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The Metacaspase (Mca1p) has a Dual Role
in Farnesol-induced Apoptosis in Candida

albicanss

Thibaut Légert, Camille Garciat, Marwa Ounissif, Gaélle Lelandais§,

and Jean-Michel Camadrot§1|

Manipulating the apoptotic response of Candida albicans
may help in the control of this opportunistic pathogen.
The metacaspase Mcaip has been described as a key
protease for apoptosis in C. albicans but little is known
about its cleavage specificity and substrates. We there-
fore initiated a series of studies to describe its function.
We used a strain disrupted for the MCA1 gene (mca1A/A)
and compared its proteome to that of a wild-type isogenic
strain, in the presence and absence of a known inducer of
apoptosis, the quorum-sensing molecule farnesol. Label-
free and TMT labeling quantitative proteomic analyses
showed that both mca1 disruption and farnesol treatment
significantly affected the proteome of the cells. The com-
bination of both conditions led to an unexpected biologi-
cal response: the strong overexpression of proteins im-
plicated in the general stress. We studied sites cleaved by
Mca1p using native peptidomic techniques, and a bot-
tom-up approach involving GluC endoprotease: there ap-
peared to be a “K/R” substrate specificity in P1 and a
“D/E” specificity in P2. We also found 77 potential sub-
strates of Mcaip, 13 of which validated using the most
stringent filters, implicated in protein folding, protein ag-
gregate resolubilization, glycolysis, and a number of mi-
tochondrial functions. An immunoblot assay confirmed
the cleavage of Ssb1p, a member of the HSP70 family of
heat-shock proteins, in conditions where the meta-
caspase is activated. These various results indicate that
Mca1p is involved in a limited and specific proteolysis
program triggered by apoptosis. One of the main func-
tions of Mcalp appears to be the degradation of several
major heat-shock proteins, thereby contributing to weak-
ening cellular defenses and amplifying the cell death
process. Finally, Mca1lp appears to contribute signifi-
cantly to the control of mitochondria biogenesis and deg-
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radation. Consequently, Mca1p may be a link between the
extrinsic and the intrinsic programmed cell death path-
ways in C. albicans. Molecular & Cellular Proteomics 14:
10.1074/mcp.M114.041210, 93-108, 2015.

Apoptosis, or programmed cell death (PCD)" is an impor-
tant physiological process involved in key steps of the devel-
opment of multicellular organisms. It also regulates the fate of
cell populations in adverse conditions. Several pathways have
been described involving internal triggering factors, often as-
sociated with critical alterations of mitochondrial structures
and functions, or external signals received by specific cell
death receptors. Apoptosis involves a number of cellular pro-
cesses including active mechanisms of chromatin condensa-
tion, DNA fragmentation, and phosphatidylserine externaliza-
tion to the outer leaflet of the plasma membrane. Mitochondria
appear to be major actors in the intrinsic apoptosis pathway:
the alteration of mitochondrial membrane permeability, a Bax-
Bcl2-dependent process in mammalian cells, induces over-
production of reactive oxygen species (ROS) and the re-
lease of cytochrome c, which in turn contribute to the
induction of endoproteolytic cascades leading to cell death (1,
2). Caspases are cysteine-proteases acting as key components
of apoptosis machineries. In mammalian cells, proforms of the
effector caspases 9 and 3 are cleaved and activated, and in turn
activate many other cellular caspases (3-5). In mammals, these
proteases cleave preferentially after aspartic acid residues (6, 7).
Unicellular eukaryotes, including yeasts, also display apoptosis
or PCD (8, 9). The yeast Candida albicans, which is charac-
terized by a yeast-hyphae dimorphism, is an opportunistic
human pathogen responsible for benign candidiasis to life-
threatening systemic infections. PCD was shown to be in-
volved in the regulation of collective cellular interactions dur-
ing biofilm formation by C. albicans where cell density is high,
and competition for nutrients may occur (10). Under such

" The abbreviations used are: PCD, Programmed cell death; ROS:
Reactive oxygen species; HSP, Heat-shock proteins; Pl, Propidium
iodide; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end
labeling; TMT, Tandem Mass Tag; MS/MS, Tandem Mass Spectrom-
etry; FDR, False Discovery Rate.
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adverse conditions, C. albicans secretes metabolites includ-
ing farnesol or tyrosol that act as quorum sensing compounds
(11, 12). Farnesol has been shown to inhibit biofilm formation
(13) and induce ROS production and apoptosis (10, 14)
through the activation of a number of signaling pathways,
including the Ras c-AMP pathway (15), and Czf1p and Efg1p
coordinated activities (16). However, the effects of farnesol
may vary according to the growth conditions and physiology
of the cells (16), and this has led to some apparently contra-
dictory reports in the literature. For example, in C. albicans
yeast cells, proteomic studies based on 2D-gel electrophore-
sis indicate that farnesol increases the expression of heat
shock proteins including Ctalp, Hsp90p, and Hsp70p (10).
However, in C. albicans biofilm, transcriptomic analysis iden-
tified down-regulation of the corresponding genes (11).
Hsp90p is also involved in C. albicans apoptosis by regulating
the calcineurin—-caspase apoptotic pathway (17). Recent work
shows that the effects of farnesol may be mediated by the
ABC multidrug transporter Cdrip-dependent glutathione ef-
flux from cells (18), promoting the conditions for a severe
oxidative stress, a triggering signal for apoptosis.

A key player in apoptosis in C. albicans is the cysteine-
protease Mcalp, a member of the family of metacaspases, a
group of specific caspases present in plants, fungi, and pro-
tozoans where they have also been implicated in apoptosis
(19-21). In C. albicans, the MCA1 gene is the only gene
encoding a metacaspase and its activation during apoptosis
events has been demonstrated (10). Farnesol induces expres-
sion of the MCA7 gene and leads to the activation of the
metacaspase activity at the protein level (10). C. albicans
lacking Mcalp displays resistance to oxidative stress-in-
duced death and changed energy metabolism (22). Mcalp
share 55% sequence identity and 69% overall homology with
the metacaspase Ycalp from Saccharomyces cerevisiae. Be-
sides its role in the H,O,-induced apoptosis, Ycalp has been
implicated in other functions: the regulation of the composi-
tion of the insoluble proteome with or without H,O, stress
(23); clearance of insoluble protein aggregates (24); and cell
cycle progression and particularly in G2/M transition (25).
Only one substrate of the S. cerevisiae Ycalp has been clearly
demonstrated, the glycolytic enzyme glyceraldehyde-3-phos-
phate dehydrogenase (26). However, little is known about
Mca1lp in C. albicans, and in particular about its specificity or
direct targets. This is an important issue, because although
compounds such as Plagiochin E (27) induce C. albicans
apoptosis through a caspase-dependent process, others in-
duce apoptosis through metacaspase-independent pathways
(28). Indeed, the precise role of Mcalp in the induction of
apoptosis and in mitochondrial functions remains unclear.
Therefore, we studied the function of Mcalp to decipher in
particular the relative contribution of Mcalp and farnesol in
the observed variations of the C. albicans proteome. We used
a strain deleted for the MCA17 gene (mca1A/A) and compared
its proteome to that of a wild-type strain, in the absence and

in the presence of the quorum sensing molecule farnesol. We
combined classical bottom-up and label-free proteomic tech-
niques using trypsin to identify differences in protein levels.
We also developed top-down and bottom-up approaches
based on GIuC digestion to identify and quantify potential
metacaspase targets. This analytical pipeline allowed us to
provide new insights into Mca1p function and its involvement
in apoptosis in C. albicans.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—C. albicans strains BWP17 (29)
and BWP17-mca1A/A (mca1A::FRT/mcalA::FRT) (28) were grown in
yeast-extract peptone dextrose (YPD) medium (1% [w/v] yeast ex-
tract, 2% [w/v] peptone, and 2% [w/v] dextrose). Cell cultures (100 ml)
were inoculated at an initial ODgqq of 0.1 with liquid precultures (10 ml
medium inoculated with freshly grown colonies on YPD agar plates)
and incubated in an orbital shaker at 30 °C. Farnesol (250 um final
concentration), or solvent, was added to the cultures in mid-expo-
nential phase of growth, and the cells collected by centrifugation 4h
later. C. albicans grew as budding-yeast under these conditions.
Stock solutions (250 mw) of farnesol (mixed isomers; Sigma Chemical
Co, 5 m solution.) were prepared in methanol just before use. Cell-free
extracts were prepared by disrupting the cells (60% wet weight/vol in
0.1 m potassium phosphate buffer, pH 7.2) using a One-Shot appa-
ratus (Constant Systems Ltd, Daventry, UK) operating at 2.5 Kbar.
The cell lysate was diluted twice in the same buffer, and large cell
debris was removed by centrifugation for 10 min at 5000 X g. The
supernatant, referred to hereafter as the cell homogenate, was rapidly
frozen in 5 mg proteins/ml aliquot fractions and kept at —80 °C.

