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Two plant-derived aporphinoid alkaloids exert their
antifungal activity by disrupting mitochondrial iron-sulfur
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Eupolauridine and liriodenine are plant-derived aporphinoid
alkaloids that exhibit potent inhibitory activity against the
opportunistic fungal pathogens Candida albicans and Crypto-
coccus neoformans. However, the molecular mechanism of this
antifungal activity is unknown. In this study, we show that eupo-
lauridine 9591 (E9591), a synthetic analog of eupolauridine, and
liriodenine methiodide (LMT), a methiodide salt of liriodenine,
mediate their antifungal activities by disrupting mitochondrial
iron-sulfur (Fe-S) cluster synthesis. Several lines of evidence
supported this conclusion. First, both E9591 and LMT elicited
a transcriptional response indicative of iron imbalance, causing
the induction of genes that are required for iron uptake and
for the maintenance of cellular iron homeostasis. Second, a
genome-wide fitness profile analysis showed that yeast mutants
with deletions in iron homeostasis-related genes were hypersen-
sitive to E9591 and LMT. Third, treatment of wild-type yeast
cells with E9591 or LMT generated cellular defects that mim-
icked deficiencies in mitochondrial Fe-S cluster synthesis
including an increase in mitochondrial iron levels, a decrease in
the activities of Fe-S cluster enzymes, a decrease in respiratory
function, and an increase in oxidative stress. Collectively, our
results demonstrate that E9591 and LMT perturb mitochon-
drial Fe-S cluster biosynthesis; thus, these two compounds tar-
get a cellular pathway that is distinct from the pathways com-

This work was supported, in whole or in part, by National Institutes of Health,
Public Health Service, NIAID Grant RO1 Al27094 and USDA-ARS Specific
Cooperative Agreement number 58-6408-2-0009. The authors declare
that they have no conflicts of interest with the contents of this article. The
content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

The transcriptional profiling data described in this article are accessible through
the NCBI's Gene Expression Omnibus under accession number GSE101749.

This article contains supplemental Figs. S1-S4 and Tables S1-57.

" Present address: Pathology Dept., Medical School, University of Michigan,
Ann Arbor, MI 48109.

2 Present address: First Affiliated Hospital, Sun Yat-Sen University, No. 58
Zhongshan Er Rd., Guangzhou 510080, China.

3 Present address: 250 Massachusetts Ave., Novartis Institutes for Biomedical
Research, Cambridge, MA 02139.

“To whom correspondence should be addressed: National Center for Natural
Products Research, School of Pharmacy, University of Mississippi, University,
MS 38677. Tel.: 662-915-1218; Fax: 662-915-7062; E-mail: aagarwal@
olemiss.edu.

16578 . Biol. Chem. (2017) 292(40) 1657816593

Published in the US.A.

monly targeted by clinically used antifungal drugs. Therefore,
the identification of this pathway as a target for antifungal com-
pounds has potential applications in the development of new
antifungal therapies.

Eupolauridine and liriodenine are plant secondary metabo-
lites that belong to the aporphinoid class of alkaloids that con-
tain a benzylisoquinoline backbone and are widely distributed
in a large number of plant families (reviewed in Ref. 1). Eupo-
lauridine has been isolated from Annonaceae and Eupomati-
aceae families, whereas liriodenine has been isolated from not
only these two families, but also from Magnoliaceae, Menisper-
maceae, Monimiaceae, and Ranunculaceae families (reviewed
in Ref. 2). As with many plant secondary metabolites, both
eupolauridine and liriodenine possess a diversity of pharmaco-
logical properties. We have previously isolated eupolauridine
from the West African tree Cleistopholis patens and shown that
it exhibits antifungal activity against several human fungal
pathogens (3-5). Pan et al. (6) have isolated eupolauridine from
the Madagascan plant Ambavia gerrardii and demonstrated its
antiproliferative activity against human ovarian and lung can-
cer cell lines. Liriodenine has been isolated by our group from
C. patens, Liriodendron tulipifera, and Guatteria multivenia,
and we have shown that it possesses antibacterial and antifun-
gal activities (5, 7-10). It has also been isolated by several other
groups from a variety of plant species, and has been shown to
exhibit antibacterial, antifungal, antiviral, antitumor, and anti-
arrhythmic activities (reviewed in Ref. 11).

The mechanism by which eupolauridine and liriodenine
mediate their biological activities has not been studied in great
detail. Previous studies on eupolauridine have indicated that it
targets DNA topoisomerase II, but the precise mechanism by
which it inhibits this enzyme has not been established (4). Inhi-
bition of DNA topoisomerase II has also been reported for liri-
odenine by some groups; but at least one group has reported
that liriodenine does not cause DNA damage in yeast cells
(reviewed in Ref. 1). Additional mechanisms proposed for the
antiproliferative effects of liriodenine include cell cycle arrest,
increased production of the tumor suppressor p53, and induc-
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tion of nitric-oxide synthase expression (reviewed in Ref. 11).
Thus, the primary mechanisms of action of eupolauridine and
liriodenine remain largely unknown. It is interesting to note
that both of these compounds may be derived from the same
precursor metabolite, liriodendronine, and thus, it is possible
that they target the same biological pathways (reviewed in Ref.
12). A detailed characterization of the mechanism of action of
this class of compounds will (a) facilitate the pharmacological
development of these compounds, (b) potentially reveal new
target pathways for drug development, and (c) improve our
understanding of how these compounds provide chemical
defense to the producing plant species.

In the present study, using the yeast Saccharomyces cerevi-
siae as a model organism, we have conducted genomic, genetic,
and biochemical studies to gain insight into the mechanism of
action of two compounds that are derivatives of eupolauridine
and liriodenine. Eupolauridine 9591 (E9591)° is a benzyl-
napthyridinium analog of eupolauridine, and liriodenine
methiodide (LMT) is a methiodide salt of liriodenine. Both
compounds exhibit stronger antifungal activities compared
with the respective parent compounds. In this work, we show
that both E9591 and LMT elicit a transcriptional response
indicative of iron depletion, and both compounds show
increased activity against mutants lacking genes involved in
iron uptake and mitochondrial iron-sulfur (Fe-S) cluster syn-
thesis. Elemental profile analysis revealed that, in contrast to
iron chelators that decrease cellular iron levels, E9591 and LMT
caused a significant increase in intracellular iron levels. Because
an up-regulation of the iron regulon accompanied by an
increase in intracellular iron levels is a key feature of yeast cells
with deficiencies in mitochondrial Fe-S cluster biogenesis, we
further explored if E9591 and LMT disrupted this pathway. We
confirmed that E9591 and LMT produced several cellular
effects that were consistent with the phenotypes of mitochon-
drial Fe-S cluster synthesis deletion mutants. Collectively, our
results indicate that E9591 and LMT disrupt mitochondrial
Fe-S cluster biosynthesis, a pathway not known to be targeted
by current antifungal drugs.

