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ABSTRACT The SPFH (stomatin, prohibitin, flotillin, and HfIK/HfIC) protein superfamily
is conserved across all domains of life. Fungal SPFH proteins are required for respiration,
stress adaptation, and membrane scaffolding. In the yeast Candida albicans, stomatin-like
protein 3 (SIp3) forms punctate foci at the plasma membrane, and SLP3 overexpres-
sion causes cell death following exposure to the surfactant, SDS, and the oxidative
stressor, H,0,. Here, we sought to determine the cellular localization and functionally
characterize stomatin-like protein 2 (Slp2), prohibitin-1 (Phb1), prohibitin-2 (Phb2), and
prohibitin-12 (Phb12) in C. albicans. Cytological and western blotting results showed
that Slp2-Gfp/Rfp and prohibitin-Gfp fusion proteins localize to the mitochondrion in
yeast cells. Growth assay results did not identify any respiration defects in a panel of
stomatin and prohibitin mutant strains, suggesting that SPFH respiratory function has
diverged in C. albicans from other model eukaryotes. However, a sip2A/A/slp3A/A double
mutant strain grew poorly in the presence of 0.08% SDS, accumulated intracellular
reactive oxidative species, and displayed aberrant ergosterol distribution in the plasma
membrane. These phenotypes were not observed in slp2A/A or sip3A/A single mutants,
indicating a possible indirect genetic interaction between SLP2 and SLP3. In addition,
slp2A/A and slp2A/A/sIp3A/A mutant strains were slightly resistant to the antifungal
drug, fluconazole. Collectively, these findings reveal the cellular localization of Slp2,
Phb1, Phb2, and Phb12, highlight the significance of stomatins in C. albicans SDS stress
tolerance, and, for the first time, associate stomatins with antifungal resistance.

IMPORTANCE Stomatins and prohibitins coordinate respiration and stress adaptation in
fungi. Invasive mycoses caused by Candida albicans are a significant cause of morbid-
ity, and candidemia patients show high mortality rates worldwide. Mitochondria are
essential for C. albicans commensalism and virulence, and mitochondrial proteins are
targets for antifungal interventions. C. albicans encodes five SPFH proteins: two stomatin-
like proteins and three prohibitins. We have previously shown that Slp3 is important
for C. albicans adaptation to various types of environmental stress. Moreover, synthetic
compounds that bind to mammalian prohibitins inhibit C. albicans filamentation and
are fungicidal. However, there is limited information available regarding the remaining
SPFH proteins. Our findings show that mitochondrial localization of SPFH proteins is
conserved in C. albicans. In addition, we demonstrate the importance of stomatins in
plasma membrane and mitochondrial stress tolerance.

KEYWORDS Candida albicans, prohibitin, mitochondria, surfactant, stomatin

andida albicans colonizes a variety of human mucosal surfaces as a commensal
fungus. Under permissive conditions, C. albicans can become pathogenic, caus-
ing superficial oral and vaginal infections and forming multidrug-resistant biofilms on
indwelling medical devices. In severe infection cases, disseminated candidiasis is often
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fatal in immunosuppressed patients (1). This unique lifestyle of C. albicans, coupled with
a lack of an efficient sexual reproductive cycle, requires robust adaptive mechanisms
to survive diverse environmental niches. Thus, C. albicans has evolved novel organellar
functions beyond those conserved across all eukaryotes to thrive as both a commensal
and a pathogen. The role of the mitochondria in C. albicans virulence exemplifies this
strategy (2-4).

In fungi, the mitochondrion governs respiration as well as non-respiratory processes,
including lipid synthesis and reactive oxidative species (ROS) production (5). C. albi-
cans mitochondria are also associated with virulence determinants, including biofilm
development, drug susceptibility, filamentation, and cell wall biogenesis (2-4, 6, 7).
Moreover, the fungal-specific mitochondrial complex | (Cl) regulator, Goa1, as well as
Cl subunits, Nuo1, and Nuo2, are essential for respiration and virulence (8, 9). These
attributes emphasize the clinical potential of targeting mitochondrial proteins for novel
fungal interventions and the importance of understanding the molecular mechanisms
underlying mitochondrial function. Indeed, the widely used antifungal drug, fluconazole,
localizes to the mitochondria in yeast cells and inhibits synthesis of the critical plasma
membrane component, ergosterol (7).

SPFH (stomatin, prohibitin, flotillin, and HfIK/HfIC) integral membrane proteins are
widely conserved and function mainly as scaffolds (10-12). SPFH family members
are pleiotropic, coordinating diverse processes including mechanosensation, transport,
signaling, and respiration (13-20). Attenuation of human prohibitins is associated with
Alzheimer’s disease and various types of cancer (21). Molecular details underlying SPFH
protein function have been derived in part from studies investigating mitochondrial
SPFH proteins in several species. Human stomatin-like-protein 2 (SLP-2) and prohibitin
protein 2 (PHB2) localize to the mitochondrial inner membrane to support respiratory
chain complex formation and mitophagy (19, 22, 23). Pathogenesis of the rodent
malaria-causing parasite, Plasmodium berghei, is abrogated when the mitochondrial
membrane prohibitin-like protein, PHBL, is disrupted (24). In the model yeasts Saccha-
romyces cerevisiae and Schizosaccharomyces pombe, the prohibitins, Phb1 and Phb2,
are required for mitochondrial respiratory and non-respiratory functions such as lipid
synthesis, autophagy, and drug resistance (15, 18). Furthermore, in S. cerevisiae, Phb1
and Phb2 exist as ring structures bound to the mitochondrial inner membrane, where
they interact with Mdm33 to influence mitochondrial morphology. Lastly, Phb1 and Phb2
chaperone the mitochondrial COX complex and interact with Atp10 and Atp23 to form
the F1F, ATP synthase complex (18, 25-27). These observations highlight the importance
of SPFH proteins in mitochondrial function across several kingdoms of life.

