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Enzymes in the ergosterol-biosynthetic pathway are the targets of a number of antifungal agents including
azoles, allylamines, and morpholines. In order to understand the response of Saccharomyces cerevisiae to
perturbations in the ergosterol pathway, genome-wide transcript profiles following exposure to a number of
antifungal agents targeting ergosterol biosynthesis (clotrimazole, fluconazole, itraconazole, ketoconazole, vori-
conazole, terbinafine, and amorolfine) were obtained. These profiles were compared to the transcript profiles
of strains containing deletions of one of the late-stage ergosterol genes: ERG2, ERG5, or ERG6. A total of 234
genes were identified as responsive, including the majority of genes from the ergosterol pathway. Expression
of several responsive genes, including ERG25, YER067W, and YNL300W, was also monitored by PCR over time
following exposure to ketoconazole. The kinetics of transcriptional response support the conditions selected for
the microarray experiment. In addition to ergosterol-biosynthetic genes, 36 mitochondrial genes and a number
of other genes with roles related to ergosterol function were responsive, as were a number of genes responsive
to oxidative stress. Transcriptional changes related to heme biosynthesis were observed in cells treated with
chemical agents, suggesting an additional effect of exposure to these compounds. The expression profile in
response to a novel imidazole, PNU-144248E, was also determined. The concordance of responsive genes
suggests that this compound has the same mode of action as other azoles. Thus, genome-wide transcript
profiles can be used to predict the mode of action of a chemical agent as well as to characterize expression
changes in response to perturbation of a metabolic pathway.

Opportunistic fungal infections have become a life-threat-
ening problem for individuals with compromised immune sys-
tems, and azoles represent a significant portion of drugs used
to treat systemic infection by fungal commensal organisms.
Fluconazole has emerged as the primary therapy for the treat-
ment of oropharyngeal candidiasis in human immunodefi-
ciency virus-infected patients (38, 39). Azoles such as flucon-
azole inhibit lanosterol 14a-demethylase (Erg11p), an enzyme
in the ergosterol-biosynthetic pathway in yeast (54). The nitro-
gens in the azole ring form a complex with the heme iron
component of the cytochrome group, resulting in the inhibition
of the enzyme (54).

Widespread treatment with azoles has led to clinical resis-
tance. Isolation of resistant strains has led to the intensive
study of the molecular mechanisms by which the organism can
compensate to permit growth in the presence of these drugs
(39). Various clinical isolates of azole-resistant Candida albi-
cans contain point mutations in the gene encoding Erg11p (26,
51) or have increased expression of this gene (50), leading to
decreased susceptibility to azole drugs. In addition to altering
the target gene, many clinical isolates of C. albicans upregulate
multidrug-resistant pumps belonging to the ATP-binding cas-
sette (ABC) transporter and major facilitator families in re-
sponse to azole exposure, resulting in lower susceptibility due
to increased efflux (41, 50).

Ergosterol is an essential component of yeast plasma mem-
branes which affects membrane fluidity, permeability, and the
activity of membrane-bound enzymes (8, 9, 36). In Saccharo-
myces cerevisiae, ergosterol is also a major component of se-

cretory vesicles and has an important role in mitochondrial
respiration (9, 36, 55). Ergosterol has been predicted to play a
role in oxygen sensing (44), defined by the well-characterized
sparking function of this sterol (31, 40). Genes in the ergos-
terol pathway exhibit transcriptional regulation in response to
mutations in other ERG genes and resulting sterol limitation
(2, 23, 29). When overexpressed, genes such as CYB5, COX3,
and RPL27 contribute to altered sensitivity to azoles (27, 47).
Thus, analysis of the genome-wide transcriptional changes in
response to ergosterol perturbation may reveal novel mecha-
nisms for resistance, or possibly even new sites for chemical
intervention, in addition to increasing understanding of the
cellular response to perturbations of ergosterol biosynthesis.

This study finds a convergent pattern of gene expression
between drug-treated cells and cells with genetic alterations in
the same targeted pathway. From these data a set of genes has
been identified that may be predictive of an “ergosterol re-
sponse.” Several of these genes do not respond to other treat-
ments studied (data not shown), rendering them useful as sur-
rogate expression markers for monitoring cellular responses to
agents which perturb ergosterol biosynthesis. Other responsive
genes have been identified that offer insight into the relation of
ergosterol biosynthesis to important physiological changes
in the cell, such as mitochondrial function. In addition, this
study defines a method by which genome-wide transcriptional
changes in yeast can be analyzed following exposure to a drug
with an uncharacterized mode of action.

MATERIALS AND METHODS

Antifungal agents. Clotrimazole, biotin-11-CTP, and biotin-16-UTP were ob-
tained from Sigma Chemical Company; ketoconazole was from Biomol Research
Labs, Inc., itraconazole was from Accurate Chemical and Scientific Corp., West-
bury, N.Y., and terbinafine was from TCI, Tokyo, Japan. Amorolfine, flucon-
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azole, voriconazole, and PNU-144248E were synthesized at Pharmacia & Up-
john.

Yeast strains. S. cerevisiae BY4743 (a/a his3D/his3D leu2D/leu2D 1/lys2D
met15D/1 ura3D/ura3D) and strains 30568 (erg6D/erg6D in a BY4743 back-
ground), 30590 (erg5D/erg5D in a BY4743 background), and 30788 (erg2D/erg2D
in a BY4743 background) were used. All were obtained from Research Genetics
(www.resgen.com).

