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Abstract

To survive, fungal pathogens must acquire nutrient metals that are restricted by the host while also
tolerating mechanisms of metal toxicity that are induced by the host. Given this dual vulnerability,
we hypothesized that a pathogen’s access to and control of essential yet potentially dangerous
metal ions would affect fungal tolerance to antifungal drug stress. Here, we show that Candida
albicans becomes sensitized to both Cu limitation and Cu elevation during exposure in liquid
culture to the antifungal drug fluconazole, a widely prescribed antifungal agent. Spectroscopic
data confirm that while fluconazole forms a complex with Cu(ll) in water, interactions of
fluconazole with neither Cu(ll) nor Cu(l) are observed in the cell culture media used for the
cellular assays. This result is further supported by growth assays in deletion strains that lack Cu
import machinery. Overall, we establish that increases in Cu levels by as little as 40 nM over basal
levels in the growth medium reduce tolerance of C. albicansto fluconazole in a way that does not
require formation of a Cu—fluconazole complex. Rather, our data point to a more complex
relationship between drug stress and Cu availability that gives rise to metal-mediated outcomes of
drug treatment.

Graphical Abstract

Modulating copper levels in the growth environment influences tolerance of Candida albicans to
azole antifungal drugs.
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Introduction

Results

The opportunistic fungal pathogen Candida albicans typically exists as a commensal
organism in its mammalian host but can invade the bloodstream of immunocompromised
individuals and spread to multiple organs, giving rise to life-threatening infections.! Like
any successful pathogen, C. albicans has developed sophisticated adaptation mechanisms to
propagate in hostile and varying host environments, including meticulous control of
essential metals. For example, C. albicans has been shown to adjust its transcription circuitry
to promote iron (Fe) acquisition during bloodstream infection, but protect from Fe toxicity
while existing as a commensal in the gut.2 In another example of C. albicans’ adaptability to
metal availability, it has been shown to fine-tune superoxide dismutase (SOD) expression as
a function of copper (Cu) availability, utilizing Cu-requiring Sod1 under Cu-replete
conditions and Mn-requiring Sod3 when intracellular Cu levels are low.3: 4 Similarly, in a
mouse model of C. albicans infection, the pathogen senses elevated kidney Cu levels early in
infection, and responds by upregulating Cu export and repressing import. As Cu levels
decrease at later infection stages, export is repressed and import is induced.®

Given the importance of strategies to orchestrate the concerted movement,
compartmentalization, and utilization of biometals to survive host-imposed stress, we
posited that a pathogen’s access to and management of essential metals could also impact its
ability to tolerate drug-induced stress. One of several azole antifungals, fluconazole is a
mainstay in therapy to treat fungal infections, including those caused by C. albicans.
Benefits of fluconazole include its low cost, limited toxicity, and ability to be administered
orally.8 Its mechanism of action involves binding and inhibiting the heme center of
lanosterol 14a.-demethylase, Cyp51 (gene product of ERG11), thereby disrupting the
biosynthesis of ergosterol, a key component of the fungal cell membrane.” In the clinic for
nearly three decades, fluconazole has been widely studied, including, to some extent, its
relationship with metals and metal-dependent biological processes. For example, a metal
complex of Cu and fluconazole was investigated for activity against several clinical isolates
of C. albicans® and a variety of metal-azole complexes have been investigated for
antimicrobial activity.%-14 Furthermore, Fe deprivation has been linked to increased
fluconazole susceptibility.15: 16

In this work, we tested the consequences of modulating Cu levels in the growth medium on
the efficacy of fluconazole against C. albicans. We find that small increases in Cu levels
improve the efficacy of fluconazole in a concentration- and time-dependent manner.
Investigations into speciation of growth media components lead us to conclude that this
potentiation is not due to direct complex formation between fluconazole and Cu, but rather
separate targets working in parallel.

Fluconazole induces Cu-potentiated growth inhibition.

