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The availability of Saccharomyces cerevisiae mutants which are defective in
sterol biosynthesis makes it possible to determine whether the ability of several
antifungal agents to inhibit cell growth is due to their effect on sterol production.
15-Aza-24-methylene-8,14-cholestadien-3,-ol (15-azasterol) is known to block the
reduction of the sterol A14 bond following C-14 demethylation. This agent inhibits
the growth of wild-type S. cerevisiae but does not inhibit the growth of a strain
that is defective in the removal of the C-14 methyl group of lanosterol and in the
introduction of the 5,6 double bond. 15-Azasterol does not inhibit the growth of a
sterol auxotrophic strain growing on an exogenous supply of sterol. Therefore, the
effect of 15-azasterol on sterol biosynthesis is clearly the cause of its ability to
inhibit growth. On the other hand, growth inhibition by two imidazole antifungal
agents, clotrimazole and miconazole, cannot be ascribed to their ability to prevent
the removal of the C-14 methyl group of lanosterol, because they inhibit the
growth of the sterol auxotrophic strain as well as that of the demethylase mutant.

A series of antifungal agents have been devel-
oped (16, 22) that includes a group of imidazole-
containing compounds, such as miconazole and
clotrimazole (18, 34), which share the ability to
block sterol C-14 demethylation. This results in
an accumulation of the sterol intermediate, 14a-
methyl-Y 24(28)-ergostadien-30-ol (14-methylfe-
costerol), in fungal cells. Because the concentra-
tion dependence of growth inhibition by one of
these compounds parallels the degree of inhibi-
tion of demethylation, it has been suggested that
the presence of the unusual sterol biosynthetic
intermediate is the cause of the antifungal prop-
erties (33). This conclusion may be questioned,
since it has been found that some C-14 methyl
sterols will support the growth of yeast cells (6,
21, 32).
We have presented studies on another com-

pound, 15-aza-24-methylene-8,14-cholestadien-
33-ol (15-azasterol), with strong antifungal activ-
ity (13, 14, 23). This compound inhibits a step in
C-14 demethylation (4) which leads to the accu-
mulation of A8,14-ergostadien-3,3-ol (ignosterol).
Previous work from our laboratory documented
a close correlation between ignosterol produc-
tion and growth inhibition, but the cause-and-
effect relationship has not been proven. Further-
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more, there has been no other basis on which to
judge whether a sterol with a A8,14-diene would
be adequate to support cell growth.

In an attempt to clarify these issues, we tested
the effect of the three antifungal agents on the
growth of a Saccharomyces cerevisiae strain
with blocks in lanosterol C-14 demethylation
and A5-desaturation and of another mutant strain
blocked at the 2,3-oxidosqualene cyclization.
The pattern of inhibition we have found suggests
that the basis of growth inhibition by clotrima-
zole and miconazole is not due to their effects on
sterol biosynthesis. In contrast, growth inhibi-
tion by low levels of 15-azasterol is clearly
caused by inhibition of sterol biosynthesis.
A comprehensive review of the metabolism of

sterols in yeast strains has been reported (20).
MATERIALS AND METHODS

Strains of S. cerevisiae were used exclusively. The
sterol wild-type strain S288C (a gall) was obtained
from the yeast culture collection of the University of
California, Berkeley, and strain A364a (a, adel ural
his7 tyri lys7 gall) was obtained from George Sprague
at the University of Oregon, Eugene. Strain JR4 is a
nystatin-resistant derivative of S288C (J. R. Ramp,
honors thesis, Oregon State University, Corvallis,
1981); its sterol phenotype will be described in Re-
sults. JR1 (Ramp, honors thesis) and 3701b-N3 (31) are
independently isolated, nystatin-resistant strains de-
fective in the A5-desaturase. Strain FY3 is blocked in
sterol biosynthesis by both a heme mutation and a
mutation in 2,3-oxidosqualene cyclase (29).
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FIG. 1. Effect of 15-azasterol on wild-type and sterol mutants. Open and closed symbols indicate growth in

the absence or presence (5 4g/ml) of 15-azasterol, respectively. Half-closed symbols indicate that growth was the
same in the presence or absence of the antifungal agents. 0, A5-Desaturase; O, C-14 demethylase-A5-desaturase
double mutant; A, sterol wild-type; 0, sterol auxotrophic strain FY3.