We previously discovered a role for a stomatin protein in C. albicans. Gene expres-
sion and cellular analyses revealed that SLP3 (stomatin-like-protein 3) transcription was
significantly elevated in cells treated with oxidative, cell wall, or plasma membrane
stress agents (28, 29). Slp3 formed visible punctate foci along the plasma membrane
and localized within the vacuolar lumen in yeast-phase cells specifically, as it was
not expressed in hyphal cells (28). A homozygous sip3A/A null mutant strain did not
have an apparent phenotype when examined in a variety of cellular and biochemical
tests. However, SLP3 overexpression triggered apoptotic-like death specifically follow-
ing prolonged exposure to SDS, H,0,, or hyphae-inducing conditions (28). C. albicans
mitochondrial function is heavily implicated in the yeast-to-hyphae transition and
oxidative stress adaptation (9, 30, 31). Recently, pharmacologically active triazine-based
compounds that bind to human prohibitins were demonstrated to be fungicidal in C.
albicans and non-albicans Candida species, thus indicating a need to further understand
SPFH function in pathogenic yeast (32).

While these findings identified a role for stomatins in the C. albicans oxidative
stress response and yeast-to-hyphae transition, the molecular function of Slp3 remains
elusive. Also, the localization and function of the remaining four SPFH family members
(SLP2, PHB1, PHB2, and PHB12) are unknown. Here, we utilized a cellular and molecular
approach to determine the location of Slp2, Phb1, Phb2, and Phb12 in C. albicans.
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Furthermore, our genetic phenotyping results show that both SLP2 and SLP3 are required
for the adaptive response to SDS-induced cytotoxicity. Lastly, we identify a role for
stomatins in antifungal drug resistance.

MATERIALS AND METHODS
Yeast strains and media

C. albicans wild-type reference strains BWP17 and DAY286 were used to construct strains
containing SPFH fluorescent fusion proteins. The wild-type reference strain SN250 was
used to construct C. albicans mutant strains. All strains used in experimental assays
were isogenic, and genotypes are listed in the Appendix S1. Yeast starter cultures were
prepared in YPD*™" (1% yeast extract, 2% peptone, 2% dextrose, and 80 mg/L uridine) or
YPD media at 30°C with shaking at 225 rpm unless otherwise noted.

Yeast strain construction

Oligonucleotide sequences are listed in the Appendix S1. Yeast transformations followed
the lithium acetate protocol and were verified by colony PCR (33). SPFH fluorescent
protein-tagged strains were constructed by PCR-mediated homologous recombination
(34). We used plasmid pMG1646 (35) as a template to produce an amplicon containing
GFP-, HIS1-, and SPFH gene-specific sequences. SPFH-GFP amplicons were transformed
independently into C. albicans strain DAY286 and integrated directly following the final
amino acid encoding codon to produce strains MYHO5 (PHB1-GFP), MYH11 (SLP2-GFP),
MYH20 (PHB2-GFP), and MAO1 (PHB12-GFP). We used plasmid pMG2169 (36) to produce
an SLP2-RFP amplicon and transform it into strain BWP17 to produce strain MYH45.

Overexpressing yeast strains were constructed as previously described (37). Briefly,
to construct the Prpy3SLP2-GFP and Prpy3SLP2-RFP overexpressing strains, MYH31
and MYH53, respectively, we used plasmid pCIN542 as a template to produce an
amplicon containing the glyceraldehyde-3-phosphate dehydrogenase (TDH3) promoter
sequences, nourseothricin resistance gene (NAT), and SLP2-specific sequences. The
amplicon was transformed into the C. albicans SLP2-GFP strain (MYH11) and SLP2-RFP
strain (MYH53) and integrated directly upstream of the SLP2 start codon. To construct
the Prpy3PHBI1-GFP, Prpr3PHB2-GFP, and Prpy3PHB12-GFP overexpressing strains, SFO5,
SF20, and MAO06, PCR amplification and yeast strains MYH05, MYH20, and MAQO1 were
transformed as described above.

CRISPR/Cas9 genome editing was performed as previously described (32) to create
SPFH single- and double-mutant strains. Add-back (complemented) strains were
generated by targeting Cas9 to cut the AddTag sequences and reintroducing the native
ORF at both alleles of the native locus via homologous recombination with a donor DNA
fragment containing the previously deleted ORF along with approximately 250 bp of
flanking homology. Add-back genotypes were confirmed by colony PCR as previously
described (38).

Microscopy and flow cytometry

Approximately 2.5-5.0 pL of cell suspension was spotted onto poly-lysine coated slides
for microscopic analysis. Samples were observed at a total magnification of 1,000x
with an EVOS M5000 imaging system equipped with the appropriate light cubes for
fluorescent visualization and on-board software for image review and analysis (Thermo-
Fisher Scientific). Experiments were repeated at least three times unless otherwise noted,
and data presented are representative of one experiment.

Flow cytometry experiments were performed using an Attune NxT Flow Cytome-
ter (Life Technologies) equipped with a 50 mW, 488 nm LED laser, and 530/30 nm
emissions filters to quantitatively measure yeast cell fluorescence. Data were analyzed
using Attune NxT Software v2.2. We gated out all events with fluorescence below the
maximum value for wild-type untagged control cells to account for potential yeast cell
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auto-fluorescence, unless otherwise noted. For each assay, three technical replicates
were analyzed. Experiments were repeated at least three times unless otherwise noted,
and data presented are representative of one experiment. Ten thousand events were
collected for each sample, and the mean fluorescent intensity (MFI) was recorded. The
average MFI was determined, and statistical differences between samples were analyzed
in paired t-tests.

Protein localization assays

Designated C. albicans strains were streaked from frozen stocks onto fresh YPD or
YPD™" plates. Single colonies were selected, inoculated into 5.0 mL YPD or YPD™",
and grown at 30°C with shaking at approximately 225 rpm for 16-20 hours. Yeast cells
were diluted to a final ODggonm of approximately 0.20 in 5.0 mL of fresh YPD or YPD*™".,
Cells were incubated to an ODgpgnm of approximately 0.80-1.00 (mid-late exponen-
tial phase), and fluorescence was examined microscopically. Samples were collected
following 16-20 hours of incubation to examine stationary-phase yeast cells. To quantify
cellular fluorescence, yeast cells were harvested at the designated time, washed with 1x
phosphate-buffered saline (PBS) solution pH 7.0, resuspended in 1.0 mL of 1x PBS, and
analyzed in the flow cytometer.

