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Abstract

Ergosterol is a specific sterol component of yeast and fungal membranes.
Its biosynthesis is one of the most effective targets for antifungal treatments.
However, the emergent resistance to multiple sterol-based antifungal drugs
emphasizes the need for new therapeutic approaches. The allylamine terbi-
nafine, which selectively inhibits squalene epoxidase Erg1 within the ergos-
terol biosynthetic pathway, is mainly used to treat dermatomycoses, whereas
its effectiveness in other fungal infections is limited. Given that ergosterol
biosynthesis depends on iron as an essential cofactor, in this report, we used
the yeast Saccharomyces cerevisiae to investigate how iron bioavailability
influences Erg1 expression and terbinafine susceptibility. We observed that
both chemical and genetic depletion of iron decrease ERG1 expression, lead-
ing to an increase in terbinafine susceptibility. Deletion of either ROX7 tran-
scriptional repressor or CTH1 and CTH2 post-transcriptional repressors of
ERG1 expression led to an increase in Erg1 protein levels and terbinafine re-
sistance. On the contrary, overexpression of CTH2 led to the opposite effect,
lowering Erg1 levels and increasing terbinafine susceptibility. Although strain-
specific particularities exist, opportunistic pathogenic strains of S. cerevisiae
displayed a response similar to the laboratory strain. These data indicate that
iron bioavailability and particular regulatory factors could be used to modulate
susceptibility to terbinafine.

INTRODUCTION

The major yeast and fungal-specific sterol, ergosterol,
is responsible for maintaining cell integrity and function
of biological membranes. Therefore, ergosterol biosyn-
thesis is one of the most clinically effective targets of
antifungal drugs. Azoles, which inhibit lanosterol 14a-
demethylase, have been very successful in clinical and
agricultural applications. However, the plastic genome
and rapid reproduction of fungi frequently lead to the

generation of pathogens resistant to the most common
chemicals used in medicine and agriculture, including
azoles (Fisher et al., 2018). The relative high toxicity
and emergent resistance to azoles emphasizes the
need for new therapeutic approaches and additional
drugs (Monk et al., 2020). Allylamines selectively inhibit
squalene epoxidase (also known as squalene monoo-
xygenase [SM]), which catalyses the rate-limiting step
of squalene epoxidation to 2, 3-oxidosqualene within
the ergosterol biosynthesis pathway, leading to the
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accumulation of squalene and the depletion of ergos-
terol (Ryder, 1992). Squalene epoxidase is encoded
in Saccharomyces cerevisiae by the essential ERG1
gene. The allylamine terbinafine is the first-line drug
for dermatomycoses treatment, one of the most com-
mon fungal infections (Gnat et al., 2020). Conversely
to dermatophytes, yeasts such as Candida albicans
and moulds such as Aspergillus fumigatus exhibit re-
duced terbinafine susceptibility (Ryder, 1992; Ryder
et al., 1998). Moreover, terbinafine resistance in patho-
genic fungi is increasing and has been linked to non-
synonymous point mutations in ERG7 (Sagatova, 2021).
Most of these mutations seem to change the size of the
hydrophobic side-chains on the Erg1 inhibitor-binding
pocket, which overlaps with the squalene binding
site, altering hydrophobic interactions with the drug
(Sagatova, 2021). Improving the efficacy of terbinaf-
ine in yeasts, fungi and moulds would have significant
benefits in medicine and agriculture. Furthermore, its
combination with drugs with different modes of action
would increase efficacy and reduce therapeutic doses,
while slowing down the emergence of resistance. On
the other hand, the human Ergl homologue also ca-
talyses the rate-limiting step of squalene epoxidation
within human cholesterol biosynthesis, and the use ter-
binafine (which binds to human SM with lower affinity)
and other SM inhibitors has been considered for the
treatment of hypercholesterolemia and certain cancer
types (Chua et al., 2020).

Iron is a vital micronutrient for all eukaryotic or-
ganisms, its depletion being an important limitation
for microbial growth and the virulence of pathogens
(Martinez-Pastor & Puig, 2020). Hence, hosts restrict
iron bioavailability upon fungal infections and the
treatment with iron chelators is used against multiple
pathogens (Hosogaya et al., 2013; Lai et al., 2016).
In addition to its indispensable role in respiration and
DNA and protein synthesis, iron is an essential cofactor
in four enzymatic steps of the ergosterol biosynthesis
pathway (Jorda & Puig, 2020). Thus, iron deficiency
reduces the metabolic flux through the ergosterol path-
way and leads to the accumulation of the initial sub-
strates, squalene and lanosterol (Jorda et al., 2021;
Shakoury-Elizeh et al., 2010).