MIC determinations. A 10-ml culture of YPD medium (1% Difco yeast ex-
tract, 2% Difco peptone, 2% glucose) was inoculated from a colony and grown
overnight at 30°C to saturation. The culture was then diluted to an optical density
at 600 nm (OD600) of 0.1, and 50 ml was used to inoculate a 96-well U-bottom
culture plate (Costar, Corning, N.Y.) containing 50 ml of twofold serially diluted
test compounds (starting at a final concentration of 100 mM in 100 ml). The
culture was allowed to grow in the presence of drug for 24 h at 30°C in a
SpectraMax Plus (Molecular Dynamics Corp., Sunnyvale, Calif.), and the MIC
was determined as the drug concentration in the first well with no growth.

Cell culture and drug exposure. A 40-ml culture of YPD medium was inocu-
lated from a colony and grown overnight at 30°C and 140 rpm to saturation
(;1 3 108 to 2 3 108 cells/ml). The culture was diluted 10-fold and allowed to
recover from stationary phase for 2 h. In the case of drug-treated cells, drug was
then added to each culture at a concentration equivalent to 0.5 times the MIC
(concentrations used were 0.6 mM clotrimazole, 25 mM fluconazole, 0.6 mM
itraconazole, 4 mM ketoconazole, 0.6 mM PNU-144248E, 0.19 mM voriconazole,
0.1 mM amorolfine, and 50 mM terbinafine), and the cultures were incubated for
90 min. Strains containing mutations were diluted to 2 3 106 cells/ml and
harvested at late-logarithmic phase (;5 3 107 cells/ml). Strains 30568 and 30788
were twofold less dense than BY4743 and 30590; the culture volume of these
strains was doubled in order to equalize the total number of cells in the prepa-
ration. Cells were pelleted at 1,500 rpm at 20°C for 5 min in an IEC (Needham,
Mass.) MP4R centrifuge. The pellets were washed with 1 ml of water at 22°C that
had previously been treated with diethylpyrocarbonate (DEPC) to inactivate
RNases. Cell pellets were placed on ice, and RNA was extracted immediately to
minimize change in the expression profile.

RNA preparation and hybridization to Affymetrix microarrays. RNA prepa-
ration and hybridization to Affymetrix (Santa Clara, Calif.) DNA microarrays
were performed as described by Wodicka et al. (52). Briefly, cells were harvested,
washed with water, and lysed quickly, and RNA was extracted using hot acidic
phenol (30). Poly(A)1 RNA was isolated using an Oligotex mRNA kit from
Qiagen Inc. (Valencia, Calif.). Double-stranded cDNA was synthesized using the
Superscript Choice system (Gibco BRL, Gaithersburg, Md.) and labeled with
biotin-11-CTP and biotin-16-UTP with the T7 Megascript System (Ambion Inc.,
Austin, Tex.) for hybridization to the microarrays. Eleven micrograms of the
resulting cRNA was used to probe the four arrays comprising the yeast genome,
following the method recommended by Affymetrix Inc. and described by Wod-
icka et al. (52).

Hybridization signal detection and analysis. Affymetrix microarrays consist of
oligonucleotides synthesized in situ. Each open reading frame (ORF) has a
number of corresponding oligomers on the microarray, termed a probe set. A
probe set consists of a series of probe pairs: oligomers designed to match the
ORF sequence and, for each, a corresponding mismatch oligomer designed to
serve as a hybridization control. The Affymetrix Genechip algorithm computes
the hybridization signal, termed average difference intensity (ADI), for each
probe set, and this value was used for analysis. ADI values range from below zero
to more than 15,000; values below 1 were changed to 1 prior to analysis.

Experimental (E) ADI values were compared on a gene-by-gene basis to the
ADI value in the untreated control (termed the baseline value [BL], the arith-
metic average of ADI values for that ORF derived from six replicate data sets of
BY4743 growing in mid-log phase in YPD medium). To compensate for differ-
ences between chips in a data set, the ADI and the E/BL ratio for each ORF
were each divided by the geometric mean of the E/BL ratios for that chip. Data
sets were compared visually using Spotfire Pro 3.0 (Spotfire Corp., Cambridge,
Mass.) and numerically using MS Excel.

Quantitative PCR. Total RNA was extracted as described above and used as
a substrate for quantitative reverse transcription-PCR (qRT-PCR). qRT-PCRs
were performed using the Taqman Gold PCR kit and analyzed using a Prism
7700 (Perkin-Elmer [PE] Applied Biosystems, Foster City, Calif.). Threshold
values are calculated from the standard deviation of the background signal; Ct
(cycles to reach threshold) is the cycle number in which the reaction fluorescence
surpassed the threshold value. Experimental values were compared to results
from a second PCR carried out in the same tube, primed from TEF1, a trans-
lation elongation factor.

Probe-primer sets were identified using Primer Express (PE Applied Biosys-
tems). Sequences of primers and fluorescently labeled probes were as follows:
for ERG25, 59-CCAAGCAAGCACCTACTCACAA, 59-CCAGTATTTCTCCA
TGAAATTCAATTG, and 6FAM-TTGCAAAATGTCGCCCATTACCAACC-
TAMRA; for YNL300W, 59-CCCATGAGATCAGCACATACGT, 59-ACCC
ATGATGGCACCCATA, and 6FAM-CGCTGCCGTTAAAGGCTCCGTTG-
TAMRA; and for YER067, 59-GCCGTTAGGAAACCTGAGCTT, 59-CTCAC
CGTAATGCCAGGTGAT, and 6FAM-TTATCAAATGTCTCTTCCTTCGAT
TTTTCGTGAA-TAMRA (FAM, 6-carboxyfluorescein; TAMRA, 6-carboxy-
tetramethylrhodamine). Primers and probes used for TEF1 were 59-GTA
GAGTTGAAACCGGTGTCATCA, 59-AACGGACTTGACTTCAGTGGTAA

CA, and VIC-CAGGTATGGTTGTTACTTTTGCCCCAGCTG-TAMRA (VIC
was obtained from PE Biosystems).