For mitochondrial co-localization tests, cell cultures were prepared as described
above to reach the designated phase of the yeast life cycle. Nine hundred ninety
microliter of yeast cell suspension was mixed with 10 pL of MitoTracker Red or Mito-
Tracker Green (ThermoFisher Scientific) to a final concentration of 100 nM. Samples
were incubated at 37°C for 45 minutes to 1 hour in the dark, washed twice with
dH,0, resuspended in approximately 100-200 pL of dH,O, and examined under the
microscope.

To visualize the nucleus, 500 pyL of exponential- or stationary-phase samples was
collected and mixed with 50 pL of 37% formaldehyde. After fixation, the cells were
washed three times with 1x PBS and resuspended in approximately 100 uL of 1x PBS.
Two drops of NucBlue Fixed Cell Ready solution (ThermoFisher Scientific) were added
to the yeast cell suspension. Samples were incubated for 5 minutes at room tempera-
ture and immediately viewed. To visualize the cell wall, plasma membrane, or vacuole/
endosome, cells were stained with 100 pg/mL Calcofluor White, 200 pg/mL Filipin, or
160 uM FM 4-64, respectively, as previously described (28, 39). To visualize lipid droplets,
cells were washed with 1x PBS and incubated with the HCS LipidTOX Green Neutral Stain
according to the manufacturer’s instructions (Invitrogen).

Yeast cells from overnight cultures were harvested and diluted to an ODggonm of
0.20 in 5.0 mL of Spider medium (1% nutrient broth, 1% mannitol, 11.5 M potassium
phosphate, and pH 7.2) to examine protein localization in the yeast-to-hyphae transition.
The cultures were grown for approximately 3-6 hours at 37°C and microscopically
examined. Mitochondrial co-localization tests with hyphal cells were performed as
described above.

Growth assays

Growth assays on solid nutrient growth medium were performed as previously described
(40). Briefly, C. albicans overnight cultures were diluted to an ODggonm of 3.00. Cells were
serially diluted, spotted onto YPD nutrient plates, incubated at 30°C, and photographed
after 1-3 days of growth. YPD plates supplemented with the designated compound were
used to monitor growth under environmental stress.

Yeast growth kinetics were monitored as previously described (37). Briefly, cells from
overnight cultures were diluted to an ODggpgnm of 0.20 in 200 L YPD in a 96-well plate. To
determine the effect of environmental stress on yeast growth, cells were incubated with
YPD supplemented with the designated compounds. Samples were grown for 24 hours
with shaking at 30°C, and the ODggpnm Was acquired every 30 minutes using a Synergy
Mx plate reader (Biotek). Minimum inhibitory concentration (MIC) tests were performed
as previously described (32).
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Mitochondrial assays

To examine growth under non-fermentable conditions, yeast cells were prepared as
described in the growth assay section and spotted onto YPD or complete synthetic
medium nutrient plates containing 2%-8% glycerol or 2% lactate as carbon sources.
Plates were incubated at 30°C and photographed after 2-4 days of growth. To exam-
ine the effect of respiratory inhibitors on growth, yeast cells were spotted onto YPD
nutrient plates supplemented with Antimycin A at the designated concentration, 0.5 mM
salicylhydroxamic acid (SHAM), 1.0 mM sodium nitroprusside (SNP), or 0.5 mM SHAM +
1.0 mM SNP. Yeast growth was also monitored under identical conditions in microplate
liquid assays as described in the growth assays section.

ROS intracellular levels were examined in early stationary-phase yeast cells as
previously described (28). Briefly, samples were cultured as described in the protein
localization section for approximately 3 and 20 hours and diluted to an ODggonm Of
0.20 in 5.0 mL of fresh YPD supplemented with 0.08% SDS (or dH>O as a control). Cells
were incubated at 30°C with shaking for 3 or 20 hours. The samples were harvested and
washed with 1x PBS, and approximately 1.0-5.0 x 10° cells were resuspended in 1.0 mL
of 1x PBS. Next, the cells were incubated with 5 pug/mL dihydrorhodamine 123 (DHR-123;
Sigma) or dH,0 as a control for 10 minutes in the dark at room temperature and then
analyzed by flow cytometry.

Slp2p primary sequence analysis

Post-translational modification and organelle targeting predictions were made using
InterProScan (41), MitoFates (42), and TPpred 2.0 (43) provided by the bioinformatics
resource portal ExPASy (https://www.expasy.org/). Protein schematics were constructed
using Illustrator for Biological Sequences, version 1.0 (44).

Mitochondrial isolation

Crude mitochondria were isolated using the Yeast Mitochondrial Isolation kit (Abcam)
following the manufacturer’s instructions. Yeast cultures were grown overnight in 2.0 mL
of YPD to stationary phase. The following day, cultures were diluted in 25-50 mL of
YPD and grown to mid-late exponential phase (ODggg of 0.80-1.00). Next, 10 mL of each
culture was harvested at 3,000 rpm for 5 minutes, and the cell pellets were washed
in 20 mL ultrapure water. Cell pellets were resuspended in company-supplied Buffer A
supplemented with a final concentration of 10 mM DTT and incubated for 10 minutes
at 30°C with gentle shaking. Cells were centrifuged at 1,500x g for 5 minutes. Yeast
cells were resuspended in company-supplied Buffer B with lysis enzymes and incubated
with shaking for 15 minutes at 30°C. Cells were centrifuged at 1,500 g for 5 minutes,
and cell pellets were resuspended in 1.0 mL of homogenization buffer with protease
inhibitors and homogenized 15 times while on ice. The cell extract was centrifuged at
600x g for 5 minutes at 4°C. The supernatant was collected and centrifuged at 600x
g for an additional 5 minutes at 4°C. The final supernatant was centrifuged at 12,000x
g for 10 minutes at 4°C. The remaining pellet containing extracted mitochondria was
resuspended in company-supplied storage buffer.

