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Abstract: Stress management is an adaptive advantage for survival in adverse environments.
Pathogens face this challenge during host colonization, requiring an appropriate stress response to
establish infection. The fungal pathogen Cryptococcus neoformans undergoes thermal, oxidative, and
osmotic stresses in the environment and animal host. Signaling systems controlled by Ras1, Hog1,
and calcineurin respond to high temperatures and osmotic stress. Cationic stress caused by Na*,
K*, and Li* can be overcome with glycerol, the preferred osmolyte. Deleting the glycerol phosphate
phosphatase gene (GPP2) prevents cells from accumulating glycerol due to a block in the last step
of its biosynthetic pathway. Gpp2 accumulates in a phosphorylated form in a cnalA strain, and a
physical interaction between Gpp2 and Cnal was found; moreover, the gpp2A strain undergoes slow
growth and has attenuated virulence in animal models of infection. We provide biochemical evidence
that growth in 1 M NaCl increases glycerol content in the wild type, whereas gpp2A, cnalA, and cnb1A
mutants fail to accumulate it. The deletion of cnblA or cnalA renders yeast cells sensitive to cationic
stress, and the Gfp-Gpp2 protein assumes an abnormal localization. We suggest a mechanism in
which calcineurin controls Gpp2 at the post-translational level, affecting its localization and activity,
leading to glycerol biosynthesis. Also, we showed the transcriptional profile of glycerol-deficient
mutants and established the cationic stress response mediated by calcineurin; among the biological
processes differentially expressed are carbon utilization, translation, transmembrane transport, glu-
tathione metabolism, oxidative stress response, and transcription regulation. To our knowledge, this
is the first time that this transcriptional profile has been described. These results have implications
for pathogen stress adaptability.

Keywords: Cryptococcus neoformans; calcineurin; glycerol phosphate phosphatase; osmotic stress;
cationic stress; GPP2

1. Introduction

Cryptococcus neoformans has significant clinical importance. This encapsulated yeast
is responsible for causing cryptococcosis, a potentially life-threatening fungal infection,
particularly in AIDS patients, organ transplant recipients, or those undergoing immuno-
suppressive therapies [1].

As an opportunistic pathogen, C. neoformans exhibits a remarkable ability to respond
to stress, such as high temperatures, high osmolarity, oxidative environments, nutrient
abundance, and radiation, which are features intricately associated with its survival in
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nature but also associated with virulence in the host. The stress response depends on
sophisticated cell signaling mechanisms that enable it to sense and respond to changes [2-5].

Calcineurin is pivotal in orchestrating fungal signaling, acting as a central hub that
modulates adaptation to various environmental challenges [6]. As a calcium—calmodulin-
activated protein phosphatase, calcineurin regulates critical cellular processes in fungi, such
as ion homeostasis, cell wall integrity, growth, virulence, drug resistance, and response
to stresses [7]. Upon exposure to stress or antifungal agents, calcineurin, a heterodimer
composed of catalytic (Cnal) and regulatory (Cnb1) subunits, becomes activated by calcium-—
calmodulin. This complex binds to the catalytic subunit, exposing the active site of the
autoinhibitory domain at the C-terminus; the Cnb1 subunit is also a Ca*-binding protein
and considered a calcium sensor [8]. The active calcineurin complex leads to the dephos-
phorylation of target proteins and subsequent alterations in gene expression patterns [9].
This activation aids fungi in maintaining cellular integrity and viability under adverse
conditions [8]. The most well-characterized role of the calcineurin complex in C. neofor-
mans is in high-temperature growth at 37 °C [10,11]. It has been shown that cell exposure
to inhibitors of the calcineurin complex, such as cyclosporine A, or the deletion of the
regulatory and catalytic subunits leads to high-temperature growth failure and virulence
attenuation in animal models of infection [3,12,13]. The transcription factor Crz1/Sp1 has
been identified as the main target of the complex during stress [14] in C. neoformans and
other fungi [6]. Calcineurin dephosphorylates Crz1 in the cytoplasm, which enters the
nucleus to transcribe its target genes, leading to several cellular responses [15].

Crz1 has been found in stress granules (P-bodies), and Crzl domains without previ-
ously attributed functions are linked to different localizations and functions [16]. However,
the calcineurin complex has Crzl-independent roles: for example, Park et al. (2016) iden-
tified many calcineurin targets using a phosphoproteomic assay; besides Crz1, proteins
involved in P-bodies/stress granules (PBs/SGs) were found as calcineurin substrates. Also,
Cnal-Gfp co-localizes to PBs/SGs upon thermal stress, suggesting it may be involved in
mRNA decay [17,18]. These observations are evidence that calcineurin is involved in a
myriad of molecular processes to overcome stress. For example, Cnal and Cnb1 subunits
were found in a protein complex with the Cys3 transcription factor, a major regulator
of sulfur uptake and amino acid biosynthesis that localizes mainly to the nucleus [19].
Along the same lines, Cnal physically interacts with Met3 (ATP sulfurylase), a cytoplasmic
protein involved in the first committed step of the sulfur uptake pathway, suggesting that
the calcineurin complex contributes to nutritional stress regulation at multiple steps of the
pathway [20].

