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Copper-only superoxide dismutases (SODs) represent a new
class of SOD enzymes that are exclusively extracellular and
unique to fungi and oomycetes. These SODs are essential for
virulence of fungal pathogens in pulmonary and disseminated
infections, and we show here an additional role for copper-only
SODs in promoting survival of fungal biofilms. The opportunis-
tic fungal pathogen Candida albicans expresses three copper-
only SODs, and deletion of one of them, SODS3, eradicated can-
didal biofilms on venous catheters in a rodent model. Fungal
copper-only SODs harbor an irregular active site that, unlike
their Cu,Zn-SOD counterparts, contains a copper co-factor
unusually open to solvent and lacks zinc for stabilizing copper
binding, making fungal copper-only SODs highly vulnerable
to metal chelators. We found that unlike mammalian Cu,Zn-
SOD1, C. albicans SOD5 indeed rapidly loses its copper to metal
chelators such as EDTA, and binding constants for Cu(II) pre-
dict that copper-only SOD5 has a much lower affinity for copper
than does Cu,Zn-SOD1. We screened compounds with a variety
of indications and identified several metal-binding compounds,
including the ionophore pyrithione zinc (PZ), that effectively
inhibit C. albicans SOD5 but not mammalian Cu,Zn-SOD1. We
observed that PZ both acts as an ionophore that promotes
uptake of toxic metals and inhibits copper-only SODs. The pros
and cons of a vulnerable active site for copper-only SODs and
the possible exploitation of this vulnerability in antifungal drug
design are discussed.

Superoxide dismutases (SODs)> are metalloenzymes that
catalyze the disproportionation of the free radical superoxide
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anion to hydrogen peroxide and oxygen. Widely distributed
from bacteria to humans, SODs play diverse roles in oxidative
stress protection and in signaling involving reactive oxygen spe-
cies (ROS). The eukaryotic intracellular Cu,Zn superoxide dis-
mutase (SOD1) has been particularly well-characterized with
regard to catalytic activity, structure, and function since its ini-
tial discovery 5 decades ago (1). In addition to intracellular
SOD1, animals express an extracellular Cu,Zn-SOD (EC-SOD)
to disproportionate extracellular sources of superoxide. EC-SOD
is highly similar to intracellular SOD1 with regard to metal binding
properties, sequence, and structure (2, 3).

Eukaryotic Cu,Zn-SODs have a distinctive Greek-key, B-bar-
rel core structure and active site containing the catalytic copper
ion and neighboring zinc that stabilizes the protein and aids in
catalysis (4—7). In addition, Cu,Zn-SODs have a charged loop
VII also known as the electrostatic loop (ESL) believed to guide
superoxide anion to the active site (8 —11). Structurally, the ESL
helps shield the copper ion from solvent and stabilizes copper
and zinc binding to the enzyme (12-14). Eukaryotic Cu,Zn-
SODs have an exceptionally high affinity for copper, and fea-
tures that contribute to this tight binding include the ESL and
the zinc atom (13, 15-18). Such a high affinity for copper is
necessary in the intracellular environment, where free copper is
virtually unavailable (19), and allows copper to move along gra-
dients of increasing affinity to pass from the copper chaperone
CCS to the SOD1 enzyme (17, 20). EC-SOD acquires copper
intracellularly and relies upon the copper chaperone ATOX1
and copper-transporting ATPases to deliver copper to the
Golgi, where a direct handoff of copper from the ATPase to
cuproenzymes has been proposed (21-24). Copper affinity gra-
dients may also drive the copper loading of EC-SOD as has been
shown for SOD1 (17).

We recently discovered a new class of eukaryotic copper-
containing SODs that are exclusively extracellular and differ
from the Cu,Zn family in structure and mechanism of copper
acquisition (25). These copper-only SODs, which lack zinc-
binding residues, are unique to the fungal kingdom and oomy-
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cete species (26). Structural analyses of copper-only SOD5 from
the opportunistic fungal pathogen Candida albicans show that
this enzyme lacks both zinc and sequences of the ESL, resulting
in an open access copper site, compared with the buried copper
atom of Cu,Zn-SODs (25). Unlike mammalian EC-SOD, cop-
per-only SOD5 does not rely on copper loading through the
secretory pathway, but rather is delivered to the cell surface as
an apoprotein that acquires copper extracellularly (25). Cur-
rently, no data are available regarding the biophysical proper-
ties of copper binding to copper-only SODs. As this enzyme
does not acquire copper inside the cell, where copper availabil-
ity is extremely low, do copper-only SODs exhibit the same
high affinity binding for copper as eukaryotic Cu,Zn-SODs?
Additionally, fungal copper-only SODs lack both ESL residues
and zinc that stabilize copper binding to Cu,Zn-SODs (25).
Thus, it is possible that copper-only SODs have a decreased affin-
ity for copper compared with their bimetallic counterparts, but
this has never been tested.

Understanding the biochemical and biophysical proper-
ties of copper-only SODs is important in that members of
this family have been shown to be vital for fungal pathogen-
esis (27-29). As extracellular enzymes, they represent the
first line of defense against the oxidative attack of host
immune cells (29-33). Copper-only SODs additionally par-
ticipate in signaling pathways involving ROS (34), which may
also promote fungal survival in the host. Copper-only SODs
are important virulence factors in two pulmonary fungal
pathogens. A deletion in the single copper-only SOD of His-
toplasma capsulatum (SOD3) results in a dramatic loss of
virulence in a mouse model of pulmonary infection (29). The
fungal pathogen Paracoccidioides brasiliensis also encodes a
single copper-only SOD3 that is required for fungal viru-
lence and protection against host oxidative stress (28). In the
case of the opportunistic fungal pathogen C. albicans, where
much of the biochemical research on copper-only SODs has
been completed, there are three extracellular copper-only
SODs, SOD4 - 6. The organism can colonize a wide range of
tissues, and blood stream infections are potentially fatal (35).
Thus far, the requirement for copper-only SODs in C. albi-
cans pathogenesis has been studied using a tail vein injection
model for disseminated candidiasis, and loss of just one of
the three SODs (SOD5) resulted in attenuation of virulence
(27). However, in the clinic, one of the most common sources
of systemic candidiasis are contaminated medical devices,
such as catheters (36 —40). No in vivo models have yet tested
the importance of C. albicans copper-only SODs in these
clinically relevant models for Candida.