Western blots

Protein sample concentrations were determined in BCA assays according to the
manufacturer’s instructions. Samples were mixed with 2x SDS protein sample buffer
and heated at 95°C for 5 minutes. Approximately 20 ug of each sample was fractio-
nated on 12% TGX FastCast acrylamide SDS gels (BioRad) at 150 V for 65 minutes.
Proteins were transferred to polyvinylidene fluoride (PVDF) membranes at 100 V for
40 minutes. After transfer, PVDF membranes were blocked with 5.0% nonfat milk in
TBST (5.0 M NaCl, Tween 20, 1.0 M Tris-HCl, and pH 7.5) for 30 minutes at room tem-
perature. Membranes were then incubated with anti-GFP-horseradish peroxidase (HRP)
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conjugated monoclonal primary antibodies (Invitrogen) diluted in 5.0% milk/TBST at a
1:5,000 dilution for 16-20 hours at 4°C.

Actin was detected from crude mitochondrial extracts of each yeast strain to serve as
a loading control. Anti-actin antibodies (Invitrogen) were prepared at a 1:2,500 dilution
in 5.0% nonfat milk/TBST and incubated overnight with blocked PVDF membranes at
4°C with gentle shaking. Next, the anti-actin solution was removed, and the membrane
was rinsed with TBST. The membrane was incubated with goat anti-mouse 1gG-HRP
(Cell Signaling) antibodies used at a 1:1,000 dilution in milk/TBST for 1 hour at room
temperature with shaking. All blots were developed using Clarity Western ECL reagent
following the manufacturer’s instructions (BioRad).

RESULTS AND DISCUSSION
Localization of C. albicans prohibitins

S. cerevisiae Phb1 and Phb2 localize to the mitochondrion (25). Therefore, we hypothe-
sized that C. albicans prohibitins would also localize to the mitochondrion. C. albicans
strains encoding GFP-tagged Phb1, Phb2, and Phb12 were visualized using fluorescent
light microscopy. Phb1-Gfp, Phb2-Gfp, and Phb12-Gfp intracellular fluorescence were
slight to undetectable in exponential- and stationary-phase yeast cells and throughout
the yeast-to-hyphae transition. These findings were not due to yeast cell auto-fluores-
cence because cellular fluorescence was not observed in untagged wild-type control
cells (Fig. 1A). The absence of fluorescence in PHB1-GFP, PHB2-GFP, and PHB12-GFP yeast
cells contrasted with previous findings with C. albicans Slp3. In those studies, Slp3-Yfp
fluorescence was apparent throughout the yeast life cycle, followed by treatment with
various chemical stress agents (28).

We reasoned that the undetectable Phb1-Gfp, Phb2-Gfp, and Phb12-Gfp fluorescence
was due to low gene expression in cells cultured in nutrient-rich media. Thus, we
examined the transcriptional profile of PHB1, PHB2, and PHB12 from several independent
genome expression data sets (45). PHB1, PHB2, and PHB12 expression remained at basal
levels under growth conditions comparing exponential- and stationary-phase cells
grown in nutrient media (46) or when cells were challenged with mitochondrial (SDS and
H->0,) (47, 48), cell wall (caspofungin) (40, 49), osmotic (NaCl) (29), or plasma membrane
(fluconazole) (50) stress. In addition, cellular fluorescence was not observed in aging cell
cultures (7-10 days incubation) containing fermentable or non-fermentable carbon
sources (our unpublished data).

Since basal prohibitin levels were insufficient to visualize by light microscopy, we
overexpressed PHB1-GFP, PHB2-GFP, and PHBI12-GFP. Previous studies with C. albicans
Slp3 demonstrated that overexpression of SLP3-YFP did not alter protein localization,
supporting this approach (28). Microscopy images and flow cytometry results show that
cellular fluorescence was significantly greater in Prpy3PHB1-GFP, Prpy3PHB2-GFP, and
PrpH3PHB12-GFP overexpressing exponential- and stationary-phase cells compared to
parental strains and the untagged wild-type control strain (Fig. 1A and B; Fig. S1). Phb1-
Gfp, Phb2-Gfp, and Phb12-Gfp were visible at the cell periphery (mostly in exponential-
phase cells) and within the cell (mostly in stationary-phase cells; Fig. 1A; Fig. S1A).

To determine whether C. albicans prohibitins localize to the mitochondria, Prpy3PHB1-
GFP, P1pp3PHB2-GFP, and Prpy3PHB12-GFP exponential- and stationary-phase cells were
stained with the mitochondria-labeling dye, MitoTracker Red, and examined via
fluorescence microscopy. MitoTracker Red fluorescent images show intracellular tubular
morphology and cell peripheral labeling that is characteristic of yeast mitochondria (Fig.
1A; Fig. S1A). MitoTracker Red/GFP overlay images show that Phb1-Gfp, Phb2-Gfp, and
Phb12-Gfp co-localize at the mitochondria, indicated by the yellow/orange color (Fig. 1A;
Fig. STA).

To confirm prohibitin mitochondrial localization, mitochondria extracts were
prepared from prohibitin-Gfp strains and the untagged parental reference strain. Phb1-
Gfp (58 kDa), Phb2-Gfp (61 kDa), and Phb12-Gfp (58 kDa) were detected on immunoblots
probed with anti-Gfp-HRP antibodies at the expected molecular masses (Fig. 1C).
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FIG 1 C albicans prohibitin localization. (A) Samples of exponential-phase Prpy3PHB1-GFP, Prpy3PHB2-GFP, and Prpy3PHB12-GFP overexpressing cells and
untagged wild-type control cells were treated with 100 nM MitoTracker Red. Cells were viewed under bright-field and fluorescent microscopy. The right panels
(Continued on next page)
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Fig 1 (Continued)
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show an overlay of GFP and MitoTracker Red fluorescence. The white boxes depict cells shown in the inset images. White arrows in the overlay images are

used to depict intracellular mitochondrial networks. (B) Cellular fluorescence of prohibitin-GFP and prohibitin-GFP overexpressing cells was quantified with flow

cytometry. For each assay, three technical replicates were analyzed. Untagged wild-type control cells were analyzed at identical time points and served as a

negative fluorescent control. Experiments were repeated at least three times, and data presented represent one representative experiment. *P < 0.05 and ****P <

0.001 when compared to the isogenic parental strain. (C) Crude mitochondrial extracts were prepared from the designated strains, and Phb1-Gfp, Phb2-Gfp, and

Phb12-Gfp were identified on western blots. Purified recombinant GFP protein (Rgrp) was included as a positive control for anti-GFP antibody/antigen binding,

and mitochondrial extracts were prepared from the untagged wild-type reference strain to serve as a negative control for antibody binding. The asterisk denotes

potentially degraded prohibitin-Gfp protein fragments. Bottom immunoblot: actin was identified from mitochondrial extracts to serve as a loading control.