Earlier, Cruz et al. (2000) observed cationic stress sensitivity (Na* and Li*) in cnalA
mutants of C. neoformans; conversely, C. deneoformans was not considered sensitive [10,12].
Cnal and Cnbl1 interact physically with Gpp2, the glycerol phosphate phosphatase respon-
sible for glycerol biosynthesis, which is required to counteract cationic stress and promote
cell wall integrity in C. neoformans; also, the GPP2 gene is required to activate virulence
traits, according to previous observations [19,21,22]. In a phosphoproteome analysis, Gpp2
was found to be a calcineurin target. This protein accumulates in its phosphorylated form
in a cnalA background [17]. This link between calcineurin and Gpp2 suggests a signaling
mechanism for glycerol biosynthesis activation as a key physiological process in response
to cationic stress. Our main hypothesis in this work is that calcineurin ultimately controls
glycerol biosynthesis by modifying the Gpp2 protein at the post-translational level to
promote cationic homeostasis. In this study, we show that calcineurin is required for proper
Gpp2 localization at the subcellular level and glycerol biosynthesis. Also, by evaluating the
global transcriptional profiles of cnalA, cnblA, and gpp2A mutants, we reveal that the lack
of calcineurin signaling and glycerol biosynthesis causes a large transcriptional rearrange-
ment, promoting several cellular and physiological responses, including carbohydrate
metabolism, cell wall and membrane remodeling, and glutathione and oxidative stress
responses. Interestingly, cationic stress activates a set of 11 zinc-cluster-like transcriptional
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factors that are fungal-specific, several of which are dependent upon calcineurin signaling
for transcriptional induction.

Given the critical role of glycerol metabolism in stress adaptation and virulence,
understanding the interplay between calcineurin and Gpp2 not only sheds light on the
pathogen’s strategies for thriving in various niches but also presents potential opportunities
for devising novel therapeutic approaches against cryptococcosis.

2. Materials and Methods
2.1. Plasmids, Strains, and Primers

The plasmids, strains, and primers used in this work are listed in Supplementary
Tables S1-53, respectively.

2.2. Growth Conditions

Routine growth was carried out on YEPD (1% yeast extract, 2% bacto-peptone, 2%
glucose). Synthetic dextrose (SD) was prepared with yeast nitrogen base, YNB (0.67 g/L
yeast nitrogen base with or without amino acids and ammonium sulfate, depending on
experimental design, 2% glucose). Growth was carried out at 30 °C unless specified other-
wise. Growth in the liquid medium occurred at 150 rpm on a rotary shaker. Glutathione
was supplemented at a 10 mM concentration. Multi-stress sensitivity was evaluated with
YEPD medium supplemented with 0.07, 0,08, and 0.09 M LiCl or 0.5 and 1 M NaCl or KCl.

2.3. Strain Construction

This work used the TRACE (Transient CRISPR-Cas9 Coupled with Electroporation)
method to create a cnb1A::NeoR mutation in the wild-type strain H99, as previously pub-
lished [23,24]. Briefly, pYF24 was used as a template to amplify the Cas9 endonuclease gene
under the control of the GPD1 promoter by PCR. A 9Kb band was purified by QiaQuick
(Qiagen, Hilden, Germany). EuPaGDT (Eukaryotic Pathogen CRISPR guide RNA /DNA
Design Tool) embedded in the FungiDB site was used to design the gRNA target site
(http://grna.ctegd.uga.edu/ accessed on 25 January 2021). The target site built was 20 nu-
cleotides long, excluding the NGG sequence, to avoid self-cleavage of the gRNA. The
nucleotide sequence selected as the target site was fused at its 3’ end to the sequences of
the guide RNA scaffold to create the forward primer. A reverse primer for gRNA was
also created, and the primer pair was used to amplify part of the guide RNA using the
pDD162 (AddGene, Watertown, MA, USA) plasmid as the template [25]. The comple-
mentary sequence of the target site was incorporated into the reverse primer containing a
sequence at its 3’ end complementary to sequences of the U6 promoter, and the forward
primer to amplify the U6 promoter was also designed. The primer pair was used to PCR
amplify the U6 promoter using C. neoformans strain JEC21 genomic DNA. A second PCR
reaction, using the two PCR-amplified fragments as the template, was carried out to join the
promoter and the gRNA sequence together using nested primers. This reaction generated
a DNA fragment containing a 20-nucleotide target site fused to the guide DNA scaffold
driven by the U6 promoter. This 300 bp fusion product was purified with QiaQuick. The
cnb1A:Neo® deletion construct containing 500 bp of the promoter and terminator regions
of the CNB1 gene flanking the NeoR resistance gene driven by the actin promoter was made
by overlapping PCR, as previously described [26]. All three DNA fragments encoding the
gRNA, Cas9, and deletion construct were purified, eluted in water, and introduced into the
wild-type strain H99 by electroporation according to the protocol previously published [24].
Transformants resistant to G418 were subjected to 5 cycles of subculture in YEPD without
antibiotics to eliminate transient transformants. Finally, the transformants were inoculated
in YEPD supplemented with G418. They were also subjected to diagnostic PCR to identify
homologous recombination at the CNB1 locus. Among forty transformants, six were posi-
tive in the diagnostic PCR (15% of homologous integration) and were designated CNU160
to CNU165. All of them were temperature-sensitive at 37 °C, a marked phenotype of the
calcineurin mutants. CNU160 was chosen for further analysis.
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Strains containing the GFP-GPP2 allele were constructed by PCR amplification of the
GPP2 gene from the Start to Stop codon plus 300 bp of the terminator region. gDNA of
the H99 wild-type strain was used as a template with PRCP472 and PRCP473 primers
(Supplementary Information, Table S3). The band was excised from agarose gel, and the
DNA was cloned into the pCN19 plasmid and digested with BamHI and Spel restriction
enzymes. Gibsom assembly (NEB) was used to reconstitute the circular plasmid containing
the GPP2 gene. The vector contains the GFP sequence driven by the Histone H3 promoter
and the nourseothricin resistance gene as a selectable marker. The plasmid was sequenced
to confirm translational fusion between GFP and GPP2 sequences. After confirmation, the
plasmid (pRCP115) was introduced into the wild-type strain H99 (CNU151) and into the
mutant strains CNU160 (cnb1A) and CNU166 (cnalA), generating the strains CNU189 and
CNU193, respectively.