Here, we show that deletion of just a single copper-only SOD
(SOD5) of C. albicans is sufficient to totally inhibit fungal sur-
vival in a rat catheter model, underscoring the importance of
these SODs in pathogenesis. Using C. albicans SOD5 as a
model, we describe a possible Achilles heel of the enzyme. Spe-
cifically, we observe that SOD5 binds copper with a stability
constant that is predicted to be substantially lower than that for
mammalian Cu,Zn-SOD1. Screens for SOD5 inhibitors reveal
an array of metal-binding chelators that selectively inhibit the
copper-only SOD over a mammalian Cu,Zn-SOD1, consistent
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Figure 1. C. albicans copper-only SOD5 is essential for fungal survival in
a rat intravenous catheter biofilm model. A and B, SC5314 (WT) or the
isogenic sod5A/A strain were tested for biofilm formation in a rat intravenous
catheter model as described under “Experimental Procedures.” Shown are
scanning EM images taken at 250X and 1000X (WT) and at 150X and 1000 X
(sod5A/A) magnification. Results are representative of two independent
experiments. C, biofilms from WT and the sod5A/A mutant were grown in
vitrofor 24 h,and biofilm mass was assessed by XTT reduction. Representative
data are shown from the average of three samples from two experimental
trials. Error bars, S.D. D, 24 h in vitro biofilms from WT and sod5A/A were tested
for neutrophil killing as described under “Experimental procedures.” Results
represent the average of nine samples over three experimental trials. Error
bars, S.D. An unpaired t test was used to determine statistical significance. ***,
p < 0.0009.

with the vulnerability of copper-only SODs to loss of their
essential copper co-factor.

Results
Copper-only SOD5 promotes fungal survival in the host

In humans, life-threatening Candida bloodstream infections
are often seeded by fungus-colonized implanted devices such as
intravenous catheters, which account for between 25 and 40%
of hospital-acquired candidemia infections (36 —40). We there-
fore sought to expand the analysis of copper-only SODs in
virulence to include studies of catheter infiltrations with
C. albicans. Using a rat intravenous catheter model described
previously (41), we compared the ability of WT C. albicans and
an isogenic sod5A/A strain to form biofilms on the implanted
device. As seen in Fig. 14, the WT SC5314 clinical isolate
formed robust biofilms consisting of fungal and host cells and
extracellular matrix as described previously (41). By compari-
son, the sod5A/A null yeast exhibited no visible biofilms on this
implanted device, with no detectable growth at X1000 magni-
fication (Fig. 1B). This sodSA/A defect in vivo is not due to an
inherent defect in biofilm formation, as sod5A/A mutants were
comparable with WT in their ability to assemble biofilms in
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Figure 2. Analysis of copper binding to copper-only SOD5. A-C, Cu,Zn-SOD1 (A) or copper-only SOD5 (B and C) were subjected to dialysis against the
designated chelators at pH 8.0. Following the indicated time points, copper levels in the SOD-containing samples were measured by AAS and plotted as a
percentage of total copper associated with the SOD prior to dialysis. A and B, dialysis against 1 mm EDTA in a Tris buffer was carried out at 4 °C using a system
in which the dialysate can capture a maximum of 60% of the total copper subject to dialysis, represented by a dotted line (see “Experimental procedures”). C,
dialysis against KPO, buffer alone or buffer containing 1 mm glycine, 0.25 mm PAR, or 1 mm EDTA at 25 °C using a system in which the dialysate can capture a
maximum of 97% of the total copper subject to dialysis (see “Experimental procedures”). Results represent averages of duplicate copper measurements and are
representative of two experimental trials. Measurements obtained with glycine and PAR were used to estimate K, values for SOD5 binding to copper as defined
in Table 1 and described under “Experimental procedures.” D, copper-only SOD5 was incubated with PAR for the indicated times as described under “Exper-
imental procedures,” and PAR binding to copper was determined by absorbance at 500 nm. Total copper, the amount of copper associated with SOD5 prior to
dialysis. 84% of this copper reacts with PAR at equilibrium as indicated. Values represent averages of triplicate samples and are representative of three

independent experiments. K, estimations were calculated as described under “Experimental procedures” and defined in Table 1.

vitro (Fig. 1C). The in vivo defect is likely due to clearance of
fungal cells by the host immune response. Neutrophils repre-
sent a primary host defense against Candida biofilms on med-
ical devices (41, 42), and planktonic sod5A/A cells are report-
edly hypersensitive to killing by neutrophils (43). We show here
that sod5A/A strains in biofilms are also hypersensitive to kill-
ing by neutrophils (Fig. 1D), providing a possible explanation
for the in vivo biofilm defect. Overall, these studies show that
elimination of just one of the three copper-only SOD proteins
in C. albicans is sufficient to prevent fungal colonization of
catheters, a critical source of potentially fatal fungal infections.
This finding corroborates the notion that copper-only SODs
are important mediators of fungal infections (27-29, 44).

The labile active site of copper-only SOD5

Based on the importance of copper-only SODs in fungal
pathogenesis, we searched for possible vulnerabilities of these
enzymes that may be exploited in the design of enzyme inhibi-
tors. Given the more open active site of C. albicans copper-only
SOD5 and the absence of zinc, we tested whether its copper
co-factor was more labile than that of mammalian Cu,Zn-
SOD1 and therefore more vulnerable to chelating agents. The
dimeric mammalian Cu,Zn-SODs are known to be highly
resistant to chelation by an excess of EDTA (15, 16, 18, 45).
Consistent with these previous studies, bovine Cu,Zn-SOD1
retains 90% of its copper co-factor following 24 h of dialysis
against a ~275-fold molar excess of EDTA (Fig. 24). By com-
parison, we noted that copper-only SOD5 loses copper to che-
lation much more rapidly than Cu,Zn-SOD1 (Fig. 2B) with a
half-life of copper loss estimated to be ~7.5 h. These findings
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suggested that the affinity of copper-only SOD5 for copper may
be less than that of Cu,Zn-SOD1.

Mammalian Cu,Zn-SOD1 appears to bind copper with
extraordinary affinity, and the enzyme is resistant to copper
loss in the presence of chelators such as EDTA (16) and 2-pyri-
dinecarboxylate (15), even after multiple days or weeks of dial-
ysis, making it challenging to estimate copper-binding stability
constants for native SOD1. Zinc-free bovine SOD1 has been
shown to lose copper more quickly than the holo-Cu,Zn
enzyme (16), and log K (stability constant) values of ~15-16
have been estimated for zinc-free SOD1 (Table 1) (15). Addi-
tionally, treatment with reducing agents or denaturants has
enabled measurements of copper binding to human Cu,Zn-
SOD1 with reported log K of ~15.6 (Cu(I)) and ~17.2 (Cu(II)),
respectively (17, 18). Such perturbations used to measure cop-
per binding to Cu,Zn-SOD1 are not required for copper-only
SOD5, where 100% of Cu(II) removal is achieved in less than
24 h of incubation in the presence of EDTA (Fig. 2B). Through
equilibrium dialysis against glycine (Cu(II) log B, = 11.8) or
4-(2-pyridylazo)resorcinol (PAR) (Cu(Il) log K}, = 12.1), we
estimated the log K of Cu(II) binding to SOD5 to be 15.7 or 14.5,
respectively, at pH 8.0 (Table 1). We further confirmed these
values using a separate, previously described method for K,
determination based on PAR-Cu complex formation, which
resulted in a log K of Cu(Il) binding to SOD5 = 15.5. It is note-
worthy that these estimates obtained with copper-only SOD5
approximate that of zinc-deficient Cu,Zn-SOD1 (Table 1), con-
sistent with the reported role of zinc in stabilizing copper bind-
ing to the enzymes (15, 16). Overall, our results indicate that
fungal copper-only SOD5 binds copper with a stability constant
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Table 1
Copper binding to Cu,Zn-SOD1 versus copper-only SOD5
Protein Chelator Log K
Human Cu,Zn-SOD1 PAR 17.2%
Bovine Cu,Zn-SOD1 2-Pyridinecarboxylate  15.6; 16.1°