Saccharomyces cerevisiae is widely recognized as
a model organism to study fungal iron and lipid me-
tabolisms, and an excellent system to explore how iron
influences antifungal drugs based on ergosterol biosyn-
thesis targeting (Demuyser & Van Dijck, 2019; Martinez-
Pastor & Puig, 2020; Singh, 2016). S. cerevisiae has
also been extensively used as a safe microorganism
for food biotechnological and nutritional purposes,
being in turn associated with biotherapeutic and pro-
biotic properties (Llopis et al., 2014). However, over the
past 25years, the incidence of invasive S. cerevisiae
infections is increasing, especially in immunocom-
promised patients or with breached epithelial barriers

(Perez-Torrado & Querol, 2015; Wombwell et al., 2021).
Virulence phenotypic traits of several S. cerevisiae
strains with clinical origin or used as dietary supple-
ments have been contrasted both in vitro and in vivo
with murine models (Clemons et al., 1994; de Llanos
et al., 2006; de Llanos et al., 2011; Llopis et al., 2014;
Yanez et al., 2009). The symptoms of these infections
are indistinguishable from invasive candidiasis.

In this report, we investigate how iron bioavailability
influences ERG1 expression and terbinafine suscepti-
bility in laboratory and clinically relevant S. cerevisiae
strains. We identify various factors that regulate ERG1
expression during iron depletion. Modulating these
regulatory factors and fungal iron availability could be
explored to develop novel strategies to improve terbin-
afine treatments.

EXPERIMENTAL PROCEDURES

Yeast strains, growth conditions and
plasmids

The S. cerevisiae strains used in this report are listed
in Table S1. Yeast rox7A and cth1Acth2A mutants
were constructed in the FY2609 background using
the genomic DNA of the corresponding mutants in the
BY4741 background as a template to generate integra-
tive cassettes for disruption.

Prior to experiments, yeast precultures were cul-
tivated overnight at 30°C in liquid synthetic complete
(SC) medium [0.17% yeast nitrogen base without amino
acids and without ammonium sulfate (Pronadisa), 0.5%
ammonium sulfate (Panreac), 2% glucose (Panreac)
and 2 g/L Kaiser drop-out (Formedium)] lacking spe-
cific requirements when necessary. For RNA and pro-
tein analyses, cells were reinoculated in 50ml of SC
and incubated for 15h at 190rpm to early exponential
phase. At that moment, 100pM of the Fe?*-specific
chelator bathophenanthroline disulfonic acid disodium
(BPS) (Sigma) or 300pM ferrous ammonium sulfate
(FAS) (Sigma) was added to create iron deficiency or
iron-enriched media, respectively. In Figure 5, BY4741
cthiActh2A cells transformed with the centromeric
plasmids pRS416-CTH2 (CTH2) or p416TEFCTH2
(Pg-CTH2) (Puig et al., 2005; Puig et al., 2008) were
grown overnight, reinoculated at an OD, of 0.2 and
then incubated for 6 h to exponential phase in SC-ura
or SC-ura with 100pM BPS.

To construct the p413TEF-ERG1 (P;.-ERGT) plas-
mid, the coding sequence of ERG7 gene was amplified
with ERG1-Xbal-F and ERG1-Sal1-R oligonucleotides
(Table S2), and the PCR product was cloned into the
p413TEF plasmid using the restriction enzymes Xbal
(Roche) and Sall (Roche). PCR amplifications were
performed with Phusion polymerase (Finnzymes) and
the cloned insert was sequenced. NZY5a competent
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Escherichia coli cells (NYZtech) were used to isolate
and propagate the plasmid.

RNA analyses

Total RNA extraction and cellular mRNA levels were
determined by RT-qPCR as previously described
(Sanvisens et al., 2014). Primers used for RT-qPCR are
listed in Table S2.

Protein analyses

Total protein isolations were carried out with the alkali
method as previously described (Kushnirov, 2000), and
proteins were resolved in SDS-PAGE gels were trans-
ferred to nitrocellulose membranes. The primary anti-
bodies used were anti-Ergl and anti-Pgk1 (22C5D8;
Invitrogen). Immunoblots were developed with the cor-
responding horseradish peroxidase-labelled second-
ary antibodies and the ECL Select Western blotting
detection kit (GE Healthcare Life Sciences). Images
were obtained with an Amersham ImageQuant 800
biomolecular imager.

Polyribosome profile analysis

Polyribosome gradient profiles were carried out as
previously described (Ramos-Alonso et al., 2018).
Specific MRNAs were analysed by RT-qPCR and rep-
resented as a percentage of total. All the values were
normalized with spiked-in mRNA levels of Bacillus
subtilis phe.

