 30% of the total ester

pool of stationary phase cultures (8,90). When cultures are

shifted into fresh medium, steryl esters are incorporated into the

free sterols. The steryl esters serve as a storage form of

ergosterol and of its precursors outside of the membranes,

especially when membrane synthesis is low.

In the sterol mutants little if any ergosterol is synthesized,

and the mutant strains accumulate only ergosterol precursors.

During exponential growth, while growth rates are comparable to the

wild type, ester accumulation is high, and the free sterols are

also slightly elevated. During stationary phase however, the ester

pools of the mutants increase very little compared to the increase

observed by the parental. The stationary phase ester concentration
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is still higher in the mutants than in the wild type at this

time. Ester accumulation in the mutants may not increase due to

the physiological limits to which this pool can reach.

While the substrate specificity of the yeast ester synthetase

is not yet known, a similar enzyme in mammals shows greater

specificity for cholesterol precursors than for cholesterol itself

(31). It would seem logical to expect a similar specificity to be

found for ergosterol precursors by the yeast ester synthetase.

This would explain the accumulation of precursors in the wild type

yeast, and possibly in the mutants as well. If de novo sterol

synthesis is regulated by ergosterol in a negative fashion, it

would be expected that sterol synthesis would be higher in the

mutants lacking ergosterol. It may not be necessary to invoke a

regulatory role for ergosterol in ester synthesis, since the

accumulation of precursors by the mutants may be achieved through

the substrate specificity of the ester synthetase for ergosterol

precursors alone. Similarly if the ester hydrolase activity is

more specific for ergosterol than for its precursors, then

hydrolysis of esters in the mutants should be lower than the wild

type, resulting in net elevated ester levels. It is obvious that

more precise measurements of ester synthesis and turnover are

required in the future to answer these questions.

Because of the increased sterol accumulation by the sterol

mutants, lipid synthesis was investigated in greater detail. These

analyses made use of radioactively labelled lipid precursors.
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[14-ju Acetate can be incorporated into most of the major lipid

classes: phospholipids, triacylglycerols, free sterols and steryl

esters. Furthermore, when cultured on glucose, little acetate is

metabolized for energy production (93). Another more specific

lipid labelling compound used was [methyl -14C]- methionine. This is

taken up by the cell, converted into SAM, and is used to methylate

many components within the cell. In these experiments it was used

to monitor the synthesis of C-28 sterols and of

phosphatidylcholine.

Cultures of X2180-1B, JR1, and JR5 were grown on a synthetic

complete medium containing known amounts of acetate and

methionine. The medium was filter sterilized to avoid breakdown of

components during autoclaving. When cultures reached approximately

1.5 x 107 cells/ml, the reaction flasks were pulsed with either

[14C]-acetate or [methyl- 14C]-methionine. Reactions were incubated

under optimal growth conditions for ninety minutes. The cultures

were harvested in three 10 ml aliquots, and the lipids were

extracted and analyzed.

The results from one of these experiments are shown in Table

12. Incorporation of acetate into total lipid is higher in the

sterol mutants than in the wild type. This amount of increase

depends on the means of quantitation, being 50% higher when

quantitated by dry weight but is closer to 100% higher when

quantitated by cell number. While only JR5 shows a significant

increase in acetate incorporation into phospholipid, incorporation



Table 12. Lipid analysis of sterol mutants using [l-
14

C]acetate and L-[methyl-
14

C]methionine.

Lipid

[1-
14
C] acetate incorporation into lipids

Strain mol /106 cells mol/mg dw of total

L-[methyl-
14
Nmethionine incorporation into lipida

ractionfraction

mo1/10 mol/mg dw of total6 cells

Total

Phospholipid

Free sterol

Triacylglyceride

Steryl ester

Sum fraction

X2180-1B

JR1

JR5

X2180 -1B

JR1

JR5

X2180-18

JR1

JR5

X2180-18

JR1

JR5

X2180 -1B

JR1

JR5

X2180-18

JR1

JR5

25 x 10 8

43.5

47.8

12.5 x 10
-8

14.5

21.2

1.7 x 10
-8

3.6

2.6

3.3 x 10
-8

6.3

5.3

1.3 x 10
8

6.5

5.2

105 x 10
-7

148

153

52 x 10
-7

50

68

7.4 x 107

12.4

8.4

14 x 10
-7

21

17

6.0 x 10
-7

22.1

17.5

1.000

1.000

1.000

.498

.336

.444

..069

.084

.054

.132

.144

.111

.055

.149

.112

83 x 109

110

82

65 x 10
9

75

79

7.1 x 10
-9

12.2

0.033

(3.27 x 10_11)