Glycine, PARP, PAR®  15.7, 14.5, 15.5°

“ Previously published values obtained in the presence of 2 M urea as described
(18).

? Previously published values obtained with zinc-deficient SOD1 at pH 7.0 and 8.5,
respectively (15).

¢ Results obtained herein with native Cu(II) SOD5 by dialysis against glycine or
PAR (PARP) as in Fig. 2C or using PAR— copper complex formation (PAR)
adapted from Ref. 18, as in Fig. 2D. Results represent the averages of 2—3 indepen-
dent experimental trials.

C. albicans copper-only SOD5

that is predicted to be substantially lower than that for native
mammalian Cu,Zn-SOD1.

Metal chelators as chemical inhibitors of copper-only SOD5

Our studies with Cu(II) binding to copper-only SOD5 sug-
gested that this enzyme with its unusual open active site might
be hypersensitive to inhibition by metal chelators or other
selective small molecules. To this end, we optimized a high-
throughput assay for SOD activity based on the water-soluble
tetrazolium salt WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfo-phenyl)-2H-tetrazolium, monosodium salt) (46,
47). In this system, superoxide is generated by xanthine oxidase
and is detected by its reduction of the WST-1 tetrazolium salt
to WST-1 formazan, a brightly yellow-colored compound visu-
alized by absorbance at 450 nm (Fig. 3, A and B). Superoxide
reduction of WST-1 is inhibited in the presence of SOD, pro-
viding a robust and stable assay for SOD activity witha Z’ = 0.9
(see “Experimental procedures”), equally effective for bovine
Cu,Zn-SOD1 and fungal copper-only SOD5 (Fig. 3B). To vali-
date this assay for revealing SOD inhibitors, we examined a
known inhibitor of Cu,Zn-SOD1, ammonium tetrathiomolyb-
date (TTM), that works by chelating the copper co-factor of
Cu,Zn-SOD1 (48) and has a very high affinity for Cu(I) (49).
TTM showed dose-dependent inhibition of both Cu,Zn-SOD1
and copper-only SOD5, with more potent activity against
SOD5 (Fig. 3C). The IC,, of TTM for bovine Cu,Zn-SOD1 in
our assay was ~17 uM, whereas fungal copper-only SOD5
required 50-fold less TTM for comparable inhibition. We also
tested the Cu(Ill) and Cu(I) chelator diethyldithiocarbamate
(DETC), reported as an inhibitor of both intracellular Cu,Zn-
SOD1 (50, 51) and extracellular Cu,Zn EC-SOD from mammals
(52). We observed that copper-only SOD5 is extremely sensi-
tive to chemical inhibition by DETC, with an IC;, of ~100 nm
(Fig. 2D), whereas Cu,Zn-SOD1 examined in parallel showed
no inhibition even at 100 um DETC. The copper-only SOD5 is
indeed hypersensitive to select copper chelators.

We next tested a small panel of known metal chelators with
varying metal preferences and donor ligands (Fig. 4A4) (49,
53-59). Aside from TTM and DETC, we identified two addi-
tional chelators with potent and selective inhibition of copper-
only SOD5 over Cu,Zn-SOD1, including clioquinol (CQ) a
well-documented Cu(Il) and zinc chelator (55, 60—63), and
bathophenanthroline disulfonic acid (BPS), a well-character-
ized Fe(Il) chelator (64) that can also bind Cu(Il) (59). The
structures of these chelators are shown in Fig. 4B, and their
efficacy in inhibiting SOD5 is shown in Fig. 4A. It is noteworthy

SASBMB

that not all reported copper chelators showed preferential
inhibition of copper-only SOD5. Several strong Cu(1I) chelators
including triethylenetetramine (TETA) and diethylenetri-
aminepentaacetic acid (DTPA) showed no inhibition against
SOD5. CQ appears to coordinate Cu(II) with moderate affinity
(55), and BPS has only been characterized as an Fe(II) chelator
but is predicted to form a bis complex with Cu(II) (59). Physical
interactions between the chemical compound and the SOD5
protein are likely to play key roles in dictating inhibitor efficacy
as well as chelator metal affinities, as has been reported for
chemical inhibitors of Cu,Zn-SOD1 (65).

With a Z' value of 0.9 and excellent reproducibility, we were
confident that the WST assay could be applied to screen com-
pounds on a larger scale for selective SOD5 inhibitors. We ran-
domly screened ~900 compounds from a library of drugs
approved by the Food and Drug Administration, the Johns
Hopkins Clinical Compound Library (66, 67). No inhibitors
were identified that showed a preference for Cu,Zn-SOD1 over
copper-only SOD5. However, a number of compounds showed
>50% inhibition of copper-only SOD5 with virtually no inhibi-
tion of Cu,Zn-SOD1 at 10 um drug (Fig. 5A4). Notably, the Cu(II)
chelator CQ identified in our targeted approach (Fig. 4) was
also identified as a SOD5-specific inhibitor in the random
library screen, validating our high-throughput platform. In
addition to CQ, pyrithione zinc (PZ), ciclopirox (CP), and chlo-
roxine (CX) were identified as selective inhibitors against cop-
per-only SOD5 versus Cu,Zn-SOD1 (Fig. 5, A—E). These com-
pounds, together with chelators from our targeted approach,
were further validated and analyzed to determine ICg, values
(Table 2). Interestingly, all of the top inhibitors of copper-only
SOD5 detected in our random screen are predicted to bind
metals. CX is in the same 8-hydroxyquinoline family as CQ
(68). 8-Hydroxyquinoline derivatives are known to form a com-
plex with Cu(II), providing a potential mechanism for activity
against SOD5 (69). CP is a known antifungal that is a member of
the hydroxamic acid class of inhibitors, whereby hydroximate
can chelate enzyme-bound metal co-factors (70, 71). PZ not
only binds zinc but also copper (72—74). PZ was the most effec-
tive compound revealed in our random screen with nanomolar
inhibition against 90 nm copper-only SOD5 (Fig. 5A4). PZ is a
well-known antifungal used in anti-dandruff shampoo (75-77),
and the antifungal mechanism has been attributed to its ability
to act as a metal ionophore, bringing toxic levels of copper into
the cell (73, 78). Our findings here indicate that PZ may have
another target in fungi, namely the extracellular copper-only
SODs. We therefore chose to focus on PZ for further study.