Results

Transcriptional responses to E9591 and LMT are indicative of
iron depletion

In broth microdilution assays, E9591 and LMT exhibited
improved antifungal activities compared with the respective
parent compounds. In a previous report, the minimum inhibi-
tory concentration (MIC) of eupolauridine against the fungal
pathogens Candida albicans and Cryptococcus neoformans was
reported to be 61.2 and 244.8 uM, respectively (4). In compari-
son, the MIC of E9591 against these two pathogens was found
to be 2.6 and 5.3 uMm, respectively (Table 1). This result is con-
sistent with a previous report in which E9591 exhibited a
32-fold improvement in activity against these two pathogens

°> The abbreviations used are: E9591, eupolauridine 9591; LMT, liriodenine
methiodide; Fe-S, iron-sulfur; SD, synthetic dextrose; PHEN, 1,10-phenan-
throline; BIPR, 2,2'-bipyridyl; GO, gene ontology; ICP-MS, inductively cou-
pled plasma-mass spectrometry; MIC, minimum inhibitory concentration;
BPS, bathophenanthrolinebisulfonic acid.
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Table 1

Structures of E9591 and LMT and their in vitro antifungal activities
compared to the antifungal drug amphotericin B (AMB)

E9591 LMT AMB

Species”

ICs"  MIC® ICs,  MIC ICso,  MIC
C. albicans 0.5¢ 2.6 0.7 0.9 0.6 1.4
C. glabrata 0.6 2.6 16.8 479 0.8 1.4
C. krusei 1.4 2.6 12 6.0 1.0 2.1
C. neoformans 1.1 53 3.6 7.5 0.5 1.4
A. fumigatus >100 >100 >100  >100 1.3 2.7

“ Broth microdilution assays were performed according to Clinical and Laboratory
Standards Institute guidelines. The media used were RPMI for A. fumigatus and
Candida species, and Sabouraud dextrose for C. neoformans. The temperature
of incubation was 37°C for Candida species, and 30°C for C. neoformans and A.
fumigatus. The strains used were C. albicans ATCC 90028, C. glabrata ATCC
90030, C. krusei ATCC 6258, C. neoformans ATCC 90113, and A. fumigatus
ATCC 90906.

“ Concentration that results in 50% growth inhibition relative to controls.

¢ MIC, the lowest concentration that allows no detectable growth.

4 Numbers are in micromolar, and are average values from duplicate experiments.

compared with the parent compound (13). Similarly, LMT
showed improved activity against C. albicans and C. neofor-
mans in comparison to the parent compound. In previous
reports, the MIC of liriodenine against these two pathogens was
found to be 22.5 and 45.4 um, respectively (8, 10); in contrast,
LMT exhibited an MIC of 0.9 and 7.5 uM, respectively (Table 1).
This result is in agreement with a previous report in which LMT
demonstrated an 8-fold improvement in activity against
C. albicans compared with the parent compound (8). The activ-
ities of E9591 and LMT against C. albicans are comparable with
the clinically used antifungal drug amphotericin B.

To understand the mechanism behind the antifungal effects
of E9591 and LMT, we conducted transcriptional profiling
studies in the model yeast S. cerevisiae. Yeast cells were exposed
to E9591 and LMT at their respective IC,, concentrations for a
period of one doubling time (~4 h). Genes exhibiting signifi-
cant differential expression between compound-treated and
solvent-treated cells (p value of =0.001, fold-change of =2)
were identified. E9591 treatment resulted in the up-regulation
of 168 genes, whereas LMT treatment resulted in the up-regu-
lation of 362 genes and the down-regulation of 86 genes (see
supplemental Table S1).

The major transcriptional response to E9591 and LMT con-
sisted of the up-regulation of genes that are known to be
induced when yeast cells are grown in iron-limiting conditions
(Fig. 1A, see cluster 1). These genes belong to the iron regulon
and are regulated by the transcription factor Aftl (reviewed in
Refs. 14-and 15). Among the Aft1-dependent genes known to be
induced under iron deficiency (15-18), E9591 and LMT com-
monly induced 11 genes. These included genes involved in iron
uptake (ARN1, CCC2, FIT1, FRE2, FRE3, and FRES), iron mobi-
lization from the vacuole (FETS and FTH1), mitochondrial iron
transport (MRS4), and genes involved in metabolic adaptation
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to low iron (HMX1 and VHT1) (see supplemental Table S1 and
Fig. 1A, cluster 1). Because these genes are also known to be
induced in the presence of iron chelators (19, 20), we also gener-
ated transcriptional profiles for the iron chelating compounds
1,10-phenanthroline (PHEN) and 2,2'-bipyridyl (BIPR). The gene
expression profiles of all four compounds were highly similar. All
four compounds commonly up-regulated 43 genes, the majority of
which are involved in maintaining cellular iron homeostasis, fur-
ther confirming that E9591 and LMT cause an iron depletion
response (Fig. 14, see cluster 1).

Interestingly, there were also several notable dissimilarities
between the four profiles. For example, 61 genes commonly
down-regulated by the iron chelators PHEN and BIPR were not
affected by E9591 and LMT (Fig. 14, cluster 4). Many of these
genes are involved in cellular respiration and are known to be
down-regulated under conditions of iron deficiency (reviewed
in Refs. 14 and 15). Similarly, another set of 61 genes commonly
up-regulated by the iron chelators PHEN and BIPR were not
induced by E9591 and LMT (Fig. 14, cluster 3). Many of these
genes are known to be induced under low oxygen conditions
and are also affected by cellular heme levels (reviewed in Ref.
21). Itis possible that a longer exposure to E9591 and LMT may
be required to cause an up-regulation of anaerobic genes and a
down-regulation of respiration genes. Finally, a set of 93 genes
that were commonly up-regulated by E9591 and LMT were not
induced by the iron chelators PHEN and BIPR (see Fig. 14,
cluster 2). Many of these genes are involved in mitochondrial
functions including mitochondrial Fe-S cluster synthesis
(ISU1), monocarboxylic acid metabolism (CAT2, CIT3, CRCI,
PDHI1, and YATI), and amino acid metabolism (AGX1). Col-
lectively, these results indicate that E9591 and LMT cause addi-
tional metabolic changes in yeast cells distinct from those
caused by iron chelators. In addition, the chemical structures of
both compounds indicate that they lack the functional group(s)
required for chelation with iron (see Table 1).

To further validate the transcriptional profiling data, the
expression of 7 genes commonly induced by E9591 and LMT
representing iron homeostasis-related functions was analyzed
by quantitative real-time RT-PCR (Fig. 1B). For all seven genes,
there was consistent correlation between transcriptional pro-
filing and real-time RT-PCR data, with similar fold-change val-
ues observed for the two assays (compare values in Fig. 1B with
those in supplemental Table S1).

Genome-wide fitness profiles of E9591 and LMT indicate iron
homeostasis disruption

To further delineate the molecular pathways targeted by
E9591 and LMT, we conducted a genome-wide fitness profile
analysis (22, 23) in which we screened a whole-genome collec-
tion of pooled haploid yeast deletion mutants against the two
compounds. Upon individual validation, we identified 42 hap-

loid deletion mutants that were significantly more sensitive to
either E9591 or LMT in comparison with the wild-type strain
(see supplemental Table S3). Highly enriched among these
were mutants harboring mutations affecting iron ion homeo-
stasis, Fe-S cluster assembly, vesicle-mediated transport, and
oxidative stress (Fig. 24). Mutants exhibiting the highest sensi-
tivity to E9591 and LMT included those with mutations affect-
ing high affinity iron uptake (FET3 and FTRI), mitochondrial
Fe-S cluster synthesis (ISU1 and ISA2), oxidative stress (SOD2),
tricarboxylic acid cycle (ACO1), and copper uptake (CTRI) (see
Fig. 2B). Four additional mutants with mutations in mitochon-
drial Fe-S cluster synthesis (ISA1, GRXS5, SSQI, and CAF17)
were hypersensitive to E9591 or LMT (Fig. 2A and supplemen-
tal Table S3).

It is worth noting that whereas mutations in genes involved
in high affinity iron uptake (FET3 and FTRI) resulted in
increased sensitivity to E9591 and LMT, these two genes did
not appear to be induced in the 4-h time point transcript pro-
filing results (Fig. 1A). One possible explanation for these
observations could be the differences in the drug exposure
times used in the two experiments (cells used in the fitness
profiling analyses were continuously exposed to E9591 or LMT
for 2 days; discussed further below).