In most experiments the growth medium was 1%
yeast extract-2% peptone-2% glucose; for solid medi-
um, 2% agar was included. The sterol auxotrophic
strain FY3 was cultured in a minimal medium, as
previously described (30), which had 1% Tween 80 as
a source of unsatuated fatty acid and 20 bLg of
ergosterol per ml as a source of sterol (FY medium).
For growth measurement experiments, strains were
cultured in tubes containing 5 ml of medium in a
temperature gradient incubator (Scientific Industries)
held isothermally at 30°C. Culture turbidity was moni-
tored in a Klett-Summerson spectrophotometer
equipped with a green filter. When the cell sterol
content was analyzed, 20- to 50-ml cultures were
grown in 250-ml flasks with shaking.

Stock solutions of (±)-miconazole nitrate and clotri-
mazole were dissolved in dimethyl sulfoxide; maxi-
mum concentrations were 0.33 and 0.17 M, respective-
ly. The stock solution of 15-azasterol was dissolved in
ethanol with a maximum concentration of 1 mg/ml.
The,final concentrations of dimethyl sulfoxide or etha-
nol in the growth medium never exceeded 2% and
were routinely 0.5%. Appropriate controls were run to
monitor the effects of these solvents on cell growth.
The techniques for genetic analysis were the same

as those described by Sherman et al. (26).
Cultures for sterol analysis were grown to the sta-

tionary phase, centrifuged, and washed three times
with 10 mM phosphate buffer (pH 6). Cellular sterols
were isolated by an acid labilization procedure (12),
followed by saponification and extraction with n-

hexane. The lipids were then chromatographed on
silica gel 60 F254 (0.25 mm thick; Merck & Co., Inc.)
in the solvent system of Skipski et al. (27). The
presence of the reference sterol (ergosterol) could be
monitored by UV light. The sterol bands were then
scraped into tubes and eluted with three washes of
chloroform-methanol (4:1), and the free sterols were
analyzed by both gas chromatography on a 3% SE30-
packed column (30) and high-pressure liquid chroma-
tography on a reverse-phase C-18 column (24). Gas
chromatography-mass spectroscopy was performed
on a mass spectrometer (Finigan model 4000) at 70 eV
after separation of the sterols on 7% OV 101.

Clotrimazole, (+)-miconazole nitrate, Tween 80,
and ergosterol were purchased from Sigma Chemical
Co. Eli Lilly & Co. generously supplied the 15-
azasterol. Growth media were from Difco Labora-
tories, gas chromatographic supplies were from Su-
pelco, and liquid chromatographic equipment was
from Beckman Instruments, Inc.

RESULTS
Through the use of a new procedure designed

to obtain S. cerevisiae clones resistant to the
polyene antibiotic nystatin, a strain which accu-
mulated 14-methylfecosterol as its major sterol
was isolated in this laboratory (Ramp, honors
thesis). This sterol was identified by comparison
of its mass spectrum with that published by
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FIG. 2. Growth of wild-type and sterol mutants in the presence of (±)-miconazole nitrate. The growth
medium was 1% yeast extract-2% peptone-2% glucose, and the culture conditions were as described in the text.
(A) Sterol wild-type strain S288C; (B) C-14 demethylase-A5-desaturase double-defective strain JR4; (C) A5-
desaturase-defective strain JR1; (D) A'-desaturase-defective strain 3701b-N3. The miconazole concentrations
were 100 FM (/X), 10 ,uM (0), 1 ,.M (O), and 0 FM (0).