2.4. Western Blot

The protein extract was obtained and separated by SDS-PAGE, as described before [19].
The gels were equilibrated in transfer buffer (48 mM Tris, 39 mM glycine, 20% methanol),
and proteins were transferred to nitrocellulose membranes on the Trans-Blot® SD Semi-Dry
Electrophoretic Transfer Cell (BioRad, Hercules, CA, USA) at 15V for 1 h. The membrane
was blocked with 5% non-fat dry milk in TBS (10 mM Tris, 150 mM NaCl, pH 7.4) for 1 h at
room temperature. The primary antibody (mouse anti-GFP ThermoFisher (Waltham, MA,
USA), 1:7000 dilution) was incubated overnight at 4 °C in 1% BSA. After three washes, 5 min
each, in TBST (TBS with 0.1% Tween 20), the secondary antibody (goat anti-mouse-HRP,
Cell Signaling Technology 1:2000 dilution) was incubated in TBST with 5% non-fat dry milk
for 1 h at room temperature, followed by three 5 min washes, each in TBST. SuperSignal
West Pico PLUS Substrate (ThermoFisher) was used with the ImageQuant LAS 4000 system
(GE) to detect chemiluminescent bands. Loading control was performed with the rabbit
anti-Histone H3 antibody (1:2000) and anti-rabbit HRP-linked secondary antibody (1:2000).
Protein extraction and Western blotting were performed in triplicate.

2.5. Fluorescence Microscopy

Strains containing the GFP-GPP2 allele were induced in several stress conditions,
depending on the experimental design. Cells were grown overnight in 5 mL of YEPD at
30 °C with 150 rpm rotation, washed with PBS three times, then diluted to ODgyy = 0.6
(5 mL), and incubated under salt stress for two hours or with a calcineurin inhibitor for
0,2,0or4h. A1mL aliquot was removed for microscopy analysis. The cells were fixed
in 4% formaldehyde (Sigma, St. Louis, MO, USA) (v/v) diluted in 100 mM potassium
phosphate and 0.5 mM MgCl, for 10 min at 30 °C and washed twice with 1x PBS. Glass
slides were prepared with 4 uL of ProLong with NucBlue antifade (Thermo Scientific,
Waltham, MA, USA) and 6 pL of the processed sample. Cells were viewed by direct fluo-
rescence microscopy using an Olympus BX51M microscope (Tokyo, Japan), and an analysis
was performed using Olympus CellSens 1.15 and PhotoShop CS6 13.0. All microscopy
experiments were performed in triplicate.

2.6. RNA Extraction

Liquid cultures of H99, CNU166 (cnalA:HphR), CNU160 (cnb1A::Neo®), CNU125
(gpp2A:Nat®, Gfp-Cys3), and CNU080 (pCN50/ NeoR—Gfp-Cys3) were grown overnight
in 50 mL of YEPD at 30 °C, 150 rpm. Cells were collected and washed 2 times in 1x PBS
by centrifugation at 4000 rpm for 10 min at room temperature. Cells were inoculated at
ODggp = 0.5 in 15 mL of YEPD with and without 5 mM H;O; or 1 M NaCl for 30 min with
150 rpm rotation at 30 °C. After this period, the cells were collected and washed in DEPC-
treated water, and the pellets were lyophilized overnight. According to the manufacturer’s
instructions, the RNAs were extracted with a Yeast RNeasy Mini Kit (Qiagen). The RNAs
were quantified in Nanodrop (Thermo Scientific) and used in RNA-seq or qPCR.
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2.7. RNA-Seq and Bioinformatics

RNA-seq libraries were prepared from 500 ng of total RNA using the TruSeq Stranded
mRNA Sample Preparation Kit (Illumina, San Diego, CA, USA), following the manufac-
turer’s protocol without any modifications. Library QC and quantification were performed
using the High Sensitivity D1000 ScreenTape Assay on the 4200 TapeStation system (Ag-
ilent, Santa Clara, CA, USA). Sequencing was performed in a NextSeq 500 sequencing
system (Illumina) set to obtain 2 x 75 bp reads.

The sequencing files in fastq format were processed with BBDuk version 39.01 (https:
//doi.org/10.1371 /journal.pone.0185056 accessed on 18 August 2023) to filter out adapters
and low-quality reads. Quality reports were generated using FASTQC version 0.12.1
(https:/ /www.bioinformatics.babraham.ac.uk/projects /fastqc accessed on 18 August 2023).
Read mapping was conducted using STAR software version 2.7.10b against the C. neofor-
mans var. grubii H99 genome. To generate the count table, read counts were quantified with
the feature Counts program version 2.0.6 (https:/ /doi.org/10.1093 /bioinformatics /btt656
accessed on 18 August 2023). Differentially expressed genes (DEGs) were identified using
DESeq?2 (https:/ /doi.org/10.1186/s13059-014-0550-8 accessed on 18 August 2023), apply-
ing an adjusted p-value cutoff of 0.05 and a log2 fold change threshold of 1. Annotation
data were retrieved from the FungiDB database (https://doi.org/10.3390/jof4010039 ac-
cessed on 18 August 2023) and EnsemblFungi (https:/ /fungi.ensembl.org/Cryptococcus_
neoformans_var_grubii_h99_gca_000149245 accessed on 18 August 2023). The R 4.1 and
Bioconductor 3.16 package GOstats (https://doi.org/10.1093 /bioinformatics /btl567 ac-
cessed on 18 August 2023) was used to perform the Gene Ontology (GO) enrichment
analysis, and pathview (https://doi.org/10.1093 /bioinformatics/btt285 accessed on 18
August 2023) was used for the KEGG analysis.