RESULTS AND DISCUSSION

Experimental design and methodology. Following the com-
plete sequence determination of the S. cerevisiae genome, Af-
fymetrix DNA microarrays have emerged as a powerful tool
for examining the simultaneous expression pattern of more
than 6,000 yeast genes (10, 14, 21, 33, 52). Because of the scope
of each data set obtained from a microarray hybridization,
treatments used in this study were limited to a single concen-
tration at a single time point. Rich medium (YPD) was used so
as not to limit the growth rate, and one doubling time (90 min)
was selected for the duration of exposure to agent at 0.5 times
the MIC. Cells were exposed to agents and harvested during
the mid-logarithmic-growth phase.

RNA was prepared following exposure of the parent strain,
BY4743, to one of five previously characterized azoles (clo-
trimazole, fluconazole, itraconazole, ketoconazole, and vori-
conazole), a novel imidazole, PNU-144248E (shown in Fig. 1),
an allylamine (terbinafine), or a morpholine (amorolfine) as
described in Materials and Methods. In addition, RNA was
prepared from three strains each bearing a homozygous dele-
tion of ERG2, ERG5, or ERG6 and from two untreated control
cultures. Figure 1 shows the genes involved in the biosynthesis
of ergosterol from farnesyl pyrophosphate in S. cerevisiae.

Identification of gene expression patterns. Each Affymetrix
yeast genome set represents 6,593 ORFs, including 172 control
genes. Thus, the 11 data sets from the treatments comprising
this study represent 72,523 data points. Hybridization intensity
values are expressed in ADI units, as described in Materials
and Methods. Following normalization to account for varia-
tions in chip intensity (described in Materials and Methods), a
filter was applied requiring the experimental ADI value to be
above 50 ADI units, thereby limiting the data to 29,428 points.
Use of a second filter requiring the baseline ADI value to be
greater than 50 ADI units further limited the data to 20,697
points. The ADI values used in the filters were chosen after
examination of the background ADI value calculated by the
GeneChip software and the ADI values for selected unex-
pressed genes (e.g., haploid-specific genes in diploid cells [data
not shown]); with both approaches, a value of up to ;25 ADI
units corresponded to no signal.

Genes for which ADI ratios changed beyond 1 standard
deviation were considered to be responsive to the treatment.
By this criterion, 1,154 genes responded with increased mRNA
levels in at least one treatment; 1,358 genes responded with
decreased mRNA levels relative to the baseline. To distinguish
gene responses to perturbations in ergosterol biosynthesis
from other transcriptional changes, genes responding in at
least 5 of the 11 experimental treatments were considered in
the subsequent analysis. The intention of selecting by these
criteria is to identify genes that have a convergent pattern of
expression across many individual treatments, which may be
indicative of a common response.

A total of 156 genes showed significant increases in tran-
script levels in five or more treatments, and 78 showed signif-
icantly decreased transcript levels in five or more treatments.
These were annotated using the biological roles assigned by
the Yeast Protein Database (YPD) (18). The number and
characteristics of the responsive genes grouped according to
biological role are shown in Table 1. The category with the
largest number of responses (hits) is “unknown” group of 53
genes. Next most abundant are the 36 responsive mitochon-
drial genes, followed by 22 genes involved in biosynthesis of
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lipids, fatty acids, and sterols. This group includes nine genes in
the ergosterol pathway. The category “other related genes”
refers to genes that are related to ergosterol perturbation by
other experimental results; these genes are described in Tables
2 and 3 and Fig. 2 and 3. The category “other genes” includes
responsive genes each of which was the sole representative of
a particular biological pathway, and whose relationship to er-
gosterol perturbation could not be discerned.

Genes were also categorized by the relative number of re-
sponses due to chemical versus genetic perturbation. The per-
centage of the response that was due to chemical perturbation
ranged from highs of 87 to 88%, in the case of membrane-
associated proteins, to a low of 62% for the class of lipid-, fatty
acid-, or sterol-related genes. Analysis using a k-means algo-
rithm did not reveal transcriptional patterns associated with
particular treatment classes (data not shown). Interestingly,
the ergosterol genes were highly responsive to genetic disrup-
tion of ERG2, ERG5, and ERG6. The 10 responsive ergosterol
genes had increased transcript levels in all three mutant strains
(Fig. 2) with the exception of the particular gene disrupted in
each strain.

As a means to assess the specificity of the ergosterol re-
sponse identified in this study, the behavior of these responsive
genes was examined following the transition from logarithmic
growth to saturation. Table 1 shows the number of responsive
genes in each category whose transcript levels change as the
cells enter saturated growth and undergo the diauxic shift (10,
18; G. F. Bammert and J. M. Fostel, unpublished data). The
proportion of responsive genes which are altered in response
to saturated growth varies from 0% of genes in several path-
ways to highs of 78 and 83% of ergosterol-responsive genes
related to amino acid and carbohydrate metabolism, respec-

tively. This suggests that some groups of transcripts may be
responding to alterations in the metabolic rate rather than to
ergosterol perturbation directly.

Responsive genes in the ergosterol pathway. Figure 2 shows
the genes involved in the biosynthesis of ergosterol from acyl
coenzyme A (acyl-CoA), highlighting some of the responsive
genes identified above. Most notably, nine genes in the ergos-
terol pathway responded with increased transcript levels to the
conditions used in this study. The ergosterol pathway repre-
sented the highest proportion of responsive genes identified, in
agreement with previous studies showing that this pathway is
the target of azoles and is responsive to modulations of the
ergosterol level.