Validation of the Apoptosis Condition by Flow Cytometry—Cells
from the four growth conditions (WT, WT-farnesol, mcaiA/A, and
mcailA/A-farnesol) were collected by centrifugation and washed
twice in 1X PBS. Flow cytometry (BD Accury, 10,000 cell counts,
medium flow rate) was used in the following ways to evaluate apo-
ptosis: (1) Aliquots were labeled with propidium iodide (PI) at a con-
centration of 10 pg/ml incubated in the dark for 1h, washed by
centrifugation, and counted. (2) Two aliquots were processed to
prepare protoplasts. The cells were first preincubated for 10 min at
30 °C in a 0.1 m Tris-Cl buffer containing 0.5 m 2-mercaptoethanol.
The cells were washed in 0.01 m Tris-Cl, pH 7, 0.5 m KClI, collected by
centrifugation, and resuspended in the digestion buffer (0.01 M cit-
rate-phosphate buffer, pH 5.8, 1.35 m sorbitol, and 1 mm EGTA).
Zymolyase 100T (MP Biomedicals, lllkirch-Graffenstaden, France)
was added to a final concentration of 10 mg/ml. The samples were
incubated at 30 °C and protoplast formation evaluated by measuring
the ODgqq of 1/100 dilutions of the cells in water. After nearly complete
protoplast formation (>85%) the cells were collected by centrifuga-
tion and washed in a 0.01 m Tris-maleate buffer, pH 6.8, 0.75 ™M
sorbitol, 0.4 M mannitol, and 2 mm EGTA. An aliquot of the protoplasts
was incubated with 5 ul of the annexin V-FITC reagent (BD Pharmin-
gen, San Diego, CA) for 1h in the dark, washed, and then diluted in the
same buffer for flow cytometry analysis. Another aliquot was pro-
cessed for TUNEL labeling: the protoplasts were first fixed with a
freshly prepared 4% formaldehyde solution in PBS, permeabilized
using 0.1% Triton X-100 in 0.1% (w/v) sodium citrate solution, and
further processed with enzyme and reagents from the Roche Cell-
Death detection kit according to the manufacturer’s instructions (3).
Changes in total reduced glutathione concentration were evaluated
by a modification of the method of Lewicki et al. (30), using naphtha-
lene 2,3 dicarboxaldehyde (NDA) as a glutathione-specific fluorogenic
reagent. Intact cells were washed in PBS, incubated with NDA (1 mwm)
for 30 min in the dark, and analyzed by flow cytometry as described
above.
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Fic. 1. Analysis of apoptosis by flow cytometry (specific fluo-
rescence intensity versus cell count) in WT and mca1A/A cells
grown in the presence or absence of farnesol. A, Pl labeling of
intact cells, B, Annexin V-FITC labeling of fixed protoplasts, and C,
TUNEL labeling of fixed protoplasts.

SDS-PAGE—Samples of 20 pg of protein prepared from cells in
the various conditions investigated were run on a NUPAGE 4-12%
acrylamide gel (Invitrogen) and stained in Coomassie blue (Simply-
blue Safestain; Invitrogen, Carlsbad, CA).

Western blot Analyses—20 ug protein samples of prepared from
cells in the various conditions investigated were separated on a
NUPAGE 4-12% acrylamide gel (Invitrogen) and transferred to nitro-
cellulose membrane (Protran BA85, GE Healthcare Life Sciences).
Ssb1p protein expression was assessed by immunoblot with a pri-
mary antibody (rabbit polyclonal IgG fraction) raised against the
purified protein from S. cerevisiae anti-Ssb1p (kind gift from Dr Véro-
nique Albanese, Institut Jacques Monod, Paris). We used an anti-
rabbit Horseradish peroxidase conjugated antibody (Sigma Aldrich)
and an enhanced chemiluminescent reagent (West Pico, GE Health-
care) for detection.

Strategy for the Analysis of Proteome Variations as a Function of
the Experimental Conditions—The general strategy for the production
of the different data sets and their exploration is summarized in Fig. 2.
The individual steps of this pipeline are described in the following
sections.

LC-MS/MS Acquisition—All digests or protein extracts were ana-
lyzed using a LTQ Velos Orbitrap equipped with an EASY-Spray
nanoelectrospray ion source and coupled to an Easy nano-LC
Proxeon 1000 system (all devices are from Thermo Fisher Scientific,
San Jose, CA). Chromatographic separation of peptides was per-
formed with the following parameters: Acclaim PepMap100 C18 pre-
column (2 cm, 75 um i.d., 3 um, 100 A), Pepmap-RSLC Proxeon C18
column (50 cm, 75 um i.d., 2 um, 100 A), 300 nl/min flow, gradient
rising from 95% solvent A (water, 0.1% formic acid) to 35% solvent B
(100% acetonitrile, 0.1% formic acid) in 217 min followed by column
regeneration for 23 min giving a total run time of 4 h. Peptides were
analyzed in the orbitrap in full ion scan mode at a resolution of 30,000
(at m/z 400) and with a mass range of m/z 400-1800. Fragments were
obtained with a collision-induced dissociation (CID) activation with a
collisional energy of 40%, an isolation width of 2 Da, and an activation
Q of 0.250 for 10 ms. MS/MS data were acquired in the linear ion trap
in a data-dependent mode in which the 20 most intense precursor
ions were fragmented, with a dynamic exclusion of 20 s, an exclusion
list size of 500 and a repeat duration of 30 s. The maximum ion
accumulation times were set to 100 ms for MS acquisition and 50 ms
for MS/MS acquisition. All MS/MS data were processed with an
in-house Mascot search server (Matrix Science, Boston, MA; version
2.4.1). The mass tolerance was set to 7 ppm for precursor ions and
0.5 Da for fragments. The following modifications were used in vari-
able modifications: oxidation (M), phosphorylation (STY), acetylation
(K, N-term), and deamidation (N, Q). Glutathionylation (C) was added
for additional analyses of trypsin digests. The maximum number of
missed cleavages by trypsin was limited to two for all proteases used.
MS/MS data were searched against a C. albicans ORF database (#
6209) retrieved from the Candida Genome Database website (31)
(http://www.candidagenome.org/).

Quantitative Analysis in Label-free Experiments—Proteins in the
various homogenates were digested in solution, in duplicate, over-
night at 37 °C by sequencing grade trypsin (12.5 ug/ml; Promega,
Madison, WI) in 20 ul of 25 mmol/L NH,HCO,. LC-MS/MS acquisition
was performed with a 4-hour gradient. MS/MS data were processed
with an in-house Mascot search server (Matrix Science, Boston, MA;
version 2.4.1). Label-free quantification in between subject analysis
was performed on raw data with Progenesis-LC software 4.1 (Non-
linear Dynamics Ltd, Newcastle, U.K.) using the following procedure:
(1) chromatograms alignment, (2) peptide abundances normalization,
() statistical analyses of features, and (4) peptides identification using
the Mascot server. A decoy search was performed and the signifi-
cance threshold was fixed to 0.05. The resulting files were imported
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Fic. 2. Scheme of the study workflow.

into Progenesis-LC software. Peptides with an ion score less than 15
were rejected. Conflicts for the identification of some peptides were
resolved manually. Proteins with similar normalized abundance vari-
ations (ANOVA p-value lower than 0.05) were classified by the Auto-
Class Bayesian clustering system (webserver Autoclass@I1JM, http://
ytat2.ijm.univ-paris-diderot.fr/)(32). Farnesol and mutation effects
were investigated with a two-factor analysis. p-values associated were
calculated with a dedicated R script. Gene ontology analyses were
performed on all clusters obtained with the GO Slim mapper from the
Candida Genome Database website. Functional enrichments for each
GO slim term were calculated, relative to the whole identified pro-
teome, using the hypergeometric distribution.