Drug susceptibility testing

In vitro susceptibility testing of terbinafine was per-
formed according to the Clinical and Laboratory
Standards Institute document M38-A2 ([CLSI], 2008).
However, instead of visual reading to end-point deter-
mination, we used a spectrophotometric method, moni-
toring growth at 600nm in a SpectroStar Nano 96-well
plate reader (BMGLabtech) every 0.5 h over 72h after
a pre-shaking of 20s. The incubation temperature was
28°C, except for the experiments with pathogenic yeast
strains that were carried out at 37°C. Each kinetics was
made in triplicate or quadruplicate. To estimate the
IC80 parameter (concentration that inhibits growth by
80%), we compared the area under the curve of ODg
versus time at 48h of a positive control (without ter-
binafine) with the areas of the tests (with increasing
concentration of terbinafine) as previously described
in S. cerevisiae (Arroyo-Lopez et al., 2010). According
to the equation used to determine the MIC parameter
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(Arroyo-Lopez et al., 2010), we estimated the IC50 and
IC80 parameters as:

1050 = 10/M+(8)4090082)] g0 _ 10[M+(5 )-toatoss)

where M is the log,, of terbinafine concentration of the
inflexion point and B is a slope parameter.

Terbinafine (Sigma-Aldrich) was obtained in the
powder form and drug stock solution was prepared in
methanol to the final concentration of 10 mg/ml. The
drug was analysed in the range from 3.12 to 400 pg/ml,
and 3.12-800pg/ml in the case P;.-ERGT strain. The
final methanol concentration in the wells was below 6%
and had no effect on growth.

Statistical analyses

The statistical analysis of the relative gene expression
was performed by the pair wise fixed reallocation ran-
domization test (Pfaffl et al., 2002) using the InfoStat
software. For the remaining parameters, statistical
significance was evaluated with tailed t-Student’s test.
Different letters above the bars represent significant
differences among groups (p-value <0.05).

RESULTS

Yeast Erg1 protein levels decrease in
response to iron deficiency

Consistent with the ergosterol biosynthesis pathway
being dependent on iron in four enzymatic steps,
genome-wide expression studies have shown that the
transcript levels of multiple ERG genes are altered in
response to iron deficiency (Hausmann et al., 2008;
Puig et al., 2005; Romero et al., 2019). To ascertain
how iron bioavailability affects the mRNA levels of
yeast squalene epoxidase ERG17 gene, we cultivated
wild-type (WT) cells in a synthetic complete (SC) me-
dium containing 100 uM of the Fe**-specific chelator
bathophenanthroline disulfonic acid (BPS). Then, we
analysed ERGT1 transcript levels by RT-gPCR at 3 and
7 h after the addition of BPS. We observed that ERG1
transcript abundance decreased at 3 h of iron deple-
tion, but partially recovered its initial mMRNA levels after
7 h of scarcity (Figure 1A). To certify that this observa-
tion was due to iron depletion but not to a side-effect
of BPS, we used the yeast strain fet34Afet4A, which is
genetically deficient in iron uptake due to the lack of
both high- and low-affinity iron acquisition systems at
the cell surface. We observed that fet3Afet4A cells dis-
played lower ERGT mRNA levels than WT cells under
normal SC conditions (Figure 1A). Importantly, addition
of iron to the SC medium (300 uM ferrous ammonium
sulfate, FAS) increased fet3Afet4A ERGT transcript
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FIGURE 1

Iron deficiency affects ERG1 expression and terbinafine susceptibility. (A—C) Wild-type (WT, BY4741) and fet34fet4A

strains were cultivated overnight in SC medium at 30°C to exponential phase. Then, an aliquot was extracted (time 0 h, SC) and 100 pM
BPS or 300 M FAS was added to wild-type or fet3Afet4A cells, respectively. Cells were cultured 7 additional hours, and aliquots were
isolated at 3 and 7 h. (A) Total RNA was extracted and ERG7 mRNA levels normalized to ACTT mRNA were determined by RT-qPCR as
described in Materials and Methods. Data show the average and standard deviation (SD) of three biologically independent experiments
relative to WT strain grown in SC. (B) The protein levels of Erg1 and the loading control Pgk1 were analysed by Western blot with anti-
Erg1 and anti-Pgk1 antibodies, respectively. (C) Quantification of Erg1 protein levels normalized to Pgk1. Data show the average and SD
of two biological replicates relative to WT strain grown in SC. (D) The translation of ERG7 gene decreases in iron deficiency. The RNA in
individual polysomal fractions was extracted and ERGT mRNA levels, normalized to phe mRNA, were analysed by RT-qPCR. Monosomal
and polysomal fractions are indicated. (E) Iron-deprived cells are more susceptible to terbinafine. WT and fet3Afet4A cells were cultivated
at 28°C as in panel A and the terbinafine concentrations that inhibited 80% of growth (IC80) were determined as described in Materials and
Methods. A drug range between 3.12 and 400 pg/ml was used. Data show the average and SD of IC80 values of three biological samples.
Different letters above the bars represent statistically significant differences (p-value <0.05).