2.8. Quantitative PCR

The Platus transcriber RNAse H—cDNA First Strand kit (Sinapse Inc., Sao Paulo, SP,
Brazil) was used for cDNA synthesis from 5 pg of total RNA together with Oligo(dt) and
Random hexamer primers. Diluted cDNA templates (1:10) were amplified with 100 nM of
the target primers, 300 nM of the endogenous control GPDH1 (Glyceraldehyde-3phosphate
dehydrogenase), and the 1x Syber green master mix (Evagreen®). The quantification of
transcript levels was performed in the StepOnePlus™ Real-time PCR System thermocy-
cler (Waltham, MA, USA) using the 224CT method and normalized against GPDH1 as
previously described [27]. An analysis of variance was performed using the Tukey multiple-
comparison test using Prism Graphpad 8.0 software, and p values lower than 0.05 were
considered statistically significant.

2.9. Glycerol Quantification

Intracellular glycerol determination was performed as previously reported [28,29]
with modifications. Cells were grown overnight in YPD medium at 30 °C. The following
day, cultures were diluted in fresh YPD medium to obtain an OD600 nm of 0.2 and grown
in YPD medium with or without supplementation with 1 M NaCl at 30 °C to the mid-log
phase (OD600 nm of 0.7, approximately). Then, cells were collected by centrifugation (1 min
at 6000 x g), resuspended in 1 mL of boiling water, and incubated at 100 °C for 10 min. The
samples were cooled on ice for 10 min and then centrifuged at 15,000 x g. Supernatants
were used to measure glycerol and were stored at —20 °C. The glycerol concentration
was determined using a commercial kit (Glicerol Assay kit) following the manufacturer’s
instructions (MAK117, Sigma Aldrich, St. Louis, MO, USA).

3. Results

3.1. gpp2 A, cnal A, and cnbl A Mutants Are Sensitive to Cationic Stress and Fail to
Accumulate Glycerol

Reports from our group have shown that cationic homeostasis depends upon Gpp2
phosphatase and that glycerol supplementation of the medium remediates cationic stress
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sensitivity in the gpp2A strain [21]. Also, our previous work and others have shown that
Gpp2 is a target of the calcineurin complex, and it physically interacts with CnalAC and
Cnb1 [17,19]. Based on these observations, we hypothesized that the calcineurin complex
controls cationic stress, at least partially, by activating the Gpp2 protein and glycerol
biosynthesis. In order to challenge this hypothesis, first, we tested whether cnalA and
cnblA strains would show growth deficiency under cationic stress (NaCl, KCl, and LiCl).
Also, we added gpp2A and met3A (ATP sulfurylase) mutants to this experiment [20,21]. The
first was a positive control since we know it is hypersensitive to NaCl and KCl, and the
latter was added to the analysis because ATP sulfurylase physically interacts with Cnal.
Therefore, the mutants’ growth may also be affected by cationic stress. Figure 1A shows
that all strains tested are sensitive to 1 M NaCl and KCI and 90 mM LiCl compared to the
wild type to different degrees. Notably, the gpp2A and met3A strains are hypersensitive to
NaCl/KCl and LiCl, respectively, whereas both calcineurin mutants are sensitive to all salts
used. This result suggests that calcineurin is involved in cationic homeostasis, probably by,
directly or indirectly, causing post-translational modifications in the Gpp2 protein.

(A)
oM NaCl 1M KCl IM LiCl 0.09M
H99
cnblA
cnalA
met3A
grp2a
(B)
8 |
" I' ) B 0 M NaCl
1 M NaCl

»
1

Glycerol mM
s

;z
-
-
-

Figure 1. Sensitivity to cationic stress in cnblA, cnalA, met3A, and gpp2A mutant strains compared
to the wild type (H99). (A) The growth phenotype of wild-type and mutant strains cultures in
YEPD medium containing NaCl, KCl1 (1 M each), and LiCl (0.09 M). The plates were incubated
at 30 °C for 48 h. (B) The quantification of intracellular glycerol in cnalA, cnblA, and gpp2A mu-
tant and wild-type H99 strains. The growth of wild-type and mutant strains occurred in YPD
medium with (gray bars) and without (black bars) 1 M NaCl supplementation at 30 °C overnight
at 150 rpm. A two-way ANOVA multiple-comparison test was used to find relevant statistical
differences (p value < 0.0001 ****).
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Since Gpp?2 is responsible for the last step in glycerol biosynthesis and, theoretically,
its deletion would lead to low intracellular glycerol, we carried out glycerol quantification
in the wild type, cnalA, cnblA, and gpp2A in the presence or absence of NaCl. Figure 1B
shows that in the wild-type strain (H99), the glycerol content increases significantly in the
presence of NaCl; however, all three mutants fail to accumulate glycerol in the presence
of NaCl.

Taken all together, these results indicate that glycerol is an important osmolyte during
cationic stress, and its biosynthesis and accumulation are dependent on Gpp2, a glycerol
phosphate phosphatase, which may be activated by the calcineurin signaling complex.