The biosynthesis of ergosterol involves the coordination of
many factors by which the cell regulates the synthesis of this
essential component. ERG19 is reported to contribute to the
regulation of flux through the mevalonate pathway (3) and is
increased in response to perturbations here. ERG3 expression
increases following treatment with antifungal agents (43) and
in strains with mutations in ERG2, ERG5, and ERG6 (2).
These data are supported by the observations reported here:
ERG3 expression increased following drug treatment and in
the three ERG deletion strains. Additionally, expression of
NCP1, which encodes NADP-cytochrome P450 reductase and
the electron donor for squalene epoxidase, lanosterol 14a-
demethylase, and sterol C-22 desaturase (45), increases five-
fold in a strain constitutively overexpressing ERG11 (48), con-
sistent with coordinate increases in the transcript levels of
these two genes in this study.

Measurements using promoter fusions in various genetic
backgrounds found a number of genes affecting ERG9 expres-
sion (23). Two treatments overlapped those reported here:

FIG. 1. Treatments used in the study and their relationships to ergosterol biosynthesis. Gene names are as listed in reference 9). Genes in deletion strains are
boldfaced and boxed. Arrows point to the sites of action of the antifungal agents. The structure of PNU-144248E is shown under the azoles.
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exposure to ketoconazole and expression in an ERG2 dis-
ruptant. In both cases ERG9 expression increased (23). While
ERG9 did not meet the criterion of change in five or more
treatments used here, levels of the ERG9 transcript did in-
crease in four treatments: ERG2 and ERG6 knockouts and
exposure to fluconazole or PNU-144248E. The difference in
the ketoconazole treatments used in the two studies (18 h the
study reported in reference 23 versus 90 min here) may ac-
count for the difference, as observed in Fig. 5 for ERG25.

Another gene in the pathway, ERG1, did not change signif-
icantly in any of the treatments used here, including terbin-
afine, although Erg1p enzyme activity does increase following
terbinafine exposure (28). Erg1p activity responds to oxygen
and sterol limitation (34) and appears to be regulated by pro-
tein localization or other factors (28). Taken together, these
observations suggest that changes in Erg1p activity arise from
posttranscriptional regulation.

In a study using promoter fusions as a readout of transcrip-
tional changes, Dimster-Denk et al. (11) observed 19 genes
with a change in expression greater than 1.5-fold following
21 h of exposure to fluconazole relative to expression levels
in untreated cells. Of these 19 responsive genes, 7 were found
to be responsive in this study (ERG2, ERG3, ERG4, ERG5,
ERG6, ERG11, and ERG19) and ERG9 expression was changed
in four treatments. The other 11 genes had transcript levels
too low to be measured reliably, including 5 mating-response
genes not expressed in the diploid strain used here (ERG8,
ERG12, ARE2, COQ7 [also referred to as CAT5], FAR3, FIG1,
HEM14, MFA1, MFA2, MOD5, and STE2). Responses by ERG24

and ERG25 were seen on the microarray but were not reported
by Dimster-Denk et al. Thus, the two methods are in agree-
ment on the identification of responsive genes among genes
detected by both. The change in transcript level was not always
in the same direction in the two studies, however. Decreases in
ERG3, ERG4, ERG5, ERG6, and ERG11 transcript levels at
21 h were reported by Dimster-Denk et al. (11), while these
genes showed increased transcript levels following 90 min of
exposure as measured by microarrays. It is more likely that this
reflects differences between the biological responses of these
genes at the different exposure times than a discrepancy be-
tween the methods used to measure expression.

Other responsive genes related to lipid, fatty acid, and sterol
biosynthesis. In addition to participating in cell membranes,
esterified ergosterol is found in lipid particles, which may serve
as storage reservoirs or as intermediates in intracellular trans-
port (53, 55). ARE1 is one of the two genes responsible for the
esterification of ergosterol, the final step in the pathway lead-
ing to ergosteryl, and was responsive in this study. Another
responsive gene, CYB5 (encoding cytochrome b5), was identi-
fied by an ability to overcome ketoconazole hypersensitivity
when overexpressed in an erg11 background (47) and may help
protect the organism from azole exposure. ACH1 (encoding
acetyl-CoA hydrolase) may be responding to an overproduc-
tion of sterol intermediates formed during inhibition of the
pathway. FAS1 (encoding fatty-acyl-CoA synthase) deletion
strains have reduced levels of ergosterol esters and sphingo-
lipids, indicating a possible role in lipid biosynthesis and me-
tabolism (9). LCB1 encodes serine C-palmitoyltransferase, the

TABLE 1. Genes responding in five or more treatments

Biological rolea No. of
genesb

No. of
hitsc

Hit/gene
ratio

No. of
drug hitsd

Drug hit/
gene ratio

No. of
KO hitse

KO hit/
gene ratio

No. (%) of
genes responding

to saturated
culture

% of genes
responding to: Direction

of change f
Drug

treatment KO

Unknown f, g

Up 26 154 5.92 124 4.77 30 1.15 0 (0) 80 20 Up
Up/sat’d 8 52 6.50 35 4.38 17 2.13 8 (100) 67 33 Up
Down 11 67 6.09 56 5.09 11 1.00 0 (0) 84 16 Down
Down/sat’d 8 50 6.25 41 5.13 9 1.13 8 (100) 82 18 Down

Mitochondrial 32 194 6.06 145 4.53 49 1.53 23 (72) 75 25 Up
4 25 6.25 20 5.00 5 1.25 1 (25) 80 20 Down

Lipid/fatty acid/sterol 16 101 6.31 63 3.94 38 2.38 1 (6) 62 38 Up
6 37 6.16 28 4.67 9 1.50 2 (33) 76 24 Down