levels to reach those of a WT strain under normal con-
ditions (Figure 1A). As expected, both BPS addition
and FET3/FET4 deletion limited growth, which was re-
covered after supplementation with FAS (Figure URE
S1A). Then, we used a specific antibody to determine
Erg1 protein levels under the same growth conditions.
Similar to mRNA data, we observed that both BPS
and deletion of FET3/FET4 led to a decrease in Ergl
protein abundance (Figure 1B, C). Addition of iron to
fet3Afet4A cells also increased Erg1 levels (Figure 1B,
C). However, prolonged iron depletion (7 h in BPS) did
not recover Erg1 protein levels of WT cells as observed
for mRNA data, but showed a further decrease in Erg1
abundance (Figure 1B, C). These results indicate that

Erg1 protein concentration is mainly downregulated
during the progress of iron scarcity.

To investigate the lack of correspondence between
ERG7 mRNA and protein levels after 7 h of iron deple-
tion, we determined the association of ERG1 transcript
to ribosomes. We have previously observed that iron
deficiency causes a bulk repression of translation that
could be responsible for the decrease in Erg1l protein
abundance (Romero et al., 2020). Thus, we performed
ribosome profiles under both iron-sufficient and iron-
deficient conditions and isolated RNA from different
fractions. We observed that ERGT mRNA decreased its
association to polysomes and increased its abundance
in monosomal fractions as iron deficiency progressed
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(Figure 1D). These results suggest that the drop in Erg1
protein levels that occurs during the progress of iron
starvation is due to a global drop in translation.

Yeast susceptibility to terbinafine
increases in iron-deficient conditions

Erg1 is the main target of the antifungal drug terbin-
afine (Ryder, 1992). Therefore, we evaluated the im-
pact of altering Erg1 levels on terbinafine resistance by
modulating intracellular iron. Given that iron deficiency
leads to a decrease in Erg1 protein abundance, we hy-
pothesized that iron depletion would increase the sen-
sitivity of yeast cells to terbinafine. Thus, we assayed
terbinafine susceptibility of S. cerevisiae WT cells in
iron-sufficient (SC) and iron-deficient (+BPS) media
and fet3Afet4A mutant in iron-sufficient (SC) and iron-
replete (+FAS) conditions by determining the antifungal
concentration that inhibits 80% of growth (IC80, see
Material and Methods for details). In accordance with
our hypothesis, iron depletion by either chemical chela-
tion or genetic downregulation of iron uptake made cells
more susceptible to terbinafine (lower 1C80), while iron
supplementation increased the resistance of fet3Afet4A
cells to terbinafine (higher IC80) (Figure 1E, S1B).
These results are consistent with the changes in Erg1
expression produced by iron availability (Figure 1B, C).

Overexpression of ERG1 increases
resistance to terbinafine

To ascertain whether the reason for the increased
susceptibility of iron-deficient cells to terbinafine were
changes in Ergl protein levels, we overexpressed
ERG1 under the control of the constitutive TEF2 pro-
moter (P,..-ERGT) and determined both ERGT levels
and terbinafine resistance. The successful overexpres-
sion of ERG7 was confirmed using both RT-qPCR and
Western blot (Figure 2A, B), while potential toxic effects
on cell growth were ruled out (Figure S2A). Under both
conditions of iron-sufficiency and iron-depletion, ERG1
overexpression increased terbinafine resistance, as it
resulted in higher IC80 values (Figure 2C, S2B).
Previous studies have described that terbinafine
treatment causes an increase of ERG1 expression
(Leber et al., 2001). Therefore, we evaluated the joint
effect of iron deficiency and terbinafine treatment on
the levels of ERGT mRNA and protein. Results in iron-
sufficient conditions showed that Ergl protein lev-
els were relatively constant, while the levels of ERG1
mMRNA slightly decreased with time (Figure 3, SC). As
previously showed (Figure 1), both ERGT mRNA and
protein levels decreased upon iron limitation achieved
by addition of 100uM BPS (Figure 3, +BPS). As previ-
ously reported (Leber et al., 2001), terbinafine treatment
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FIGURE 2 ERGT overexpression decreases terbinafine
susceptibility. (A) and (B) BY4741 yeast cells transformed with the
p413TEF empty vector (WT) or the p413TEF-ERG1 plasmid (WT
P.cERGT) were cultivated in SC-his to exponential phase and
aliquots were isolated after the addition of 100 M BPS. (A) ERG1
mRNA levels normalized to ACTT mRNA were represented in
relation to WT strain in SC. Data show the average and SD of three
biologically independent experiments relative to WT strain grown
in SC. (B) Erg1 and Pgk1 protein levels analysed by Western blot
as described in Materials and Methods. Numbers indicate Erg1/
Pgk1 changes (n-fold) relative to WT strain in SC of that biological
replica. (C) Terbinafine susceptibility decreases with increasing
ERG1 expression even in iron-depleted medium. A terbinafine
range of 3.12 to 800 pg/ml was tested at 28°C against WT and
WT P,.-ERGT in media without (SC) or with 100uM BPS (+BPS).
Data show the average and SD of IC80 values of four biological
samples. Different letters above the bars represent statistically
significant differences (p-value <0.05).