Characterization of pyrithione zinc as a selective copper-only
SODS5 inhibitor

PZ is formed as a result of pyrithione (PT) coordination with
Zn(II) (79), and PT is known to bind other metals, including
Cu(II) (72-74). Is this metal-binding property important for PZ
inhibition of SOD5? As PT forms a metal coordination complex
based on its sulfur and oxygen donor ligands, we tested a series
of PT derivatives (Fig. 64, top) with substitutions at the thiol
group for inhibition of copper-only SOD5. As seen in Fig. 64
(bottom), only PT and PZ showed clear dose-dependent inhibi-
tion; 2-pyridinol-1-oxide and pyridine-N-oxide with substitu-
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Figure 3. A sensitive assay for SOD inhibitors reveals an enhanced sensitivity of copper-only SOD5 to TTM and DETC copper chelators. A, schematic
showing the basis for the SOD assay whereby superoxide produced by xanthine oxidase reduces WST-1 to formazan, a reaction blocked by SOD. Inhibitors of
SOD allow WST-1 formazan formation in a dose-dependent manner. B, application of the WST-1 reduction assay for SOD activity in a 96-well format shows
equal reactivity of bovine Cu,Zn-SOD1 and fungal copper-only SOD5. Controls are no xanthine oxidase (No XO) and denatured enzyme, heated for 1 h at 90 °C
(DN). Cand D, ammonium tetrathiomolybdate (TTM, C) and diethyldithiocarbamate (DETC, D) were tested for dose-dependent inhibition against Cu,Zn-SOD1
and copper-only SOD5 in the WST-1 reduction assay. The chelators were added at t = 0 to the SOD activity assay containing 1.5 ng/ml SOD (90 nm SOD
monomers), and the reaction proceeded for 45 min at 37 °C as described under “Experimental procedures.” Results are the averages of duplicate samples from
three independent experiments. Error bars, S.E.
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Figure 4. Targeted screen of metal chelators as inhibitors of copper-only SOD5. A, list of known metal chelators tested for reactivity with Cu,Zn-SOD1 and
copper-only SOD5. Preferred Metal lon(s), metal selectivity as previously published: TETA (53, 54), DPEN (54), CQ (54, 55), NEO (54, 56), TTM (49), DFO (57), DFZ
(58), BPS (59), BCS (54, 59), DTPA (59), EDTA (54), and DETC (54). Avg % Inh, average percent inhibition of copper-only SOD5 and Cu,Zn-SOD1 with 10 um
compound as described in the legend to Fig. 3. Values are averages of two independent experimental trials with S.D. -, no detectable inhibition. B, structure of
chelators showing selective inhibition of copper-only SOD5.

tions at the thiol group exhibited poor or undetectable inhi- observed, but not the zinc atom itself. Because the free thiols

bition of copper-only SOD5. Thus, metal binding capacity of PT are easily oxidized in air (72), our subsequent studies
involving the thiol groups is likely important for the inhibition focused primarily on PZ.
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Table 2

Average IC;, values for top compounds with selective inhibition
against copper-only SOD5 versus Cu,Zn-SOD1

Average IC,, = S.E.”

Compound Copper-only SOD5 Cu,Zn-SOD1
Diethyldithiocarbamic acid 100 = 6 nm ND?
Ammonium tetrathiomolybdate 300 = 69 nm 17 = 1.4 um
Pyrithione Zinc 400 * 44 nm ND
Clioquinol 723 £ 128 nM ND
Chloroxine 816 = 150 nm ND
Bathophenanthroline sulfonic acid 30 = 1.6 um ND
Ciclopirox 30 + 18 um ND

“ Results are averages of nine samples over three experimental trials.

» ND, not defined; ICs, for Cu,Zn-SOD was not defined due to insufficient or ab-
sent inhibition of enzyme activity over the dose range of compounds tested
(0.04-90 um).

How does PZ inhibit SOD5? As one possibility, PZ (and PT)
might act to bind the essential copper co-factor. Consistent
with this notion, we observe that a 100-fold molar excess of
copper over PZ was able to completely reverse the inhibition of
copper-only SOD5 by PZ (Fig. 6B). To directly test the ability
of PZ to remove the copper co-factor, we dialyzed copper-only
SOD5 and Cu,Zn-SOD1 against PZ or buffer control and mon-
itored copper loss from the SOD. We find that SOD5 lost over
50% of its copper to PZ following only 2 h dialysis, whereas
Cu,Zn-SOD1 was refractory to copper loss in the presence of
PZ (Fig. 6C). Together, our results support a copper-dependent
mechanism for PZ inhibition of copper-only SOD5.

Pyrithione zinc effects on secreted SOD5 and on C. albicans
cultures

The aforementioned biochemical studies have all utilized
recombinant SOD5 expressed in Escherichia coli and reconsti-
tuted in vitro with Cu(Il). We therefore sought to test PZ activ-
ity against the glycosylated enzyme produced in the native host
C. albicans. We used a strain of C. albicans that expresses a
secreted SOD5 that is glycosylated but is missing the glycosyl-
phosphatidylinositol anchor for attachment to the cell wall (25).
Our previous studies have shown that SOD5 is secreted in an
apo form and is activated by extracellular copper (25). In the
experiment of Fig. 7A, SOD5 that accumulated in the extracel-
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lular medium was activated upon the addition of 5 um copper;
protein levels were monitored by immunoblotting, and enzyme
activity was monitored by a native gel assay for SOD. This gly-
cosylated enzyme is indeed susceptible to PZ, as activity was
abolished following a 1-h treatment with 5 um PZ (Fig. 7A).