Of the 42 mutants identified in our study, 12 mutants with
mutations in FET3, FTRI, CTR1, ERG4, LEM3, RIMS8, RIM9,
SNF7, UBP3, VPS20, WHI2, and YPK1 were found to be hyper-
sensitive to the iron chelator bathophenanthrolinebisulfonic
acid (BPS) in a genome-wide fitness profiling study (19).
Mutants with mutations in FET3, FTR1, and CTRI were also
found to be hypersensitive to BPS in another genome-wide
screen performed with individual deletion mutants (24). These
results further suggest that E9591 and LMT disrupt iron home-
ostasis. However, as was observed in the transcriptional pro-
files, the fitness profiles of E9591 and LMT were not identical to
that of BPS. Several additional mutants that were found to be
hypersensitive to BPS in the previous studies were not observed
in our study. Thus, it is possible that iron depletion may not be
the primary mechanism of action of E9591 and LMT.

E9591 and LMT treatment increases intracellular iron levels

Because the transcript and fitness profiles of E9591 and LMT
were indicative of a disruption in iron homeostasis, we investi-
gated whether exposure to the two compounds leads to an
alteration in intracellular iron levels in yeast cells. Using the
same experimental conditions as employed for transcript pro-
filing, yeast cells were exposed to E9591 and LMT at their
respective [C, concentrations and subjected to elemental anal-
ysis by inductively coupled plasma-mass spectrometry (ICP-
MS). For comparison, cells were also exposed to the iron chela-
tor PHEN. In addition to iron, 7 additional elements (copper,

Figure 1. Gene expression responses to E9591 and LMT, and their comparison to known iron chelators. A, hierarchical cluster analysis of 303 genes that
displayed a =2-fold change (p value, =0.001) in response to at least two of the four compounds (E9591, LMT, PHEN, and BIPR) were analyzed. Clustering was
performed using Gene Cluster 3.0, and the visual presentation of the data were done with Java Tree View. Regions 1, 2, 3, and 4 are expanded on the right to
make gene labels legible. Genes highlighted with a red asterisk indicate iron homeostasis-related genes in Region 1, mitochondrial function-related genes in
Region 2, anaerobiosis-related genes in Region 3, and respiration-related genes in Region 4. The functional categorization of genes clustered within each
regionis shown in supplemental Table S2. B, quantitative real-time RT-PCR analysis for seven iron homeostasis-related genes that responded to E9591 and LMT.
Data are shown as mean = S.D. Control samples were treated with solvent (0.25% DMSO).
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Figure 2. Yeast mutants hypersensitive to E9591 and/or LMT identified by genome-wide fitness profiling analysis. A, genes deleted in E9591- or
LMT-hypersensitive mutants were distributed into GO categories using the BiNGO tool available in Cytoscape software. The p values of significant GO
categories are shown on the right. Genes present within each GO category are shown below each bar. B, representative mutants exhibiting the highest level of
sensitivity to E9591 and LMT are shown. Haploid-convertible heterozygous diploid deletion mutants of the indicated genotype were spotted on haploid
selection medium that either contained or lacked the respective compounds. The hoA mutant served as a surrogate wild-type control in this study. DMSO,
medium containing 1% DMSO; E9591, medium containing E9591 at 2 um; LMT, medium containing LMT at 1 um.

manganese, sodium, potassium, magnesium, calcium, and zinc)
were quantifiable under these conditions.

As expected, cellular iron levels were decreased (by ~51%) in
PHEN-treated cells compared with DMSO-treated cells (Fig.
3QC). In contrast, an increase in intracellular iron content was
observed for E9591-treated (~2-fold) and LMT-treated (~1.6-
fold) cells relative to DMSO-treated cells (Fig. 3, A and B).
For copper, manganese, potassium, magnesium, and cal-
cium, no significant changes occurred consistently in re-
sponse to E9591 and LMT. We observed an increase in cop-
per levels in PHEN-treated cells (Fig. 3C), which is
consistent with the up-regulation of copper transporters
under iron-limiting conditions (reviewed in Ref. 14, 15). An
increase in zinc levels and a decrease in sodium levels were
observed in cells treated with E9591, LMT, and PHEN, sug-
gesting that these changes were not specific to E9591 and
LMT. These results further support the hypothesis that

16582 J Biol. Chem. (2017) 292(40) 1657816593

exposure to E9591 and LMT is not associated with a direct
depletion of iron from yeast cells and that these two com-
pounds do not function as iron chelators.

The increase in intracellular iron along with an increase in
the expression of iron regulon genes is highly reminiscent of the
effects observed when yeast cells experience a deficiency in the
synthesis of Fe-S clusters (reviewed in Refs. 25-28). Fe-S clus-
ters are cofactors found in proteins that play important func-
tions in respiration, amino acid biosynthesis, DNA repair, and
protein translation (reviewed in Refs. 25-28). The assembly of
Fe-S clusters requires a complex pathway that first generates
Fe-S clusters on scaffold proteins, and then transfers the clus-
ters to acceptor sites within recipient apoproteins (reviewed in
Refs. 25-28) (see supplemental Fig. S1 for an overview). Both
mitochondrial and cytosolic assembly systems exist in eukary-
otic organisms, and the former critically influences iron re-
gulation in yeast (reviewed in Refs. 25-28). Defects in the mito-
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Figure 3. Effect of E9591, LMT, and PHEN on the elemental profile of
yeast cells. Yeast cells were grown in the presence of DMSO, E9591, LMT, or
PHEN for a period corresponding to ~4.5 doubling times. Total cellular iron
content was determined by ICP-MS analysis as described under “Experimen-
tal procedures.” Values shown are mean * S.D. from measurements per-
formed on three independent cultures per treatment. Elemental content val-
ues are shown relative to the DMSO control values, which were normalized to
1. Statistical significance versus DMSO was assessed by an unpaired two-
tailed t test (¥, p < 0.05). The absolute elemental content values (in nano-
grams of element per milligram of yeast cells) for the DMSO control were the
following (shown as mean = S.D.): Fe, 1.7 = 0.1; Cu, 0.7 £ 0.1; Mn, 1.3 £ 0.1;
Na, 83.4 = 9.6; K, 2244.2 == 103.9; Mg, 450.1 = 20.9;Ca, 7.8 = 0.3;Zn, 7.6 == 0.2.
A, effect of E9591 treatment on elemental content. B, effect of LMT on elemen-
tal content. C, effect of PHEN on elemental content.

chondrial Fe-S cluster synthesis pathway results in the dis-
ruption of iron homeostasis in yeast cells and an up-regula-
tion of the iron regulon (reviewed in Refs. 14 and 26). This
induction results in an increase in iron uptake ultimately
leading to an increase in intracellular iron levels (reviewed in
Refs. 26 and 28). The excess iron gets distributed to the mito-
chondria so that the iron demands of this pathway can be
met (reviewed in Refs. 25-28). Mitochondrial iron overload
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Figure 4. Effect of E9591 and LMT on the elemental profile of yeast mito-
chondria. Yeast cells were grown in lactate medium in the presence of
DMSO, E9591, or LMT for a period corresponding to ~4.5 doubling times.
Mitochondria were isolated and iron content was determined by ICP-MS anal-
ysis as described under “Experimental procedures.” Values are mean = S.D.
from measurements performed on three independent cultures per treat-
ment. Elemental content values are shown relative to the DMSO control val-
ues, which were normalized to 1. Statistical significance versus DMSO was
assessed by an unpaired two-tailed t test (*, p < 0.05). The absolute elemental
content values (in micrograms of element per milligram of protein) for the
DMSO control were the following (shown as mean = S.D.): Fe, 0.4 * 0.2; Cu,
0.1 £0.0; Mn, 0.04 = 0.0; Na, 71.3 = 5.6; K, 34.2 = 1.0; Mg, 4.5 £ 0.5;Ca, 2.3 =
0.7;Zn, 0.2 = 0.3. A, effect of E9591 on mitochondrial elemental content. B,
effect of LMT on mitochondrial elemental content.

has been reported for several mutants in this pathway
including those with defects in Isal, Isa2, Isul, Isu2, Grx5,
Nfsl, Ssql, Yahl, and Yth1 (29-37).