Protein synthesis and processing 15 90 6.00 73 4.87 17 1.13 0 (0) 81 19 Up
9 54 6.00 42 4.67 12 1.33 6 (67) 78 22 Down

Stress 15 90 6.00 59 3.93 31 2.07 5 (33) 66 34 Up
5 31 6.20 25 5.00 6 1.20 4 (80) 81 19 Down

Membrane associated 8 45 5.62 39 4.88 6 0.75 0 (0) 87 13 Up
8 50 6.25 36 4.50 14 1.75 3 (38) 72 28 Down

Amino acid biosynthesis 9 58 6.44 43 4.78 15 1.67 7 (78) 74 26 Up
Cell cycle control 7 38 5.43 31 4.43 7 1.00 0 (0) 82 18 Up
Chromatin associated 6 35 5.83 29 4.83 6 1.00 0 (0) 83 17 Up
Carbohydrate metabolism 6 35 5.83 24 4.00 11 1.83 5 (83) 69 31 Up
Vesicle associated 5 29 5.80 23 4.00 6 1.20 0 (0) 79 21 Down
Cell wall biosynthesis 5 33 6.60 26 5.20 7 1.40 3 (60) 79 21 Up
Nucleotide metabolism 5 28 5.60 19 3.80 9 1.80 3 (60) 68 32 Down
Other related genes 4 24 6.00 19 4.75 5 1.25 1 (25) 79 21 Down

3 17 5.67 11 3.67 6 2.00 1 (33) 65 35 Up
Other genes 12 66 5.50 58 4.83 8 0.67 2 (17) 88 12 Down

a Obtained from the YPD (18).
b Number of responsive genes in each functional class.
c No. of hits, number of total treatments in which the genes responded.
d No. of drug hits, number of drug treatments in which the genes responded.
e No. of KO hits, number of genetic disruptions (knockouts [KO]) to which the genes responded.
f Up, increased transcript levels; down, decreased transcript levels.
g Up/sat’d and Down/sat’d, increased and decreased transcript levels, respectively, in response to saturated culture.
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first enzyme involved with the biosynthesis of the long-chain
base component of sphingolipids. An increase in the level of
transcripts of this transferase following perturbation of the
ergosterol pathway suggests an interaction between the ergos-
terol and sphingolipid biosynthetic pathways in yeast.

Transcript levels of several other genes involving lipid, fatty
acid, and sterol metabolism decreased in this study. The SUR2
product hydroxylates the sphingoid C-4 of ceramide (15), and
the decrease observed in the level of this transcript further
suggests an interaction between the sphingolipid and sterol
pathways. ELO1 encodes an enzyme responsible for the elon-
gation of fatty acids. A decline in the level of this transcript
under the conditions of this study may indicate a compensatory
response in cellular fatty acid content to limited sterols follow-
ing perturbation of the ergosterol pathway. OLE1, encoding
d-9 desaturase, is needed for the formation of unsaturated fatty
acids and also shows a decreased transcript level here. OLE1 is
repressed by the presence of saturated fatty acids (12); thus,
the decline in OLE1 transcript levels may indicate an increase
in saturated fatty acid levels, possibly another compensatory
response to altered ergosterol. Interestingly, the fatty-acid-
responsive repression of OLE1 is mediated through the FAA1
and FAA4 products (7), and the level of FAA4 transcripts
decreased here. A connection of fatty acids to perturbation of
the ergosterol pathway may suggest a restructuring of the cell
membrane in response to reduced ergosterol levels.

Other responsive pathways. While ergosterol is found through-
out the cell membranes, it is most abundant in the plasma
membrane and secretory vesicles and is important for mito-
chondrial respiration (9, 36, 55). Depletion of ergosterol with
concomitant accumulation of sterol intermediates can result
in alterations in membrane functions, synthesis and activity
of membrane-bound enzymes, and mitochondrial activities,
as well as in uncoordinated behavior of the yeast cell (36, 49).

The changes in transcript pattern reported in Table 3 may
reflect these stresses.

It can be predicted that perturbations of ergosterol levels
within the cell may affect the functioning of mitochondrial
enzymes. This pattern does indeed emerge with the increase
in transcript levels of several components of the mitochon-
drial electron transport system, as shown in Table 3. Transcript
levels of four members of the cytochrome c oxidase complex,
COX4, COX5A, COX8, and COX13, were increased. Similarly,
transcript levels increased for four members of the cytochrome
c reductase complex, RIP1, CYT1, QCR6, and COR1, and five
genes encoding subunits of ATP synthase, ATP1, ATP14, ATP15,
ATP16, and INH1. Other genes involved in energy generation
that showed increased transcript levels are listed in Table 3, as
are a number of other responsive genes encoding mitochon-
drial proteins.

Levels of transcripts from four of the five members of the
hypoxic gene family (ANB1, COX5b, CYC7, and HEM13) are
reduced in response to treatments used in this study (Table 4).
Two of these genes, CYC7 and COX5b, encode the hypoxic iso-
forms of cytochrome c and cytochrome c oxidase. Since their
expression levels depend on the level of available oxygen (6,
25), the decrease in transcript levels of these anaerobiosis-
induced genes may be occurring in response to increased levels
of intracellular oxygen. Another line of evidence to support
this hypothesis is the observation that transcripts from three
genes involved with oxidative-stress response (GRE2,
YDR453C, and SOD2) are increased (Table 4). In the course of
normal catalysis, cytochrome c oxidase transfers two electrons
to molecular oxygen, and incomplete reactions can result in the
formation of reactive oxygen species. Machida et al. (32) have
shown that exposure to farnesol results in the generation of
reactive oxygen species through an indirect effect on mitochon-
drial electron transport. Farnesol can be generated from far-