Ragsdale (22) and Trocha et al. (32). In addition,
radioactivity was incorporated into the sterol
from [methyl-14C]methionine, which demon-
strated a side chain methylene and lacked UV
absorbance above 210 nm. Therefore, strain JR4
appears to have a defect in the enzyme(s) cata-
lyzing the removal of the C-14 methyl of lanos-
terol and would appear to be similar to the
strains isolated by Trocha et al. (32) and Pierce
et al. (21). In the course of a genetic analysis of
JR4, it became clear that a mutation in the sterol
A5-desaturase reaction was also present in this
strain. A more detailed report on the minor
sterols of this strain and the apparently obliga-
tory coupling of the C-14 demethylase defect
with the desaturase mutation will be presented
in a separate publication (F. R. Taylor, R. J.
Rodriguez, and L. W. Parks, manuscript in
preparation).
The characterization of this mutant offered a

means for testing the mechanism of growth

inhibition by a potent inhibitor of sterol biosyn-
thesis, 15-azasterol. This compound inhibits the
A14-reductase reaction, which follows the se-
quence of reactions that result in the removal of
the C-14 methyl group of lanosterol (4), forcing
the accumulation of ignosterol. We reasoned
that if the accumulation of ignosterol was re-
sponsible for growth inhibition, the C-14 de-
methylase-A5-desaturase double mutant should
not be inhibited by 15-azasterol; this strain
would only accumulate 14-methylfecosterol
even in the presence of 15-azasterol. Growth
experiments (Fig. 1) proved this to be true;
strain JR4 and six demethylase-desaturase dou-
ble mutants, resulting from a segregation analy-
sis of JR4 crossed with sterol wild-type strain
A364a, were resistant to 5- to 10-fold higher
levels of 15-azasterol than either the wild-type
strain or segregants carrying only the A5 desatur-
ase mutation. We also tested the effect of 15-
azasterol on an S. cerevisiae strain, FY3, that is
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FIG. 3. Growth of wild-type and sterol mutants in the presence of clotrimazole. For explanation of symbols,

see legend to Fig. 2.

defective in the cyclization of 2,3-oxidosqualene
and in heme biosynthesis (29). These mutations
make this strain an obligate sterol auxotroph, so
that growth occurs only when an exogenous
supply of sterol is provided. This strain was also
resistant to 15-azasterol (Fig. 1).
From the genetic analysis of the demethyl-

ation-desaturation double mutations in JR4
(Taylor et al. manuscript in preparation), it
appears that the inability to remove the sterol C-
14 methyl is lethal in S. cerevisae strans which
are still able to introduce a A5-bond into 14-
methylfecosterol. It seems possible that this
might haw some bearing on tie angal ac-
tion of mi4onazole and clotrimazole. These com-
pounds are known to block C-14 detethyation
in fungi (18, 34), and thei growth inhibitory
action may toult from blocking this step in wild-
type S. cerevisiae strains capable of intducing
the A5-bond. If this were the case, these com-
pounds would not be lethal to S. cerevisiae
strain carrying a mutation in the A5-desaturase.
Growth experiments did not prove this to be the
case. Growth of the strains canrying the A-

desaturase mutation or the C-14 demethylase
mutation were just as susceptible to these anti-
fiungal agents as were the parental strains (Fig. 2
and 3). Inaddition, an examination ofthe sterols
produced by wild-type strain S288C in the pres-
ence of these agents revealed that the predomi-
nant sterol formed was 14-methylfecosterol.
Smal unts of a sterol which has further
desa s (possibly a A5'8' ,-gse
traene) were also observed. This result agrees
with that of Van den Bossche et al. (34) and
sugpsts that miconazole and clotrimazole may
inhibit the A5-desaturase mutation in vivo.
The question then arose as to whether the

antifugl activity of these dazole com-
pounds has any connection to sterol synthesis at
all. This could be tested with S. cerevisiae FY3,
which is completely blocked in sterol biosynthe-
sis and therefore dependent on theutat of
sterol supplied in the meum. This strain was
inhibited by even lower concentrations of mi-
conazole and clotrimazole than were the wild-
type controls, even though ergosol is present
in the medium as a source of sterol (Fig. 4). In
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FIG. 4. Growth of wild-type and sterol auxotrophic strains in the presence of clotrimazole and (±)-
miconazole nitrate. The strains were cultured in FY medium as described in the text. (A) and (C) Sterol wild-type
strain S288C, (B) and (D) sterol auxotrophic strain FY3. The concentrations of clotrimazole (A and B) were 1
mM (A), 100 F.M (O), 10 FLM (O), and 0 ,uM (0). The concentrations of (+)-miconazole nitrate (C and D) were 6.7
mM (A), 1 mM (0), 100 FtM (O), and 0 IuM (0). The concentrations required for growth inhibition were higher
than those in the experiments shown in Fig. 2 and 3. This is presumably because the detergent in the FY medium
lowered the effective concentrations of the antifungal agents.