To determine the impact of Cu availability on fluconazole susceptibility, growth experiments
were performed in the presence of fluconazole under conditions of Cu limitation and Cu
supplementation. Cu-limited conditions were established by addition of membrane-
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impermeable extracellular Cu(l) chelator bathocuproinedisulfonic acid (BCS) to the broth,
and Cu supplementation was achieved by adding CuCl, or CuSQO4. Because azole
antifungals are fungistatic (inhibit cell division) not fungicidal (cause cell death),1” drug
tolerance is often observed, which refers to the ability of a subpopulation of cells to grow at
drug concentrations exceeding the minimal inhibitory concentration (MIC).18 For azoles
specifically, the degree of tolerance is described by a phenomenon known as “trailing
growth,” which is residual growth in the presence of an azole drug at a concentration above
the MIC.19 20 |mportantly, tolerance is distinct from drug resistance in that it is epigenetic
(reversible), in contrast to resistance, which results from stable genetic mutations.1?

As shown in Fig 1a, trailing growth is observed for cells treated with fluconazole alone, with
these cells recovering to 50% of the untreated control at 48 h in yeast peptone dextrose
(YPD) medium, a complex and nutritionally rich medium derived from peptone and yeast
extracts. Under these conditions, the 24-h MIC of fluconazole is 2.5 uM (ESI Fig. S1). Yet
by 48 h, cells treated with even 50 UM fluconazole are able to grow (ESI Fig. S2). Strikingly,
increasing the Cu content of the growth medium from basal levels (approx. 0.1—0.3 uM,
depending on batch) to ~10 pM maintains suppressed growth up to 48 h. Even more
surprising, the Cu effect on fluconazole activity appears at concentrations as low as 0.04 uM
supplemental Cu added to a batch of media with background Cu measured to be 0.168 uM
Cu. This amount of supplemental Cu is well below the 25-mM MIC of Cu in YPD (ESI Fig.
S2). Analytical concentrations of other metals in this batch of YPD are reported in ESI Table
S1. Given the high concentration of amino acids and other broth components capable of
buffering Cu(ll), it is notable that as little as 1.2-fold increase in total Cu has such an effect.

Next, a growth assay was performed to determine whether Cu sequestration via BCS would
rescue growth of cells co-treated with fluconazole and Cu. Indeed, BCS treatment reversed
growth inhibition by fluconazole and Cu. In fact, the BCS-rescued cells grew more than
cells treated with fluconazole alone (Fig. 1b). Interestingly, sequestration of basal Cu in the
media via BCS also potentiated fluconazole activity (Fig. 1¢). A similar response to BCS has
been reported previously and was attributed to the requirement of Cu for high affinity Fe
import.13 If this is the case, conditions with plentiful Fe would be expected to enable low
affinity Fe import and overcome the Cu-deficient growth inhibition. Yet, supplementation of
the media with Fe(l11) does not rescue growth of cells co-treated with fluconazole and BCS
(Fig. 1c). The observation that both Cu limitation and supplementation extend growth
inhibition by fluconazole suggests a complex relationship between fluconazole tolerance and
Cu availability.

To explore further the conflicting observations that BCS both potentiated fluconazole
activity and rescued growth of cells treated with fluconazole and Cu, the kinetics of Cu
sequestration via BCS were investigated by using UV-Vis spectroscopy. To simulate the
conditions of our biological assays, the experiment was performed in YPD medium at 30 °C.
Fluconazole, Cu, and BCS were added, and formation of [Cu'(BCS)2]3~ (Amax = 483 nm, ¢
= 13,000 M~ cm~1)2! was monitored over time. As shown in Fig. 2, some complex
formation is already evident at the first timepoint, which was taken just after BCS addition.
However, full sequestration of Cu takes nearly 3 h under these conditions. Combined, these
data suggest that BCS acts like a slow-turning knob that dials down Cu availability during
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the first couple of hours of the assay. During this time, some Cu is still available, and C.
albicans acquires enough of it to support fluconazole tolerance. Once BCS has fully dialed
down Cu access (complete sequestration), C. albicans does not acquire any more Cu. This
halt in Cu acquisition appears to protect cells, allow for trailing growth, and gives rise to the
growth recovery observed for BCS in the presence of fluconazole and Cu.

Fluconazole does not form biologically relevant Cu complexes.