.16 x 109

.44
b

1.5 x 10 9

12.2
b

35 x 10
-7

38

26

27 x 10
-7

26

25

3.0 x 10
-7

4.1

0.01

(1.04 x 10-9)

6.62 x 10 9

15.1
b

.62 x 10
-7

4.2
b

1.000

1.000

1.000

.784

.684

.962

.085

.110

<.001

.002

.004

<.001

.018

.112

<.001

.754

.712

.721

.889

.911

.963

a
Values represent the average of three samples.

bNo incorporation above background.
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is higher in all other lipid classes for both JR5 and JR1 than in

X2180-18. The rates into free sterols and into triacylglycerides

are nearly twice those found in the parental. The most significant

increase is apparent in the steryl esters where the rates of

incorporation by JR1 and JR5 are at least three times the rate

found in the wild type. Lipid synthesis in the ester pool may be

lower when de novo sterol synthesis is calculated, because this

fraction actually represents two lipid classes, sterols and fatty

acids. It is also likely that other lipid classes are elevated in

the sterol mutants, since the relative proportion of the four

lipids analyzed is less in JR1 and JR5 than in X2180-18. The

lipids most likely to be elevated in the mutants would be some of

the sterol precursors, squalene or the early sterols; lanosterol or

4-methyl sterols, which were not analyzed.

The rates of incorporation of [
14-C]-methionine into the

lipids are also shown. Most of the label was found in the

phospholipid fraction, with approximately 10% being found in the

total sterols of the wild type. The incorporation of methionine

into the phospholipids of JR1 and JR5 is high only when calculated

versus cell number. The rates for free sterol and triacylglycerol

are 30-40% higher in JR1 than in X2180-1B, while the steryl esters

contained seven to eight times the radioactivity found in a

comparable parental sample. On the other hand almost all of the

methionine was incorporated into the phospholipids of JR5, and no

incorporation could be detected into the triacylglycerols or the
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steryl esters of this strain. In addition radioactivity in the

free sterols was found in only one of the three samples of this

strain. This rate was averaged and compared to the parental. The

rate of methionine incorporation into free sterols by JR5 was found

to be 0.4% that of X2180-1B. The relative incorporation into total

sterols was less than 0.3%.

The low methionine incorporation by JR5 was expected because

of the defect in the SCMT of this strain. It cannot be determined

from this experiment whether the radioactivity measured represents

basal activity of the methyltransferase or is due to nonspecific

incorporation of the methyl-label into lipid. The latter was

suspected to be more significant because of the detectable

incorporation of methionine into the triacylglycerol fraction in

the other two strains. Although this incorporation was quite low,

it was none-the-less measureable.

Incorporation of [methyl -14C]- methionine into sterols is low

in all erg6 mutants. This is shown in Table 13. Incorporation by

the mutants is highest in 8R1 and lowest in JR5; this rate was less

than 0.5% of the parentals in all cases. Hence it is clear that

very little, if any, C-28 sterol is synthesized by the erg6

mutants. On the other hand, methionine incorporation by JR1 was

approximately three times that of the parental, most of this

difference being found in the ester fraction. If the erg6 mutants

can be considered to be defective in sterol methylation, then erg3

mutants may be considered to contain an increase in methylated



Table 13. [methyl- 14C]methionine incorporation into sterols of erg6 mutants.

Strain

Lipid Incorporation (total dpm)a Free Sterol & Steryl Ester

Phospholipid Free Sterol Steryl Ester Phospholipid

S288C 52,200 12,000 2,710 0.283
JR1 47,100 20,100 16,800 0.786
JR5 39,900 27 0 0.0007

A184Db 23,500 9,240 7,020 0.690
Erg6 80,400 34 0 0.0004

Z0081b 32,700 13,200 10,200 0.707
8Rlb 56,800 149 54 0.0038

aValues represent the average of three samples.

bStrains flocculate in minimal medium.
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sterols. This is due in part to an increased activity of the SCMT

by erg3 strains (95), which may indicate a regulatory function of

the methyltransferase by A5-sterols as discussed previously. Other

regulatory factors have not yet been explored, nor have the effects

of other sterol mutations on the activity of the SCMT been

investigated.

