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Confers Fluconazole Resistance in Saccharomyces cerevisiae
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The contribution of the dosage of target enzyme P-450 14a-demethylase (14aDM) to fluconazole resistance
in both Candida albicans and Saccharomyces cerevisiae remains unclear. Here, we show that overexpression of
Saccharomyces P-450 14aDM in S. cerevisiae, under the control of the regulatable promoter GAL1, results in
azole resistance.

Fluconazole, a useful azole antifungal, selectively inhibits
the cytochrome P-450-dependent C-14 lanosterol a-demethyl-
ase or CYP51A1, encoded by the ERG11 gene (13) in Candida
albicans. Lanosterol 14a-demethylase (14aDM) is a key en-
zyme in ergosterol biosynthesis in both C. albicans and Sac-
charomyces cerevisiae, a genetically tractable fungus closely re-
lated to C. albicans (3, 10, 13).

Three mechanisms of fluconazole resistance that often op-
erate simultaneously in C. albicans have been described: re-
duced accumulation of fluconazole, a defect in D5,6 desatura-
tion, and target-site (CYP51A1) alterations (13). The last
mechanism can be the result of either point mutations of
ERG11 (13) followed by loss of demethylation activity or high
levels of CYP51A1 caused by the overexpression of ERG11
(13). The role of point mutations of ERG11 in fluconazole-
resistant isolates of C. albicans has been documented (7, 11).
However, the contribution of overexpression of ERG11 to
azole resistance has been less clear (13). In the few flucon-
azole-resistant isolates of C. albicans where ERG11 is overex-
pressed that have been studied, the relatively low level of
overexpression of ERG11, the concomitant presence of point
mutations in ERG11, and the frequent overexpression of
efflux pumps such as CDR or MDR1 complicate the matter
(9, 12, 13).

Even though the importance of point mutations in the S.
cerevisiae gene ERG11 which encodes for the P-450 14aDM or
Erg11p (10) that results in the loss of 14aDM activity has been
shown, the contribution of overexpression of P-450 14aDM in
Saccharomyces is less clear (4). Heterologous overexpression
and complementation with the closely related (5) C. albicans
CYP51A1 in azole-sensitive Saccharomyces strains resulted in
low and variable levels of overexpression; the effect of overex-
pression on azole resistance as measured by the MICs in liquid
medium has been small (4, 5). As such, the effect of the level
of P-450 14aDM on azole resistance in both C. albicans and S.
cerevisiae remains unclear.

In the present study, we show that overexpression of Erg11p
under the control of the GAL1 promoter results in azole re-
sistance. The regulation of the genes required to metabolize

galactose in S. cerevisiae has been extensively studied (2). If
cells are growing on glucose, the expression of these genes is
repressed (2). The regulation of GAL1 expression by carbon
sources and the high expression of GAL1 in galactose from low
levels in glucose makes GAL1 an effective regulatable pro-
moter (2).

We transformed the Saccharomyces wild-type strain 10560-
14C (MATa ura3-52 leu2::hisG his3::hisG) (Fink Laboratory,
Whitehead Institute for Biomedical Research, Cambridge,
Mass.) with a Saccharomyces URA3-based cDNA library (Fink
Laboratory) under the control of the GAL1 promoter (cloned
to centromeric plasmid PRS 316 [2, 8]) and selected the Ura1

transformants in synthetic complete medium lacking uracil
(SC-uracil)-glucose plates. We used standard methods to pre-
pare the yeast growth medium and to manipulate yeast (2). We
then replica plated to SC-uracil–galactose plates, and we incu-
bated these plates for 24 h at 30°C in order to allow the
plasmid-dependent expression of cDNA in galactose medium.
We then replica plated to SC-uracil–galactose–fluconazole
(128 mg/ml) plates and looked for fluconazole-resistant colo-
nies after 48 h of incubation. (Previous pilot experiments de-
termined that the 10560-14C strain transformed by the URA3
centromeric plasmid PRS 316 fails to grow in SC-uracil–galac-
tose–fluconazole (32 mg/ml) medium. We then retested the
purified candidates by streaking them on SC-uracil–glucose–
fluconazole (128 mg/ml) plates and on SC-uracil–galactose–
fluconazole (128 mg/ml) plates. The true positive candidates
were fluconazole sensitive and fluconazole resistant, respec-
tively. We then cloned and sequenced one of the cDNA clones
with the primer GAL1 (59 TGGATAACCACTTTAACT 39;
position 690 to 707) that, when overexpressed, results in resis-
tance to fluconazole. We found that the insert contained the
ERG11 sequence. We then subcloned the insert into pBlue-
script SK(2) (Stratagene, La Jolla, Calif.) (1). The clone
contained the full-length ERG11 cDNA and had no point
mutations. This ERG11 cDNA was then retransformed to the
wild-type S. cerevisiae 10560-14C. The transformants were, as
was the initial 10560-14C–GAL1 cDNA clone, resistant to flu-
conazole in SC-uracil–galactose medium but not in SC-uracil–
glucose medium. The following haploid strains (numbered 1 to
6) are shown in Fig. 1: 10560-14C transformed by PRS 316, a
fluconazole-sensitive control (strain 1), 10560-14C–ERG11
cDNA, two independent colonies (strains 3 and 4), and 10560-
14C transformed by two additional random GAL1 cDNAs that
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did not confer resistance to fluconazole, both controls (strains
5 and 6). PDR1-100, a fluconazole-resistant mutant trans-
formed with the plasmid PRS 316, was used as the fluconazole-
resistant control (strain 2). This mutant has a point mutation in
the regulatory gene PDR1, and it overexpresses Pdr5p (6).
PDR5 encodes for an ATP-binding cassette transporter whose
overexpression is well known to be involved in azole resistance
(3, 4). As shown in Fig. 1B and C, the overexpression of
ERG11 cDNA in galactose results in fluconazole resistance.
The GAL1 ERG11 cDNA also exhibited slight growth in SC-
uracil–glucose–fluconazole (128 mg/ml) (Fig. 1B). The micro-
colonies seen predominantly in strain 4 but also in strain 3
(both ERG11 cDNA strains) could represent point mutations
that result in ERG11 overexpression in a GAL1-independent
fraction. Since this growth was not seen in the controls, this
phenomenon could alternatively imply a partial degree of ex-
pression of GAL1 ERG11 cDNAs in glucose. The shadows
seen in strains 1, 5, and 6 (fluconazole-sensitive controls) in the
SC-uracil–galactose–fluconazole (128 mg/ml) plate (Fig. 1C)
are a reflection of the density of the replica plating and do
not constitute real growth. All growth was aerobic at 30°C
for 2 days.

This work supports the concept that overexpression of
Erg11p may result in azole resistance. This regulated system of
Erg11p overexpression (galactose 5 on; glucose 5 off) may
provide an additional tool for the dissection of the interrelated
mechanisms of azole resistance in Saccharomyces. The impli-
cations of this study for overexpression of the Candida Erg11p
in C. albicans need to be addressed with future work.
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FIG. 1. GAL1 ERG11 cDNA confers a galactose-dependent resistance to fluconazole. The growth responses of the GAL1 ERG11 cDNA clone in the following
media are shown: SC-uracil–glucose (A), SC-uracil–glucose–fluconazole (128 mg/ml) (B), and SC-uracil–galactose–fluconazole (128 mg/ml) (C). The schematic drawing
of a plate (lower right) indicates the location of the plated strains (1 to 6). The strains are described in the text.
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