PZ is an established antifungal, and the mechanism has been
ascribed to its ability to act as a metal ionophore, carrying toxic
metals into the cell (73, 78). In studies that have been conducted
with Malassezia globosa, Malassezia restricai, and the baker’s
yeast Saccharomyces cerevisiae, PZ toxicity has been associated
with hyperaccumulation of metals, including copper (78) and
zinc (80). The effect of PZ on growth and cellular metals in
C. albicans has not been reported previously. We observed that
within a 1-h incubation of PZ (the same time frame whereby PZ
inhibits SOD5), there is no effect on cell viability (Fig. 7B). How-
ever, following prolonged (20-h growth) exposures to PZ, we
found that 10 um PZ was associated with >85% killing of the
cells as defined by cfu (Fig. 8A4). Furthermore, the toxicity seen
with prolonged exposure to PZ was associated with an increase
in intracellular copper (Fig. 8B). To examine effects of sublethal
PZ treatment on C. albicans, we treated log-phase cells with 1
or 10 um PZ for 6 h and assessed cell viability and intracellular
metal levels. Although 6-h PZ treatment was not associated
with loss in cell viability (Fig. 8C), it did result in significantly
increased levels of intracellular copper (Fig. 8D). Iron, manga-
nese, and zinclevels also rose at 1 uM PZ but less so at the higher
dose, and if anything, intracellular iron and zinc decreased at 10
uM PZ (Fig. 8, E-G). PZ can therefore impact intracellular levels
of multiple metals in C. albicans.

Ionophores, particularly those that bind metals, can have
variable effects, depending on dose. For example, the copper
ionophore elesclomol is an effective anticancer agent that
causes oxidative damage to cancer cells by delivering toxic con-
centrations of copper to the mitochondria (81). More recently,
however, low levels of elesclomol were seen to rescue copper
deficiency in mammalian cells (82). We therefore tested
whether PZ can also have both toxic and beneficial properties
by addressing whether, at very low doses, it can rescue copper
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Figure 6. Removal of copper from SOD5 by pyrithione derivatives. A (top), structures of PT derivatives as described under “Results.” Bottom, inhibition of

SOD5 activity by the indicated compounds was tested as in Fig. 3. Results are tl

he averages of nine samples over three experimental trials. Error bars, S.D. B,

effects of copper on PZ inhibition of SOD5 were examined by preincubating the indicated amounts of CuSO,, with 3 um PZ for 30 min prior to assaying SOD5
activity as in Fig. 3. Results show the mean values from two experimental trials. Wide bar, mean; error bars, S.D. C, the ability of PZ to remove copper from SOD
was tested by dialyzing Cu,Zn-SOD1 and copper-only SOD5 against 100 um PZ (gray and red squares, respectively) or against buffer without PZ (black and white

squares, respectively) for the indicated times, as discussed under “Experimental
using AAS. Results are from two independent experiments. Error bars, S.D. PZ-tre,
to determine statistical significance. ***, p < 0.0001.

deficiency in C. albicans. For these purposes, we used a czrA/A
mutant defective in copper uptake that grows poorly due to
profound copper deficiency (83). Here, we demonstrate that as
little as 10 nm PZ can rescue growth of the ctr1A/A strain, close
to WT levels (Fig. 9A4). The presence of zinc is not important for
this rescue, and PT on its own can rescue the ctrl deficiency
(Fig. 9B). Therefore, as is the case with other metallophores, PZ
and PT can either result in toxicity through metal overload or
be beneficial to the cell by ameliorating metal starvation. Our
studies implicate a third property of such agents: enzyme inac-
tivation through metal chelation.

Discussion

Fungal infections are becoming increasingly prevalent across
the globe, accompanied by an rise in drug-resistant pathogens
and increased mortality due in part to emerging resistant
strains of Candida and Cryptococcus species among others (84).
This public health vulnerability warrants an urgent search for
novel antifungal drugs and drug targets to combat the diverse
array of current and emerging fungal pathogens. Here, we
describe a potential new drug target worthy of consideration:
the extracellular copper-only superoxide dismutases that are
important for fungal pathogenesis, unique to the fungal
kingdom, and selectively targetable by small molecules, leav-
ing their highly conserved mammalian Cu,Zn-SOD counter-
parts unperturbed.
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procedures.” The SOD-containing samples were analyzed for copper content
ated SOD was compared with untreated SOD, and an unpaired t test was used

The importance of copper-only SODs in virulence was
underscored in these studies by demonstrating a role for
C. albicans SOD5 in promoting fungal survival in a rat model
for catheter biofilms. C. albicans encodes three extracellular
copper-only SODs, and loss of just one (SOD5) was sufficient to
eliminate biofilm formation in this animal model. This defi-
ciency is likely due to increased susceptibility to fungal killing
by neutrophils through ROS, consistent with in vitro studies
(32) (Fig. 1D), although this may not represent the whole story.
In addition to dealing with host-derived superoxide, SOD5
partners with the recently identified fungal NADPH oxidase
enzyme Fre8 to convert fungus-derived superoxide to H,O, for
downstream signaling and morphogenesis (34). Mutants in
fre8A similarly exhibit a deficiency in biofilm formation in the
rat catheter model (34), although not to the extent seen here
with sod5A/A null. The potent virulence defects of sod5A/A
cells in this model likely reflect a combined loss in fungal
defense against host ROS and fungal morphogenesis defects
related to Fre8.

We provide evidence that the affinity for Cu(Il) is substan-
tially lower in the case of C. albicans copper-only SOD5 com-
pared with mammalian Cu,Zn-SOD1. Features that contribute
to the high-affinity copper binding of eukaryotic Cu,Zn-SODs
include the extended ESL (13) and zinc co-factor (15, 16), attri-
butes missing in copper-only SOD5 (25). Contributions from
zinc may be sufficient to explain the apparent disparity in bind-
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Figure 7. PZ effects in cultures of C. albicans secreting SOD5. C. albicans
secreting SOD5 were cultured to mid-log phase as described under “Experi-
mental procedures.” The extracellular growth medium (A) or cells (B) were
treated with the indicated concentrations of PZ or DMSO control (0 PZ) for 1 h
prior to analysis SODS5 (A) or cell viability (B). A, the growth medium (no cells)
was supplemented with 5 um CuSO, for 10 min to activate SODS5 prior to PZ
treatment. Medium was analyzed for SOD5 activity by a native gel assay (top),
and SOD5 protein levels were analyzed by immunoblotting (bottom) as
described under “Experimental procedures.” MW, molecular weight markers
(kDa). B, cells were washed with sterile water, and 7000, 700, 70, and 7 cells
were spotted on enriched YPD medium. Cells were photographed after 2
days.

ing affinities, as the stability constants we estimated for copper-
only SOD5 approximate that of zinc-deficient SOD1 (15). In
any case, the differential Cu(II)-binding properties may repre-
sent adaptations to the metal ion environments of these SODs.
Cu,Zn-SOD1 resides in an intracellular milieu that is virtually
devoid of bioavailable copper (19), and thermodynamic gradi-
ents help drive copper from high-affinity sites on GSH and the
copper chaperone CCS to the ultimate high-affinity copper site
in SOD1 (17, 20). Even the extracellular Cu,Zn-SOD3 of ani-
mals is believed to acquire copper inside the cells through a
pathway requiring copper chaperones (21, 22). By contrast,
extracellular copper-only SOD5 is charged with copper outside
the cell from extracellular copper sources that are likely to be
far more bioavailable (25). To date, there have been no fungal
copper-only SODs predicted to be inside the cell (26, 44); their
copper-binding properties appear compatible with an extracel-
lular, but not intracellular, existence.