Quantitative Analysis by TMT Labeling Experiments—Aliquots of
100 ng of protein from each cell homogenate preparation were re-
duced with 10 mm Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), alkylated with 18 mm iodoacetamide according to the TMT
sixplex kit protocol (Thermo Fisher scientific, San Jose, CA) then
digested in solution overnight at 37 °C by sequencing grade trypsin
(12.5 pg/ml; Promega) in 20 ul of 25 mmol/L triethyl ammonium
bicarbonate (TEAB). Samples from the WT, WT-farnesol, mca1A/A,
and mcalA/A-farnesol conditions were labeled with 126 (monoiso-
topic m/z = 126.12773), 127 (m/z = 127.13108 Da), 128 (128.13444
Da), and 129 (m/z = 129.13779 Da) labels, respectively. The samples
were mixed, desalted, and concentrated with a 50 mg C18 SPE
column (Biotage, Uppsala, Sweden) and the peptides precipitated
with acetone. The resulting peptide mixtures were analyzed in tripli-
cate by LC-MS/MS with a 4-hour gradient. MS/MS were acquired
with HCD fragmentation and the orbitrap analyzer set at a resolution
of 7500 at m/z 400 in a top20 protocol. The maximum ion accumu-
lation time was set to 100 ms for MS acquisition and 50 ms for

MS/MS acquisition. Data were processed with Proteome Discoverer
1.4 software (Thermo Fisher scientific, San Jose, CA) and the Mascot
search engine with the trypsin digest parameters described above
and the additional modifications carbamidomethylation (C) and
TMTsixplex (K and N-term). The precursor mass tolerance threshold
was set at 0.7 ppm and 0.02 Da for fragment tolerance. The perco-
lator node was used and a 5% FDR was applied. Quantification
results in triplicate were treated as replicates and were visualized with
Proteome Discoverer 1.4 to allow comparisons with the results ob-
tained by label-free methods.

Peptide Analysis by Native Peptidomic Techniques—Aliquots of
500 pg of protein from cell homogenates from each condition were
resuspended (in duplicate) in 1 ml of 50 mm NH,HCO; buffer. Size-
exclusion chromatography was performed with a 10 kDa cut-off
Amicon membrane (Millipore). Peptides and proteins under 10 kDa
were isolated and concentrated with a Speedvac and resuspended in
0.1% formic acid. Peptides were isolated and concentrated with five
zip-tip C18 tips for each condition. Peptides were analyzed by LC-
MS/MS with a 4-hour gradient. MS/MS data were processed with
Proteome Discoverer 1.4 software (Thermo Fisher Scientific) and the
Mascot search engine with a “no enzyme” search parameter. The
percolator node was used for FDR evaluation with a 5% filter in
relaxed FDR and 1% in strict FDR. Peptides were flagged as identified
when present in at least one condition with a Q-value under 0.05. The
Venny web resource (http://bioinfogp.cnb.csic.es/tools/venny/) was
used to produce graphical outputs and visualize specific peptides
from different conditions.

Analysis of Peptide Occurrence by a Bottom-up Approach—Trip-
licate samples from the four conditions were reduced with 10 mM
dithiothreitol, alkylated using 55 mM iodoacetamide and digested
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TABLE |
Peptides and proteins identified in the four samples (\WT, WT-F, mca1A/A and mca1A/A-F) in all data sets found with Proteome Discoverer 1.4
and the Mascot search engine 2.4.1 with a 5% FDR threshold

Conditions WT WT-Farnesol mcalA/A mca1A/A-Farnesol Total
Trypsin digest (trypsin) 2435 (10407) 2634 (12469) 2558 (12008) 2525 (11790) 3190 (17192)
TMT labeling (trypsin) - - - - 1601 (7832)
GluC digest (semi-GluC) 882 (5018) 779 (3910) 797 (4274) 838 (3659) 1261 (8549)
Native peptidomics (no enzyme) 85 (220) 66 (146) 64 (143) 52 (113) 137 (416)

overnight at 37 °C by the GIuC protease (12.5 ng/ml; Sigma Aldrich)
in solution in 20 ul of 20 mm sodium phosphate buffer, pH7.8. The
resulting peptides were analyzed by LC-MS/MS with a 4-hour gradi-
ent. MS/MS data were processed with Proteome Discoverer 1.4
software (Thermo Fisher scientific, San Jose, CA) and the Mascot
search engine with semi-GluC search parameter. The percolator node
was used for false discovery rate (FDR) evaluation with a 5% filter in
relaxed FDR and 1% in strict FDR. The Venny web resource was used
to visualize peptides specific to the different conditions.

Evaluation of Mca1p Cleavage Specificity—Peptides identified by
these analyses (native peptidomics and bottom-up digestions), at all
FDR, were considered and only those exclusively present in the
WT-farnesol condition with a Q-value under 0.05 were selected for
further analysis. The “Extract Cleavage Site Context” algorithm in the
Galaxy-P web resource (https://usegalaxyp.org/) was used to gener-
ate a list of sequences surrounding the cleavage sites of the peptides.
The parameters used for this algorithm were: five amino acids at the
N-terminal and C-terminal for the cleavage site context and a prote-
ase cleavage C-terminal to the cleavage site. All peptides with cleav-
age of initiation methionine only were eliminated. Cleavage specific-
ities were represented by the Weblogo (http://weblogo.berkeley.edu/)
(83) and Two Sample Logo algorithm with binomial test (http://www.
twosamplelogo.org) (34). Extended cleavage specificities were inves-
tigated with IceLogo (https://code.google.com/p/icelogo/) (35) using
the natural abundance of amino acids in the C. albicans protein
sequence database (# 6209). For substrate validation, label-free ap-
proaches with Progenesis-LC software 4.1 (Nonlinear Dynamics Ltd,
Newcastle, U.K.) of GIuC and native peptidomics data sets were
performed in a between-subject way. Potential substrates of Mcalp
found on an identification basis were validated by considering those
over-represented in WT-farnesol condition relative to the other con-
ditions. Anova p-values under 0.05 calculated after label-free analysis
of native peptidomics and GluC data sets were considered to select
best potential substrates. A two factor analysis was performed to
discriminate farnesol and/or mutation dependent or independent ef-
fects. GO analyzes were performed on the obtained list of potential
substrates with the GO Slim Mapper tool of the Candida Genome
Database website. P-values for functional enrichments were calcu-
lated with R 3.0.1 software for each GO term.

Data Availability—The complete sets of data are available as .raw
files, Proteome Discoverer 1.4 .msf files and the Candida albicans
protein sequence database provided as a multiple fasta in the Peptide
Atlas repository under the identification number: PASS00561. The
msf files can be visualized using a freely available java application
Thermo-msf-parser 2.0.5 available at https://code.google.com/p/
thermo-msf-parser/.

RESULTS

Mecalp is Required for Farnesol-induced Apoptosis in C.
albicans—Farnesol, at the concentration and time of action
chosen, had only a limited effect on the growth of the
mcaiA/A strain, although it slowed the growth of the wild-

type strain. Annexin V-FITC and TUNEL labeling experiments
showed that under these conditions, farnesol induced apo-
ptosis in WT cells, but not in mca7lA/A cells. Little or no
specific fluorescence was detected in farnesol-treated
mcalA/A cells, whereas more than 70% of the farnesol-
treated WT cells were labeled (Fig. 1). No PI labeling was
found in any of the four conditions indicating that the cells did
not become necrotic. Consistent with this observation, the
electrophoretic profile in SDS-PAGE experiments of total pro-
tein samples from the four conditions were very similar (sup-
plemental Fig. S1). By comparing results between samples
following these four experimental conditions, we investigated
the role of the metacaspase Mca1lp in the early phase of the
apoptotic response in C. albicans.