Furthermore, these western blotting results were in concordance with microscopy and
flow cytometry findings, whereby greater prohibitin protein levels were observed in
overexpressing prohibitin strains compared to parental strains (Fig. TA and B). We also
observed several lower molecular weight bands in samples collected from prohibitin
overexpressing strains. The presence of these bands was not a consequence of non-
specific binding of the anti-GFP antibodies to an unknown protein because these bands
were absent in the untagged wild-type reference strain (Fig. 1C). It is possible that these
bands represent fusion protein degradation products.

Prohibitin mitochondrial targeting was observed in the germ tube of Prpy3PHB2-
GFP cells undergoing the yeast-to-hyphae transition (Fig. S1B). However, mitochon-
drial targeting was undetermined in Prpy3PHB1-GFP and Prpy3PHB12-GFP hyphal cells.
Notably, aberrant filament structure and apoptotic-like cell death were not observed in
PrpH3PHB2-GFP overexpressing hyphal cells, as previously reported for overexpressing
PrpH3SLP3-YFP cells (28), suggesting that prohibitins are not yeast-phase-specific genes
compared to SLP3. Additionally, transcription profiling results from a different study
showed that prohibitin transcription is not downregulated during the yeast-to-hyphae
transition (51). Collectively, our cytological and western blot results demonstrate that
prohibitin mitochondrial localization is conserved in C. albicans and suggest that the
expression of prohibitin genes is tightly regulated.

Localization of C. albicans Slp2

C. albicans SLP2 shares significant homology with human SLP-2 which is found in the
mitochondrion (28). Bioinformatic analyses of the C. albicans Slp2 amino acid primary
sequence using the programs InterProScan, MitoFates, and TPpred 2.0 were performed
to identify putative mitochondrial targeting sequences. We identified a mitochondrial
targeting sequence in the N-terminal region of Slp2. In addition, we identified two
TOM20 recognition motifs that may facilitate protein import from the outer mitochon-
drial membrane and a mitochondrial processing peptidase site (Fig. 2A).

The presence of putative mitochondrial targeting sequences predicts that C. albicans
SIp2 localizes in the mitochondria. Notably, yeast cells expressing SLP2-GFP displayed low
levels of intracellular fluorescence (Fig. S2A). SLP2 transcription was not increased when
cells were grown in the presence of various additives (29, 40, 45-47, 49, 50), implying that
SLP2 gene expression, like the prohibitin-encoding genes, may also be tightly regulated.
Therefore, a Prpy3SLP2-GFP overexpressing strain was constructed to determine protein
localization.

Slp2-Gfp expression increased approximately five-fold in the overexpressing strain
(Fig. S2B). Co-localization microscopic analysis with MitoTracker Red showed that Slp2-
Gfp formed numerous intracellular puncta at the mitochondrion in exponential and
stationary-phase yeast cells and was apparent in hyphal cells (Fig. 2B; Fig. S2A and B). Like
the prohibitin overexpressing strains, overexpression of Slp2-Gfp did not alter filament
structure (Fig. S2D), confirming that only overexpression of Slp3 disrupts filamentation
(28). In contrast to the prohibitins, which were dispersed along the entire mitochondrial
network, Slp2-Gfp localized throughout the mitochondrial network and at discrete sites
as puncta at the mitochondria (compare Fig. 1; Fig. S1; Fig. 2; Fig. S2). The appearance of
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rion localization region, SPFH domain, TOM20 recognition sites, and mitochondrial processing peptidase cleavage site are featured. (B) Exponential-phase (top
row) and stationary-phase cells (bottom row) of the Prpy3SLP2-GFP and Prpy3SLP2-RFP overexpressing strains were treated with 100 nM MitoTracker Green
(Continued on next page)
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(for Prpp3SLP2-RFP cells) or 100 nM MitoTracker Red (for Prpy3SLP2-GFP cells). Cells were viewed under fluorescent (RFP and GFP) microscopy. The right panels

show an overlay of the fluorescent tag and MitoTracker dye. The white box seen in Prpy3SLP2-RFP images highlights the cell depicted in the inset image.

(C) Mitochondrial extracts were prepared from the designated strains, and Slp2-Gfp was identified on western blots. Purified recombinant GFP protein (Rggp) was

included as a positive control for anti-GFP antibody/antigen binding, and mitochondrial extracts were prepared from the untagged wild-type reference strain to

serve as a negative control for antibody binding. The asterisk denotes potentially degraded Slp2-Gfp protein fragments. Bottom immunoblot: actin was identified

from mitochondrial extracts to serve as a loading control. The actin loading control blot shows a composite image of the same blot, where the wild-type sample

was moved from lanes 3 to 1 for alignment with the GFP blot.

Slp2-Gfp mitochondrial puncta was consistent with human stomatin orthologs, which
also appear as puncta under light microscopy and form membrane microdomains (20,
52, 53). These findings imply that C. albicans Slp2 may form mitochondrial membrane
complexes.

We were confounded that the expected yellow/orange color change for GFP and
MitoTracker Red overlay images was not consistent in SLP2-GFP-tagged cells compared
to Phb1-Gfp, Phb2-Gfp, and Phb12-Gfp, despite Slp2-Gfp appearing in the same position
as the MitoTracker Red-labeled mitochondrion. These Slp2-Gfp puncta appeared as
independent green, fluorescent objects in multiple images, suggesting additional sites
for Slp2 localization (Fig. 2; Fig. S2). In S. cerevisiae, the mitochondrial fission protein
Dnm1 and mitochondrial DNA-binding proteins form intracellular puncta, but overlay
images do not show an apparent color change for all puncta (54). Although C. albicans
Slp2 does not contain a known DNA-binding domain, we decided to test for co-locali-
zation of Slp2-Gfp with DNA using the DNA-binding dye, NucBlue (Fig. S2C). We also
examined the possibility of co-localization between Slp2-Gfp and the vacuole using the
vacuolar/endosomal dye, FM 4-64 (Fig. S2C) since C. albicans Slp3 was observed inside
the vacuole (28). In both cases, Slp2-Gfp did not co-localize with NucBlue or FM 4-64,
ruling out possible interactions with DNA or the vacuole (Fig. S2C).