No C-28 sterols were detected by Barton et al. (14,15), or by

Pierce et al. (79) in total sterol analysis of the strain Erg6.

However trace sterols can be lost using techniques such as theirs

because of the many manipulations required. For this reason I used

a procedure to look for trace sterols with few manipulative steps

which did not require separation of sterols from one another before

analysis. Using the assumption that any sterol methylation

activity would produce ergosterol, I looked for the presence of

this C-28 sterol in extracts of JR5.

A culture of JR5 was grown on YTD. The pellet was washed

three times to get rid of possible adsorbed ergosterol from the

yeast extract in the medium. Total sterols were extracted and

prepared for HPLC analysis. Ergosterol normally elutes after

zymosterol using our system (see Figures 8 and 10), and it was

possible that trace ergosterol could have been obscurred by the

trailing edge of the zymosterol peak (Figure 10A). For that reason

the wavelength of the detector was changed from 210 nm to 282 nm.

At this wavelength the zymosterol peak is completely undetected

(Figure 118), whereas the cholesta-5,7,22,24-tetraenol and
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Figure 11. Detection of ergosterol in total sterols of JR5. Total

sterols of JR5 were prepared for HPLC analysis as

described in Materials and Methods. (A) Elution of

sterols at a detection wavelength of 210 nm. Peaks:

1, cholesta-5,7-22-24-tetraenol; 2, cholesta-5,7,24-

trienol; 3, zymosterol; 4, ergosterol. (B) Elution of

sterols at a detection wavelength of 282 nm. Peak

numbers are the same as in "A".
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cholesta-5,7,24-trienol absorb strongly at this wavelength.

Ergosterol could not be detected in whole cell extracts of JR5 at

either 282 nm or 210 nm (Figure 11).

Using a solution of ergosterol of known molarity, the minimal

amount of ergosterol which could be detected by this system was

calculated to be 1.8 x 10-11 moles. Since no ergosterol was

detected in the sample of JR5, the level of ergosterol in this

strain must be less than that amount. From this information it is

possible to calculate the upper limit for ergosterol in this

mutant. JR5 contains less than 10 19 moles of ergosterol per cell,

which translates to a maximum of 40,000 molecules of ergosterol per

cell. I have calculated the concentration of ergosterol found in

both the free sterols and the steryl esters of X2180-1B using the

data reported in Table 11 and by Sobus et al. (90). The

concentration in the wild type is 10-7 g/cell, which converts to

2.5 x 10 10 moles of ergosterol per cell or 10 14 molecules of

ergosterol per cell. These concentrations in the parental are

approximately a billion (109) times higher than the corresponding

concentrations estimated for JR5. From these experiments the

results are clear: very little, if any, ergosterol is synthesized

by JR5, and the basal activity of the A24-sterol methyltransferase

in this mutant is extremely low, below very sensitive limits of

detection. It is difficult to envision a cellular function which

is so specific for the C28 methyl of ergosterol that the mutants

reported here containing no measurable C-28 sterol are capable of

normal or near normal growth.
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Because of the alterations in sterol content in the nystatin

resistant mutants, both qualitative and quantitative, I analyzed

the phospholipid composition of these strains. It was possible

that the phospholipids could change in response to the accumulation

of ergosterol precursors, although the reverse could also be true,

that the phospholipid pools are not sensitive to sterol changes and

hence no differences in the phospholipid composition would be

seen. Either possibility might explain the changes in growth

behavior (53,96) and of membrane properties also noted

(13,49,54,58,95).

Another observation figured into the initiation of this

study. Recently while trying to isolate nystatin resistant mutants

in various wild type strains, it was noted in this laboratory that

the type of mutant isolated was characteristic of the parental

strain (77). For instance strain Z008 appeared to give rise to

erg6 mutants only. In another strain, 3701b, no erg6 mutants were

found, instead all appeared to be defective in the 5(6)-desaturase

(erg3). On the other hand S288C gave rise to many different types

of resistant mutants. Some sterol mutants may be inviable because

of an inability to make cellular adjustments to accommodate the

accumulated ergosterol precursors.