Production of the Various Data Sets—Table | summarizes
the results of the various analyses for protein (or peptide)
content: trypsin digests, TMT-labeled samples, and GluC di-
gests, all acquired in triplicates for each condition and the
native peptidomic analyses run in duplicate for top-down
evaluation of endogenous proteolysis in controls and farne-
sol-treated samples. The complete data sets are available in
supplemental Data Files S1 to S5.

Evaluation of the Mcalp Cleavage Specificity—\We used the
Proteome Discoverer 1.4 software to determine changes to
the peptide profile and abundance after GluC digestion, native
peptidomic analyses, and trypsin digestion (Fig. 3; see sup-
plemental Files S1, S2, and S4 for the complete data sets).
The peptides found are represented in a Venn diagram ac-
cording to the conditions (Fig. 3A). More peptides could be
identified after Tryptic and GluC digests than native peptido-
mic analysis. Comparisons of protein profiles by SDS-PAGE
indicated that farnesol and/or mca1 disruption did not lead to
any massive degradation of proteins (supplemental Fig. S1).
We compared the cleavage site context for peptides found by
native peptidomic analyses only in the WT-farnesol condition
with those found only in the mca1A/A-farnesol condition. We
examined the C-terminal residues of all the peptides identified
in the top-down analyses, and we searched for partial cleav-
age specificity (semi-trypsin and semi-gluC) in the tryptic
digests, where only K or R are expected except for the C-ter-
minal fragment of the proteins, and in the GluC digests where
an E, and to a lesser extent, a D are expected, except for the
C-terminal fragment of the proteins. We expected to find
enrichment in peptides with a D at the C-terminal end in the
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Fic. 3. Evaluation of Mca1p cleavage specificity. A, Venn diagrams showing the overlaps in differential peptide abundance in tryptic and
GIuC digests and native peptidomic analyses. B, Logo diagrams computed using the N-ter and C-ter extremities of peptides found only in
WT-Farnesol and mca1A/A -farnesol conditions from the whole data sets produced in this study. Cleavage is considered at position five for
all logos. Weblogo diagrams were used to visualize the general sequence context surrounding the cleavage site for all peptides (insets
diagrams for GluC and trypsin experiments and diagrams for native peptidomic) and for peptides without D/E cleavage site (diagrams for GluC
experiment) and without K/R (diagrams for trypsin experiment). The Two Sample Logo java applet was used to evaluate the cleavage
specificity. Peptides found only in WT-farnesol are considered as the positive data set, whereas those found in mca7A/A -farnesol condition
as the negative data set. A binomial test was used. IceLogo tool was used to determine extended cleavage specificities taking into account
the natural abundance of amino-acids present in the C. albicans database used for all data sets.
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TABLE Il
Mca1p cleavage specificity. Occurrence of K/R residues in GluC and native peptidomic experiments according to the different strains used. The
occurrence of D residue in tryptic digests (identified by semi-trypsin database search) is used as a control

o GluC Native peptidomics Trypsin
Conditions S0 § vi L N
K/R enrichment (%) K/R enrichment (%) D enrichment (%)
mcalA/A-F only 0.82 10.42 2.49
WT-F only 8.37 29.08 2.15
All conditions 3.84 20.18 1.70

TasLE Il
Examples of Mcalp substrate candidates as identified by GluC and native peptidomic approaches. The peptides identified were present only
in farnesol treated WT samples, with K or R extremities; they were found using a semi-gluC database search (the complete data set is provided
as supplemental File S4 and the label-free quantitation as supplemental File S6) and a no-enzyme database search for native peptidomic
experiment (the complete dataset is provided as supplemental File S2 and the label-free quantitation as supplemental File S7)

plicates) Label-free quantitation
Accession Description Experiment Sequences
Mascotscore | g-value [Ratio WT-F/WT| Ratio WT-F/MCA1 | Ratio WT-F/MCA1-F Anova
p— ::l;lm?:ﬂvmﬁed, Eisosome component; predicted role in endocytosis; echinocandin-binding - i@ o s — —— pr—
0rf19.7350 |  RCT1 Fluconazole-induced protein; elevated mRNAlevelsina cyrlor rast i YoP! NDEQQDR 21,35 ) 151728 Infinity Infinity 0.0003
orf19.6754 [ ORF|UN zed Protein of pider biofiim induced. Native peptidomics RIGDEPVIRPVAT 32 ) 5188 4.0665 122001 00072
Orf19.4300 | GRP2 ORFVerified "Methylglyoral reductase; regulation associated with azmle resistance; Gluc K EKPNFTLSVINPVYVFGPQAFE 15 0.002 45502 1.4896 48340 00504174
inducedinc by apl
Or10.1806 | TP!L OFFIVerified Triose-phosphate isomerase; antigenic in mouse/human; mutation affects . KTRIL KOKANVD | N13(Deami 16 ) 36452 23754 6.5331 0104229
filamentation; possibly essential. K. TRILYGGSVNGKNAKDFKDKANVD 18,13 0 21933 56150 6.4354 013929
orfio.277 | PN ORFlUncharacterized Putative SH3-domain-containing protein; predicted role in actin - T — N7(Deamidated); 4 — ——" o p— —
cytoskeleton organization. K10(Acetyl)
- ) R FALGNSNPSALRE 54,36 ) 21312 28036 25990 0016309
4 P g :
Orf18.2340 [ COCSE . Sluc R.GQFSSFRFNE 35,31 0005 | 27.5506 8.5435 352083 001541
orf19.2483 [ RIM1ORFIL ized Putative single-stranded DNA-binding protein. Gluc KVGSLVHVD 40,48 ooor | 123132 6.4978 56219 000047184
orf19.2624 | QCRR ORFIVerified Ubiquinol-cytochrome-c reductase; antigenic; induced by interaction with . J—— . 000s | 182880 20820 J15651 0000795
macrophage; repressed by nitricoxide.
- HALLAYTLGVK 1 0031 43286 45225 202943 0044463
] Sralohe Elue K SGKVTGKTLLE 28,18 o 80996 137924 115797 0011313
SPO0 <sential chaperone
orf1g.6s1s | 1590 Verified ORF; Es perone, reguiates several signal transduction pathvays and Gluc K LVDAPAAIRTGQFGWSANME 23 0.007 40045 35352 96883 0.01435058
P m activated by stress.
Ve ——_ S RLIGRAFDDE 27,24 0035 37434 5.1207 42345 0.00080087
0rf19.6367 | 5581 Verified ORF; HSP70family heat shock protein; possibly essential gene; sumoylationtarget. Gluc SLNITGEVEIVE % pvsiy : : . 5
orfio.a0m | 15770 Verified ORF; Putative hsp70 chaperone; role in entry into host cell; heatshock, il K LVSDFFNGKE 19 0041 27782 38139 17689 445605
farnesok-downregulated in biofilm KRTLSSSAQTSIE 27,12 0041 17147 25943 47633 0071418
orf19.3013 | P22 ?mverﬁeu 'Septin; essential for viabilty; forms ring at sites of cell division; regulate Gluc RNRLNQDLEE 23 0.048 11990 20744 1.4868 0.08544746
orfto2ssy | MET® ORFW"‘EE"L et Ny Gluc KASAVVQKAIE 32 0.001 16794 35237 15264 0.13467686
ase yrthase); 2
G008 | prarmmviccan o e e e v K RTLSSSAQTSIE 27,12 0041 17147 28943 47633 0071418
5542 Verified ORF; HSP70family chaperone; farnesok-downregulated in biofim Gluc AiCDAANOAAMNPARTVED ih e ! S € !
RPP2B, translated using codon table 12 (111 amino acids) Verified ORF; Conserved acidic Gluc 1
R.LQALLKDLE
Orf19.5928 | s ocomal protein, likely to be involved in regulation of translationelongation. o sz | oon ot quantiied

tryptic digest if Mca1p has the specificity of a caspase, or a K
or R in GluC digests, if it does not. In wild-type cells where
Mca1p is activated, we found a substantial enrichment in K
and R cleavage sites in the semi-GluC database searches
(Table 1lIB). The comparison between peptides found in both
mcalA/A and WT conditions with those observed in both
farnesol conditions did not reveal any cleavage specificity for
the trypsin digest other than the expected K/R residue in P1;
this was consistent with the results from native peptidomic
and GluC digest analyses. Calculated K/R enrichment of pep-
tide ends for the different conditions confirmed the graphical
visualization (Table Il). Consideration of only those peptides
with K/R ends is informative about the specificity of the pro-
tease Mcalp (Fig. 3B). Native peptidomic and GIuC digest

analyses showed that an acidic amino acid residue in P2 may
be important for the cleavage specificity of Mcalp.