We hypothesized that Slp2 altered the binding of the MitoTracker Red dye to
thiol-reactive chloromethyl groups in the mitochondrial membrane (55). Thus, we
constructed a Prpy3SLP2-RFP overexpressing strain and examined co-localization with
MitoTracker Green, which binds free thiol groups of cysteine residues of mitochondrial
proteins (55). Overlay images showed that overexpressed Slp2-Rfp co-localized with
MitoTracker Green in exponential-phase yeast cells (Fig. 2B). Western blotting experi-
ments were performed to confirm Slp2-Gfp mitochondrial co-localization. Immunoblots
revealed the presence of a distinct band at approximately 55 kDa, which was the
expected size of the Slp2-Gfp fusion protein (Fig. 2C). Collectively, our computational,
cytological, and western blot results demonstrate Slp2 localization in C. albicans for the
first time and reveal that Slp2 mitochondrial localization is conserved.

SPFH mutant phenotyping

Our cytological results (Fig. 1 and 2; Fig. S1 and S2) and published genetic and biochemi-
cal findings from other organisms predict that C. albicans Slp2p, Phb1, Phb2, and Phb12
are required for respiration. To test this hypothesis, a panel of homozygous null mutant
strains was created using CRISPR-Cas9 mutagenesis (Appendix S1). Double and triple
null mutant strains were engineered to assess the possibility of functional redundancy
among stomatin and prohibitin proteins.

To determine the extent of stomatin and prohibitin function in respiratory growth,
yeast strains were cultured in media containing either 4%-8% glycerol or 2% lactate as
non-fermentable carbon sources. Yeast growth was also monitored in media supple-
mented with the complex Ill electron transport chain (ETC) inhibitor Antimycin A, the
alternate oxidase inhibitor, SHAM, or the cytochrome c oxidase inhibitor SNP. SPFH
mutant strains were also exposed to combinatorial treatment with SHAM and SNP.
This strategy was shown to examine C. albicans mitochondrial function (3) and character-
ize mitochondrial genes with respiratory functions such as GOAT (9). Results of these
analyses are summarized in the Appendix S1. In short, we did not observe any respiratory
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growth defects for any of the conditions examined in our stomatin and prohibitin mutant
strains.

Human SLP-2 interacts with prohibitins in the mitochondria to support electron chain
assembly, but the exact mechanism is unclear (17). This observation, combined with our
mutant phenotypic screening results, suggests a potential compensatory function for
stomatins in respiration when prohibitin function is attenuated. Thus, while we cannot
completely rule out a role for stomatins and prohibitins in respiration, these genetic
results strongly suggest that SPFH proteins are not essential for respiration in C. albicans
and may have diverged to carry out other mitochondrial functions. Phb1 and Phb2, for
example, may instead contribute to protein stability and degradation, as shown in both
S. cerevisiae and in human fibroblasts (26, 56). Another possibility is that C. albicans Phb1
and Phb2 functions may be tied to mitochondrial functions that promote pathogenesis.
Indeed, in the fungal plant pathogen, Colletotrichum higginsianum, a mitochondrial
Phb1/Phb2 complex contributes to virulence via ATG24-assisted mitophagy (57). In
addition, another fungal plant pathogen, Ustilago maydis, encodes a stomatin protein
positively regulated by Gen5, a histone acetyltransferase whose ortholog in C. albicans
is known to regulate virulence (58). Despite these findings, we could not find any
transcriptomic evidence of altered SPFH gene expression in the context of in vitro or
in vivo infections (59-62).

We expanded our phenotypic screens to assess growth under various environmental
conditions that require mitochondrial function. Growth for the majority of SPFH mutant
strains was similar to the wild-type reference strain when cells were subjected to cation,
oxidative, plasma membrane, cell wall, or osmotic stress (Appendix S1). Strikingly, the
sip2A/A/sIp3A/A double mutant strain grew poorly in a nutrient medium containing
0.08% SDS in comparison to the wild-type reference and slp2A/A and slp3A/A single
mutant strains (Fig. 3A and B; Appendix S1) (28).

To determine whether hypersensitivity of the slp2A/A/slp3A/A mutant strain to 0.08%
SDS also extended to other surfactants, we also tested its growth in the presence of
cetyltrimethylammonium bromide (CTAB), a major cationic surfactant in the topical
antiseptic, cetrimide, to determine whether the SDS-sensitive growth phenotype was
general to surfactants or specific to SDS. The slp24/A/slp3A/A mutant strain grew similar
to the wild-type reference strain in the presence of CTAB (Appendix S1). Therefore, Slp2
and Slp3 are both required specifically for adaptation to SDS-mediated cell damage.

SDS inhibits fungal growth in part by increasing the accumulation of intracellular ROS
causing oxidative stress (28, 48). ROS levels were evaluated in the sip2A/A/slp3A/A
mutant and wild-type reference strains following 3 and 16 hours of growth in the
presence and absence of 0.08% SDS. Flow cytometry results show that 3 and 16 hours of
0.08% SDS treatment significantly increased ROS production in the wild-type reference
strain compared to untreated cells (Fig. S3A; Fig. 3C). ROS levels in the slp2A/A/slp3A/A
mutant strain were like the wild-type reference strain in the absence of SDS. On the other
hand, ROS levels were up to five times greater in the sip2A/A/slp3A/A mutant strain
treated with 0.08% SDS compared to the wild-type reference strain (Fig. S3A; Fig. 3Q).
ROS levels in the sIp2A/A mutant strain were lower than the wild-type strain (Fig. S3A; Fig.
3C). We previously demonstrated that the ROS levels in a sIp3A/A mutant strain were
similar to the wild-type reference strain (28).