By design, azole antifungals have the ability to coordinate transition metal centers, notably
the heme Fe in Cyp51. Fluconazole in particular seems well-suited to form complexes with
transition metals due to the multiple donor atoms in its structure (Fig. 1a). Indeed, a crystal
structure of a Cu(ll)-fluconazole dimer is known,22 and characteristic absorption peaks at
327 nm and 670 nm signal its formation in HEPES buffer (Fig. 3). Interestingly, this
fluconazole-Cu complex has been reported to be 10-40% more effective against C. albicans
clinical isolates than the metal-free drug.8 Though determination of metal speciation in
complex mixtures like cell culture media is a challenge, its consideration is important since
speciation determines biological impact.23 To resolve whether fluconazole forms Cu
complexes under the conditions of our biological assays, UV-Vis and EPR spectroscopy
were used to probe Cu(ll)-fluconazole complex formation in the presence of competing
ligands in cell culture media. As shown in Fig. 3a, when Cu alone is added to YPD, an
absorption band forms at 615 nm, signalling chelation of Cu(Il) by media components. Yet
when fluconazole is added to this solution, there is no shift in the absorbance band. A
similar lack of spectroscopic change was observed by EPR spectroscopy: addition of CuSQOg4
to YPD produces a signal that is unchanged upon addition of fluconazole (ESI Fig. S4).
Combined, these data indicate that fluconazole cannot compete with media components to
chelate Cu.

To further probe Cu-fluconazole complex formation, a competition experiment was
performed with glycine, a weak Cu chelator (Ky ~10~2 for the bis-glycine complex)24 25
that is present at millimolar concentrations in YPD. As shown in Fig. 3b, fluconazole binds
Cu(ll) in HEPES buffer in the absence of competing ligands. When glycine is titrated into
the solution of pre-formed Cu(ll)-fluconazole complex, it readily pulls Cu away from
fluconazole, and the charge transfer band at 327 nm disappears, providing further evidence
that fluconazole cannot compete with glycine and other YPD media components for Cu(ll)
binding.

Although Cu can cycle between Cu(l) and Cu(ll) oxidation states in biological systems,
evidence suggests that Cu(l) is the primary oxidation state of intracellular Cu,2% 27 levels of
which are estimated between 5.1 x 10721 and 8.9 x 10717 M in yeast.28 In order to predict
the ability of fluconazole to compete with cellular ligands for labile Cu(l), competitive
binding assays were performed with colorimetric indicators bicinchoninate anion

(BCA)2L: 25. 29 and ferrozine (Fz).3° Fluconazole does not compete with BCA (Kq ~10717)21
or weaker chelator Fz (Kq ~10712-10715)29. 30 for Cu (1) binding (Fig. 4). Given the high
affinity (Kgq ~10711-10720) of Cu chaperones and Cu binding proteins for Cu(1),28 31-35 jt is
unlikely that Cu(l)-fluconazole forms intracellularly.
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Fluconazole is not an ionophore.

Our spectroscopic data do not support the presence of a Cu(l) or Cu(ll) fluconazole complex
in cell culture media, but they do not rule out possible ternary complex formation between
fluconazole, Cu, and ligands in YPD. Therefore, in addition to testing Cu-fluconazole
complex formation spectroscopically, biological assays were used to further probe whether a
direct interaction between fluconazole and Cu could drive the phenotypic responses
described above. Some small molecules that exhibit Cu-dependent biological activity do so
by acting as ionophores, compounds capable of facilitating movement of the metal across
cellular membranes.3¢ To determine whether fluconazole is capable of shuttling Cu into C.
albicans cells, we tested its ability to recover growth of a C. albicans deletion strain lacking
the high-affinity Cu(l) importer Ctrl, which the fungus needs to supply Cu for cytochrome ¢
oxidase (COX) for respiration. Growth of C. albicansin YPEG medium, which contains
ethanol and glycerol as the sole carbon sources, requires cells to respire. C. albicans utilizes
two forms of respiration: Fe- and Cu-containing COX and an alternative Fe-only oxidase
(AOX).37 Even when Cu availability is low, C. albicans utilizes COX for respiration.3 As
shown in Fig. 5a, wild type cells can grow in YPEG, but ctrZA/A cells do not. When ctrIAIA
cells were treated with fluconazole, no growth recovery was observed, suggesting
fluconazole is unable to supply bioavailable Cu to these cells. This experiment was repeated
in the fungal pathogen Cryptococcus neoformans (C. neoformans), which has two Cu
importers, Ctrl and Ctr4, but exclusively utilizes COX for respiration. lonophores, such as
pyrithione and 8-hydroxyquinoline, are able to recover growth of C. neoformans ctril ctr4
cells by delivering bioavailable Cu,38: 39 but as in C. albicans, fluconazole did not recover
growth of this mutant (Fig. 5b). Collectively, these results demonstrate fluconazole is unable
to deliver bioavailable Cu for use in COX and further support a lack of Cu-fluconazole
complex formation under conditions of these assays.