Native Peptidomic and GluC Digest Experiments to Identify
Potential Mca1p Targets— GluC-directed bottom-up experi-
ments identified 68 peptides (from 54 proteins) among a total
of 8549 identified peptides (from 1261 proteins) as potential
substrates of Mcalp. Native peptidomic analyses identified
nine peptides (from eight proteins) among 416 (from 137
proteins) as potential substrates (supplemental Table S1).
Substrate candidates were validated by a label-free approach
on GluC digests and native peptidomics experiments (entire
data sets in supplemental Files S6 and S7 respectively) with
Progenesis-LC software. Peptides candidates (77 candidates)
quantified (28 candidates) with higher abundances in WT-
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Fic. 4. Classification of the proteins differentially expressed in the four experimental conditions. A, Proteins for which the normalized
abundance differed (ANOVA p value lower than 0.05) were sorted by the AutoClass Bayesian clustering system (webserver AutoClass@IJM,
http://ytat2.ijm.univ-paris-diderot.fr/). All clusters and accessions are described in supplemental Fig. S2. B, Proteins candidate to be substrates
of Mcalp found in native peptidomic and GIuC digest experiments are distributed according to (B-1) their expression levels (black sector: no
significant expression variation; green sector: significant variation in abundance) in label-free analyses of tryptic digests and to (B-2) their
belonging to specific abundance profile clusters. C, Normalized abundance level of protein candidates to be substrates of Mcalp are
represented in boxplot generated with BoxPlotR tool (http://boxplot.tyerslab.com/).

farnesol (23 candidates) than in the three other conditions and
with an Anova p-value under 0.05 (13 candidates) were con-
sidered as best potential substrates. A p-value based on a
two-way ANOVA was calculated to classify them and 12
reported an effect dependent of both strain and farnesol
factors (supplemental Table S1). Table Ill provides examples
of potential Mca1p substrates as found by native peptidomic
or GluC digestion approaches, only in the WT-farnesol con-
dition and with K or R ends.

Quantitative Assessment of Proteome Differences Between
WT and mca1A/A in Response to Farnesol—We performed a
label-free (Progenesis-LC) analysis of tryptic digests (four
conditions, two replicates each) to investigate protein com-
positions: 2727 proteins were quantified with the parameter
“trypsin for enzyme” and 503 proteins were thereby identified
as differing between the conditions (differences of normalized

abundance were significant with an ANOVA p-value lower
than 0.05). The complete .htm files are supplied as supple-
mental File S5. We classified these differentially expressed
proteins using the AutoClass@IJM Bayesian clustering sys-
tem (32) (Fig. 4A). All clusters and accessions are presented in
supplemental data (supplemental Table S2). The largest dif-
ferences of protein abundance were between farnesol-treated
and untreated cells, whether or not they carried the MCA1
deletion. Most of the proteins that were more abundant in the
WT-farnesol condition were also abundant in mca1A/A-farne-
sol extracts. We also ran independent analyses (in triplicate)
of TMT-labeled digests. Quantifications of the reporter ions,
and calculation of the abundance ratios confirmed the differ-
ences in protein abundance found in by label-free experi-
ments. The TMT experiments allowed the identification of
1601 proteins with a 5% FDR threshold (see supplemental File
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TABLE IV
Examples of differential protein expression as determined by label-free experiments. Differences in protein expression identified by label-free
experiments with tryptic digests. All identified proteins and peptides are listed in supplemental Files S5 (.zip) and S8

Wt
Wt-F

Accession Description

0rf19.4980 Verified ORF; Putative

0rf19.6515 Verified ORF;

0rf19.6387 Verified ORF;

0rf19.882 78 Uncharacterized ORF; Putative heat-shock protein.

0rf19.1065 | SSA2 Verified ORF; HSP70family chaperone, farnesol-downregulated in biofilm.
0rf19.713 | Uncharacterized ORF; Ortholog(s) have

orf19.6312| RPS3 Uncharacterized ORF; Ribosomal protein S3; genes encoding cytoplasmic ribosomal

subunits, translation factors, tRNA synthetases.

SSC1 Verified ORF;
essential.

0rf19.1896 ; atyeast-form cell surface, sumoylation target; possibly

0rf19.30 SPF1 Verified ORF; Putative calcium-transporting ATPase,

0rf19.5928 | RPP2B Verified ORF; Conserved acidic ribosomal protein.

0rf19.2340 Verified ORF; Putative microsomal ATPase; plasma membrane-localized.

YDJ1 Uncharacterized ORF; Putative type | HSP40 co-chaperone; heavy metal (cadmium) stress-

Ori12:506 induced.

0rf19.2175| Uncharacterized ORF; tor; induced by nitric oxide.

0rf19.6757 | GCY1 Verified ORF; Possible aldo/keto reductase;

0rf19.2613| ECM4 Verified ORF; Cytoplasmic glutathione S-transferase.

0rf19.4082 | DDR48 Verified ORF; Immunogenic protein, farnesol, alkaline downregulated.

S3 for the identified proteins). There was a very good corre-
lation between the two quantification methods (supplemental
Fig. S2). Scatter graphs of the ratios of protein abundances
(WT-F/WT and mca1A/A-F/WT) indicated that proteins with
the largest differences in abundance were common to the lists
identified by both TMT labeling (supplemental Fig. S2A) and
label-free (supplemental Fig. S2B) quantification analyses.
Also, trend curves of the scatter graphs revealed that overall
protein level in the farnesol condition was higher in mcai-
disrupted than WT cells. Mca1lp-specific peptides corre-
sponding to the part of the gene deleted from the mca7A/A
strain were found only in the wild-type extracts, and the
abundance of Mcalp in the WT increased under farnesol
treatment. However, Mcalp was not analyzed further be-
cause it was above the threshold in ANOVA (p-value of 0.06)
and was not identified in TMT-labeling experiments. Label-
free analyzes of tryptic digests indicated that 33% of proteins
found to substrates of Mcalp were differentially expressed
(80% being overexpressed) between mca1A/A-farnesol con-
dition and the WT-farnesol condition (Fig 4B); this is signifi-
cantly higher than the 18% of all proteins identified as being

w =
LS 7 ———
- o
@ @
S = Protein | Quantified
= = Anova Max fold rotein uan.l o pValue_strain | pValue_farnesol |pValue_strain:farnesol
score Peptides
6.35e-003 2.00 129435 20 0.0217 0.0063 0.0314
5.52e-004 213 3035.77 44 0.0022 0.0002 0.0006
3.28e-005 4.46 1772.50 36 0.0005 0.0004 0.0006
2.61e-003 3.95 940.63 15 0.1185 0.0063 0.0298
6.86e-004 3.06 1056.02 15 0.0007 0.0002 0.0010
0.03 197 137.32 2 0.0284 0.06123 0.6098
0.02 164 598 9 0.0569 0.0085 0.0154
2.43e-003 1.65 2480 33 0.0230 0.0020 0.0683
0.01 211 304 6 0.0270 0.0348 0.0600
2.11e-003 1.92 113 1 0.0565 0.0011 0.0531
4.09e-003 2.02 1211.46 19 0.0021 0.0015 0.0175
7.39e-004 2.02 369.95 5 0.0298 0.0011 0.0024
9.92e-004 4.23 220.59 4 0.0156 0.0014 0.0111
9.36e-003 174 754.14 9 0.4894 0.0019 0.02141
3.18e-005 2.36 110.14 2 0.0069 3.616e-06 0.0004
1.42e-004 12.86 4851.06 52 0.1190 0.0001 0.0051

differentially expressed in label-free of tryptic digests. This is
confirmed by a boxplot representation of potential substrates
normalized abundances found in label-free of tryptic digests
(Fig. 4C). Thus, not only were potential substrates degraded
by Mcalp, but their production appears to be directly or
indirectly inhibited by the protease.