I analyzed the phospholipids of two methyltransferase mutants,

8R1 and JR5, from different parentals as well as a 5(6)-desaturase

mutant, JR1, for comparative purposes. As noted earlier erg6

mutants are the only class of sterol mutants from Z008, while many
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classes were observed from S288C. Analysis of these three mutants

with their parentals would provide an example of a background in

which only one mutant class seemed possible, and a background in

which many classes were possible, two of which were compared

directly.

These strains were grown on ethanol as a carbon source in

order to enhance possible growth differences between the mutants

and the wild types (53,95). Cultures were harvested at the same

optical density in order to maximize the similarities between

cultures due to growth phase. Each culture was split four ways,

and the lipids of each sample were extracted and prepared

individually. The phospholipids were separated by two dimensional

thin layer chromatography.

A representative separation of yeast phospholipids is shown in

Figure 12. Resolution of phospholipids by head groups was possible

from a whole lipid extract. Nonpolar lipids migrated with both

solvent fronts and were removed from regions in which phospholipids

were located. The phospholipids were quantitated by phosphorous

content (see Materials and Methods). Less than 2% of the total

lipid phosphorous was found in the nonpolar lipid or remaining at

the origin of the TLC plates. The phospholipid species were

identified by migration of phospholipid standards and by specific

reagent sprays (89).

The phospholipid compositions of two sterol wild types and

three sterol mutants are shown in Table 14. Head group composition
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Figure 12. Phospholipids of a sterol methyltransferase mutant
(JR5) separated by two dimensional thin layer
chromatography. Phospholipids were separated and
analyzed as described in Materials and Methods.
Phospholipid species were identified using authentic
standards and by use of reagent sprays (87).
Phospholipids are identified by letter abbreviation.
PI, phosphatidylinositol; PC, phosphatidylcholine; PS,
phosphatidylserine; PE, phosphatidylethanolamine; DMPE,
dimethylphosphosphatidylethanolamine; MMPE,
monomethylphosphatidylethanolamine; PA, phosphatidic
acid; CL, cardiolipin; SM, sphingomyelin; LPC,
lysophosphatidylcholine; NPL, nonpolar lipid.
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was calculated in two ways. In part A, the major phospholipids

were quantitated relative to total lipid phosphorous. In part B,

phospholipids were quantitated relative to cellular dry weights.

While the results were similar for each method of calculation, best

results were obtained in part A. These data are similar to

published reports (reviewed in 102).

Phosphatidylcholine (PC) was the major phospholipid

representing 40% of the total lipid phosphorous. Phosphatidyl-

ethanolamine (PE) and phosphatidylinositol (PI) composed about 20%

of the phospholipids each. The percentages of phosphatidylserine

(PS) and of cardiolipin (CL) were approximately 6 to 7%. Other

minor phospholipid components, lysophosphatidylcholine (LPC),

monomethylphosphatidylethanolamine (MMPE), dimethylphosphatidyl-

ethanolamine (DMPE), phosphatidylglycerol (PG) and sphingomyelin

(SM) were present in much lower amounts, representing 3-5% of the

total lipid phosphorous together. These minor components are not

shown.

Only slight differences (1-3%) were seen between the

phospholipids of S288C and of JR1 or JR5. Similar alterations were

observed between 2008r1 and 8R1 although the changes were slightly

higher (3-5%). When all three mutants were compared to the

parentals, the mutants generally contained more PI and PC, and

contained less PE and CL.



Table 14. Phospholipid composition of sterol mutants.