We reasoned that if the biological dependence on Cu is independent of Cu-fluconazole
complex formation, other compounds in the azole class may also be impacted by Cu levels
in the growth environment. Apart from their shared imidazole or triazole ring and
halogenated aromatic ring, this class of antifungals is structurally diverse (Fig. 6a). With
fewer donor atoms and no defined metal binding pockets, other molecules in the azole class
are predicted to have a lower propensity for metal complex formation compared to
fluconazole. To test whether the Cu effect applies to azoles broadly or only to fluconazole,
we tested five other azole antifungals for Cu-dependent activity. As shown in Fig. 6b, all five
azoles tested in addition to fluconazole exhibit trailing growth, and all show suppressed
growth when the media is supplemented with Cu, relative to the azole alone. Furthermore,
Cu-dependent activity is also apparent for the morpholine antifungal fenpropidin (Fig. 7), a
drug used exclusively in agricultural applications. Fenpropidin is structurally distinct from
the azoles and inhibits a different step in the ergosterol biosynthetic pathway.49 Interestingly,
Cu supplementation of fenpropidin-treated cells gives rise to biphasic growth as a function
of fenpropidin concentration.

The results of these structure-activity experiments further indicate that the impact of Cu on
drug efficacy is a result of a more general response relating to drug stress and Cu availability
as opposed to a phenomenon related directly to the structure of fluconazole. Taken together,
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our spectroscopic and biological data do not support biologically relevant Cu-fluconazole
complex formation but suggest a more complex interplay between azole-induced stress and
Cu homeostasis.

Fluconazole primes C. albicans for potentiation by Cu.

In our routine growth assays, cells incubated overnight in basal media are treated with
fluconazole and Cu simultaneously. To ascertain the effect of intracellular Cu levels on
fluconazole tolerance, cells were first grown overnight in Cu-supplemented media to
increase cell-associated Cu.#? As shown by comparing the solid light blue and dark blue bars
in Fig. 8a, cellular Cu enrichment does not impact fluconazole tolerance compared to normal
cultures. However, both cultures, regardless of Cu pre-enrichment, are more susceptible to
inhibition by fluconazole when Cu is added to the assay medium in conjunction with
fluconazole (red and green dashed bars in Fig. 8a). In other words, pre-enrichment with Cu
does not affect the outcome of the growth assay; the determinant is whether supplemental

Cu is present during the assay.

To further evaluate the importance of Cu availability as a function of timing, supplemental
Cu was “spiked in” at timepoints between 0-12 h after fluconazole treatment, and growth
was monitored over 72 h. As shown in Fig. 8b, the data indicate that delaying Cu addition
correlates with higher trailing growth. Cu supplementation was most effective between 0 and
7 h after fluconazole treatment, while addition at 9 and 12 h showed a marked decrease in
growth inhibition. Interestingly, Cu addition at 3 h gave rise to the least amount of trailing
growth at 72 h. Notably though, any addition of Cu, even 12 h after fluconazole treatment,
led to improved growth inhibition over the fluconazole-only control. Thus, fluconazole is
most effective against C. albicans when Cu is elevated in the growth environment at the time
of treatment.