Functional Analysis of Protein Variations Induced by Farne-
sol Treatment and/or mcal Deletion— Representative exam-
ples of proteins the expression of which was affected by
farnesol and/or the deletion of MCAT1 are presented in Table
IV. The differences in abundance were measured by a label-
free approach with trypsin digests and confirmed by a TMT-
labeling approach (Table V). Some of the potential substrates
for Mcalp, including chaperone proteins Hsp70p, Hsp90p,
and Ssb1p were found differentially expressed in label-free
and TMT-labeling analyses of tryptic digests. Gene ontology
analyses of the potential substrates of Mcalp confirmed a
significant enrichment in proteins implicated in the stress
response and folding (supplemental Table S3). Several tar-
gets, such as Hsp90p, Rps3p, and Cdc48p, were predicted to
interact with Mcalp in C. albicans (excepted for the last
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TABLE V

Examples of differential protein expression analysis by the TMT-labeling approach. Proteins expressed differently in different samples were
identified by TMT-labeling experiments. All identified proteins and peptides are listed in supplemental File S3. 126, 127, 128 and 129 labeling
represents respectively WT, WT-farnesol, mca1A/A and mca1A/A-farnesol conditions

Accession Description 127/1. iability %) [128/126( ity %) | 129/1 ity %) | Proteinscore | Quantified peptides

0rf19.4980 HSP70 Verified ORF; Putative hsp70 chaperone; role in entry intohost cells; heat-shock amphotericin B, cadmium, ketoconazole-ind 1.438(3.0) 0972(0.9) 2.034(3.5) 1426 1

Orf19.6515 0 Verified ORF; Essential chapera gnaltr 1.206(2.4) 0814(23) 1942(29) 1180 35

orf19.6387 Verified ORF; He haperone andprion propagation activity in$ 1355(26) 0913(29) 4252(0.4) 903 31
HSP78 Uncharacterized ORF; Putative by macrophage response; transcriptionis regulated by Nrg1p, .

Orf19.882 | wio1p Gen2p, Gendp, Mnlip; heawy metal (cadmium) stressinduced; stationary phase enriched protein 1.750(8.9) 0.877(1.8) 3.268(200) 162 12
ssA2, table 12 ids] Verified ORF; HSP70 family chaperone; found in cellwall fractions; antigenic; role inimport of o

Orf19.1085 | |ota defensin peptides; ATPase domain bindshistatin 5; at surface of hyphae, not yeast-form cells farnesol-downregulated inbiofim; 12905 g7eelen et 1445 1

orf102013 | KAR2.transiated using codontable 12(687 amino acic) Verified ORF; Similarto chaperanesof Hsp7Cpfamiy;role intranslocation of proteinsntothe . —— 355(25) - -
ER; transcriptionally regulated by iron; expression greater inhigh iron; protein present v growth phase

0rf19.2175 | Uncharacterized ORF; Putat ctor; induced by nitricoxide 1.7(20.4) 0.885(4.4) 1.506(12.3) a 3
RPLS, 12(298 ids) L ORF; Ribosomal pratein; genes encoding cytoplasmicri

s

Orf19.6541 | 1 < lation factors, tRNAsynthetases are downregulated upon phagocytosis by murine macrophages; Hap43p-inducedgene 1303(8.1) 0832(29) 1.662(4.6) 280 8
TIR1, i table12 (1 ids) Verified ORF; Putative ; described eductase; up: inthe

0rf19.6059 | presence of human neutrophils, and upon benomyl treatment; alkaline downregulated; regulated by Gen2p and Gendp; required forvirulence inmouse 1199(5.1) 0.901(4.3) 1.737(2.9) 71 5
model
DDRA48 Verified ORF; Immunogenic stress-asociated protein; regulated by filamentous growth pathways; induced by benomyl, caspofungin, ketoconazole

Orf19.4082 | iy azole-resistant strain; Hoglp, faresol, alkaline downregulated; stationary phase enriched: biofilm-induce (53) 1191(07} (404) 423 n
RASL, translated using codon table 12 (291 amino acids)Verified ORF; RAS signaltransduction GTPase; regulates cAMP and MAP kinase pathviays;role

0rf19.1760 | inhyphalinduction, virulence, apoptoss, heat-shock senst -localized; iity of S. cerevisiae rasi 0989(5.8) 0886(6.6) 1016(5.9) 153 5
ras2 mutant

0rf19.6000 | CDRY, transiated using codontable 12 (1501 amino acids) Verified ORF; Multidrug transporter of ATP-binding cassette (ABC) superfamily;transports 2001 215) 0846(21) 26820164 150 .
phospholipids in anin-to-out direction; transcription induced by beta-estradiol, progesterone, corticosteroid, or cholesterol; repressed in young biofilms £=2leh & & £
RPS3, translated using codon table 12 (251 aminoacids) Uncharacterized ORF; Ri ; Hoglp-, Hap43p-induced; genes encoding

orf19.6312 | ¢ tRNA 2 murine macrophage; present n 1.199(1.6) 0799(26) 1534(27) 210 u
exponential and stationary phase cells
RPP28 Verified ORF; Conserved acidic ribosomal protein, likely to be involved i 14p; one of four

f19 PP

Orf19.5928 | imilar C. albicansribosomal proteins (RppLAp, RoP1Bp, Rop2Ap, RPR28P); macmphage/pseudwyphai induced 1342(4.2) 0829(3.7) 1712(4) L :
Uncharacterized ORF; Predicted ORF in Assemblies 19, 20and 21; induced incore  induced by glp; e

Orf19.7085 | igative stress-induced via Cap1p; induced by Mnl1p under weak acidstress; macrophage-downregulated 128880 Ao usnstas) 95 1
CDCA48 Verified ORF; Putative mil TP lized; regulated by Gc nap; induced by amino acidstarvation (3-AT

orfiozsa | SOCHBVerified iy e 1241(18) 0894(23) 1689(4.8) 889 31

Orf19.506 | YDI1Uncharacterized ORF; Putative type | HSP&0co-chaperone; heavymetal (cadmium) stress-induced 1187(5.1) 0858(22) 1553(23) 149 7

protein: just in S. cerevisiae) by the String 9.0 web resource
(Fig. 5). Gene ontology analyses also revealed that many of
the potential substrates found by GIuC experiments are mi-
tochondrial proteins (e.g. Qcr2p, Rim1p, Pil1p, Tpiip, Rctip,
and Atp5p) or associated with the plasma membrane or the
cell wall, or are extracellular (supplemental Table S3). Some
potential substrates are involved in carbohydrate metabolism
and in the generation of precursor metabolites and energy,
functions associated with mitochondria and glycolysis (Tpiip,
Fbalp, and Gpm1p).

Farnesol increased the abundance of heat shock proteins
(Hsp70p, Hsp90p, Hsp104p, Ssc1p, and Kar2p for example)
in the WT, with the effect being much larger in the mcai-
deleted strain (Tables IV and V). The level of a putative mito-
chondrial cell death effector (orf19.2175), an ortholog of Aif1p
in S. cerevisiae, was increased by farnesol in the WT and to a
lesser extent in the mutant (Table IV). Ras1p, a protein in-
volved in apoptosis through the RAS1/cAMP/PKA pathway in
C. albicans (36), did not differ between any of the conditions
analyzed. The abundance of Tpk2p, a catalytic subunit of
PKA, was higher in WT-farnesol cells than in mca7A/A cells in
the presence of farnesol (supplemental File S5).