To determine whether treatment with E9591 and LMT also
caused an overaccumulation of iron in the mitochondria, we
monitored mitochondrial elemental levels after exposure
to each compound. We observed an approximate 7-fold
increase and an approximate 13-fold increase in mitochon-
drial iron levels in E9591-treated and LMT-treated cells,
respectively, compared with DMSO-treated cells (Fig. 4). For
the other 7 elements, no dramatic changes were observed to
occur commonly in response to E9591 and LMT. It is worth
noting that the increase in total and mitochondrial iron lev-
els was observed when yeast cells were exposed to E9591 and
LMT for a period of ~15 h (4.5 doublings). This result is
consistent with the observed delay in cellular iron accumu-
lation that had been previously noted in Yth1-depleted cells
(38). Taken together, the results shown in Figs. 3 and 4 pro-
vide further evidence that the inhibitory effects of E9591 and
LMT are likely associated with defects in the mitochondrial
Fe-S cluster synthesis pathway.
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Figure 5. Effect of E9591 and LMT on the activities of mitochondrial and cytosolic Fe-S proteins. A, yeast cells (strain S288C) were grown in lactate medium
in the presence of DMSO, E9591,or LMT for a period corresponding to ~4.5 doubling times. Mitochondria were isolated, and the enzymatic activities of
aconitase (ACO), succinate dehydrogenase (SDH), and malate dehydrogenase (MDH) were determined. Values are mean =+ S.D. from a total of four assays
performed using two independent cultures per treatment. Statistical significance versus DMSO was assessed by an unpaired two-tailed t test (¥, p < 0.05). B,
yeast cells (strain W303-1A) were grown in Synthetic Complete medium in the presence of DMSO, E9591, or LMT for a period corresponding to ~4.5 doubling
times. Cell lysates were prepared, and the enzymatic activities of isopropylmalate isomerase (Leu) and alcohol dehydrogenase (ADH) were determined. Values
are mean = S.D. from a total of four assays performed using two independent cultures per treatment. Statistical significance versus DMSO was assessed by an

unpaired two-tailed t test (¥, p < 0.05).

E9591 and LMT treatment mimics deficiency in mitochondrial
Fe-S cluster synthesis

To further confirm that E9591 and LMT have an inhibitory
effect on the mitochondrial Fe-S cluster synthesis pathway,
we investigated whether treatment with these compounds
would mimic additional deficiencies in this pathway. We
focused on three phenotypes of mutants in this pathway: a
decrease in the activities of the Fe-S cluster-containing
enzymes, a deficiency in respiration, and an increase in oxi-
dative stress (reviewed in Refs. 25—28). To maintain consis-
tency with the elemental profile analysis, these experiments
were conducted with yeast cells that were exposed to E9591
and LMT for ~15 h (4.5 doublings).

First, we investigated whether treatment with E9591 and
LMT affected the enzyme activities of mitochondrial and cyto-
solic Fe-S proteins. The mitochondrial Fe-S enzymes aconitase
and succinate dehydrogenase, and the cytosolic Fe-S enzyme
isopropylmalate isomerase (Leul) have been extensively stud-
ied to monitor the effects of deficiencies in the Fe-S cluster
synthesis pathway. Decreases in the activities of all three
enzymes have been reported in yeast mutants with defects in
several Fe-S cluster synthesis proteins including Isd11, Nfsl,
Yahl, and Grx5 (32, 33, 36, 39, 40). We observed that when
yeast cells were treated with E9591 and LMT, aconitase activity
was diminished by 35 and 64%, respectively (Fig. 54). Similarly,
treatment of yeast cells with E9591 and LMT caused a reduc-
tion in succinate dehydrogenase activity by 70 and 40%, respec-
tively (Fig. 5A4). In contrast, the activity of mitochondrial malate
dehydrogenase as a non-Fe-S control enzyme was not affected
(Fig. 5A4). We also observed that the activity of the cytosolic Fe-S
protein Leul was decreased by 65 and 56%, respectively, in cells
treated with E9591 and LM T, whereas the activity of the control
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enzyme alcohol dehydrogenase was not strongly influenced by
the two compounds (Fig. 5B).

Second, we determined if cells treated with E9591 and LMT
showed a deficiency in respiration. Respiratory failure is a com-
mon trait of mutants deficient in the mitochondrial Fe-S cluster
synthesis pathway due to the fact that several Fe-S proteins
participate in the respiratory chain. A decline in respiratory
function has been observed in mutants with defects in Yfh1,
Isul, Isal, and Isa2 (29, 31, 37, 38). To determine whether
E9591 and LMT treatment causes respiratory deficiency in
yeast cells, we monitored the formation of petite (respiration-
deficient) mutants upon exposure to these two compounds.
This assay is based on the principle that when yeast cells are
grown on medium containing glycerol (a non-fermentable car-
bon source), they are dependent upon mitochondrial respira-
tion, and when grown on medium containing glucose (ferment-
able carbon source), they can survive without it (reviewed in
Ref. 41). We exposed yeast cells to E9591 and LMT, and grew
them on media containing glycerol versus glucose to determine
the number of respiration-competent cells. We observed an
approximate 75% reduction in the percentage of respiration-
competent cells in E9591-treated and LMT-treated cells com-
pared with DMSO-treated cells (Fig. 6A). Petite (small-size)
colonies were also clearly visible on the glucose-containing
plates for cells treated with E9591 and LMT (Fig. 6B). In con-
trast, when yeast cells were exposed to the iron chelator PHEN
under similar experimental conditions, there was no reduction
observed in the number of respiration competent cells (see sup-
plemental Fig. S2). Thus, even though the transcriptional
responses to E9591 and LMT are indicative of iron depletion,
the cellular effects of E9591 and LMT are not reflective of a
general impairment in iron metabolism.
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Figure 6. Induction of petite mutant formation by E9591 and LMT. A, yeast cells were grown in the presence of DMSO, E9591, or LMT for a period
corresponding to ~4.5 doubling times. Samples from each culture were diluted and plated onto YPD (glucose-containing) and YPG (glycerol-containing)
plates, and allowed to grow at 30 °C for 3 (YPD plates) to 6 days (YPG plates). The % respiration-competent cells were calculated as follows: number of colonies
on YPG/number of colonies on YPD X 100. Data shown are mean = S.D. from a total of four platings performed using two independent cultures per treatment.
Statistical significance versus DMSO was assessed by an unpaired two-tailed t test (¥, p < 0.05). B, a representative image is shown of a YPD agar plate from each
treatment to demonstrate the increased number of small-size colonies in the presence of E9591 and LMT.