Discussion

In this study, we characterized the effects of Cu restriction and addition on the activity of
fluconazole against opportunistic pathogen C. albicans. \We established that both Cu
sequestration and Cu supplementation prolongs growth inhibition by fluconazole, and
complex formation is not required for potentiation by Cu. Because Fe acquisition is
dependent on Cu, restricting Cu availability is predicted to limit Fe uptake, thereby impeding
restoration of the ergosterol biosynthesis pathway. The observation that sequestration of
available Cu via BCS during fluconazole treatment increases growth inhibition is consistent
with this hypothesis. Conversely, supplementing with low, non-toxic levels of Cu should
enhance ergosterol recovery, thereby aiding cell recovery following fluconazole treatment.
Instead, supplementing the growth media with Cu actually prolongs growth inhibition by
fluconazole. In other words, Cu delays the onset of trailing growth normally observed during
fluconazole treatment. The Cu effect observed here is therefore not a simple proxy of Fe
availability and direct involvement in the ergosterol pathway but suggests more complex
interactions involving metaltavailability and the cellular response to drug stress. Importantly,
these supplemental amounts of Cu by no means exceed physiological ranges; human serum
contains between 11-24 uM Cu.42
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Some variability in the extent of trailing growth was evident between experiments performed
on different days, with 48 h OD600 values ranging from ~0.4-0.8 for trailing growth of
fluconazole-treated cells depending on the batch of media. In spite of these minor
fluctuations, Cu supplementation always fully suppressed growth through 48 h.

Despite being described in the literature for more than 20 years, drug tolerance is poorly
understood.18 Traditionally, tolerance has been considered a poor predictor of clinical
susceptibility, and isolates exhibiting trailing growth /in vitro are often classified as
susceptible /7 vivo.*3-45 However, recent work aiming to more thoroughly characterize azole
tolerance in C. albicans provides proof-of-principle that tolerance, and adjuvants that impact
tolerance, could in fact have clinical implications.18 Of note is the observation that tolerance
correlated inversely with intracellular azole levels, though the ways in which more tolerant
cells achieved lower drug concentrations was unclear.

Surprisingly little is known about how fluconazole gets into cells and where it goes once
inside, but some light has been shed in the past decade. For a long time it was believed that
fluconazole enters cells via passive diffusion, though recent evidence supports import
through facilitated diffusion.® This same study confirmed that CuSO,, even at 100x molar
excess does not impact fluconazole accumulation in C. albicans, so it is unlikely that the Cu
dependence we observe is the result of altered fluconazole accumulation, at least not due to
competition between fluconazole and Cu. It has recently been proposed that fluconazole
localizes, at least initially, to mitochondria.*” This suggestion is interesting for two reasons.
First, the Cyp51 target of fluconazole resides in the endoplasmic reticulum, not
mitochondria,*8 but even more intriguing is the fact that mitochondria are sites of rich
metallobiology with a number of metalloproteins being metallated there.49 However, it has
more recently been reported that the identity of the fluorescent dye used in tracking the
azoles seems to influence their subcellular location, limiting their use in providing
information about localization of unmodified azoles.?9: 51

Although biologically relevant Cu complexation by fluconazole has been posited,8: 52 our
data suggest that fluconazole is unable to stabilize a Cu(ll) or a Cu(l) complex in the
presence of competing ligands, both in the growth medium and inside the fungal cell. More
likely, the stress exerted by fluconazole, or C. albicans’response to this stress, enables Cu in
the growth environment to become problematic for C. albicans. This idea contrasts the
thought that elevated Cu causes fluconazole to become more problematic for C. albicans.
This subtle but important distinction is supported by the following facts: (1) C. albicansis
extremely resilient to Cu, especially in rich growth medium like YPD.53 Under our
conditions, the MIC of CuSQg4 is 25 mM (ESI Fig. S2), confirming that Cu alone at
concentrations employed in our assays poses no threat to C. albicans viability. (2)
Preincubating cells with Cu does not change fluconazole susceptibility relative to cells that
were not preincubated with Cu. If Cu primed cells for fluconazole damage, the expectation
is that cellular Cu enrichment would increase susceptibility to fluconazole. Instead, Cu must
be added at the same time, or within a certain timeframe after fluconazole treatment to
extend growth inhibition. This observation supports the idea that fluconazole creates a
window of vulnerability during which C. albicans struggles to manage normally innocuous
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levels of Cu. The timing of this response provides cues as to when cellular responses
contributing to fluconazole tolerance occur.