3.2. Cnal and Cnb1 Subunits Are Required for Proper Gpp2 Protein Integrity and Localization to
Cytoplasmic Puncta

Since calcineurin is a serine/threonine phosphatase, we checked whether a Gfp-
Gpp2 fusion protein would be modified by deleting the genes encoding the regulatory
(CNB1) and catalytic (CNA1) calcineurin subunits. First, Western blotting was carried out
in the absence or presence of NaCl in the wild-type (CNU151) strain containing the GFP-
GPP2 allele. As shown in Figure 2A, a 75 KDa band was observed, as expected from the
theoretical molecular weight calculated for the fusion protein. In the presence of 1.5M
NaCl, besides the main band at 75 KDa, a lower-molecular-weight band was detected in
response to NaCl added to the medium (Figure 2A). The same behavior can be observed
for the Gfp-Gpp2 fusion protein in the cnblA strain (Figure 2B). However, in the cnalA
strain, the 75 KDa band was abolished, and only the lower-molecular-weight band was
detected (Figure 2B). This result suggests that the Cnal catalytic subunit is required to
maintain the full-length Gpp2. Its absence seems to lead to Gfp-Gpp2 being processed to
a lower-molecular-weight band, estimated at 60 KDa. Also, the wild-type and mutant
strains (cnalA and cnb1A) containing the GFP-GPP2 allele were exposed to 100 ug/mL
of cyclosporine A, which was previously described as a calcineurin inhibitor [30], and
Western blotting was performed. Figure 2C shows that the inactivation of calcineurin
in the wild-type strain leads to a progressive increase in Gfp-Gpp2 accumulation after
2 and 4 h post-induction. The same can be seen for the cnb1A strain, where the main
75 KDa band accumulates in larger amounts after 2 and 4 h; in addition, the cnb1A strain
has the 60 KDa band in higher amounts as well. CsA had no observable effect on the
Gfp-Gpp2 band in the cnalA background strain. This result suggests that Gpp2 is a
target of calcineurin-mediated post-translational modifications.

Fluorescence microscopy was performed to detect the subcellular localization of
Gfp-Gpp2 in the same conditions as the Western blots. In the wild type, Gfp-Gpp2 is
distributed homogeneously in the cytoplasm. However, after 2 h, in the presence of NaCl,
the Gfp-Gpp2 protein accumulated in distinct punctual dots in the cytoplasm (Figure 3A).
These cytoplasm puncta increased from an average of one to more than four puncta per
yeast cell in the presence of NaCl (Figure 3B). Fluorescence microscopy of the mutant
strains cnalA and cnblA carrying the GFP-GPP2 allele showed no particular organization
as cytoplasmic puncta, either in the absence or in the presence of NaCl (Figure 3C). The
effect of cyclosporine A was analyzed, and after 4 h in the presence of NaCl and 100 pg/mL
of CsA, the Gfp-Gpp2 puncta localization was lost (Figure 3D). The data suggest that the
Gfp-Gpp2 protein undergoes post-translational modifications and distinct localization
during cationic stress; both processes depend on calcineurin.
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(A)
Wild type Gfp-Gpp2
NaCl 0 1.5 Molar

Gfp-Gpp2 ' ! 75kDa

Histone H3 ~ S |7kDa

(B)
Wild type  cnblA cnal A
NaCl oM 1.5M OM 1.5M OM 1.5M
Gip-Gpp2 | *= se= G G .| 75kDa

Histone H3 | 5 @ e - - - | |7KDa

©)
Wild type cnblA cnal A
CsA 0 2 4 0 2 4 0 2 4 Hours

Gfp-Gpp2 | v o o= - ' ' 75 kDa
- a» ap

- —

HistoneH3 | b e b cop a0 o @0 @ & | |7 kD2

Figure 2. The Western blotting expression pattern of the Gfp-Gpp2 protein. (A) A Western blot of total
proteins extracted from the wild-type strain (CNU151) expressing the GFP-GPP2 allele cultivated
for 2 h in SD + N (30 °C) in the presence or absence of 1.5 M NaCl. (B) A Western blot of total
proteins extracted from the wild-type strain (CNU151) and calcineurin mutant strains (CNU189,
cnblA, and CNU193 cnalA ) expressing the GFP-GPP2 allele cultivated for 2 h in SD + N (30 °C) in the
presence or absence of 1.5 M NaCl. (C) A Western blot of total proteins extracted from the wild-type
strain (CNU151) and calcineurin mutant strains (CNU189, cnb1A, and CNU193 cnalA) treated with
100 pg/mL of cyclosporin A (CsA) for 0, 2, or 4 h in SD + N (30 °C). The mouse anti-GFP primary
antibody was used at a 1:7000 dilution, and the anti-mouse horseradish peroxidase-linked secondary
antibody was applied at a 1:2000 dilution. Loading control was performed by the detection of the
Histone H3 protein with the rabbit anti-His3 primary antibody (1:2000) and anti-rabbit horseradish
peroxidase-linked secondary antibody (1:2000).
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Figure 3. Gfp-Gpp2 protein localization observed by fluorescence microscopy: (A) subcellular
localization in the wild-type strain (CNU151) with and without cationic stress (1.5 M NaCl); (B) cy-
toplasmatic puncta per cell (n > 100) in the wild-type strain (CNU151) without (black bar) and
with cationic stress (gray bar) (1.5 M NaCl). p value < 0.05 (**). (C) Gfp-Gpp2 localization in cal-
cineurin mutants (CNU189, cnb1A, and CNU193 cnalA) with and without cationic stress (1.5 M NaCl);
(D) wild-type strain (CNU151) treated for 0, 2, or 4 h with cyclosporin A (SD + N + 100 ug/mL CsA,
30 °C). Bright-field = BF; GFP fluorescence = GFP; and nuclear staining = DAPIL.

3.3. Global Transcriptional Profiles of the gpp2A, cnalA, and cnblA Strains under Cationic Stress

Our data support that calcineurin contributes to the cationic stress response by causing
Gpp2 protein modifications and altering its spatial localization, culminating in glycerol
biosynthesis. These experiments established a post-translational role for calcineurin in
glycerol biosynthesis; however, there is no insight into the global transcriptional profile of
the wild-type strain H99 in response to cationic stress induced with 1 M NaCl and how
calcineurin would affect this stress response at the transcriptional level in C. neoformans.
Therefore, a comparison among the cnalA, cnblA, and gpp2A mutants in 1 M NaCl was
conducted to broaden our understanding and possibly find a mechanism by which the
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cationic stress response happens at the transcriptional level. Also, since all three mutants are
deficient in glycerol accumulation, we aimed to relate the global transcriptional response to
a lack of glycerol.