(30pg/ml) increased the levels of ERGT mRNA and
protein (Figure 3, +TER). Importantly, the increase in
Erg1 abundance caused by terbinafine addition was
hampered by chelating iron (Figure 3, +BPS+TER), al-
though the levels of ERG7T mRNA and protein remained
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Iron deficiency down-regulates ERG1 expression in terbinafine-treated cells. The BY4741 yeast was growth in SC to

exponential phase (time 0) and then nothing (SC), 100puM BPS (+BPS), 30 ug/ml terbinafine (+TER), or both compounds (+BPS+TER) were
added to the medium. Aliquots were isolated for further analysis after 3 and 7 h. (A) ERG1/ACT1 mRNA levels represented in relation to time
0in SC are shown as the average of three biological replicates. (B) Western blot image of Erg1 and Pgk1 protein levels of a representative
experiment of two biological samples. Numbers indicate Erg1/Pgk1 changes (n-fold) relative to WT strain in SC of that biological replicate.

higher than in strains grown in SC medium. In any case,
we can conclude that iron depletion downregulates
Erg1 abundance even in the presence of terbinafine,
contributing to its susceptibility. We also studied the ex-
pression pattern of PRD5, which encodes for a plasma
membrane ATP-binding cassette multidrug transporter
that could be implicated in terbinafine resistance, upon
treatment with BPS and terbinafine. We observed that
PDR5 mRNA levels decreased during growth, but no
statistical differences were observed among the differ-
ent treatments (Figure S3).

Rox1 modulates ERG1 expression and
terbinafine susceptibility under iron
deficiency

Previous studies in S. cerevisiae have reported that
deletion of the heme-dependent repressor ROX7 re-
sults in increased ERGT mRNA levels and terbin-
afine resistance (Henry et al., 2002). Thus, we tested
whether ROX7 deletion upregulated ERG1 expression
under iron-depleted conditions. Addition of BPS limited
the growth of both WT and rox74 cells (Figure S4A).
We observed that ERGT mRNA and protein levels in-
creased in rox1A mutant under both iron-sufficient and
iron-deficient growth conditions (Figure 4A-C). In ac-
cordance with Erg1 protein levels, rox74 cells displayed
an increased resistance to terbinafine under both iron

replete and iron-depleted conditions (Figure 4D, S4B).
These results indicate that Rox1 is a determinant fac-
tor of ERG1 expression and terbinafine susceptibility
under iron deficiency.

The iron-regulated Cth1 and Cth2
mRNA-binding proteins modulate ERG1
expression and terbinafine susceptibility

Previous genome-wide studies suggested that ERG1
mRNA, which contains putative AREs within its
3’'UTR, increased its abundance in iron-deficient cells
lacking the RNA-binding proteins Cth1 and Cth2 (Puig
et al., 2005; Puig et al., 2008). Cth2 and its homolo-
gous Cth1 cooperate in the metabolic adaptation to
iron deficiency via targeted ARE-containing mRNAs
degradation and translation inhibition (Pedro-Segura
etal., 2008; Puig et al., 2005; Puig et al., 2008; Ramos-
Alonso et al., 2018). We checked whether the deletion
of CTH1 and CTH2 increased ERGT mRNA levels.
We observed that indeed cth1Acth2A cells displayed
increased ERG7 mRNA and protein levels, which is
consistent with the negative effect of Cth1 and Cth2
proteins on ERG1 expression (Figure 4A—C). The dou-
ble mutant cth1Acth2A grew similar to wild-type strain
under both iron-sufficient and iron-deficient condi-
tions (Figure S4A). Similar to rox7A cells and in ac-
cordance with Erg1 protein levels, cth1Acth2A mutant
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FIGURE 4 Deletion of ROX7 or CTH1/CTH2 increase Erg1
expression levels and terbinafine resistance. (A—C) Wild-type (WT,
FY2609), rox1A and cth1Acth2A strains were grown in SC medium
as indicated in Figure 2. (A) ERG1/ACT1 mRNA levels represented
in relation to WT strain grown in SC are shown as the average of
three biological samples. (B) Western blot image of Erg1 and Pgk1
protein levels of a representative experiment of three biological
replicates. (C) Average and SD of the quantified Erg1/Pgk1 protein
levels in relation to WT strain grown in SC. (D) ROX7 and CTH1/
CTH2 deletion decreases terbinafine susceptibility. A terbinafine
range from 3.12 to 400 ug/ml was tested at 28°C in media without
(SC) or with 100pM BPS (+BPS). Data show the average and SD
of IC80 values of three biological replicates. Different letters above
the bars represent statistically significant differences