It was surprising to observe that BCS both potentiated the activity of fluconazole and
rescued growth of cells co-treated with fluconazole and Cu. At the highest BCS
concentration tested, 50 times more BCS than Cu was present in the media. At such a large
excess, BCS, which forms a 2:1 complex with Cu, should in principle chelate all available
Cu. If this were the case, the expectation is that treatment with fluconazole, Cu, and BCS
would give the same result as treatment with just fluconazole and BCS. However, BCS
preferentially binds Cu(l), not Cu(ll), and our data show that reductive transfer of Cu from
media components to BCS is fairly slow (~3 h for full sequestration). Therefore, Cu would
be initially accessible to C. albicans, with availability diminishing during the course of the
assay. Thus, we posit that the rescue phenotype results from cells acquiring sufficient Cu
early in the assay (due to slow binding between BCS and Cu), while avoiding deleterious
effects from a surplus of Cu at later timepoints once BCS has effectively sequestered Cu.

Conversely, when no supplemental Cu was added during fluconazole and BCS treatment,
cells were more readily Cu starved, and BCS potentiation of fluconazole activity was
observed. Our data does not rule out the possibility that the combination of fluconazole and
BCS has an additive effect on growth rate, since BCS alone slows cell growth (ESI Fig. S3).
Regardless, the fact that Fe supplementation fails to rescue growth of cells co-treated with
BCS and fluconazole supports the idea that BCS potentiates fluconazole activity in ways
other than just indirect interference with Fe assimilation.

Conclusions

Our exploration of ergosterol biosynthesis inhibitors arose initially from the idea that
fluconazole could impact metal-dependent processes through direct interaction with metal
ions; however, our studies fail to identify direct evidence of metal-drug interaction, but
rather uncover a broader relationship between Cu homeostasis and drug action. It is
noteworthy that Cu potentiates the activity of at least seven drugs that target this pathway,
including the six azoles and morpholine tested here. The observation that very low levels of
Cu reduce tolerance of C. albicans to fluconazole points to a model in which small increases
in Cu availability interfere with a tolerance mechanism employed by C. albicans when it
senses assault on the ergosterol biosynthesis pathway. Notably, the timing of changes to Cu
availability in relation to fluconazole treatment dramatically impacts the extent to which
fluconazole suppresses growth. It is therefore possible the relative availability of Cu in C.
albicans’ microenvironment during infection, which varies based on the site and progression
of the disease, influences the outcomes of fluconazole therapy. The underlying molecular
mechanisms of Cu’s effect on fluconazole tolerance are worthy of investigation.

Experimental

Materials and General Methods

Chemicals and solvents were obtained from commercial suppliers and used as received
unless otherwise noted, and all solvents were reagent grade. Aqueous solutions were
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prepared using Milli-Q water. Buffers for metal-binding studies were prepared using
biochemistry grade HEPES (Acros Organics). Stock solutions of metal salts were prepared
in water and stock solutions of azoles were prepared in DMSO or water. Working solutions
for each experiment were prepared by serial dilution into YPD growth media.

Yeast Strains and Culture Conditions

Fungal stocks were maintained in 25% glycerol in YPD at —80 °C. Unless otherwise noted,
experiments were performed with C. albicans clinical isolate SC5314, which was obtained
from the American Type Culture Collection (ATCC). The C. albicans ctrIAIA was
generously provided by the Brown Lab of the University of Aberdeen. The C. neoformans
H99 and ctr1A ctr4A strains were generously provided by the Thiele Lab of Duke University.
C. albicans cells were cultured at 30 °C in yeast peptone dextrose (YPD, Gibco, catalog
number A1374501) media, unless otherwise indicated.

Growth assays (General)

Prior to all experiments, C. albicans cells were streaked onto YPD agar plates from frozen
glycerol stocks and incubated at 30 °C for 24 h. A single colony was used to inoculate 10
mL of YPD medium, which was then incubated overnight (~18 h) at 30 °C, 200 rpm. This
overnight culture was diluted to an optical density (OD600) of 0.002 with fresh YPD
medium and used as the working culture. Azole compounds to be tested were serially diluted
2-fold in YPD medium from DMSO stocks to final concentrations ranging from 0-50 uM,
with <1% DMSO and plated in a clear, flat-bottomed 96-well plate. For experiments in
which supplemental Cu was used, fresh working solutions of Cu(ll) were prepared by
diluting 100 mM aqueous stocks of CuSO,4 or CuCls, into YPD media, and aliquots of these
working solutions were added to appropriate wells at final concentrations indicated in figure
legends. Similarly, working solutions of BCS and FeCl3 were prepared by diluting 10 mM
aqueous stocks into YPD media. These working solutions were serially diluted 2-fold to
achieve final test concentrations indicated in figure legends. The working culture of C.
albicans was then aliquoted to the 96-well plate to a final OD600 of 0.001 and a final
volume of 200 uL per well. For each experiment, a compound-free positive growth control
and a cell-free, negative control were included. Plates were incubated for 48 h at 30 °C, 200
rpm. Plates were covered with air-permeable AeraSeal film (Sigma) to minimize
evaporation.