A. Percent composition of lipid phosphorousa

Phospholigid
Species

Yeast Strains
S288C JR1 JR5 Z008r1 8R1

% PI 18.1 ±1.4 19.4 ±1.1 20.5 ±0.6 18.0 ±1.6 21.6 ±0.3

PC 39.0 ±0.6 42.6 ±1.7 42.6 ±1.6 41.0 ±0.9 44.6 ±0.9

PS 7.3 ±0.7 6.4 ±1.1 6.9 ±0.1 7.1 ±0.1 6.6 ±0.8

PE 23.0 ±0.5 21.0 ±0.6 21.0 ±0.8 21.5 ±0.5 16.5 ±1.2

CL 7.2 ±0.3 4.9 ±0.1 6.1 ±0.9 6.6 ±0.6 5.3 ±0.7

B. Cellular concentration of phospholipids (nmol P/mg dry wt)a

Phospholipid Yeast Strains

Species° S288C JR1 JR5 Z008r1 8R1

PI 16.0 ±1.1 15.1 ±2.8 17.0 13.3 ±3.2 22.6 ±0.6

PC 34.6 ±1.9 32.9 ±4.2 35.6 ±0.3 32.4 ±8.0 46.6 ±1.4

PS 6.5 ±0.9 5.0 ±1.3 5.7 ±0.1 6.0 ±1.3 6.9 ±1.0

PE 20.4 ±1.3 16.3 ±2.7 17.1 ±1.0 16.1 ±5.0 17.2 ±1.0

CL 6.3 ±0.5 2.4 ±0.6 2.0 ±0.1 5.3 ±1.4 5.5 ±0.8

aValues represent the average of four samples.

bSee Figure 11 for phospholipid designations.
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The fatty acids of the individual phospholipids were also

analyzed. Inconsistencies between replicates were observed in

short chain fatty acids (less than C16) which were always present

in minor amounts, so only C16 and C18 fatty acids were

quantitated. These results are shown in Table 15.

The fatty acids of PI were characterized by approximately 50%

of the unsaturated fatty acids (UFA) palmitic (C16:1) and oleic

(C18:1) acids, and 40-50% C16. The other phospholipids analyzed

contained much more unsaturated fatty acids, in the range of 80-

95%, PE being the most unsaturated. There was a wide variation in

the amount of C
16 fatty acids among the phospholipid species. PS

contained C16 fatty acids comparable to PI, about 50%. The fatty

acids of PC were highly enriched in C16 (60-75%), while C16 of PE

was highly variable (see below).

By comparing the fatty acid compositions between strains, many

interesting observations were noted. No differences were seen in

the fatty acids of any phospholipid species between Z008r1 and

8R1. On the other hand large alterations were obvious when JR1 and

JR5 were compared to S288C. While the % C16 was not different

between JR1 and the parental, increases in the % UFA were observed

in three of the four phospholipids analyzed. % UFA was elevated by

5% in PC and PE of JR1, and was 10% higher in PS; no changes were

seen in PI.

Identical increases in % UFA were observed in JR5 as those

noted in JR1. Unlike JR1, however, differences were also seen in
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Table 15. Fatty acid composition of phospholipids from sterol
mutants.a