Finally, we determined whether E9591 and LMT induced
oxidative stress in yeast cells. Oxidative stress is known to be
induced in yeast mutants with defects in the mitochondrial
Fe-S cluster synthesis proteins Yth1l and Grx5 (36, 38). This
induction is most likely due to the overaccumulation of iron in
the mitochondria, which can promote Fenton-mediated for-
mation of reactive oxygen species. To determine whether
E9591 and LMT induced oxidative stress in yeast cells, we mon-
itored protein carbonylation levels after exposure to the two
compounds. Oxidative stress results in the formation of car-
bonyl groups on proteins that can be immunodetected by
Western analysis. As can be seen in Fig. 74, E9591-treated and
LMT-treated cells contained increased levels of carbonylated
proteins compared with DMSO-treated cells. We also made use
of yeast mutants with deletions in genes required for oxidative
stress responses, which exhibit hypersensitivity to chemicals
promoting oxidative stress. Mutants with deletions in YAPI
(encodes a transcription factor required for oxidative stress tol-
erance), SOD2 (encodes superoxide dismutase), and GSHI
(encodes the first enzyme in glutathione biosynthesis) showed
increased sensitivity to E9591 and LMT (Fig. 7B). It is worth
noting that the sod2A mutant was also identified to be hyper-
sensitive to both compounds in our genome-wide fitness profile
analysis (see Fig. 2B). We also observed that the iron chelator
PHEN did not cause an increase in the levels of carbonylated
proteins and the three mutants tested above were not strongly
hypersensitive to PHEN (see supplemental Fig. S3). This fur-
ther suggests that the cellular effects of E9591 and LMT are not
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due to a general depletion of cellular iron, but rather due to
redistribution of iron to the mitochondria. Taken together, the
results shown in Figs. 5-7 show that exposure to E9591 and
LMT produces effects that are similar to those observed in yeast
mutants with defects in the mitochondrial Fe-S cluster synthe-
sis pathway.

Haploinsufficient mutants of mitochondrial Fe-S cluster
synthesis genes are hypersensitive to E9591 and LMT

Our genome-wide fitness profile analysis revealed 6 haploid
mutants with deletions in the mitochondrial Fe-S cluster syn-
thesis pathway that showed increased sensitivity to E9591 and
LMT (see supplemental Table S3). To explore additional
mutants in this pathway, we analyzed haploinsufficient mu-
tants that carried heterozygous deletions in 10 different genes
required for the biosynthesis and maturation of Fe-S cluster
proteins. Because many of the components of the mitochon-
drial Fe-S cluster synthesis pathway are essential for the viabil-
ity of yeast cells, mutants containing haploid deletions in them
are inviable. Thus, heterozygous deletion mutants allowed us to
investigate multiple components of the pathway. As can be seen
in Fig. 8, all of the mutants tested showed a strong increase in
sensitivity to E9591 compared with the wild-type strain. A
clearly discernable increase in sensitivity to LMT was also
observed in all mutants, except for the mutant with a heterozy-
gous deletion in ISA2, which appeared to show reduced sensi-
tivity to LMT. The reason for this mutant’s lack of sensitivity to
LMT is unclear at this time. For comparison, we also analyzed
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Figure 7. Oxidative stress-related effects of E9591 and LMT. A, yeast cells were grown in the presence of DMSO, E9591, or LMT for a period corresponding
to ~4.5 doubling times. Carbonylated proteins were detected by Western blot analysis using anti-2,4-dinitrophenol antibodies. Three experiments were
performed in total, and the image shown is from one representative experiment. The right panel shows a stained protein gel on which aliquots of the same
samples were separated. Band intensities for the five most prominent bands (marked with arrows) were quantitated with Bio-Rad’s Image Lab software, using
the total protein normalization tool. The combined total values from all 5 bands were obtained for each treatment and normalized to the DMSO control values.
Values shown in the graph are mean = S.D. Statistical significance versus DMSO was assessed by an unpaired two-tailed t test (¥, p < 0.05). B, the wild-type strain
(BY4743) and mutant strains harboring homozygous deletions in 3 different oxidative stress-related genes were grown overnight in YPD-7 (YPD medium,
MOPS buffered, pH 7.0) broth. Dilutions (5-fold) were prepared from each culture, inoculated on YPD-7 agar, and incubated for 3 days at 30 °C. DMSO, medium
containing 1% DMSO; E9591, medium containing E9591 at 4 um; LMT, medium containing LMT at 5 um.

these 10 mutants for sensitivity to the iron chelator PHEN, and  (with the exception of ISA2, which only affects sensitivity to

the mutants did not exhibit strong hypersensitivity to PHEN
(see supplemental Fig. S4). These results further indicate that
E9591 and LMT likely cause perturbations within the mito-
chondrial Fe-S cluster synthesis pathway.

It is worth noting that although three of the 10 genes tested
above are not essential genes (ISA1, ISA2, and NFUI), deletions
in them resulted in increased sensitivity to E9591 and LMT
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E9591). Interestingly, although there is a tendency for haploin-
sufficient genes to be essential, there are indeed several exam-
ples in the literature where both essential and non-essential
genes exhibit haploinsufficiency (e.g. Refs. 42—44). It has been
suggested that essential genes may represent direct targets of a
drug, whereas non-essential genes may exhibit synthetic inter-
actions with the drug targets or the target pathways. In fact,
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Figure 8. Effect of E9591 and LMT on haploinsufficient mutants of Fe-S cluster synthesis genes. The wild-type strain (BY4743) and mutant strains
harboring heterozygous deletions in 10 different Fe-S cluster synthesis genes were grown overnight in YPD-7 (YPD medium, MOPS buffered, pH 7.0) broth.
Dilutions (5-fold) were prepared from each culture, inoculated on YPD-7 agar, and incubated for 4 days at 30 °C. DMSO, medium containing 1% DMSO; E9591,

medium containing E9591 at 4 um; LMT, medium containing LMT at 5 um.

ISA1, ISA2, and NFUI show physical and genetic interactions
with genes involved in the mitochondrial Fe-S cluster synthesis
pathway. For example, Isal physically interacts with Nful (45).
In addition, ISA2 genetically interacts with GRX5 (36), and
NFUI genetically interacts with ISU1 and SSQI (37). Based on
this as well as the results shown in Figs. 4-7, it is highly likely
that the increased sensitivity of these three mutants to E9591
and/or LMT is associated with a disruption in mitochondrial
Fe-S cluster synthesis caused by the two compounds.

Long-term exposure to E9591 and LMT reveals prolonged
effects of mitochondrial Fe-S cluster synthesis disruption

Because the results shown in Figs. 3—7 were observed after
yeast cells were exposed to E9591 and LMT for ~15 h, we were
also interested in determining the long-term effects of E9591
and LMT. We, therefore, conducted a transcript profiling study
on yeast cells that were exposed to E9591 and LMT for ~15 h
grown under the same culture conditions as described above. A
total of 956 genes were commonly up-regulated and 652 genes
were commonly down-regulated by both E9591 and LMT
(see supplemental Table S4). The responding genes were
organized into GO-based functional categories and overrep-
resented GO categories were identified (see supplemental
Table S5 and Fig. 9).

In agreement with the observed long-term effects of E9591
and LMT on Fe-S cluster enzymes (see Fig. 5), 15-h exposures
to E9591 and LMT resulted in the induction of iron regulon
genes (see supplemental Table S4). Interestingly, the high affin-
ity iron transporter genes FTRI and FET3, which were not
induced at the 4-h time point, were significantly induced (p =
0.001) at the 15-h time point. FTRI was induced 8.5-fold by
E9591 and 3.9-fold by LMT at the 15-h time point (see supple-
mental Table S4). FET3, although not as strongly affected as
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FTR1, was induced 1.9-fold by E9591 and 1.5-fold by LMT at
the 15-h time point (see supplemental Table S6, which shows
significant iron regulon genes induced by =1.5-fold; p = 0.001).
Thus, under the experimental conditions we have employed, a
longer exposure to E9591 and LMT, which would likely result in
the prolonged disruption of iron homeostasis, may be necessary
to elicit the induction of the high affinity iron transporter genes
FTRI and FET3.