(p-value <0.05).

exhibited a strongly reduced susceptibility to terbin-
afine (Figure 4D, S4B).

While Cth1 is expressed rapidly and transiently in
response to iron depletion, Cth2 expression dramat-
ically increases during the progress of iron limitation
(Puig et al., 2005; Puig et al., 2008). To further test the
Cth2-dependent regulation of ERGT mRNA upon iron
deficiency, we expressed CTH2 under the control of
TEF2 promoter (P;..-CTH2) in a cth1Acth2A genetic
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background to remove any interference with the par-
tially redundant Cth1 protein (Puig et al., 2008). As
compared to cells expressing CTH2 under its endog-
enous promoter (CTH2), the TEF2 regulatory region
enabled a strong expression of CTH2 under iron-
sufficient conditions (Figure 5A). Overexpression of
CTH2 (P;--CTH2 cells) led to a reduced expres-
sion of ERGT mRNA under iron replete conditions
(Figure 5B). Consistent with mRNA levels, Erg1 pro-
tein abundance was decreased in P,.-CTH2 cells
under iron-sufficient conditions compared with wild-
type cells (Figure 5C). The ectopic expression of
CTH2, which barely slowed cell growth (Figure S5A),
significantly increased terbinafine susceptibility under
iron sufficiency (Figure 5D, S5B). The effect of P,
CTH2 expression on terbinafine susceptibility under
iron-deficient conditions was not tested. In sum,
these results indicate that Cth2 promotes the down-
regulation of ERG1, thus becoming another important
determinant of terbinafine susceptibility.

Effect of iron on Erg1 expression and
terbinafine susceptibility in clinical and
dietary Saccharomyces cerevisiae
isolates

In recent years, S. cerevisiae has emerged as an op-
portunistic human fungal pathogen (Perez-Torrado &
Querol, 2015; Wombwell et al., 2021). To assess the
susceptibility of these strains to terbinafine and how iron
bioavailability modulates it, we selected four S. cerevi-
siae strains from either clinical origin or isolated from
dietary supplements, whose pathogenic potential has
been previously reported (Clemons et al., 1994; de
Llanos et al., 2004; de Llanos et al., 2006; de Llanos
et al.,, 2011; Yanez et al., 2009). All the strains were
cultivated in both iron-sufficient and iron-deficient
media at 37°C, as this is the temperature that they
are adapted to (Figure S6A, B). First, we checked the
expression levels of Erg1 protein under iron-sufficient
conditions in the different strains as compared with the
laboratory strain BY4741. We observed that the clini-
cal YJM128 strain (isolated from lung) and the dietetic
D14 strain expressed higher basal levels of Erg1 than
BY4147, the clinical D60 strain (isolated from vagina)
and the dietetic Ultralevure strain (Figure 6A-C). To
assess whether different basal levels of Erg1 protein
were responsible for changes in terbinafine suscep-
tibility, we checked terbinafine resistance in iron re-
plete conditions (SC). We observed that BY4741 and
D60 strains displayed similar terbinafine susceptibility
and Erg1 levels (Figure 6A-D). YJM128 was the most
terbinafine-resistant strain under iron replete condi-
tions, probably due to its elevated Erg1 protein lev-
els in SC as compared to the rest of strains analysed
(Figure 6A-D). Despite D14 strain expressed high Erg1
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levels under iron-sufficient conditions, it exhibited sim-
ilar susceptibility to BY4741 and D60 (Figure 6A-D).
Remarkably, Ultralevure was highly sensitive to terbi-
nafine despite its Erg1 protein levels were similar to
those of BY4741 and D60 strains (Figure 6A-D).