The mitochondrial ETC generates ROS, and high intracellular concentrations of ROS
cause mitochondrial, nucleic acid, and phospholipid damage, as well as apoptotic-like
cell death (63, 64). Because C. albicans and human Slp2 reside in the mitochondrion, and
human SLP2 associates with ETC components (19, 23), it is possible that the SDS-sensitive
slp2A/A/sIp3A/A mutant phenotype may be caused by aberrant ETC function due to loss
of SLP2. However, we did not observe respiratory or oxidative stress (H,O, exposure)
phenotypes in the sIp2A/A, sip3A/A, and slp2A/A/sIp3A/A mutant strains (Appendix S1).
Also, ROS accumulation in these mutant strains is like the wild-type reference strain in
the absence of SDS treatment, refuting this hypothesis. Thus, we argue that the elevated
ROS levels in the slp2A/A/slp3A/A mutant strain are indicative of this strain undergoing
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FIG 3 Phenotypes of C. albicans stomatin mutants. (A) C. albicans wild-type, sip2A/A, slp2A/A/SLP2, slp2A/A/sIp3A/A, and sip3A/A mutant cells were grown on
nutrient YPD plates (control) and YPD plates supplemented with 0.08% SDS. Photographs were taken after 48 hours of incubation at 30°C. (B) Yeast strain
growth was monitored in liquid microplate assays. Approximately 1.0 x 10* cells of each mutant strain and wild-type reference strain were inoculated in YPD
medium supplemented with 0.08% SDS or dH,0 as a control. Cells were grown with shaking at 30°C, and ODggonm readings were collected every 30 minutes.
For each assay, three technical replicates were analyzed. Experiments were repeated at least three times, and data presented represent one representative
experiment. (C) ROS production was measured in stationary-phase wild-type and slp2A/A/slp34/A mutant cells following 20 hours of 0.08% SDS treatment or
dH,0 as a control. Yeast cells were incubated with 5 pg/mL DHR-123 and quantified by flow cytometry. For each assay, three technical replicates were analyzed.
Experiments were repeated at least three times, and data presented represent one representative experiment. **P < 0.05 and ****P < 0.001 when compared to
the isogenic parental strain.

severe oxidative stress. However, the molecular basis underlying this slp2A/A/slp3A/A
mutant phenotype is not a consequence of SIp2-dependent ETC mitochondrial dysfunc-
tion and suggests other modes of SDS-mediated cell death.
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Indeed, a phenotypic screen of an S. cerevisiae homozygous diploid deletion library
identified 108 SDS-sensitive mutants, of which 79% of the mutant strains accumulated
ROS levels greater than the wild-type strain. Notably, apart from the mitochondrial genes
MDM10, MDM20, and 16 uncharacterized genes, the majority of SDS-sensitive mutant
strains were not linked to mitochondrial functions. In addition, 21% of mutants had ROS
levels similar to or lower than the wild-type strain (48).

To gain further insight into the cellular bases underlying the slp24/A/slp3A/A SDS
hypersensitive phenotype, we examined the permeability and integrity of the plasma
membrane. The lipid-modulating action of detergents and other surfactants is well
known. Nevertheless, mounting evidence has shown that SDS-mediated cell damage is
not exclusively due to the destruction of the plasma membrane (65). Yeast cells were
labeled with the DNA-binding fluorescent viability dye, propidium iodide (PI), following
acute (4 hours) and prolonged (16-20 hours) SDS treatment at sub-lethal (0.04%) and
lethal (0.08%) concentrations.

Pl-labeled cells were not observed following treatment with 0.04% SDS or 4 hours
of 0.08% SDS treatment. Pl labeling slightly increased for cells treated with 0.08% SDS
for 20 hours (Fig. S4). However, there was no difference in the number of Pl-labeled
cells between the wild-type reference, sip2A/A, and slp2A/A/slp3A/A mutant strains (Fig.
S4). This result suggests that altered plasma membrane permeability is not a phenotype
specific to the sip2A/A/slp3A/A mutant strain, but likely a consequence of apoptotic-like
cell death caused by prolonged lethal SDS exposure. In C. albicans, synthetic surfactant
compounds were demonstrated to cause small molecule leakage without causing cell
death (65). Also, SDS was shown to kill C. albicans without significantly increasing PI
labeling or small molecule leakage (66). These observations supported a hypothesis
that surfactants may create small pores in the plasma membrane via direct insertion to
facilitate entry without directly killing the cell (65).

C. albicans strains harboring mutations to the mitochondrial genes NDH57 and NUO1
show a drastic reduction in the expression of ergosterol synthetic genes, which directly
impacts the composition of the plasma membrane (67). Therefore, we examined the
plasma membrane lipid content by labeling cells with the sterol-binding fluorescent dye,
filipin. Annular peripheral fluorescence was observed in the sip2A/A/slp3A/A mutant and
wild-type reference strains grown in nutrient media without SDS, showing a uniform
distribution of ergosterol in the plasma membrane (Fig. 4A). Following 4 hours of 0.08%
SDS treatment, the distribution of ergosterol within the plasma membrane was clearly
altered in all strains tested, revealing a mixed population of cells containing ergosterol-
rich puncta and cells with normal ergosterol distribution (Fig. 4A). However, aberrant
ergosterol distribution was enriched in slp2A/A/slp3A/A mutant cells compared to
wild-type, slp2A/A, and slp3A/A mutant cells (Fig. 4A). Quantitative analyses of wild-type
and sIp2A/A/sIp3A/A mutant cells displaying aberrant ergosterol distribution following
4 hours of 0.08% of SDS treatment showed that the percentage of aberrant cells from
the slp2A/A/slp3A/A mutant strain was significantly higher compared to the wild-type
reference strain (Fig. 4B). Filipin labeling for all strains was barely detectable after 20
hours of SDS treatment (our unpublished data).