Although several iron regulon genes were induced by E9591
and LMT at the 15-h time point, the major overrepresented
functional categories among the up-regulated genes included
translation, ribosome biogenesis, rRNA processing, amino acid
metabolism, nucleotide metabolism, and sterol metabolism
(Fig. 94). The up-regulation of genes involved in amino acid
and ergosterol metabolism has been previously observed in
mutants defective in Yahl and Atm1 (46), and their induction
may occur due to the requirement for several heme-containing
enzymes or Fe-S cluster-containing enzymes in these two pro-
cesses (reviewed in Refs. 15 and 28). Similarly, an up-regulation
in nucleotide metabolism genes has been reported in a mutant
defective in Grx5 (47), and could be attributed to the require-
ment for the iron-containing enzyme ribonucleotide reductase
in nucleotide biosynthesis (reviewed in Ref. 48). In addition, a
large number of genes that participate in protein translation
were induced upon long-term exposure to E9591 and LMT
(Fig. 9A). This induction could occur due to the fact that several
proteins required for protein translation contain Fe-S clusters
in their structures including Rli1, Elp3, and Twy1 (reviewed in
Ref. 28).

As expected, “respiration” was the major functional category
for genes down-regulated in response to long-term exposure to
E9591 and LMT (Fig. 9B). A large number of genes encoding
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Figure 9. GO-enrichment analysis of genes responding to long-term exposure to E9591 and LMT. 956 up-regulated genes and 652 down-regulated
genes commonly responding to E9591 and LMT upon long-term exposure were organized into GO-based biological process categories using the BINGO
plug-in in Cytoscape software. GO categories of interest are highlighted in black circles. A, GO-enrichment analysis of up-regulated genes. B, GO-enrichment
analysis of down-regulated genes. The Cytoscape data are provided in supplemental Table S5.

components of the mitochondrial respiratory chain and the
TCA cycle are known to be down-regulated in yeast mutants
with defects in Yahl, Atm1, and Grx5 (46, 47). Unexpectedly,
we also observed that long-term exposure to E9591 and LMT
resulted in the down-regulation of genes involved in peroxi-
some protein import and fatty acid B-oxidation, an important
peroxisomal process in yeast cells (Fig. 9B). Down-regulation of
peroxisomal genes has not been previously observed in mutants
with defects in the mitochondrial Fe-S cluster synthesis path-
way, and could be attributed to differences in culture condi-
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tions between our study and previous studies. The implications
of this down-regulation are discussed below.

In summary, the majority of gene expression changes due to
long-term effects of E9591 and LMT are similar to those
observed in mutants defective in Fe-S cluster synthesis. They
are also consistent with the known involvement of Fe-S cluster
proteins in diverse biochemical pathways including heme bio-
synthesis, amino acid and nucleotide metabolism, and DNA
repair. It is important to note that the possibility cannot be
discounted at present that in addition to affecting the activities
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of Fe-S enzymes, E9591 and LMT may also affect the activities
of non-Fe-S enzymes that use iron as a co-factor including
heme-containing proteins (e.g. cytochrome complexes) as well
as non-heme iron proteins (e.g. ribonucleotide reductase).

Discussion

Using a combination of genomic, genetic, and biochemical
approaches, we have shown that the antifungal activity of the
plant-derived aporphinoid alkaloids E9591 and LMT is likely
mediated by a disruption in the mitochondrial Fe-S cluster syn-
thesis pathway. This conclusion is based on several lines of evi-
dence from the present work: (i) the transcriptome response to
E9591 and LMT showed an induction in iron regulon genes, (ii)
a genome-wide fitness profile analysis showed that yeast
mutants with deletions in iron homeostasis-related genes were
hypersensitive to E9591 and LMT, (iii) treatment with E9591
and LMT caused cellular defects that mimicked deficiencies in
mitochondrial Fe-S cluster synthesis including an increase in
mitochondrial iron levels, a decrease in the activities of Fe-S
cluster enzymes, an increase in respiratory deficiency, and an
increase in oxidative stress, and (iv) haploinsufficient mutants
with deletions in 10 different genes involved in mitochondrial
Fe-S cluster synthesis showed increased sensitivity to E9591
and LMT. Thus, these two compounds target a cellular pathway
that is distinct from the pathways targeted by current clinically
used antifungal drug classes, which are known to work by inter-
acting with membrane ergosterol (e.g. polyenes), disrupting
ergosterol biosynthesis (e.g. azoles), and inhibiting the synthesis
of cell wall glucans (e.g. echinocandins) (reviewed in Ref. 49).

Because Fe-S proteins play important roles in many different
cellular processes including respiration, TCA cycle, amino acid
biosynthesis, DNA synthesis and repair, and protein transla-
tion, a defect in the synthesis of Fe-S proteins has a severe
impact on diverse cellular functions (reviewed in Refs. 25, 26,
and 28). In addition, most of the components of the mitochon-
drial Fe-S cluster synthesis pathway are essential for the viabil-
ity of yeast cells (reviewed in Refs. 25, 26, and 28). Thus, this
pathway could serve as a highly effective target for inhibiting
fungal growth. However, due to the importance of Fe-S clusters
in all eukaryotes, a therapeutic drug that targets Fe-S cluster
synthesis could most likely lack specificity for the fungal patho-
gen. Nevertheless, specificity could be achieved due to differ-
ences between fungal and mammalian proteins that are com-
ponents of this pathway. For example, the transfer of Fe-S
clusters from the Isul scaffold protein to target apoproteins
requires a dedicated Hsp70 chaperone. Mammalian cells make
use of the multifunctional Hsp70 of the mitochondrial matrix,
whereas yeast cells utilize a specialized Hsp70 chaperone, Ssql
(reviewed in Ref. 26). Unlike multifunctional Hsp70s that bind
to a large variety of hydrophobic substrates, Ssql selectively
recognizes and interacts with a conserved peptide loop in Isul
(50). Also, in yeast cells an additional scaffold protein, Isu2, is
used for Fe-S cluster synthesis that is not present in mammalian
cells (reviewed in Refs. 26 and 28). Yeast cells with a deletion in
either Ssql or Isu2 exhibit respiratory deficiency, an increase in
mitochondrial iron, and a loss of mitochondrial aconitase activ-
ity (30, 37). Thus, Ssql and Isu2 have the potential to serve as
fungal-specific targets for new antifungal therapies.
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By demonstrating that E9591 and LMT function as disrup-
tors of the mitochondrial Fe-S cluster synthesis pathway, this
work has identified a promising new pharmacological tool for
the further characterization of this pathway in eukaryotic
organisms. Given that many of the genes encoding components
of this pathway are essential genes, previous studies have made
use of conditional mutants that require the mutant cells to be
grown under restrictive conditions that impose additional
stress on the cells. A chemical inhibitor of this pathway will
facilitate these studies and will prevent the occurrence of sec-
ondary metabolic effects exerted by restrictive growth condi-
tions. In addition, chemical inhibitors will be of great value in
improving our understanding of why defects in mitochondrial
Fe-S cluster synthesis result in various human diseases. Human
diseases such as Friedreich’s ataxia (Yfh1 deficiency), micro-
cytic anemia (Grx5 deficiency), cerebellar ataxia (Atm1), and
others are associated with defects in this pathway, and the
direct functional connection to this pathway remains to be
determined for some of these diseases (reviewed in Refs. 25, 26,
and 51). Elucidating the physiological consequences of Fe-S
cluster synthesis defects will provide a better understanding of
how these diseases occur.