Then, we determined the effect of iron deprivation
on Erg1 protein levels. Iron chelation limited the growth
of all yeast strains, with D60 being the more resis-
tant and YJM128 the more sensitive to iron depletion
(Figure S6A, B). As in the laboratory strain BY4741,
Erg1 protein rapidly decreased when yeast cells were
iron deprived (Figure 6B—C). In accordance with the
decreased Erg1 expression, iron starvation greatly in-
creased terbinafine susceptibility of BY4741, YJM128
and D14 strains compared with iron replete conditions
(Figure 6B—D, S6C—E). Regarding 1C80 values, the
enhanced susceptibility to terbinafine that iron che-
lation caused to D60 strain was very low and non-
existent in Ultralevure strain (Figure 6D). However, a
significant decrease in growth was observed for both
strains when iron was chelated at lower concentrations
of terbinafine (Figure S6F—G), as reflected by a reduc-
tion of IC50 values (Figure 6E). Altogether, these re-
sults indicate that Erg1 protein abundance decreases
in iron-deficient conditions. In general, Erg1 downreg-
ulation by iron chelation causes an increase in terbina-
fine susceptibility, although the degree of susceptibility
varies among the strains.

DISCUSSION

In this report, we analysed the expression pattern of
yeast Erg1, which is the target of terbinafine, during
the progress of iron deficiency. At the mRNA level, we
observed an initial decrease (3 h) followed by a partial
recovery of transcript levels (7 h) (Figure 1A). However,
we observed that Erg1 protein levels decreased upon
iron depletion, achieved by either chelating available
iron or deleting the iron uptake factors FET3 and FET4
(Figure 1B and C). Previous studies have described a
repression of bulk translation during adaptation to iron
deficiency (Romero et al., 2019; Romero et al., 2020).
Localization of ERGT1 transcript in ribosome profiles
confirmed its translational repression upon iron limi-
tation. ERG1 mRNA peak moved from polysomal to
monosomal fractions during the progress of iron star-
vation (Figure 1D). Additional studies have shown that
iron deficiency limits the biosynthesis of ergosterol
due to defects in specific enzymes that use iron as
cofactor, leading to increased levels of the initial sub-
strates, squalene and lanosterol (Jorda et al., 2021;
Shakoury-Elizeh et al., 2010). To prevent the accu-
mulation of free toxic sterol, lanosterol accumulation
induces the degradation of Erg1 protein via the en-
doplasmic reticulum-associated protein degradation
pathway (Foresti et al., 2013), which in turn has been
describedto be activated in response toiron deficiency
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(Seo et al., 2008). These data strongly suggest that  an enhanced sensitivity to terbinafine upon chemical
Ergl protein is probably more unstable under iron or genetic iron deficiency that was rescued by ectopi-
deprivation conditions. Therefore, both a decrease in cally overexpressing ERG1 (Figures 1E, 2).

ERGT1 translation and a lanosterol-induced degrada- The DNA-binding protein Rox1 is responsible
tion of Erg1 may contribute to the drop of Erg1 abun- for the transcriptional repression of hypoxic genes
dance observed in iron-deficient yeasts. Consistent and several ergosterol biosynthesis genes, includ-
with a decrease in Erg1 levels, yeast cells displayed ing ERG1, under aerobic growth conditions (Jorda
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& Puig, 2020). Previous studies have reported that
deletion of ROX7 results in increased ERG1 expres-
sion and less susceptibility to terbinafine (Henry
et al., 2002). Here, we show that ROX7 deletion leads
to an increase in ERG1 transcript and protein levels
under both iron-sufficient and iron-deficiency condi-
tions (Figure 4), strongly suggesting that Rox1 also
limits ERG1 gene expression when iron bioavail-
ability decreases. The regulation of ERG genes by
Rox1 has just been reported to be conserved in the
pathogen Candida glabrata (Ollinger et al., 2021). On
the other hand, the mRNA-binding proteins Cth1 and
Cth2 post-transcriptionally inhibit the expression of
multiple ARE-containing mRNAs during adaptation to
iron deficiency (Puig et al., 2005; Puig et al., 2008;
Ramos-Alonso et al., 2018). Previous genome-wide
studies have shown that ERG1 transcript, which con-
tains two putative AREs located 122 and 133 nucle-
otides downstream termination codon, is upregulated
in iron-deficient yeast cells lacking Cth1 and Cth2
(Puig et al., 2008). Here, we show by RT-gPCR and
Western blotting that indeed deletion of CTH71 and
CTH2 increases Erg1l abundance (Figure 4). CTH1,
which is expressed under normal conditions (Puig
et al., 2008), may be limiting basal ERG7 expression,
whereas CTH2, which is only expressed upon iron de-
pletion (Puig et al., 2005), may account for most ERG1
downregulation in low iron conditions. Moreover, we
show that CTH2 constitutive expression under TEF2
promoter causes the downregulation of Erg1 in iron-
sufficient cells (Figure 5). These data indicate that
Cth1 and Cth2 are negative regulators of ERG1 ex-
pression. Consistent with upregulation in ERG1 lev-
els, yeast rox1A and cth1Acth2A cells display an
enhanced resistance to terbinafine (Figure 4D). On
the contrary, overexpression of CTH2 contributes to
increase the sensitivity of yeast cells to terbinafine
(Figure 5D). The regulatory role of Cth2 over iron me-
tabolism has been recently confirmed in C. glabrata
(Gerwien et al., 2016). These data indicate that Rox1
and Cth1/Cth2 proteins are potential targets to modu-
late yeast Erg1 protein levels and terbinafine sensibil-
ity in both iron replete and deficient conditions.
Despite the yeast S. cerevisiae is rarely pathogenic,
various studies have reported infections of immuno-
compromised patients by particular clinical and dietetic
strains of S. cerevisiae (Perez-Torrado & Querol, 2015;
Wombwell etal., 2021). Here, we explored how iron mod-
ulates Erg1 protein levels and terbinafine susceptibility
of various opportunistic S. cerevisiae strains. In general
terms, we observed a correlation between Erg1 protein
levels and terbinafine resistance. For instance, the clin-
ical isolate YJM128, with the highest Erg1 expression
levels, was the most terbinafine-resistant strain under
normal growth conditions (Figure 6). Moreover, these
strains diminished Erg1 expression and increased their
susceptibility to terbinafine upon exposure to low iron