Interestingly, Cu,Zn-SODs of bacteria are also all extracellu-
lar or periplasmic, and these prokaryotic SODs appear to bind
copper with less stability than mammalian Cu,Zn-SOD1, as
they are more sensitive to inactivation by EDTA (86). Bacterial
Cu,Zn-SODs can also be activated with copper from extracel-
lular sources (87), except perhaps under copper starvation con-
ditions (88). Thus, a lower copper-binding stability for extracel-
lular SODs over intracellular SODs may be a unifying principal
across microbes. In the case of copper-only SOD5, this may
have the added advantage of preventing mis-metallation by
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noncopper ions (e.g. zinc). Cu,Zn-SOD1 can readily bind zinc as
well as copper in the copper site (7), but copper-only SOD5
cannot stably bind zinc (25). Such metal selectively should
prove beneficial to a SOD that acquires its metal from an extra-
cellular environment of mixed metal pools.

We posit that the unique copper binding properties of fungal
copper-only SODs (relatively lower affinity and open access
site) makes them ideal candidates for chemical inhibition by
metal-binding compounds. Indeed, through targeted and ran-
dom screens, we have identified a number of metal-binding
compounds that selectively inhibit copper-only SOD5 over
mammalian Cu,Zn-SOD1. Interestingly, the metal-binding
selectively of chelators did not perfectly correlate with their
ability to inhibit SOD5, with some well-known copper chelators
like p-penicillamine (DPEN), EDTA, and neocuproine hemihy-
drate (NEO) unable to inhibit SOD5, whereas BPS, a well-char-
acterized Fe(II) chelator, was able to selectively inhibit SOD5.
Additionally, serum contains a number of copper-binding pro-
teins (ceruloplasmin, albumin, and transcuprein) (89), yet
SOD5 maintains activity in the presence of serum, as defined by
its ability to guard against the ROS attack of host immune cells
(27, 31, 43) (Fig. 1D). Thus, not all copper-binding agents will
inhibit SOD5 activity, and molecule structure and the ability to
dock with the open active site of SOD5 must play important
roles in determining efficacy as inhibitors. Based on the impor-
tance of copper-only SODs in pathogenesis, it will be worth-
while to fine-tune metal-binding compounds to maximize their
efficacy as copper-only SOD inhibitors. Such inhibitors may
augment the host defense involving ROS and represent poten-
tial new classes of antifungals.

The role of copper in infectious disease is multifaceted, as the
metal is not only an essential nutrient but potentially toxic. The
dual essential and toxic aspects of copper at the host—pathogen
interface have been well-documented (90), and there is re-
emerging interest in harnessing copper’s toxicity in the devel-
opment of antimicrobials, particularly in the use of copper-
complexing compounds and copper ionophores (69, 91). Con-
sistent with other studies (73, 78, 80), we show that the
metallophore PZ can cause C. albicans toxicity through over-
load of copper and other metals. However, PZ can also remove
copper from extracellular SOD5, representing another poten-
tial means of attacking the fungal pathogen. Interestingly, at
very low doses that are not inhibitory to fungal growth or
SOD5, PZ can actually be beneficial to the fungus and can res-
cue copper deficiency by delivering copper as a nutrient. These
data are similar to what has been shown for Elesclomal, an
anticancer drug that acts through copper toxicity at high doses
but can also be used at low levels to rescue copper deficiency by
selectively bringing copper into the mitochondria (81, 82). Cau-
tion should be taken in designing metallophores as anti-micro-
bials, and both the potentially toxic and beneficial properties
must be considered.

Experimental procedures
C. albicans strains and growth conditions

C. albicans strains used in this study include strain KC2
(ura3A::imm434/ura3A::imm434) engineered to secrete SOD5
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Figure 8. Effects of PZ on C. albicans growth and intracellular metals. A-D, C. albicans strain SC5314 was either seeded at an Ag,, of 0.2 and grown for 20 h
(A and B) or seeded at an Ag,, of 0.5 and grown for 6 h (C-H) in SC medium with varying concentrations of PZ or DMSO control. Cells were plated for cfu as in
Fig.7 (A and C) or analyzed for total cellular copper or the indicated metals (B and D-H) as described under “Experimental procedures.” A, 10 um PZ incubated
with cells for 20 h results in killing of 85% of C. albicans. Band D-H, results are from 4-6 samples from two or three independent experiments. Wide bar, mean;
error bars, S.D. A one-way analysis of variance test for multiple comparisons was used to determine statistical significance of changes in PZ-treated samples

compared with untreated controls. ¥, p < 0.05; **, p < 0.01; ****, p < .0001.
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Figure 9. Supplementation of copper as a nutrient by PZ or PT. SC5314 or the isogenic ctr1A/A strain were grown overnight in a 24-well plate at 30 °C with
shaking in SC starting at an OD of 0.05 in the presence of the indicated concentration of PZ (A) or PT (B) or of DMSO as a vehicle control. Growth was monitored
by absorbance at 600 nm at 30-min intervals over 24 h. Results are the average of three replicates and are representative of two independent experiments.

(26), the clinical isolate SC5314, and mutant derivatives of
SC5314, including the sod5A/A strain CA-JG201 (34) and the
ctr1A/A mutant CA-E002. The latter was constructed using the
SATI-flipper cassette method (92) as follows. Deletion of a sin-
gle CTR1 allele was accomplished with plasmid pECCTRL,
whereby CTRI residues —724 to —373 and +911 to +1232
were inserted, respectively, into the Sacl and NotI and the Xhol
and Kpnl sites of pSFS2 (92). The cassette was mobilized by
Kpnl and Sacl digestion and used to transform SC5314 by elec-
troporation; the resultant ctr/A/+ mutant strain CA-EC001
was verified by PCR. Deletion of the second CTRI allele
employed a similar strategy using the pSFS2-based plasmid
pECCTRS, harboring CTRI sequences —373 to —3 and +609
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to +910 and transformation of CA-EC001, creating the ctriA/
ctrlA strain CA-EC002.