Of further interest, the present work also indicates that dis-
ruption of the mitochondrial Fe-S cluster synthesis pathway
causes a down-regulation of peroxisomal genes. Previous stud-
ies have indicated that perturbations in mitochondrial func-
tions such as those caused by petite mutations cause an up-reg-
ulation of peroxisomal genes (52). It was suggested that to
compensate for the absence of a complete TCA cycle, respira-
tory-deficient cells reconfigure their metabolism by activating
peroxisomal activities. This ensures that metabolites such as
acetyl-CoA that are generated by the B-oxidation of fatty acids
in the peroxisomes are made available to the TCA cycle. How-
ever, an interruption in mitochondrial Fe-S cluster synthesis
causes not only respiratory deficiency but also an overaccumu-
lation of intracellular iron. Given that citrate is known to
enhance iron toxicity, one way to control this toxicity would be
to reduce intracellular citrate levels. This is supported by the
fact that the iron toxicity in a Yth1-deficient mutant is attenu-
ated by a deletion in the CIT2 gene, which encodes a peroxi-
somal citrate synthase (53). It is, therefore, possible that a shut-
down in peroxisomal functions could cause a reduction in
intracellular citrate levels, allowing the cells to cope with the
excess iron that accumulates in Fe-S cluster synthesis mutants.
Thus, it is conceivable that under conditions of Fe-S cluster
synthesis deficiency, coping with iron toxicity takes precedence
over providing metabolites to the TCA cycle. Further studies
will be required to understand the molecular mechanisms
potentially involved in the cross-talk between mitochondrial
Fe-S cluster synthesis and peroxisomal function.

It is worth noting that, although increased intracellular zinc
levels were observed following a 15-h exposure to E9591 and
LMT (see Fig. 3), increased expression of the zinc transporter
genes ZRT1 and ZRT2 was not observed. Instead, we observed
a down-regulation of ZRT2 and also a down-regulation of
ZAPI1, ZRG7, ZRGS, and ZRG17 (see supplemental Table S4),
all of which are required for maintaining zinc homeostasis in
yeast cells (e.g. Refs. 54 and 55). The transcription factor Zapl
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and its target genes are activated under zinc-deficient condi-
tions in yeast cells, and inactivated under zinc excess conditions
(reviewed in Refs. 14 and 56). Thus, it is possible that the excess
zinc accumulating during the 15-h exposure to E9591 and LMT
led to the down-regulation of zinc homeostasis genes. Addi-
tionally, it is possible that zinc transporters are only transiently
induced, then subsequently down-regulated once intracellular
zinc levels increase. A more detailed time course study will be
required to examine the possible temporal effects of E9591 and
LMT on zinc transporter expression.

Although yeast cells appear to respond to the overaccumula-
tion of zin, it is not likely that the excess zinc contributes to the
phenotypic effects generated by E9591 and LMT. First, long-
term exposure of yeast cells to excess zinc has been shown to
cause a decrease in intracellular iron content (57). In contrast,
E9591 and LMT increased intracellular iron levels. Second, a
genome-wide mutant analysis in the presence of excess zinc
primarily identified genes involved in vacuolar function (57),
and did not identify any iron uptake genes or Fe-S cluster syn-
thesis genes, many of which were identified in the fitness profile
of E9591 and LMT. Interestingly, zinc suppresses the pheno-
types of a yeast mutant deficient in the Fe-S cluster synthesis
protein Yfh1 (58). Excess zinc in the medium prevented mito-
chondrial iron accumulation in the mutant, and also increased
its growth rate as well as resistance to oxidative stress (58).
Thus, it is possible that zinc overaccumulation in response to
E9591 and LMT may be associated with a mechanism that
allows the cells to cope with disruptions in the Fe-S cluster
synthesis pathway.

This study lays the groundwork for future studies to deter-
mine the precise mechanism of action of E9591 and LMT.
Although our data strongly suggest that these compounds dis-
rupt the mitochondrial Fe-S cluster synthesis pathway, further
analysis will be required to determine the precise step(s) in the
pathway they inhibit and the mechanism or mechanisms
involved in this inhibition.

Experimental procedures
Yeast strains, media, and chemicals

S. cerevisiae strain S288C was used for all experiments. Hap-
loinsufficient mutants lacking Fe-S cluster synthesis genes were
obtained from Open Biosystems (Huntsville, AL). Synthetic
dextrose (SD) medium consisted of 2% (w/v) dextrose and 0.7%
(w/v) yeast nitrogen base without amino acids. The medium
was buffered with 0.2 M MOPS and the pH was adjusted to 7.0.
YPD medium consisted of 1% (w/v) yeast extract, 2% (w/v) pep-
tone, 2% (w/v) dextrose. Lactate medium for mitochondria iso-
lation was prepared as described by Amutha et al. (59). For the
genome-wide fitness profiling test, the haploid selection syn-
thetic medium was prepared as described previously (22).
Dimethyl sulfoxide (DMSO), PHEN, and BIPR were obtained
from Sigma. LMT and E9591 were synthesized as described
previously (8, 13). The purity of the two compounds was greater
than 95% based on TLC and NMR analysis.

Transcriptional profiles of E9591, LMT, PHEN, and BIPR

S. cerevisiae strain S288C was used in the transcriptional pro-
filing experiments, and all procedures including IC,, determi-
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nations were performed as previously described (60). For the
transcriptional profiling study, an overnight culture of S. cerevi-
siae S288C was used to inoculate 50 ml of SD medium to an
Agoo 0f 0.1. Three replicate cultures were started for each treat-
ment. After one doubling, each culture was treated with E9591,
LMT, PHEN, or BIPR at a concentration equivalent to the IC,,
value (0.053, 2.6, 6.2, and 65.9 uMm, respectively). Control cul-
tures were simultaneously treated with 0.25% (v/v) DMSO. The
cultures were allowed to grow until an A, of 0.5 was reached
(~4 h). For long-term exposure experiments, all experimental
conditions were the same except cells were exposed to drug
treatments for 4.5 doublings (~15 h). Cells were harvested by
centrifugation, flash frozen in liquid nitrogen, and stored at
—80°C.

RNA isolation, target preparation, and hybridizations
were performed as described previously (60). The Affymetrix
GeneChip Yeast Genome 2.0 array was used in all experiments.
Image analysis, scaling, and probe-set-level data analysis was
performed using the Affymetrix GeneChip Operating Soft-
ware. Differentially expressed genes were identified using BRB
Array Tools software (61), and genes with p = 0.001 were con-
sidered to be significant. Gene annotations were obtained from
the Saccharomyces Genome Database. Hierarchical cluster
analysis was performed with Gene Cluster 3.0 (62), and the data
were visualized with Java Tree View (63). The BINGO plug-in in
Cytoscape software was used for Gene Ontology (GO) analysis,
and over-represented GO terms (p < 0.05) were identified (64).
The transcriptional profiling data described in this article are
accessible through the NCBI Gene Expression Omnibus acces-
sion number GSE101749.

Quantitative real-time RT-PCR

To confirm the transcriptional profiling results, quantitative
real-time RT-PCR was performed using the same RNA prepa-
rations that were used in the transcriptional profiling experi-
ments. DNase treatment of RNA samples, design of gene-spe-
cific primers, and quantitative real-time PCR were performed
as described previously (60). The primer sequences for each
gene selected for the assays are listed in supplemental Table S7.
Data were normalized to an internal control (18S rRNA) and
the AAC; method was used to obtain the relative expression
level for each gene.

Genome-wide fitness profiling analysis

This analysis was carried out essentially as previously de-
scribed (22, 23). Briefly, a pool of haploid-convertible heterozy-
gote diploid yeast deletion mutants was sporulated. Pools of
isogenic MA Ta haploid cells were derived by growth for 2 days
on a haploid selection medium (SC-Leu-His-Arg + G418 +
canavanine) that either contained or lacked E9591 or LMT.
Compound concentrations were 2 um for E9591 and 1 uwm for
LMT, resulting in partial growth inhibition of the #0A mutant,
which served as a surrogate wild-type control. Relative re-
presentation of each deletion mutant in drug-treated and
untreated pools was compared by TAG-array analysis (22, 23).
For validation, individual haploid convertible heterozygous
diploid mutants were sporulated, spotted onto haploid selec-
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tion media with E9591 or LMT at subinhibitory concentrations,
and incubated at 30 °C for 3 days.