conditions (Figure 6). Despite the general behaviour of
these strains seemed similar to the laboratory BY4741
strain, some unexpected results were observed. Under
low iron conditions, the probiotic Ultralevure exhibited
similar terbinafine sensitivity and Erg1 protein levels to
the laboratory strain. However, Ultralevure was highly
susceptible to terbinafine under normal growth condi-
tions, despite expressing Erg1 protein levels similar to
those of the laboratory strain (Figure 6). Therefore, ad-
ditional factors could contribute to different terbinafine
sensitivity. (i) We have recently reported that mutants
defective in ergosterol biosynthesis exhibit an impaired
response to iron depletion due to mislocalization of
the iron-responsive transcription factor Aft1 (Jorda
etal., 2021). Asiron depletion leads to profound changes
in sterol composition (Jorda et al., 2021; Shakoury-
Elizeh et al., 2010), we consider that the resulting prob-
lems in yeast adaptation to iron deficiency could also
contribute to increase terbinafine susceptibility. We
observed that YJM128 was the most terbinafine sus-
ceptible strain under iron-deficient conditions, probably
because its growth is more severely affected by iron
depletion than the rest of yeast strains (Figure 6, S6).
On the contrary, D60 strain, which exhibited the most
optimal growth in iron-depleted medium, displayed
the highest terbinafine resistance (Figure 6, S6).
(i) Studies in C. albicans have described that iron de-
pletion increases membrane fluidity and in turn facili-
tates the passive diffusion of drugs (Prasad et al., 2006),
while changes in sterol composition by ERG1 deletion
reduces drug efflux due to a poor surface localization
of the ATP-binding cassette (ABC) transporter Cdr1
(Pasrija et al., 2005). In S. cerevisiae, changes in sterol
composition also disrupt the activity of efflux pumps,
such as Pdr5 (Kodedova & Sychrova, 2015). In this
sense, overexpression of S. cerevisiae PDR5, or its ho-
mologous C. albicans CDR1 and CDR2, is associated
with terbinafine resistance (Leber et al., 2003; Sanglard
et al.,, 1997). Although a more detailed study is nec-
essary, initial studies show different expression levels
for PDRS5 in the natural S. cerevisiae strains analysed
in this work (Figure S7). (iii) The differences observed
between the potentially pathogenic strains tested here
could be related to point changes in the ERG1 coding or
regulatory sequences, which are an important source
of terbinafine resistance (Klobucnikova et al., 20083;
Leber et al., 2003; Sagatova, 2021). Therefore, al-
though a general correlation between iron bioavailabil-
ity, Erg1 protein levels and terbinafine sensitivity can be
stablished, other factors must be explored in particular
cases.

This study with different strains of S. cerevisiae
highlights the potential of using our knowledge of yeast
iron metabolism to modulate ERG7 expression to opti-
mize terbinafine treatments. Beyond a few opportunis-
tic strains, the large majority of S. cerevisiae strains
lack the virulence factors that can be found in other
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fungal pathogens. Thereby, the findings obtained with
the model S. cerevisiae should be tested in the fungal
pathogen under study.
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