We performed a gene ontology analysis on the various
classes of proteins with similar abundance profiles (Autoclass
clusters) that allowed us to evaluate the effect of farnesol and
Mcaip on the “cellular component,” the “biological process,”
and the “molecular function” terms. A Mcalp-dependent ef-
fect of farnesol was clearly demonstrated for a number of
proteins involved in carbohydrate metabolism. However, the
abundance of numerous proteins was not dependent on the
presence of the Mcalp protease. The level of proteins in-
volved in the response to oxidative stress increased with
farnesol and was higher in the absence of Mcalp in the
farnesol condition. The abundance of proteins implicated in
processes such as “translation,” “ribosome biogenesis,” and
“protein folding” in the presence of farnesol was still higher in
the mca1A/A than WT strain (supplemental Table S4). The
same was found by analysis of the “structural activity” and
“RNA binding” terms of “molecular function” entries (supple-
mental Table S4). Differences in the control of translation
between farnesol-treated mca1A/A and farnesol-treated WT
cells were confirmed by the overexpression of proteins in the
nucleolus observed in extracts. Expression of some Mcalp
partners predicted by the String 9.0 database web resource
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Fic. 5. Expression levels of predicted partners of mca1p (central panel from string 9.0 website). Corresponding abundances of these
proteins as determined by TMT experiments are shown with WT-F/WT, mca1A/A/WT, and mca1A/A-F/WT ratios and as determined by
label-free experiments with WT, WT-F, mca7A/A, and mca1A/A-F abundance.

(http://string-db.org/) was increased by farnesol and was
higher in the Mca1p-deleted than WT strains (Fig. 5).

Farnesol Induces Cdrip Overexpression and its Glutathio-
nylation in a Mca1p-Independent Way— Label-free analysis of
tryptic digests and TMT-labeling experiments showed that
farnesol increased the abundance of Cdrip, an ABC multi-
drug transporter, in a Mcalp-independent way (Fig. 6A).
Cdrip has been described as exporting glutathione from
farnesol-treated cells, so we searched for signatures of this
activity in our data. A database search of tryptic digests for
the post-translational modification glutathionylation (C) re-
vealed no overall difference (Q-value threshold at 0.05) in the
glutathionylated proteomes in the different conditions (Fig.
6C). We found that Cdr1p itself was glutathionylated on cys-
teine 712 (Fig. 6B) in the WT and the mcalA/A extracts
prepared after farnesol treatment. No differences in reduced
glutathione between the different conditions was found by
flow cytometry and naphthalene-2,3-dicarboxaldehyde label-
ing (Fig. 6D).

Western blot Analyses of a Putative Substrate of Mcalp—
Immunoblot with anti-Ssb1p antibody confirmed abundances
variation found for this protein in label-free experiment of

tryptic digests (Fig. 7). We showed a higher Ssb1p abundance
in mcalA/A-farnesol condition relative to other conditions.
Moreover, a fragment of this protein was detected (around 20
kDa) only in WT-farnesol condition indicating that the Ssb1p
cleavage is caused by the activated Mcalp protease as
shown in GluC digest bottom-up approach (Table llI).

DISCUSSION

When analyzing the C. albicans metacaspase function, we
wondered whether it is possible to address its endopeptidase
activity from in vivo experiments. Therefore, we conducted a
series of proteomic studies to: (1) evaluate the role of Mcalp
in the early phase of apoptosis in C. albicans, (2) investigate
the proteolytic activity of Mca1p and determine whether it is a
general purpose protease, or an enzyme with specific sub-
strates, and (3) decipher the cleavage specificity of Mcalp.
We analyzed, in parallel, the proteomes of two C. albicans
strains, a wild-type strain and an isogenic strain from which
both alleles of the MCA1 gene were deleted, grown under
non-filamentous conditions (yeast form) in the presence and
absence of a low concentration of the apoptosis inducer
farnesol. This allowed analysis of the events during an early
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Fic. 7. Western blot analyses of a putative substrate of Mca1p.
Visualization of Ssb1p abundance by immunoblot in WT, WT-farnesol,
mca1A/A, and mca1A/A-farnesol conditions. Control immunoblot
without primary antibody gave no signal (data not shown).

phase of apoptosis, before the massive degradation events
lea ding to necrosis. The action of farnesol action is depen-
dent on Mcalp expression (10). Under the experimental con-
ditions used (250 um farnesol applied for 4h to yeast cells in
the mid log phase of growth), there was a clear difference in
biological responses between the WT and the mca7A/A
strains. In the WT cells but not in the mca1A/A cells farnesol
induced the externalization of phosphatidyl serine and some
fragmentation of nuclear DNA indicating apoptosis. However,
none of the cells were significantly labeled with propidium
iodide, indicating that they were not necrotic. These observa-
tions confirmed that the presence of an active metacaspase is
required for C. albicans programmed cell death. Most studied
caspases have a relatively strict specificity for an aspartic acid
residue (D) in P1 (6, 7) whereas several metacaspases from
plants, yeasts or some metazoans tend to be specific for
basic residues (K/R) (7, 37, 38). The clear enrichment in K/R
cleavage sites we found for Mca1p indicates a cleavage spec-
ificity similar to that described for several fungal meta-
caspases (as determined using synthetic peptides) including
the Allomyces arbuscula metacaspase CDPII (37) and Ycalp
in S. cerevisiae (25, 38); this is also the specificity displayed by
plant metacaspases 4 and 9 in Arabidopsis thaliana (7), or
mcll-PA in the Norway spruce tree (39). There were only a

small number of peptides fulfilling our selection criteria in the
various conditions and no cleavage specificity other than a
K/R residue was found by comparison of WT-farnesol and
mcaiA/A-farnesol using native peptidomic analyses, or gluC
and trypsin digests. This indicates that the apoptosis events
analyzed did not result from a massive and nonselective deg-
radation of cellular protein. Mcalp appears to be specific to a
limited number of substrates, and does not seem significantly
to activate other proteases. Moreover, our results showed an
interesting bias with over-representation of an acidic residue
(D or E) in the P2 position relative to the cleavage site. An
acidic D/E predominance at P1’ and to a lower extent at P2
has been described for the metacaspase 9 in A. thaliana (40)
and a basic residue (K or R) at P2 inhibits totally the activity of
the CDPIl metacaspase of Allomyces arbuscula (37). Overall,
we report 54 proteins (77 peptides) as potential substrates of
Mcalp in vivo during the early phase of farnesol-induced
apoptosis in the yeast form of C. albicans. Among these 77
peptides at least 13 were considered as the best substrates
candidates (supplemental Table S1) with more drastic filters.
One of the most striking features of the specificity of Mcalp is
that many of these substrates belong to either the family of
heat-shock proteins (Ssb1p, Hsp70p, and Hsp90p), and
translation machinery (Tef1p, Rps3p, Rpl17Bp, Rpp2Bp, and
Hcr1p), or to mitochondria (Qcr2p, Aco1p, Cox5p, and Atp5p)
and carbon metabolism (Tpi2p, Tal1p, Tkl1p, Gpm1p, Fbailp,
Lsc1p, Lpdip, and Pmm1p). We confirmed by immunoblot
the cleavage of Ssb1p, an HSP family heat-shock protein, in
the experimental condition where the metacaspase is acti-
vated. This suggests that the onset of apoptosis is associated
with a loss of general stress response capabilities and a major
metabolic rewiring.