We also examined the slp2A/A/slp3A/A mutant strain to assess other cellular struc-
tures and compartments that are impacted by SDS treatment including the cell wall (68),
mitochondria, and intracellular lipid droplets (65). Fluorescent microscopy results did not
reveal any apparent defects for these sites in the slp2A/A/slp3A/A mutant strain in the
absence of SDS treatment (Fig. S3B). Following 3 hours of SDS treatment, the amount of
lipid droplets increased in all cell types (Fig. S3B) as previously reported for C. albicans
cells treated with synthetic surfactants (65). SDS treatment increased Calcofluor White
labeling (Fig. S3B) which was consistent with published results that demonstrated the
impact of SDS exposure on cell wall structure and cell wall damage signaling (68, 69).
Lastly, MitoTracker Red labeling increased in all strains; however, mitochondrial structure
could not be resolved (Fig. S3B). The basis for this observation is unclear.
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FIG 4 Plasma membrane analysis of C. albicans stomatin mutants. (A) Plasma membrane ergosterol composition was examined in wild-type, slp24/A, sip34/4,
and slp2A/A/slp3A/A mutant cells following 4 hours of 0.08% SDS treatment or dH,0 as a control. Cells were labeled with 200 pg/mL filipin and viewed with
fluorescent light microscopy. Arrows are used to depict filipin-labeled aberrant yeast cells. The bottom row of pictures (enlarged) depicts 0.08% SDS-treated
cells selected in the white box from the images in the middle row. The cells were enlarged to highlight ergosterol labeling. (B) Ergosterol plasma membrane
distribution was quantified in stationary-phase yeast cells. Filipin-labeled wild-type and slp2A/A/slp3A/A mutant yeast cells displaying aberrant ergosterol
(Continued on next page)
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distribution were counted, and the percentage of aberrant cells out of the total number of fluorescent cells (n = 132-350 total cells per count) was plotted.

Each blue dot represents a single assay, and the black horizontal line represents the average of three experiments. Statistical differences between wild-type and

slp24A/A/slp3A/A mutant yeast cells were determined in paired t-tests. *P < 0.05 when compared to the wild-type reference strain.

Collectively, our cellular results strongly suggest that the loss-of-function of both Slp2
and Slp3 appears to impact ergosterol organization within the plasma membrane.
Evidence to support the importance of ergosterol in surfactant tolerance has been
derived from genetic analyses in S. cerevisiae. Strains containing a null mutation to ERG3
are highly sensitive to 0.03% SDS (48). ERG3 encodes a C-5 sterol desaturase, which
catalyzes the production of the ergosterol precursor, episterol (70). In addition, the
deletion of ERG3 in S. cerevisiae leads to increased tolerance to escin, a mixture of
saponin structures that also exhibit surfactant properties (71).

Surprisingly, the slp2A/A/sIp3A/A and slp2A/A mutant strains displayed moderate
resistance against the antifungal drug, fluconazole, at concentrations up to 2-4 times
that of the wild-type parental strain (Fig. 5A and B; Appendix S1). Specifically, the
wild-type parental strain had an MIC of 2 pg/mL, while the slp2A/A and slp2A/A/slp3A/A
mutant strains had MIC values of 4 pg/mL, respectively (Appendix S1). However, the
slp3A/A mutant strain remained susceptible to fluconazole at levels similar to the
wild-type reference strain (Fig. 5A and B; Appendix S1) (28). We did not observe aberrant
ergosterol organization following 4 hours of fluconazole treatment as observed with
SDS-treated cells (compare Fig. 4A and 5C). Therefore, these findings associate stomatins
with antifungal resistance for the first time.

Given our findings herein, we propose that Slp2 and Slp3 indirectly interact to
coordinate SDS tolerance by stabilizing lipid dynamics between the plasma membrane,
vacuole (the target sites of Slp3), and mitochondria (the target site of Slp2). This interac-
tion may occur at the post-translational level in C. albicans because SLP2 transcription is
not modulated in a slp3A/A mutant strain (28). This hypothesis is supported by the
following lines of evidence: Human stomatin (STOM) binds to cholesterol, and murine
cells overexpressing STOM showed altered fatty acid uptake and enlarged lipid droplets
(20, 72). Also, human STOM interacts with SLP-1 in lipid trafficking between the plasma
membrane and late endosome (73). In S. cerevisiae, yeast strains containing mutations to
genes involved in vacuolar transport and function and ergosterol synthesis are highly
sensitive to SDS (48). The widespread aberrant distribution of ergosterol in the plasma
membrane following SDS exposure in the slp2A/A/slp3A/A mutant strain suggests that
Slp2 and Slp3 coordinate ergosterol trafficking and organization in C. albicans. Lastly, the
fluconazole-resistant phenotype of the sip2A/A/slp3A/A mutant strain further links C.
albicans stomatins to ergosterol synthesis and organization.

Conclusion

The ubiquitous presence of SPFH proteins in virtually all membranes underscores their
biological importance in the tree of life, yet an understanding of their molecular function
remains elusive. Here, we show that C. albicans SPFH protein mitochondrial localization is
conserved, but the molecular function for these proteins has apparently diverged toward
non-respiratory roles. Moreover, our findings with Slp2 and Slp3 implicate potential
interactions to coordinate plasma membrane and mitochondrion dynamics in response
to SDS-induced cellular damage. While the molecular mechanisms underlying flucona-
zole resistance and SDS sensitivity in the sip2A/A/sIp3A/A mutant strain are unknown, the
stomatin mitochondrial-plasma membrane connection must be considered. Characteri-
zation of the type and mode of interactions between Slp2 and Slp3 warrants further
investigation. Proteomic analyses, such as liquid chromatography-mass spectrometry,
paired with the genetic and cellular analyses used herein, may identify direct prohibitin
and stomatin binding targets and provide molecular mechanistic insight into C. albicans
SPFH protein function.
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FIG 5 Antifungal resistance of C. albicans stomatin mutants. (A) C. albicans wild-type, slp2A/A, slp2A/A/SLP2, slp2A/A/sIp3A/4, and slp3A/A mutant cells were
grown on nutrient YPD plates (control) and YPD plates supplemented with 4.0 ug/mL of fluconazole. Pictures were taken after 48 hours of growth at 30°C.
(B) Antifungal resistance of C. albicans stomatin mutant strains was monitored in YPD liquid cultures (control) and supplemented with 4.0 ug/mL of fluconazole.
Cells were grown with shaking at 30°C, and ODggonm readings were collected every 30 minutes. For each assay, three biological replicates were analyzed.
Experiments were repeated at least three times, and data presented represent one representative experiment. (C) The plasma membrane ergosterol content was

examined via filipin labeling in stomatin mutant strains and the wild-type reference strain following 4 hours of incubation in YPD supplemented with 4.0 pg/mL

fluconazole.
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