Fungal growth was evaluated by measuring OD600 using a PerkinElmer Victor3 V
multilabel plate reader at 0, 24, and 48 h. For some experiments, additional timepoint data
were collected. OD600 values were adjusted by subtracting the 0 h timepoint readings from
other timepoint data to remove background signal from growth media. In cases where the
OD was outside of the linear range (OD600 values approximately 0.0-0.8), cell suspensions
were diluted 4-fold in fresh media and rescanned. To calculate actual OD values, the O h
timepoint reading was subtracted from the diluted readings, and this value was multiplied by
four. At least two biological replicates were performed with a minimum of three technical
replicates per experiment. For a single experiment, each of the three replicate conditions
were averaged and the error was calculated as standard deviation (SD), which is indicated by
error bars in all figures. Final 48-h timepoint data is reported by plotting OD600 readings
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versus treatment conditions. Growth curves are reported by plotting OD600 readings versus
time for each treatment condition.

ctrlA/A and ctrlA ctr4A Growth Recovery Assay

Overnight cultures of WT SC5314 and isogenic ctrINA (C. albicans) or WT H99 and
isogenic ctr1A ctr4A (C. neoformans) in YPD were washed twice with PBS, pH 7.4 and
resuspended in 10 mL YPEG medium with 2% EtOH and 3% glycerol. Cell suspensions
were diluted to OD600 of 0.002 with fresh YPEG medium. WT was aliquoted to the top half
of a 96 well plate and Cu importer deletion strain to the bottom half. Test compounds were
added from DMSO stock solutions to final concentrations ranging from 0-50 uM. For each
test run, a compound-free positive growth control and a cell-free, negative control were
included. Plates were incubated at 30 °C and OD600 recorded at 0, 24, and 48 h. All tests
were performed in triplicate for each condition in a single experiment, and two separate
experiments were carried out. For a single experiment, each of the three replicate conditions
were averaged and the error was calculated as standard deviation (SD).

UV-Vis and EPR Spectroscopy

UV-Visible absorption spectra were collected using a Varian Cary 50 UV-Visible
spectrophotometer in quartz cuvettes with 1 cm pathlengths. Solutions were allowed to
equilibrate and were scanned until no changes in the absorption spectra were observed. UV-
Vis studies probing Cu(l) binding were conducted in air using CuCl, with excess ascorbate
added as a reducing agent, with the exception of Cu(l) binding by BCS, in which no
ascorbate was added. Formation of [Cu!(BCS),]3 in YPD was monitored by taking scans
every 10 min for a duration of 180 min. The sample was maintained at 30 °C to reproduce
conditions of biological assays.

X-band continuous wave (CW) EPR spectroscopy was conducted on a Bruker ESP 300
spectrometer equipped with an Oxford Instruments ESR 910 continuous helium flow
cryostat. Typical experimental

parameters were at 77 K, 9.37 GHz, 6.33 mW microwave power, and 5 G modulation
amplitude. Solutions were prepared in YPD medium containing 20% glycerol (= 99.5%,
Sigma Aldrich).

ICP-MS Analysis of YPD Metal Content

Samples of YPD media were submitted as received from the commercial supplier (Gibco, lot
#2005064) for ICP-MS analysis. Kim Hutchison (Department of Soil Science, North
Carolina State University) performed metal content analysis on a Varian 820 ICP-MS.
Samples were run in triplicate, and the mean and standard deviation (SD) are reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Impact of Cu levels on growth of fluconazole-treated cells.
(a) Inhibition of C. albicans growth by fluconazole (FIuC) improves when growth media is

supplemented with Cu. Conditions: [CuCly] = 10 uM, [FIuC] = 10 uM, growth at 30 °C in
YPD monitored at OD600 after 48 h. The structure of fluconazole is inset. (b) BCS
treatment rescues growth of cells treated with fluconazole and Cu. Conditions: [CuCl,] = 10
UM, [FIuC] = 10 uM, growth at 30 °C in YPD monitored at OD600 after 48 h. (c) Fe(l1)
supplementation does not rescue growth of cells co-treated with fluconazole and BCS. For
controls, see ESI Fig. S3. Data are reported as means with error bars representing standard
deviation of three replicate conditions.
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Figure 2 |. Formation of [Cu'(BCS)Z]S‘ in YPD over time.
Increase in absorbance at 483 nm signals sequestration of Cu as the [Cu(BCS),]3~ complex.