As part of the transcriptome validation, we measured the gene expression levels
of GPP2 (CNAG_01744 = —3.99 log2 FC), CNA1 (CNAG_04796 = —4.80 log2 FC), and
CNB1 (CNAG_00888 = —0.54 log2 FC), which were found repressed in the gpp2A,
cnalA, and cnblA strains, respectively, as expected. Also, GPP2 (CNAG_01744) and
GPP1 (CNAG_06698) were up-regulated under cationic stress (0.83 and 0.91 Log2 FC,
respectively), as reported earlier [2].

To characterize the global gene expression profile during cationic stress, we first
analyzed the wild-type (H99) response to NaCl and then compared it to the mutants.
Regarding the number of DEGs in each comparison, the wild-type strain showed 433 up-
regulated and 544 down-regulated DEGs in the presence of cationic stress (Table 1). As for
the calcineurin mutants, the cnb1A and cnalA strains presented 815 and 760 up-regulated
DEGs, respectively, and 376 and 315 down-regulated DEGs, respectively; the gpp2A strain
showed the largest number of DEGs (1396 up-regulated and 1226 down-regulated), as
presented in Table 1. Figure 4A,B show the heat maps of induced (in blue) and repressed
(in red) DEGs by GO biological function. Regarding induced categories (heat map in blue,
Figure 4A), the carbohydrate metabolic process (GO: 0005975) is the only induced biological
function common to all four strains under cationic stress. Transmembrane transport
(GO:0055085) is the second category with the highest number of induced DEGs (Figure 4A
in blue) in the wild type and calcineurin mutants. Only the wild-type strain presented
induced genes categorized under lipid metabolic process, carbohydrate catabolic process,
chitin biosynthetic process, microtubule-based movement, and mitotic spindle assembly
checkpoint signaling (GO:0006629, GO:0016052, GO:0006031, GO:0007018, and GO:0007094,
respectively). Biological functions with the highest number of DEGs induced specifically in
all three mutants are autophagy, carboxylic acid metabolic process, glutathione metabolic
process, glycerol-3-phosphate metabolic process, pentose-phosphate shunt, and response
to oxidative stress (GO:0006914, GO:0019752, GO:0006749, GO:0006072, GO:0006098, and
GO:0006979, respectively, Figure 4A). Biological functions specifically induced in the gpp2A
mutant are related to protein catabolism (highlighted in italics): ubiquitin-dependent
protein catabolic process, proteosome-mediated ubiquitin-dependent protein catabolic
process, protein catabolic process, proteolysis, and proteolysis involved in protein catabolic
process (GO:0006511, GO:0043161, GO:0030163, GO:0006508, and GO:0051603, respectively
Figure 4A).

Table 1. Number of DEGs (up- and down-regulated genes) in wild type and mutant transciptomes

(comparison).
Comparison Up-Regulated DEGs Down-Regulated DEGs
Wild type OS vs. Wild type 433 544
cnb1AOs vs. Wild type OS 815 376
cnalAOS vs. Wild type OS 760 315
gpp2A OS vs. Wild type OS 1396 1226

In summary, three important elements arise from this analysis: (i) Carbon metabolism
remodeling is important for counteracting cationic stress in all strains, probably by releasing
energy and by changing cell wall composition; however, the carbon metabolism change
does not seem to be controlled by calcineurin signaling, but indeed represents an important
response to control damage caused by cationic stress. (ii) Transmembrane transport seems
to be an important response to cationic stress for the wild type and calcineurin mutants,
which may use metabolite transport to maintain homeostasis; however, gpp2A does not re-
spond by enhancing membrane transport and instead seems to activate protein catabolism,
proteolysis, and ubiquitin-dependent proteolysis as a way to handle misfolded proteins
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due to ionic imbalance. This difference in transcriptional response suggests that Gpp2
may have additional roles in cationic stress that are not related to glycerol biosynthesis
since all three mutants have very similar glycerol content. (iii) The response to oxidative
stress seems to play an important role in cationic stress for all three mutants, but not for the
wild type.
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Figure 4. A heat map of GO according to biological function in the wild type and mutants (cnalA,
cnblA, gpp2A). In (A) are the induced categories (in blue) during cationic stress, and in (B) are the
repressed categories (in pink); p value < 0.05. More intense colors represent a higher number of genes
in each category.
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Regarding the down-regulated genes, in the wild type under cationic stress, repressed
biological functions categorized by GO are carbohydrate metabolism and transmembrane
transport (Figure 4B, heat map in red). Genes categorized under translation, rRNA biogene-
sis, mitotic cell cycle, and microtubule movement were repressed in all three mutants, with
an emphasis on genes related to ribosomal biogenesis and translation (ribosomal proteins
mostly), suggesting that the absence of calcineurin signaling and low glycerol content led
to growth arrest. Even though the transcriptional response seems more complex in the
gpp2A mutant, the transcriptional profiles of the three mutants are similar (Figure 4B).

3.4. Glycerol-3-Phosphate Metabolic Flow Is Altered in Calcineurin and gpp2 Mutants

Since glycerol accumulation is affected by calcineurin and Gpp2 mutations (Figure 1B)
and glycerol-3-phosphate metabolism (GO:0006072) is a biological process altered in the
transcriptome during cationic stress (Figure 4A), the expression levels of differentially ex-
pressed genes (DEGs) in this pathway were evaluated (Figure 5A). As shown in Figure 5A,B,
in the wild-type strain under cationic stress (WT OS), the metabolic flow is directed toward
glycerol biosynthesis by a slight increase in gene expression of the GPD1/2 and GPP1/2
genes, whereas the genes (GUT1 and GUT2) involved in generating dyhydroxyacetone
phosphate (DHAP) and glycerol-3-phosphate (G3P) are repressed (Figure 5B,C); likewise,
the transformation of glycerol to DHA and DHAP by GCY1 and DAK1/2, respectively, is
also repressed, since these genes are down-regulated (Figure 5B,C). Finally, GPT2/SCT1,
which is the first committed step of G3P conversion to glycerolipids, is down-regulated.
These observations suggest that glyceraldehyde phosphate (GAP) and glycolysis are not
favored in this condition; along the same lines, the metabolic flow is not directed toward
glycerolipid biosynthesis. In summary, during cationic stress, the transcriptional response
of the wild-type strain is directed toward glycerol biosynthesis (pink arrows in Figure 5A).