Cultures of C. albicans cells were typically maintained at
30 °C in YPD, a yeast extract, peptone-based medium with 2%
(w/v) glucose. For experiments involving the KC2 SOD5-ex-
pressing strain, cells were grown in a synthetic complete (SC)
medium with 0.67% yeast nitrogen base and 2% dextrose (w/v)
lacking cysteine and methionine (SC—Cys—Met) to induce
expression of SODS under MET3 as described (25). Experi-
ments involving SC5314 and the ctr1A/A strain were conducted
with cells grown in SC medium. To assess cell viability, cells
were harvested from liquid cultures by centrifugation, washed
in sterile water, and spotted onto YPD plates in serial dilutions.
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Plates were incubated for 48 h at 30 °C prior to calculating cfu.
To assess cell growth, SC5314-and ctr1A/A cells were started at
an OD of 0.5 in 1 ml in a 24-well plate with or without drug and
incubated at 30 °C with continuous shaking in a microplate
reader (Biotek Eon) which measured the A, every 30 min for
24 h.

In vivo and in vitro fungal biofilms and neutrophil-killing
assays

A rat intravenous catheter biofilm model was used as
described previously in which a catheter was surgically im-
planted in the jugular vein (41). 24 h later, C. albicans strains
SC5314 and CA-JG201 were instilled in the catheter lumen at
10° cells/ml and flushed after 6 h. Following 24 h of biofilm
growth, catheters were removed and fixed in 4% formaldehyde,
1% glutaraldehyde in PBS overnight. Catheters were then
washed with PBS, treated with 1% osmium tetroxide, followed
by another wash in PBS. Catheter samples were then dehy-
drated with ethanol washes finalized with a critical point drying
step and mounted on aluminum stubs. After sputter-coating
with platinum, a scanning electron microscope (LEO 1530) was
used to image samples at 3 kV.

In vitro biofilms were grown as described previously (93).
Briefly, C. albicans strains SC5314 and CA-JG201 were resus-
pended in RPMI-MOPS buffer at 1.5 X 10° cells/ml, and 200 ul
was added to each well of a 96-well plate. Cells were incubated
for 24 h at 37 °C with 5% CO.,. Biofilms were either subjected
to cell viability tests using an 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay as
described previously (93) or washed in Dulbecco’s PBS and
used in neutrophil killing assays as follows. Human neutrophils
were obtained from blood derived from volunteer donors with
written informed consent through a protocol approved by the
University of Wisconsin Internal Review Board. Primary
human neutrophils were purified using the MACSxpress Neu-
trophil Isolation and MACSxpress Erythrocyte Depletion kits
(Miltenyi Biotec Inc., Auburn, CA) as described previously (94).
Neutrophils were added at 1.5 X 10° cells/well to C. albicans
biofilms, which represented an effector/target ratio of 1:2. Cells
were incubated for 4 h at 37 °C with 5% CO, in RPMI 1640
(without phenol red) supplemented with 2% heat-inactivated
fetal bovine serum and glutamine (0.3 mg/ml). An XTT-based
metabolic assay was used to estimate C. albicans viability (94).
90 pl of 9:1 XTT working solution (0.75 mg/ml XTT in Dulbec-
co’s PBS with 2% glucose/phenazine methosulfate, 0.32 mg/ml
in double-distilled H,O) was added to each well. Following a
25-min incubation, samples were transferred to a Falcon
96-well U-bottom plate and centrifuged at 1200 X g for 3 min to
pellet cells. Supernatants (110 ul) were transferred to a 96-well
flat bottom plate, and absorption was read at 492 nm. A neu-
trophil-only control was used and subtracted for their contri-
bution to the XTT values. Values were compared with wells
without neutrophils to determine percent killing.

Biochemical analysis of recombinant C. albicans SOD5 from
E. coli

Recombinant C. albicans SOD5 was expressed in E. coli,
using expression plasmids encoding residues 27-181 with an
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N-terminal His, , tag and a tobacco etch virus protease cleavage
site as described previously (25). The protein was purified and
loaded with copper according to published procedures (25),
and aliquots were stored in 25 mM acetate, pH 5.5, at —80 °C at
concentrations of 5 mg/ml. Bovine Cu,Zn-SOD1 (Sigma cata-
log no. S8409, lot SLBN4913V) was obtained as an ammonium
sulfate suspension. Prior to experimental analyses, 500-ul ali-
quots of SOD5 or 500 ul of Cu,Zn-SOD1 were dialyzed against
1 liter of appropriate reaction buffers (see below) at 4 °C over-
night with one buffer replacement, using a 10,000 molecular
weight cut-off dialysis device.

To compare the Cu(Il) binding stability of Cu,Zn-SOD1 ver-
sus copper-only SOD5 in the presence of EDTA (Fig. 2, A and
B), a rapid equilibrium dialysis plate with inserts (Thermo
Fisher Scientific, 90006) was used. Enzymes were diluted in
dialysis buffer (10 mm Tris, pH 8.0) to a final concentration of
0.17 mg/ml (SOD5) and 0.13 mg/ml (SOD1). At time 0, 400 ul
of SOD1 or SOD5 with 1 mm EDTA was added to the sample
chamber, and 600 ul of 10 mMm Tris, 1 mm EDTA, pH 8.0, was
added to the dialysis chamber. The plate was shaken at 4 °C for
24 h under aerobic conditions on an HSI Red Rotor shaker at
maximum speed, and 25 ul of samples were collected from both
the enzyme solution and the dialysate at designated time points
up to 24 h. Samples were analyzed for copper content by atomic
absorption spectroscopy (AAS) using an AAnalyst600 graphite
furnace atomic absorption spectrometer (PerkinElmer Life
Sciences).

For K, and binding constant estimations through equilib-
rium dialysis (Fig. 2C and Table 1), 10 um SOD5 in 25 mm KPO,,
buffer, pH 8.0, was dialyzed against buffer alone or against
buffer containing 1 mm glycine, 0.25 mM PAR, or 1 mM EDTA in
a minidialysis device (Thermo Fisher Scientific, 88401). Sam-
ples were shaken at 25 °C under aerobic conditions on an HSI
Red Rotor shaker at speed 5, and 10-ul samples from the
enzyme chamber were collected at the designated time points
up to 52 h. Copper levels were determined using AAS as
described above. Equilibrium was reached for the glycine sam-
ple by 30 and 52 h for PAR and EDTA. Initial and final concen-
trations of SOD5-associated copper and PAR or glycine associ-
ated copper were used to determine the K, of SOD5 and Cu(II)
using a previously described approach based on competition
for the same metal ion with two ligands (95). In our case, the
competing ligands are glycine or PAR with different known
Cu(Il)-binding affinities (95). The two-ligand competition
method relies on the final equilibrium concentrations of metal-
bound protein (MP), free ligand (L’), metal-bound ligand (ML
or ML,) and free protein (P), as listed in Reactions 1 and 2.

MP +L" < ML+ P

MP + 2L" < ML, + P
Reactions 1 and 2

The apparent rate constants for Reactions 1 and 2, K] and 3,,
can be calculated using a pH-dependent « coefficient (o ;)
and the known affinity constant for each chelator and Cu(II) in
Equation 1 or 2 (95).