addition, the presence or absence of ergosterol
in the medium had no effect on the inhibition of
growth of the sterol wild-type strains, thus elim-
inating the possibility that sterol biosynthesis is
the site of growth inhibition in these strains.

DISCUSSION
Current models of sterol-phospholipid interac-

tion stress the importance of the planarity of the
sterol a-face for biologically effective packing
with the fatty acyl groups of phospholipids (1, 2,
15, 19). From this point of view, removal of the
C-14 methyl of lanosterol would be an essential
reaction in sterol *biosynthesis because this
methyl group projects into, and therefore dis-
rupts, the a-face planarity. This hypothesis has
been supported by experiments on the effective-
ness of 14-methyl sterols in model membranes

(7, 8, 17, 35) and as growth supplements for
Mycoplasma capricola (7, 8, 9).

Results with S. cerevisiae have been at vari-
ance with this theory, however. Nystatin-resist-
ant S. cerevisiae mutants have been isolated
which are defective in the removal of the C-14
methyl and yet are viable with 14-methylfecos-
terol as their major sterol (21, 32; Ramp, honors
thesis). This finding was reinforced by a report
(6) that some C-14 methyl sterols are an effective
supplement in a sterol auxotrophic strain of S.
cerevisiae, although lanosterol itself will not
support aerobic growth of S. cerevisiae (5, 29).

This issue has practical significance in that
several antifungal agents, including a group of
imidazole-containing compounds such as clotri-
mazole and miconazole (18, 34), block sterol C-
14 demethylation (16, 22). Our demonstration
here that the ability of miconazole and clotrima-
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zole to inhibit growth is not related to the
inhibition of sterol C-14 demethylation is con-
sistent with results obtained in other studies of
S. cerevisiae. It has been reported that, in
addition to their effects on sterol synthesis, the
imidazole antifungal agents affect the plasma
membrane ATPase of S. cerevisiae (11) as well
as other membrane enzymes, membrane trans-
port, and fatty acid metabolism (see Borgers and
Van den Bossche [3] for review). Imidazole
antifungal agents have also been found to cause
physical membrane damage (28). It is perhaps
these or other activities which give these agents
their antifungal properties.

If the results presented here are valid for other
fungal species as well as for S. cerevisiae, it is
puzzling why a large group of antifungal agents
should all be effective inhibitors of sterol C-14
demethylation if this is not the cause for growth
inhibition. It is possible that other types offungi
do require the removal of the sterol C-14 methyl
group for a biologically effective sterol and that
growth inhibition by these compounds in S.
cerSvisiae is due to their effect on some other
reaction. On the other hand, perhaps the sensi-
tive metabolic step is in some way related to C-
14 demethylation by sharing a common compo-
nent or by taking place in the same intracellular
organelle.
The other antifungal agent tested, 15-azas-

terol, does not inhibit the growth of S. cerevisiae
strains in which it cannot force the accumulation
of the A8.14-diene sterol. This makes a strong
case for the argument that the production of
ignosterol is the cause of growth inhibition and
further suggests that differing arrangements of
double bonds in the sterol ring system can
profoundly affect sterol biological activity. Ob-
viously, these changes affect sterol conforma-
tion and flexibility, but it is difficult to predict
the effect on membrane properties on the basis
of what is currently known about sterol-mem-
brane interactions. It is also possible that ignos-
terol cannot fulfill some other indispensable
function of sterols in cells which may not be
related to bulk membrane properties (10, 25), or
its presence may result in problems in the cellu-
lar distribution of sterol. More information on
the metabolism of these sterols by yeast strains
and their effects on model systems and yeast
physiology will be necessary to reach an under-
standing of the biological properties of these and
other sterols.
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