The cnalA, cnblA, and gpp2A strains have similar expression profiles, as shown in
the heat map (Figure 5B). Glycerol biosynthesis is no longer favored in the calcineurin
mutants since the GPP1/GPP2 genes are down-regulated in these strains (cnalA and cnb1A);
however, GPD1, which is necessary to generate glycerol-3-phosphate (G3P), is up-regulated
in all three mutants (Figure 5A, pink arrow), increasing G3P biosynthesis; the GUT1 and
GUT?2 genes are also highly induced in all three mutants, especially GUT2, suggesting that
G3P is being used to generate DHAP. The conversion of glycerol to DHA and DHAP is
also repressed since the GCY1 and DAK1/DAK?2 genes are repressed in the calcineurin
mutants, but they are induced in the gpp2A strain (Figure 5A, green arrows). The branch
of the pathway that leads to glycerolipids from G3P is activated since the GPT2 gene is
up-regulated in all three mutants.

In summary, during cationic stress, the wild type channels the key metabolites in
this pathway (G3P and DHAP) to glycerol biosynthesis, and the mutants channel it to
gluconeogenesis and glycerolipid biosynthesis. Also, this result suggests that calcineurin
not only controls this pathway at the post-translational level by modifying Gpp2 protein
localization and processing but also may act at the transcriptional level, modulating the
glycerol biosynthesis regulatory circuit.

In summary, during cationic stress, the wild type channels the key metabolites in
this pathway (G3P and DHAP) to glycerol biosynthesis, and the mutants channel it to
gluconeogenesis and glycerolipid biosynthesis. Also, this result suggests that calcineurin
not only controls this pathway at the post-translational level by modifying Gpp2 protein
localization and processing but also may act at the transcriptional level, modulating the
glycerol biosynthesis regulatory circuit.
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Figure 5. Gene expression of genes in the glycerol biosynthetic pathway (GO:0006072). (A) Genes,
proteins, and metabolic intermediates involved in glycerol biosynthesis; (B) heat map of the DEGs
involved in glycerol biosynthesis in the wild type and mutants; (C) glycerol biosynthesis gene codes
in C. neoformans and S. cerevisiae and fold changes in expression in the wild type and mutants.

3.5. Lack of Glycerol Modulates Carbon Metabolism, Translation, Transmembrane Transport, and
Protein Degradation at the Transcriptional Level

Since carbohydrate metabolism (GO: 0005975) is a GO category that seems important
for the cationic stress response, we analyzed the DEGs in this category in mutant and wild-
type strains in NaCl. The wild-type strain showed more repressed genes (19 genes in green,
first column, Figure 6A) than the mutants; the cnalA and cnblA strains had just 1 repressed
DEG, while the gpp2A strain presented 4 repressed DEGs. Figure 6A shows that the DEGs
in this category (GO:0005975) are involved in cell wall remodeling and chitin metabolism
(red and orange letters), gluconeogenesis (medium blue), glycogen mobilization (light
blue), glycosyl hydrolases (yellow), pentose phosphate pathway (gray), sphingolipid and
sterol biosynthesis (lilac), and amino sugar and nucleotide sugar metabolism (dark blue).
In general, wild-type and calcineurin-deficient strains were able to remodel their cell
walls by enhancing the expression of glucan 1,3-beta-glucosidase and endo-1,3(4)-beta-
glucanase (CNAG_06336 and CNAG_05458); the first is a major protein required for cell
wall biosynthesis (BGL2, YGR282C in S. cerevisiae), involved in the incorporation of newly
synthesized mannoprotein molecules into the cell wallin S. cerevisiae [31,32], and the second
codes for a glycosyl hydrolase important for the spore wall, required for normal spore
wall assembly (CRR1, YLR213C in S. cerevisiae), possibly for cross-linking the glucan and
chitosan layers [33]. Most chitin deacetylases and chitinases were also induced or unaffected
in all strains, except in gpp2A, where two of them were repressed (Figure 6A). All of the
remaining DEGs were induced in the calcineurin-deficient and gpp2A strains and repressed
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or unaffected in the wild type, especially gluconeogenesis, glycogen mobilization, glycosyl
hydrolases, pentose phosphate pathway, nucleotide sugar metabolism, and sphingolipid
and sterol metabolism (Figure 6A). The induction of these genes suggests that the energetic
mobilization of reserve carbohydrates is more pronounced in mutants than in the wild-type
strain under cationic stress, which is in agreement with the metabolic flow channeling G3P
and DHAP to gluconeogenesis and glycerolipid biosynthesis, as shown in Figure 5.
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Figure 6. (A) A heat map of DEGs involved in the carbohydrate metabolic process (GO:0005975)
in the wild type and mutants exposed to cationic stress; (B) a heat map of DEGs involved in trans-

lation (GO:0006412) in the wild type and mutants exposed to cationic stress; (C,D) a heat map of

DEGs involved in transmembrane transport (GO:0055085) in the wild type and mutants exposed to

cationic stress.