TABLE 2. Genes encoding products associated with cell envelope structure or function

Function of gene product(s) Gene(s)a

Involved in protein glycosylation .................................................ALG52,4, ALG3, ALG9, ALG63,3, ALG81,4, ALG10, transferase (PMT family; PMT23,2)
CWH41, GLS21,5, MNS1

O-glycosylated proteins .................................................................AGA1, AGA2, BAR1, CTR1, CTS12,3, CWP1, CWP2, DAN1, FET3, FLO1, FLO5, FLO9,
FLO10, FUS1, GAS1, GIT1, HKR1, HSP150, KEX2, KNH1, KRE13,4, KRE92,3, MID2,
MSB2, PEX15, PGM1, PGM2, PIR1, PIR3, PRB11,4, SAG1, SEC20, SED1, SED4, SLG1,
SRO4, SSR1, STA1, STA2, TIP12,5, TIR13,3, TIR2, YLR110C

Responsive membrane proteinsb .................................................BAP22,3, BAP30,6, DIP53,4, FET41,7, HNM13,5, HXT10,5, HXT32,4, PHO870,5, RCS11,4, SMF13,4,
YDR373W1,4, YGR138C0,5, YKL146W1,4, YNL065W0,6, YNL321W2,3, YOR161C2,3, YOR271C2,4

GPI-anchored proteins..................................................................AGa1, AGA1, CWP1, CWP2, EGT21,4, FLO1, FLO5, FLO9, GAS1, ICWP, KRE13,4, PRY3,
SED1, TIP12,5, TIR13,3, TIR2, YAP3, YCR089W, YDR055W0,5, YDR134C, YDR534C,
YEL040W, YER150W0,5, YGR189C, YJR151C, YLR110C, YNL300W3,7, YOR009W,
YOR214C

Involved in synthesis of b-1,6-glucan ..........................................CWH53, FKS2, KNR4, HKR1, KRE13,4, KRE5, KRE6, KRE92,3, KRE11, SKN1

Osmotic-stress related
Part of osmotic-stress response signal pathway .....................HOG12,3

Transcription factor with a role in salt tolerance..................CIN51,6

Induced by osmotic stress.........................................................DDR483,4, DDR2, GRE1, GRE23,4, GRE3, HOT1, PTP2, PTP3, SIP18, SKN7, SKK2, SSK1,
STE11, SLN1, SHO1, YPD1

Responsive proteins involved in secretionb ................................VID240,7, RET23,4, SEC170,5, COP12,5, LST83,4, NHX10,5, YGL054C0,6, YHR138C0,5

a Boldfaced genes were responsive in the study; boldfaced underlined genes had decreased transcript levels. In each superscript, the first number is the number of
genetic perturbations (out of a total of three) to which the gene responded and the second is the number of drug treatments to which the gene responded. Lists of genes
were obtained from the YPD (18) and from references 4, 9, 15, 16, 17, and 19.

b Only responsive genes are shown.

VOL. 44, 2000 ERGOSTEROL BIOSYNTHESIS IN S. CEREVISIAE 1259



nesyl pyrophosphate, a precursor to sterols which may accu-
mulate if late stages of ergosterol biosynthesis are inhibited.
All these observations are consistent with increased oxidative
stress following perturbation of ergosterol biosynthesis.

Perturbation of mitochondrial electron transport could arise
from a decrease in ergosterol levels in the inner membrane due
to interference with ergosterol biosynthesis or from a direct
interaction between the chemical agents used and the mito-

FIG. 2. Genes involved in the biosynthesis of ergosterol and membrane components. Boldfaced genes were responsive in the study; boldface italics indicate genes
with decreased transcript levels. Superscripts indicate the number of treatments to which the gene responded. The first number in each superscript is the number of
genetic perturbations (out of a total of three) which elicited a response, and the second number is the number of drug treatments (out of a total of eight) which elicited
a response. Lists of genes were obtained from the YPD (18) and reference 9.

TABLE 3. Genes encoding mitochondrial proteins

Gene product(s) Gene(s)a

Electron transport complexes, inner mitochondrial membrane:
Ubiquinol cytochrome c reductase complex III ..................................COB, CYT12,4, COR12,3, QCR2, QCR61,4, QCR7, QCR8, QCR9, QCR10, RIP11,5

Cytochrome c (anaerobic isoform)........................................................CYC71,5

Cytochrome c oxidase .............................................................................COX1, COX2, COX3, COX43,4, COX5A2,4, COX5B1,8, COX6, COX7, COX80,5, COX9,
COX12, COX133,4

ATP synthase............................................................................................ATP13,5, ATP2, ATP3, ATP4, ATP5, ATP6, ATP7, ATP8, ATP9, ATP140,6, ATP153,4,
ATP160,5, ATP17, ATP20, INH10,6, TIM11

ADP/ATP carrier protein .......................................................................AAC1, AAC31,4, PET93,3, YPL134C1,4, YPR021C

Elements of the TCA cycle ........................................................................CIT1, ACO12,4, IDH1, IDH2, KGD11,5, KGD2, LPD1, LSC1, LSC2, SDH12,4, SDH2,
SDH3, SDH4, FUM12,4, MDH1

Other responding mitochondrial proteins ................................................ARG5,60,5, ARG71,6, COT13,5, GPD23,4, IDP10,5, ILV52,3, ILV63,5, MRP10,6, PFK270,6,
SHM11,4, SOM10,6, SOD22,4, TIM233,3, YAH12,3, YIL154C0,6

a Boldface, underlining, and superscripts are as explained in footnote a to Table 2. Lists of genes were obtained from the ExPASy/Boehringer Mannheim metabolic
pathways (http://expasy.hcuge.ch/cgi-bin/search-biochem-index) and from the YPD (18).
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chondrial enzyme complexes. For example, metal-chelating
drugs block reduction at the ubiquinol oxidation site of the
cytochrome c complex (5), and azoles inhibit their target,
lanosterol demethylase, through an interaction with the heme
iron component of the complex (54). Since more than half of
the responsive mitochondrial genes are found to respond both
to genetic alterations and to drug treatment, it is likely that the
effect is mediated through ergosterol biosynthesis and does not
arise solely as a direct consequence of drug action.