Conditions: [FIuC]= 10 pM, [CuSO4] = 10 pM, [BCS] = 500 uM in YPD media at 30 °C.
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Figure 3 |. Fluconazole does not form complexes with Cu(ll) under conditions of biological

assays.

(a) The characteristic 670 nm absorbance feature of Cu(ll)-fluconazole complex is not
observed when fluconazole and Cu(ll) are added to YPD, establishing that complexation
does not occur in this medium. (b) Glycine readily competes with fluconazole for Cu(ll),
indicating that amino acids present in cell culture media prevent Cu(l1)-FIuC complexation.
Conditions: [FIuC] = 1 mM, [CuCl,] = 800 pM, [Glycine] = 0.25-2 mM in 50 mM HEPES,

pH 7.4.
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Figure 4 |. Fluconazole does not compete with chelators BCA or Fz for Cu(l) as determined by
UV-Vis spectroscopy.

Fluconazole does not pull Cu(l) away from the pre-formed [Cu!(BCA),]3~ complex (a), or
from the weaker pre-formed [Cu'(Fz),]3" complex (b). Presence of fluconazole in solution
does not prevent formation of the [Cu(Fz),]3- complex (c). CuCl, was used as the source of
Cu(ll), and ascorbate was added to generate Cu(l) in situ. Conditions: [BCA, Fz] = 100 uM,
[CuCly] = 40 uM, [Ascorbate] = 1 mM, [FIuC] =1 mM in 50 mM HEPES, pH 7.4.
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Figure 5 |. Fluconazole does not recover growth of cells lacking Cu import machinery.
48 h-growth of C. albicans (a) or C. neoformans (b) WT (black bars) and Cu import mutants

(green bars) treated with 0-50 uM fluconazole in YPEG media. No growth is observed for
cells lacking Cu import genes under these conditions, even with fluconazole treatment. Data
are reported as means with error bars representing standard deviation of three replicate
conditions.
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Figure 6 |. Structurally diverse azole antifungals exhibit potentiation by Cu.
(a) Structures of azoles tested in addition to fluconazole. (b) Growth curves of azoles +/

- 100 uM supplemental CuCl; (colored lines) and control +/— CuCls (black lines). Cells
were grown in YPD at 30 °C. Azole concentrations: Fluconazole (FIuC) = 3.1 uM;
Itraconazole (lItra), Ketoconazole (Keto), Miconazole (Mic) = 0.2 uM; Clotrimazole (Clo) =
0.06 uM; and Voriconazole (Mor) = 0.03 pM. Data are reported as means with error bars
representing standard deviation of three replicate conditions.
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Figure 7 |. Morpholine antifungal fenpropidin also exhibits Cu-dependent activity.
48-h growth of C. albicans treated with 0-40 uM fenpropidin alone (black bars) or with 10

UM supplemental CuSO, (blue bars). The structure of fenpropidin is inset. Data are reported
as means with error bars representing standard deviation of three replicate conditions.
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Figure 8 |. Potentiation of fluconazole activity depends on timing of Cu supplementation.
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(a) Comparison of cell growth monitored 48 h after fluconazole addition for cells exposed to
Cu supplementation during overnight (ON) culture and/or concurrently with fluconazole at
time of assay, as designated in the figure legend. Overnight cultures were washed before
fluconazole treatment. (b) Growth curve of fluconazole-treated cells without Cu addition
(blue circles), or Cu added 0, 1, 3, 7, 9, or 12 h after fluconazole addition. Cu alone does not
impact growth (green triangles) relative to untreated control (orange squares). Conditions:
[FIuC] = 10 pM, [CuSQ4] = 10 pM. Data are reported as means with error bars representing

standard deviation of three replicate conditions.
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