Ky = K X au (Eq. 1)
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B, = BZ(aH-L)z

The K, of SOD5 and Cu(II) can be determined using Equa-
tion 3 for the ligand (PAR) that has only one reported binding
constant for Cu(II) and Equation 4 for ligands that form 1:1 or
1:2 complexes (glycine) as described previously (95). Note that
for bidentate ligands, if KJ;[L'] = 100 = 1 and [ML,] =
100[ML] >=> [M], then free metal [M] and [ML] can be ignored
in the final calculation for K, sops_cy) (95), and these condi-
tions were met for our experiments.

(Eq.2)

Kp(sops-cuy X Ky = [PIIMLI/[MP][L'] (Eq.3)

Kpsops-cuy X B2’ = [PIIML,]/[MPI][L'] (Eq.4)

The apparent binding constants, equilibrium concentrations
of each species (Cu(I)-bound ligand, Cu(II)-bound protein,
free ligand, and free protein), and final calculated values for the
K, of SOD5 and Cu(II) at pH 8.0 and 25 °C using glycine and
PAR are listed in Table S1. We estimated the log K for SOD5
and Cu(II) under these conditions to be 14.5 and 15.7 based on
average values obtained with PAR and glycine, respectively,
from two independent experiments.

As an independent method for estimating K, for SOD5 and
Cu(II) (Fig. 2D and Table 1), we monitored copper release from
SOD5 by PAR-Cu(II) complex formation through absorbance
at 500 nm as described (18). 10 ul of 65 um Cu(II)-SOD5 in 100
mM KPO, buffer, pH 7.4, was added to 130 ul of the same buffer
containing 100 um PAR. These SOD-containing samples were
plated in triplicate in a 96-well plate that also contained known
amounts of CuSO, standards (as determined by AAS) and 100
M PAR to formulate a standard curve. Transparent adhesive
film was added to prevent evaporation; the plate was incubated
with shaking at 37 °C for 12 h, and the absorbance at 500 nm
was measured at 30-min intervals in a microplate reader (Biotek
Eon). The standard curve was used to determine the amount of
Cu(II) bound to PAR (i.e. Cu(Il) released from SOD5) at each
time point until equilibrium was achieved. Using equilibrium
concentrations of SOD5—Cu(II) and PAR—Cu(II), we used the
previously calculated Kppag_cy) value (2.6 X 107'° M (18)) in
Equation 5 to determine the average K, sops_cy) to be 3.6 X
10" '° m. The average log K of SOD5 binding to Cu(II) from
three independent experiments under these conditions was
determined to be 15.5.

KD(SODS—CU)/KD(PAR—CU) = [SODS][PAR‘CU]/[SODS‘CU][PAR] (Eq 5)

WST-1 assay for SOD activity and compound library screening

Copper-only C. albicans SOD5 and bovine Cu,Zn-SOD1
enzymatic activity was monitored using a WST-1-based reac-
tion (46, 47). WST-1 (Dojindo) was stored as stable 30 mm
aliquots in water at 4 °C. Just prior to assaying, recombinant
SOD5 and SOD1 were diluted in 50 mm KPO, buffer to 0.06
mg/ml stocks. Drugs and other compounds were dissolved in
DMSO or water and diluted in DMSO. The Johns Hopkins
Clinical Compound Library version 1.3 was provided in 96-well
plate format, and master drug plates were made in DMSO at
400 uM. Drugs or DMSO alone were added to the assay plate,
followed by 300 ng of SOD1 or SOD5 enzyme and reaction
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buffer (50 mm KPO,, pH 7.8, 0.1 mM xanthine, 0.2 mm EDTA,
0.3 mMm WST-1, and 0.16 milliunits of xanthine oxidase) to a
final volume of 200 ul. Plates were incubated at 37 °C for 45
min, and then each well was measured for absorbance at 450
nm. Three controls in triplicate were included on each plate,
including a no drug/no DMSO control, DMSO vehicle alone,
and no SOD enzyme. Percent inhibition of SOD activity was
determined for all compounds by subtracting the A, of the
DMSO control from sample A, and dividing by the no SOD
control.

Inhibition values were plotted using Prism version 7
(GraphPad Software, Inc.), and nonlinear regression analysis
was used to calculate an IC;, value for each compound. The
quality of our assay for high-throughput screening was evalu-
ated using the calculations for a Z’ factor using control data
from five independent experiments (85). Z' factors between 0.5
and 1.0 indicate a robust assay (85).

Biochemical analysis of SOD5 and metals in cultures of
C. albicans

For analysis of SOD5 secreted from C. albicans, the KC2
strain expressing secreted SOD5 (25) (lacking the glycosylphos-
phatidylinositol anchor) was grown to late log phase (OD = 12).
Cells were removed by centrifugation, and the extracellular
medium was incubated with 5 um CuSO, for 10 min to activate
secreted SOD5 (25), followed by a 1-h incubation at 30 °C with
PZ or DMSO control. The medium was then concentrated (25),
and SOD?5 activity was analyzed by native gel electrophoresis
and nitro blue tetrazolium staining as described previously
using growth medium from the equivalent of ~50 A, units of
cells (25). To determine SODS5 protein levels, the concentrated
medium was treated with 500 units of endoglycosidase H (New
England Biolabs, P0702S) at 37 °C overnight to deglycosylate
SOD5, and the equivalent of 5 A, units of cells was subjected
to denaturing gel electrophoresis on a 4—12% BisTris gel, fol-
lowed by immunoblotting using anti-SOD5 antibody (1:5000)
and a secondary anti-rabbit antibody (1:10,000, Alexa Fluor
680) (26). SOD5 immunoreactivity was visualized using an
Odyssey imaging system (LI-COR Biosciences).

To monitor metals in cells, 10 A, units of cells were pelleted
and washed twice with 10 mm Tris, 1 mm EDTA, pH 8.0, fol-
lowed by two washes in deionized water. Pellets were then
digested in 500 ul of 20% nitric acid at 100 °C overnight. Cell
debris was removed by centrifugation at 20,000 X g for 5 min,
and the supernatant was diluted in 14.5 ml of water to a final
concentration of 2% nitric acid. Samples were analyzed for cop-
per content by AAS as described above and for total metal con-
tent using inductively coupled plasma MS semiquantitative
mode (Agilent 7700, University of Maryland, School of Phar-
macy, Mass Spectrometry Center). Metal content was normal-
ized to cell number.

Statistical and curve-fitting analyses

All statistical and curve-fitting analyses were completed
using Prism version 7 (GraphPad Software). Individual tests
and statistical significance are noted in each figure.
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