Interestingly, one drug-specific pattern was observed. Tran-
script levels of HEM1, the first gene involved in the biosyn-
thesis of heme, increased in the eight drug treatments but not
in the three deletions. This suggests a compensatory response
to drug treatment not represented in the mutant strains. Tran-
script levels of HEM13, the rate-limiting step of heme biosyn-
thesis (57), were reduced in response to seven drug treatments
and, again, in none of the deletion strains. HEM13 is re-
pressed by heme and oxygen (1, 22), raising the possibility

that levels of one or both are elevated following treatment.
This is consistent with the hypothesis of increased intracellular
oxygen suggested by the responses of anaerobiosis-induced
and oxygen stress genes described above. Heme also plays a
role in sensing intracellular oxygen levels (57).

Heme plays a central role in sterol synthesis and regulates
the transcription of several genes involved with this process
(37, 46). The accumulation of 5-aminolevulenic acid, the prod-
uct of Hem1p, derepresses 3-hydroxy-3-methyl-glytaryl CoA
reductase, leading to increased levels of 2,3-oxidosqualene
(31). Heme is required for the enzymatic activities of Erg3p
(C-5 sterol desaturase) and Erg5p (C-22,23 desaturase) (36).
Erg11p also contains heme and shows heme-regulated expres-
sion (48). Other genes regulated by heme are listed in Fig. 3. In
the present study, levels of transcripts from four heme-induced
genes are increased and levels of transcripts from three heme-
repressed genes are decreased, consistent with induction of
heme-regulated expression, and suggesting elevated intracel-

TABLE 4. Genes responding to oxygen stress

Function or response Gene(s)a

Induced by hypoxia ...................................................AAC1, ANB1, COX5B1,8, CPR1, CYC71,5, ERG113,3, HEM130,7, HMG2, OLE12,7, ROX1, SUT1
Induced by anaerobiosis ...........................................CYB2, ERG113,3, TIP12,5, TIR2, TIR13,3

Pentose phosphate pathway shunt ..........................ZWF13,4

Major oxidant-scavenging enzymes.........................CCP1, CTT1, TSA1, SOD1, SOD22,4, TRR1, TRX1, TRX2, GLR1, YDR453C2,4, YCL035, AHP1, GRE23,4

a Boldface, underlining, and superscripts are as explained in footnote a to Table 2. Lists of genes were obtained from the YPD (18) and from references 20, 42, and 56.

FIG. 3. Genes involved in the biosynthesis and utilization of heme. Boldface, italics, and superscripts are as described for Fig. 2. Lists of genes were obtained from
the YPD (18).
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lular heme levels following treatment, particularly treatment
with chemical agents.

Correlation of the expression pattern of a novel azole to
other conditions. Included in this analysis was the expression
profile in response to treatment with a compound containing
an azole moiety. PNU-144248E contains an imidazole ring, yet
is structurally distinct from the other azoles tested. The ratio-
nale for including it in this study was to determine if exposure
to this compound would result in a pattern of expression sim-
ilar to that seen in response to treatment using azoles with
known biochemical functions, thereby suggesting a similar
mode of action. This information could then be used to assess
the predictive ability of expression profiles observed in re-
sponse to an agent with an unknown mode of action. Of the
156 genes with increased transcript levels following ergosterol
perturbation, 144, or 92%, also had increased transcript levels
in response to treatment with PNU-144248E. All of the ergos-
terol, lipid, fatty-acid, and sterol metabolism genes and 17 of
the 19 genes involved with energy generation were included
(the exceptions were QCR6 and COX13). Twenty-nine of the
34 unknowns were also included. From the set of 78 genes with
decreased transcript levels following ergosterol perturbations,
40, or 51%, also had decreased transcript levels following
treatment with PNU-144248E. These data suggest that
PNU-144248E does indeed behave as an azole as measured by
cellular responses at the level of gene transcription.

PDR5 transcript levels increased following treatment with
PNU-144248E. This gene encodes a member of the multidrug
resistance pump family homologous to genes which are up-
regulated in azole-resistant isolates of C. albicans (41). It might
be anticipated that PDR5 transcript levels increase in all of the
drug treatments; however, they were unaltered in other treat-
ments used in this study. It is possible that PDR5 requires a
longer exposure time for full induction and that PNU-144248E
was the only treatment of sufficient potency to elicit a response
in the 90 min of exposure used here. PDR5 transcript levels in
cells treated with mucidin did not increase until 2 h of exposure
(35), and the response to ergosterol perturbation may follow
similar kinetics.

Comparison of microarray measurements with PCR mea-
sures of transcript levels. Microarrays represent a new tech-
nology for measuring transcript levels. Control experiments
indicate that measures using this technique are quantitative;
however, these experiments were carried out for a limited
subset of the genes on the array (52). It was of interest to
compare microarray ADI measurements for responsive genes
to measurements of the same RNA preparation using the Taq-
man quantitative PCR system. This was performed for two
genes of interest, ERG25 and YER067 (Fig. 4), one showing an
increase in response to treatment and the other a decrease.