Phospho-

lipid

Speciesb

Fatty

Acid S288C JR1

Yeast Strains

JR5 2008r1 8R1

PI C
16:0

31.4 +1.5 30.4 +1.0 27.5 +1.0 24.7 +2.5 24.8 +1.2

C
16:1

20.2 ±2.6 22.0 +1.8 14.3 ±1.1 16.5 ±2.2 17.7 ±2.3

C
18:0

14.0 +0.5 13.6 +0.8 19.3 ±3.0 20.2 +2.6 21.5 +1.7

C
18:1

34.5 +3.2 34.1 +2.0 38.9 +3.7 38.7 ±2.9 36.0 ±2.0

% UFAc 54.6 ±1.0 56.1 ±0.3 53.2 ±1.9 55.2 ±1.7 53.7 +0.9

% C
16

d
51.6 +3.7 52.3 ±2.5 41.8 ±1.9 41.2 +4.7 42.8 +3.6

PC C
16:0

9.4 ±1.2 5.9 +0.6 4.7 +0.3 7.3 +0.6 4.8 +0.5

C
16:1

61.7 +4.7 71.1 ±2.5 57.0 +3.9 58.2 +4.3 54.5 +3.5

C
18:0

5.3 ±1.6 2.9 +0.4 2.5 ±1.2 4.0 +0.5 4.6 +0.8

C
18:1

23.6 +3.4 20.1 ±3.1 35.9 ±3.9 30.5 ±4.1 36.2 ±3.8

% UFA 85.3 ±2.3 91.2 ±0.7 92.8 ±1.4 88.7 +0.3 90.6 +0.9

% C
16

71.1 ±4.8 76.9 ±2.9 61.7 ±4.1 65.5 +4.5 59.3 +3.9

PS C
16:0

13.6 ±2.5 4.0 ±0.4 5.9 ±0.7 15.0 ±1.2 14.0 +0.7

C
16:1

38.9 ±6.6 48.0 ±2.8 47.4 +3.9 36.1 ±6.9 36.1 ±1.7

C
18:0

5.1 +3.5 2.1 +0.4 0.8 ±0.7 5.0 +3.0 4.1 +1.4

C
18:1

43.5 ±6.2 46.0 ±2.9 46.0 ±2.6 44.0 ±6.6 45.6 ±1.9

% UFA 82.4 ±3.0 94.0 ±0.2 93.2 ±1.4 80.1 +0.3 81.7 +0.9

% C
16

52.5 +7.3 52.0 ±3.1 53.3 +3.5 51.1 ±6.8 50.1 ±2.2

PE C
16:0

5.0 +0.6 1.5 +0.2 2.6 ±0.5 4.7 + .5 4.5 +0.7

C
16:1

62.3 ±1.7 65.0 ±2.5 21.8 ±0.9 44.2 ±2.4 48.4 ±7.6

C
18:0

1.1 +0.9 0.3 ±0.1 0.9 +0.7 0.4 ± .5 0.4 ±0.8

C
18:1

31.6 +1.5 33.2 ±2.6 74.6 ±0.8 50.6 +3.5 44.6 ±5.1

% UFA 93.9 +0.8 98.2 +0.1 96.5 +0.8 94.8 ±1.1 93.0 +4.3

% C
16

67.3 ±1.3 66.5 ±2.5 24.5 ±1.2 49.0 ±2.9 52.9 +7.4

aValues represent the average of four samples.

bSee Figure 11 for phospholipid designations.

c% UFA: percent of unsaturated fatty acids in total C16 and C18 fatty acids.

d% C16:
percent of palmitic (C16:0) and palmitoleic (C16:1) in total C16 and

C
18

fatty acids.
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the % C
16

in JR5. The % C
16

decreased in three of the four

phospholipid species. This was most obvious in PE, which contained

only 24% of its fatty acids as C16. This represents a decrease of

40% compared to both S288C and JR1. Since little palmitic acid

(C16:0) or stearic acid (C18:0) was present in PE, the large shift

seen was due entirely to the replacement of palmitoleic acid by

oleic acid. Similar but smaller decreases of 10% were seen in the

fatty acids of both PI and PC.

From this analysis it can be concluded that compositional

alterations occur in the phospholipids of sterol mutants. While

changes in head group composition are very small, the differences

are fairly consistent in all mutants regarding which lipid species

are increasing and which are decreasing. This is surprising

because similar changes were observed in two different mutant types

(erg3 and erg6). Whether these alterations are of sufficient

magnitude to be significant is not yet known. More dramatic

however were the changes in the fatty acids of the phospholipids.

While increases were seen in the % UFA of JR1, increases in % UFA

and decreases in % C
16

were observed in JR5. By comparison no

changes in the fatty acid composition was observed between ZOO8r1

and 8R1.

Alterations in phospholipid composition due to changes in

sterol content have been reported. When membrane sterol was

decreased by 50% in a mouse fibroblast cell line defective in

sterol biosynthesis, the percent of oleate in plasma membrane PC
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increased from 44% to 60%, while the percentages of palmitate

decreased from 35% to 17% (34). Changes in the acyl composition of

PE showed similar alterations, but to a lesser degree. In addition

it was noted that the ratio of PC to PE changed 30% in the plasma

membrane of these mutants during sterol depletion. This phenomenon

was attributed to a change in the activity of the microsomal

stearoyl-Coenzyme A desaturase, which increased with decreased

sterol content.

Another sterol mutant in a Chinese hamster ovary cell line

accumulates more cholesterol in the plasma membranes than the

parental (88). The plasma membrane from this mutant was shown to

have a three-fold higher oleic acid content and a two-fold lower

level of PE.