Mitochondria isolation

An overnight culture of strain $288C was grown in lactate
medium as described by Amutha et al. (59) and used to inocu-
late fresh lactate medium (100 ml) at Ay, of 0.1. After one
doubling, E9591, LMT, or DMSO (0.25% v/v) were added to the
cultures, and the cells were allowed to grow for 15 h (~4.5
doublings) after treatment. Appropriate compound concentra-
tions, as determined in pilot experiments, were used for the
ICP-MS analysis and enzyme assay experiments. The cells were
harvested by centrifugation, washed with sterile distilled water,
and flash frozen in liquid nitrogen. Mitochondria were isolated
using the Yeast Mitochondria Isolation Kit (Sigma). The pro-
tein concentration of each fraction was determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Wal-
tham, MA). The quality of each mitochondrial fraction was
determined by measuring the cytochrome c oxidase activity
using the Cytochrome ¢ Oxidase Assay Kit (Sigma).

Determination of iron concentration by ICP-MS

For determining total iron concentration in whole cells, an
overnight culture of strain $S288C was grown in SD broth
(MOPS buffered, pH 7.0) and used to inoculate fresh medium at
Agoo 0of 0.1. After one doubling, E9591, LMT, at their respec-
tive IC;, concentrations, or DMSO (0.25% v/v) was added,
and cells were allowed to grow for 15 h (~4.5 doublings). The
cells were harvested by centrifugation, washed 3 times with 1
mM EDTA, followed by 3 washes with sterile water, and the
pellets were frozen in liquid nitrogen. The cell pellets were
treated with 1 ml of 30% (v/v) nitric acid at 120 °C for 20 min
in a microwave digester (MARS5, CEM Corp., Matthews,
NC). The solution was filtered through a 0.45-um Teflon
filter (Phenomenex, Torrance, CA), and diluted 1:10 with
ultrapure water. Dilutions of the multi-element calibration
standard 2A (Agilent Technologies, Santa Clara, CA) were
prepared in the same concentration of nitric acid as used for
the cell extracts. The elemental concentrations of the sam-
ples were measured using the Agilent 7500ce ICP-MS system
as described previously (65).

For determination of iron in mitochondrial fractions, mito-
chondria were isolated as described above from S288C cells
grown in lactate medium and treated with E9591, LMT, or
DMSO for ~4.5 doublings. Mitochondrial fractions containing
250 pg of protein were treated with 0.5 ml of 30% (v/v) nitric
acid at 120 °C for 20 min in a microwave digester. The solution
was filtered through a 0.45-um Teflon filter and diluted 1:8
with ultrapure water. Preparation of standards and ICP-MS
operating parameters were identical to those described above.

Enzyme assays

For determination of enzyme activity in mitochondrial frac-
tions, mitochondria were isolated as described above from
$288C cells grown in lactate medium and treated with E9591,
LMT, or DMSO for ~4.5 doublings. Aconitase activity was
assayed using the Bioxytech Aconitase-340 Assay Kit (Percipio
Biosciences, Manhattan Beach, CA), with two minor modifica-
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tions. First, mitochondrial fractions were lysed in a homogeni-
zation buffer consisting of 0.5% (v/v) Triton X-100 and 50 mm
Tris, pH 7.4, prior to addition in the assay (53). Second, 0.6 mm
MnCl, was included in the assay to limit the inactivation of
aconitase by superoxide anions (66). Succinate dehydrogenase
and malate dehydrogenase activities were measured using col-
orimetric assay kits (MAK197 and MAK196, respectively) from
Sigma.

For assaying the cytosolic Fe-S protein isopropylmalate
isomerase (Leul), the W303-1A yeast strain was used due to
high Leul activity in this genetic background (32). An overnight
culture of strain W303-1A was grown in Synthetic Complete
medium (2% (w/v) dextrose, 0.7% (w/v) yeast nitrogen base
without amino acids, and 0.1% (w/v) complete supplement
mixture, MOPS buffered, and adjusted to pH 7.0) and used to
inoculate fresh medium at A,,, of 0.1. After one doubling,
E9591, LMT, at their respective IC,, concentrations, or DMSO
(0.25%, v/v) was added, and cells were allowed to grow for 15 h
(~4.5 doublings) after treatment. Cell harvesting, lysate prepa-
ration, and Leul enzyme assays were conducted as described
previously (67). The same lysates were also used to measure
alcohol dehydrogenase activity using a kit (MAKO053) from
Sigma.

Petite mutant induction assays

The petite-mutant induction assay is based on the principle
that yeast cells growing on YPG (glycerol-containing) medium
are dependent upon mitochondrial respiration, whereas those
growing on YPD (glucose-containing) are not (reviewed in Ref.
41). To determine the rate of formation of petite mutants, an
overnight culture of strain S288C was grown in YPD broth and
used to inoculate fresh medium at A, of 0.1. After one dou-
bling, E9591 or LMT at their respective IC, concentrations, or
DMSO (0.25% v/v) was added, and the cells were allowed to
grow for 15 h (~4.5 doublings). Samples from each culture were
diluted in YPD broth to obtain 2.5 X 10° cells/ml and plated
onto YPD (2% v/v dextrose) and YPG (3% v/v glycerol) plates,
and allowed to grow at 30 °C until colonies were formed (3 to 6
days). Colonies were counted, and the percentage of respira-
tion-competent cells was calculated as follows: number of col-
onies on YPG/number of colonies on YPD X 100.

Detection of carbonylated proteins

The OxyBlot™ Protein Oxidation Detection Kit from Milli-
pore (Billerica, MA) was used to detect carbonylated proteins.
The kit successfully detected carbonylated proteins in a trial
experiment on yeast cells exposed to 1 mm H,O, (data not
shown). To detect oxidative stress due to E9591 or LMT, an
overnight culture of S. cerevisiae strain S288C was grown in SD
broth (MOPS buffered, pH 7.0) and used to inoculate fresh
medium at Ay, of 0.1. After one doubling, E9591 or LMT at
their respective IC,, or IC,5 concentrations, and DMSO was
added to the cultures. The cells were allowed to grow for 15 h
(~4.5 doublings) after treatment. Protein extract preparation,
protein derivatization, and Western analysis were performed as
described previously (68).
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Drug sensitivity assays

To determine the sensitivities of mutant strains to E9591 and
LMT, agar-based drop test assays were performed. Overnight
cultures of the mutants and the parent strain BY4743 were
grown in YPD-7 (YPD medium, MOPS buffered, pH 7.0) broth
(plus 200 ug/ml of G418 in the mutant cultures for selection).
The cultures were diluted to an A, of 3.0 and serial dilutions
(1:5) were prepared in YPD-7 broth. The dilutions were spotted
in 3-ul amounts on YPD-7 agar plates containing 1% (v/v)
DMSO, 4 um E9591, or 5 um LMT. At these concentrations, the
two compounds caused partial growth inhibition of the parent
strain. The plates were incubated for 2—-3 days at 30 °C.

Author contributions—A. K. A. conceived and coordinated the study
and wrote the paper. S. K. T. conducted transcript profiling studies
on LMT, and conducted all the experiments shown in Figs. 5-9. T. X.
conducted the 4-h transcript profiling studies on E9591, PHEN, and
BIPR. Q. F. provided technical assistance in the transcript profiling
studies. B. A. and I. A. K. designed and conducted the ICP-MS anal-
ysis. X. S. and X. P. designed and conducted the genome-wide fitness
profile study. M. M. M. and S. R. B. designed and conducted the
quantitative real-time RT-PCR experiments. M. R. J.and S. I. K. con-
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