Data from the experiments shown in Fig. 4 were normalized
as described in Materials and Methods. Microarray ADI mea-
sures are proportional to transcript abundance, while PCR
measures of Ct are inversely proportional, i.e., more-abundant
transcripts require fewer cycles to achieve detectable levels,
and hence the Ct is lower than for less-abundant material. For
this reason the correlation seen in Fig. 4 suggests good agree-
ment between measures of transcript levels by these two meth-
ods.

Changes in transcript levels over time. A single doubling
time was selected for the duration of treatment with chemical
agents in this study. It is likely that different transcripts may
be responsive at earlier or later times and that the responsive
transcripts detected herein may peak at times other than 90
min. In order to assess the response kinetics for genes of
interest, measures of transcripts from responsive genes were

made following different times of exposure to several of the
agents used in this study. ERG25 is a late-stage transcript in the
ergosterol pathway and has previously been shown to be re-
sponsive to ergosterol levels (29). YER067W and YNL300W are
uncharacterized ORFs which respond to ergosterol pertur-
bation but do not change in many other treatments tested
(data not shown). YER067W is a ploidy-regulated gene (13).
YNL300W is predicted to be a glycosylphosphatidylinositol
(GPI)-anchored protein (16) with weak homology to the po-
tential cell wall stress sensor Mid2p (18, 24). Microarray mea-
surements show that both ERG25 and YNL300W transcripts
decrease under conditions where the growth rate is slowed,
for example, entry into stationary phase, while YER067W
transcript levels increase under these conditions (data not
shown). This is opposite to the direction of response to
ergosterol perturbation, where microarray data show that
YER067W levels increase and ERG25 and YNL300W tran-
scripts decrease.

Figure 5 shows the response kinetics for these three genes
during a 24-h exposure to ketoconazole. Panel A shows the
growth of the cultures used in this experiment both by OD and
by the concomitant change in the TEF1 level as the cultures
become saturated between 5 and 24 h. Panels B, C, and D show
the PCR measures of ERG25, YER067W, and YNL300W RNA,
respectively, from cells exposed to ketoconazole at three dif-
ferent doses. All show the TEF1 measure and the experimental
transcript. In all cases, TEF1 is relatively unchanged by treat-
ment and serves to normalize slight differences in the total
RNA in each reaction tube during logarithmic growth (0, 60,
90, 180, and 300 min). In contrast, exposure to differing con-
centrations of ketoconazole results in an almost dose-depen-
dent response in the three transcripts measured, and the direc-
tion of change is opposite that seen during growth saturation.

FIG. 4. Comparison of expression measurements by RT-PCR and microar-
rays. Each data point represents the measurement of a given gene by each
method under a specific treatment, as indicated by the label. Squares, ERG25;
circles, YER067W; solid symbols, untreated control. The vertical axis is the
change from the TEF1 level; larger numbers signify more cycles needed and thus
less starting material in the sample. The horizontal axis indicates the microarray
intensity in ADI units, normalized as described in Materials and Methods; ADI
units are proportional to transcript levels.

1262 BAMMERT AND FOSTEL ANTIMICROB. AGENTS CHEMOTHER.



One interesting exception is the ERG25 response. The initial
microarray measure found a 1.8-fold increase following a 90-
min treatment with ketoconazole, and this was confirmed by
PCR (Fig. 4). In the time course experiment shown in Fig. 5,
however, ERG25 levels were not observed to increase until the
3-h point, when they were 2.5 cycles or approximately 5.6-fold
increased relative to levels in untreated cells. This most likely
reflects a difference in sensitivity (a 1.8-fold change is within
one PCR cycle) or small differences between the cultures used
in the two experiments. This experiment illustrates the differ-
ent strengths of the two methods used. Microarrays reveal the
transcript profile at a particular time and state and can be used
to identify all transcripts responding under the conditions of
the study. Quantitative PCR probes can then be generated to
follow the kinetics of expression of transcripts of interest, al-
lowing easy measurement of their response to a variety of
treatments.

Conclusions. Genome-wide transcriptional changes in S. cer-
evisiae observed in response to treatment of the cells with
chemical agents correlate with responses to genetic alterations
in the same biosynthetic pathway. A number of responsive

genes which encode products with functions impinging on er-
gosterol biosynthesis or products related to membrane struc-
ture and function were identified. This supports the interpre-
tation of expression profiles to define the mode of action of a
drug. In addition to changes in transcript level relating directly
to ergosterol biosynthesis, expression changes suggestive of
interruption of heme biosynthesis and increased intracellular
oxygen tension were also observed, indicating additional effects
perturbing the ergosterol pathway. The approach used to iden-
tify genes responsive to the treatments studied does not rely on
prior understanding of the biological effects of the treatments.
Thus, it is possible to contemplate applying this method to
predict the mode of action of novel agents with antifungal
activity. The novel azole PNU-144248E has provided a valida-
tion of this method, causing transcriptional changes with a high
degree of correlation to those seen following treatment with
other azoles with known biological effects. This study has out-
lined a method to identify genes of interest common to a
particular cellular response that will be of utility in the future
study of novel antifungal compounds.

FIG. 5. Expression time course following exposure to ketoconazole. (A) Culture OD at the times sampled (solid bars, untreated culture; heavily shaded bars, 4 mM
ketoconazole; open bars, 8 mM ketoconazole; light shaded bars, 16 mM ketoconazole) and change in TEF1 level as culture goes into saturation (line, average of three
measurements of untreated culture in panels B, C, and D; error bars, standard errors). (B through D) Responses of ERG25, YER067W, and YNL300W transcripts (solid
symbols) and an internal TEF1 control (open symbols). Culture was left untreated (circles) or treated with ketoconazole at 4 mM (triangles), 8 mM (squares), or 16 mM
(diamonds).
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