Yeast sterol mutants have also been investigated for

phospholipid alterations. Buttke et al. (24) reported that a

sterol auxotroph of S. cerevisiae, when grown on cholesterol or 7-

dehydrocholesterol, incorporated less saturated fatty acids into PE

and into PC than when the strain was cultured on ergosterol. This

mutant was also auxotrophic for unsaturated fatty acids, and when

UFA was limited, most of the UFA was incorporated into PE (25),

demonstrating that the fatty acid composition of PE can be

modulated independently of the other phospholipids.

It is interesting to note that similar alterations are seen in

the acyl composition of PE from JR5. Although the UFA content of

PE does increase, this change is slight since greater than 90% of
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the fatty acids of PE are already unsaturated. An increase in

oleic acid and a decrease in palmitoleic acid may have a net effect

of decreasing the bulk membrane fluidity. PE has recently been

proposed to function in the fusion of cellular membranes (28).

This occurs because of PE's ability to promote the formation of

hexagonal (RII) phases from laminar bilayer structures. The PE

composition may change in order to maintain a certain capacity for

membrane fusion when other membrane lipids, i.e. sterols, are

altered in some form. If this effect is manifested in the 40%

decrease in palmitoleic acid observed in the PE of JR5, then this

would implicate that the C28 of ergosterol, which is absent in JR5,

plays some role in promoting these lipid transitions in yeast.

Experiments in this line are currently under investigation by

others in this laboratory.

McLean-Bowen and Parks analyzed the fatty acids in bulk

phospholipids of ZOO8r1 and 8R1 as well as another sterol mutant

3701b-n3 and its parental, 3701b (57). They reported no

differences in the fatty acid composition in either whole cell or

mitochondrial samples. The results reported here confirm those

observations for 8R1 and ZOO8r1 more precisely. It is interesting

to note that erg6 mutants are the only class isolated from the

ZOO8r1 background. Similarly only erg3 mutants such as 3701b-n3

types have been found by the nystatin selection in 3701b. In

S288C-derived strains, on the other hand, not only are multiple

sterol mutant classes isolated, but these strains contain
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observeable alterations in their phospholipid fatty acid

composition. The possibility arises then that those strains which

are restricted to only certain sterol alterations, are restricted

because of an inability to modulate the phospholipid fatty acid

composition to accommodate changes in their sterol structure. This

model does not explain why different sterol mutations are viable in

only certain wild types. Resolution of this problem would require

both further lipid analysis and genetic studies on the various wild

types and of the derived mutants.
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RESOLUTION

In this dissertation various studies concerning sterol

methylation in yeast are recorded. The range of material covered

here is wide, from the binding sites of the SCMT enzyme, to the

genetic organization of methyltransferase mutants, to analysis of

sterols in the mutants, and to the effects of ergosterol precursor

accumulation on other cellular lipids, especially phospholipids.

This rather broad approach has addressed many different problems of

sterol metabolism, and the results have been rewarding and

tantalizing regarding further areas worth pursuing.

By approaching sterol methylation from different directions, a

more complete perspective can be attained. From these studies I

have come to appreciate how this enzyme reaction is intimately

connected with other cell processes. If one tries to block the

enzyme temporarily within the cell by using an SAH analog, then

other methyltransferases are also inhibited, and the metabolism of

SAM within the cell is altered. When mutants defective in the

sterol methyltransferase are sought, success depends on the genetic

background. The accumulation of C-27 ergosterol precursors by JR5

affects sterol metabolism in general, but especially the synthesis

of steryl esters and the regulation of sterols between the two

sterol pools. Sterol mutations also affect the metabolism of other

lipids, especially of the phospholipids. The alterations of acyl

content in PE implicates the C28 of yeast sterols in some important

membrane functions. Finally many of these observations appear to

hold true for other sterol mutations.
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One of the most interesting yet puzzling conclusions to emerge

is that the C28 methyl group may be dispensable under some

conditions. Although mutations resulting in negligible SCMT

activity impart altered physiological parameters which may restrict

growth, in many instances the mutants are indistinguishable from

the parental. It is important to identify those conditions and

those cellular functions for which this sterol transformation is

crucial to the physiology of the organism. With the foundation of

this and other studies, future investigations in this area should

be productive.
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