Our quantitative proteomic experiments clearly show that
diverse biological responses are elicited by farnesol treat-
ment. Some are Mcalp-dependent, others are Mcalp-inde-
pendent. Also, the proteome differs according to the pres-
ence/absence of Mcalp without farnesol treatment. One
purely farnesol effect was the strong induction of Cdrip, a
plasma membrane associated ABC transporter and that has
been linked to farnesol toxicity (18, 41). Cdrip mediates the
extrusion of glutathione from farnesol-treated cells, leading to
a depletion of the intracellular pools of GSH, and therefore
enhanced susceptibility to oxidative stress (41). We examined
differences between the glutathionylated proteomes in the
various bottom-up data sets to study the role of Cdrip in our
experimental model of farnesol-induced apoptosis. There
were no massive differences in overall protein glutathionyla-
tion, with a core of 108 proteins remaining glutathionylated in
all conditions. This does not reflect the expected effects of
massive glutathione extrusion triggered by farnesol. This ob-
servation was confirmed by an evaluation of the cellular con-
tent of reduced glutathione by measuring the formation of a
fluorescent adduct with naphthalene-2,3-dicarboxaldehyde
(80) and flow cytometry analysis: no significant differences
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were detected between the GSH pools in the different condi-
tions assayed. There were however some specific targets of
protein glutathionylation upon farnesol treatment, and in par-
ticular, the presence of farnesol led to Cys712 of Cdr1p being
glutathionylated irrespective of the presence or absence of
Mca1p. This cysteine residue is located in a transmembrane
helix (TM4), and a mutational analysis did not find that it has
any critical function in the transport activity of Cdrip (42). The
role of Cdr1p glutathionylation remains unclear. The crystal
structures of two ABC transporters in the presence of gluta-
thione, the mitochondrial iron—sulfur cluster exporter Atmip
from S. cerevisiae and the heavy metal Atm1-type ABC ex-
porter from Novosphingobium aromaticivorans (43, 44), may
provide some clues. Others proteins, such as Hsp104p, were
glutathionylated (on Cys544 and Cys640) in farnesol-treated
samples but only when Mcalp was absent.

We defined clusters of proteins with similar expression
profiles across the different experimental conditions, as de-
termined by the quantitative label-free and the TMT-labeling
analyses. The resulting protein classes (Fig. 5) revealed some
characteristic expression profiles. Clusters C3 and C10 con-
tain proteins the expression of which was lowered by farnesol
treatment independently of the presence of Mcalp; clusters
C2 and C10, and to a lesser extent C4, include proteins
showing a much larger increase in protein abundance upon
farnesol treatment when Mcalp is absent than in wild-type
cells. Statistical analysis of the enrichment of gene ontology
terms (cellular component, biological process, and molecular
function) in the various clusters indicated that the main pro-
cesses altered are related to stress response, and ribosome
biogenesis, protein translation and folding. Farnesol increases
the expression of proteins involved in folding and response to
stress such as Hsp90p, Ssalp, Hsp60p, and Gir1p (10). Here,
we show that the mcal deletion considerably enhances the
induction of these proteins, but also the induction of other
chaperones including Hsp104p, Ssc1p, Ddr48p, and orf19.
7085p. This result raises important questions about the mo-
lecular function of Mcalp. Some phenotypes of mca7-deleted
C. albicans strains have been described (22): the absence of
Mcalp leads to elevated resistance of the cells to oxidative
stress, alteration of mitochondrial energy production and re-
routing of glucose metabolism. Resistance to oxidative stress
is also increased by the down-regulation of the RAS1/cAMP/
PKA pathway by farnesol in C. albicans. This pathway accel-
erates PCD by inhibiting the expression of stress proteins or
by inducing factors of apoptosis (36). Although we did not
observe any effects on Ras1p expression, farnesol increased
the expression of Tpk2p, a catalytic subunit of PKA, but this
effect was not observed in the Mcalp mutant. This is coherent
with the HSP-related phenotypes of the mca7A/A cells in the
presence of farnesol, but cannot be traced back to a PKA-
dependent inhibition of the expression of the catalase Cat1p,
a major contributor to farnesol-induced oxidative stress (15).
The differences in expression of Tpk2p are corroborated by

those observed for the apoptosis-inducing factor Aifip or-
tholog, in our label-free experiments (Table I). Possibly, the
RAS1/cAMP/PKA pathway increases the expression of Aif1p
ortholog to induce apoptosis events, and this activation may
be dependent on the presence of Mca1lp.

The sequences and structures of Mcalp in C. albicans and
the S. cerevisiae ortholog of Mca1p, the metacaspase Ycalp
are very similar, so they are likely to share various functions.
An important function of Ycalp is its contribution to the
clearance of aggregated proteins in stressed cells (23, 24).
Ycalp has been found associated with aggregated proteins,
together with Cdc48p, a member of the HSP family, and with
the aggregate-remodeling chaperones Ssalp and Ssa2p (24).
It has been suggested that mechanism of action of Ycalp is
bind to insoluble aggregated proteins and then recruit unfold-
ing/degradation machinery to eliminate them. Our results sug-
gest that Mca1p functions differently: the protein chaperones,
including Hsp104p, a major disaggregase in C. albicans (45)
appear to be the substrates of Mcalp. The main function of
Mcalp appears therefore to be to reduce the capacity of
stressed cells to respond to protein alterations, thereby favor-
ing cell death.

Our analyses suggest a second important function of
Mcal1p. A number of mitochondrial proteins appear to be
direct (Cox1p, Atp5p) or indirect (Aif1p) substrates for Mcalp;
proteolytic cascades and degradation of mitochondrion are
major events of apoptosis (10, 46, 47), so this reveals a link
between Mcalp-dependent apoptosis and the mitochondrial
pathway for PCD. Mutations in Cdc48p in S. cerevisiae result
in mitochondrion impairments and apoptosis (48). Here, we
show that Cdc48p is a potential substrate of Mcalp, with
three cleavage sites found, two of which found with the most
stringent filters applied. This suggests thus that the endopep-
tidase activity of Mcalp may directly degrade or at least
impair mitochondria. This is relevant to a previously unex-
plained observation that deleting YCA1 from a frataxin-defi-
cient yfh1A strain that exhibits severe mitochondrial dysfunc-
tions, allows the restoration of cytochromes assembly (49).
YCAT deletion may lower the rate of mitochondria degrada-
tion and thereby allow the synthesis and maintenance of
partly functional mitochondria. The deletion of MCAT1 in C.
albicans results in a lower abundance of ROS and a lower
mitochondrial membrane potential (22). We report here that
the expression of a putative effector of death (orf19.2175),
ortholog of the S. cerevisiae Aif1p described to be a mito-
chondrial apoptosis effector (50), is increased by farnesol in
the WT and by less in the mca1A/A mutant. Differences in the
expression of the apoptosis effector are corroborated by flow
cytometric analysis of the activation of apoptosis. However,
the expression of this apoptosis inducer in the presence of
farnesol was high even in the mca1A/A strain, higher than
would be expected in the light of the flow cytometry results.
This suggests that the induction of apoptosis by the Alf1p
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ortholog is mostly dependent of Mcalp, consistent with what
has been described in S. cerevisiae (50).

Native peptidomic analyses identified only 9 of 416 pep-
tides as potential substrates of Mca1p, and GluC experiments
found only 68 among 8549 peptides. This suggests that the
metacaspase has a targeted activity. Here, we show that the
endopeptidase activity of Mcalp is tightly targeted and di-
rected toward mitochondria, chaperone proteins, and glycol-
ysis proteins, causing mitochondrial damage and thus apo-
ptosis. It would be interesting to investigate the contribution,
if any, of cytoplasmic proteases including Mcalp in protea-
some and vacuole degradation during apoptosis. No quanti-
tative differences in the numbers of ubiquitinated species
were found in our proteomic analyzes of whole protein ex-
tracts according to the presence or absence of farnesol
and/or Mca1lp disruption (data not shown).

In conclusion, the results presented help elucidate the pos-
sible functions of Mcalp in C. albicans. Mcalp appears to act
as a specific protease, with a limited number of substrates.
Another function of Mcalp is to reduce the capability of the
cells to respond to stress, by degrading key components of
the protein chaperone machineries. Also, Mcal1p contributes
significantly to the control of mitochondrial biogenesis and
degradation, and thereby probably constituting a link between
the extrinsic and the intrinsic programmed cell death path-
ways in C. albicans. Mcalp function could be further de-
scribed by studying the kinetics of apoptotic responses using
a combination of apoptosis inducers.
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