Translation (GO:006412) is a highly repressed category in the cnblA, cnalA, and gpp2A
strains compared to the wild type. Sixty-four DEGs grouped in this GO category encode
ribosomal proteins, which are highly repressed in the mutants (Figure 6B). Seventy genes
encoding mostly large and small subunit ribosomal proteins were unaffected in the wild
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type and highly repressed in the mutants, as shown. This result is in agreement with the
low growth observed in the mutants compared to the wild type in 1 M NaCl (Figure 1A),
suggesting that the inability to achieve osmobalance by glycerol accumulation is a very
deleterious event that leads to slow growth or even growth arrest.

At last, the GO biological process related to transmembrane transporters was under-
lined in the wild-type and calcineurin mutant strains; in the wild-type strain, more genes
encoding transporters were repressed than induced, but in the cnb1A and cnalA mutants,
50 transporters were induced. The largest groups of DEGs are amino acids and sugar
transporters (Figure 6C). Sugar transporters were mostly repressed or unaffected in the
wild-type and gpp2A strains but induced or unaffected in the calcineurin mutants. Also, the
ATP-binding cassette category (ABC transporters) was mostly repressed in the wild type
and induced in the mutants. These results are consistent with our previous observations
that permease genes are induced in the gpp2A mutant. The phenotypic data show that
amino acids, such as proline, can rescue the sensitive phenotype of the gpp2A [21].

3.6. Oxidative Stress Response and Glutathione Metabolism Are Induced in cnalA, cnblA, and
gpp2A Mutant Strains

Transcriptome analysis revealed that oxidative stress (GO:006979) and glutathione
metabolism (GO:0006749) are induced in all three mutant strains (cnalA, cnblA, and gpp2A)
compared to the wild type (Figure 7A) during cationic stress. This observation implies that
the inability to cope with cationic stress must cause reactive oxygen species to accumulate,
requiring a response, which leads to the induction of 11 genes related to oxidative stress:
4 catalase genes and 5 genes related to glutathione metabolism (Figure 7A). In agreement
with this result, we asked whether glutathione could also affect the growth rate in the
presence of cationic stress. As shown in Figure 7B, 10 mM glutathione relieved the growth
effects caused by NaCl, KCl, and LiCl. In addition, the best growth rate recovered with
glutathione was observed for LiCL.

3.7. Calcineurin Affects the Expression of Fungal-Specific Zinc-Cluster Transcriptional Factors

Lev et al. (2012) reported that the crz1A mutant is not sensitive to cationic stress, but
cnalA is, suggesting that other transcription factors may be post-translationally modified
by calcineurin in response to cationic stress, or calcineurin may directly or indirectly
induce one or more transcription factors at the transcriptional level in C. neoformans [14].
Therefore, it is reasonable to propose that, since calcineurin is a signaling complex, the
disabling of its signaling pathway may have consequences for the induction of transcription
factor genes. We directly searched for differential CRZ1 expression in the transcriptomes
generated in this work, but CRZ1 expression levels were unaffected by the presence of
NaCl in the wild type, and no differential expression was detected for CRZ1 in cnalA or
cnblA under this condition, suggesting that CRZ1 does not respond directly to cationic
stress. However, a comparison of the wild-type and gpp2A strains highlighted the category
(GO:0006355) related to the regulation of transcription, where 14 transcription factors
were induced in the wild type and repressed in the GPP2 deletion mutant in the presence
of NaCl. Of the 14 transcription factors, 11 belong to the Zinc-Cluster class of proteins,
which are fungal-specific. The other three are BZip (CNAG_00871), GATA (CNAG_01883),
and Fork-Head (CNAG_05535) transcription factors. The analysis was expanded to the
cnalA and cnblA strains, showing that all three mutants failed to induce most of the
14 putative transcription factors (heat map in Figure 8A). In the gpp2A strain, only two
Zinc-Cluster proteins continued to be induced compared to the wild type during cationic
stress, but to a lesser extent than in the wild type (CNAG_01977 and CNAG_05333). In the
calcineurin mutants, only the GATA factor and one BZip continued to be induced. All other
transcription factors were either not induced or repressed. In this case, the most repressed
were CNAG_05333, CNAG_03132, CNAG_00841, and CNAG_07545. Out of 14 DEGs
analyzed in the gpp2A strain, 7 transcription factors appeared repressed, all Zinc-Cluster
transcription factors, except for the Fork-Head (Figure 8A). Finally, an important hallmark
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of the transcription factors identified in this study is that five of them are involved in the
stress response and especially in fatty acid utilization and lipid accumulation in S. cerevisiae
(CNAG_06252, CNAG_05479, CNAG_07545, CNAG_04774, and CNAG_06097). The most
strongly induced gene under this condition (CNAG_05333) was validated by quantitative
PCR (qPCR) under cationic stress in the wild-type strain, confirming the expression pattern
observed in RNA-seq (Figure 8B) and the calcineurin-dependent expression in Figure 8C.
These observations allowed us to suggest that (i) cationic stress induces a set of Zinc-
Cluster transcription factors in a calcineurin-dependent manner, and (ii) several of these
transcription factors seem to be related to lipid metabolism in other organisms.

(A)
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GO0:0006979 Response to oxidative stress
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CNAG_06238 Glutathione S-transferase
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Hypothetical protein

CNAG_04017 Methionine-R-sulfoxide reductase

CNAG_00921 Glutathione transferase

Log2FC

CNAGLOLSS Glutathione S-transferase Gst3

CNAG_01889 Glutathione S-transferase

CNAG_05015 Catalase
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Figure 7. (A) A heat map of DEGs categorized under oxidative stress response (GO:0006979) and
glutathione metabolism (GO:0006749); (B) the growth phenotypes of wild-type (H99) and cnbl1A,
cnalA, met3A, and gpp2 A mutant strains cultured in YEPD medium containing NaCl, KC1 (1 M each),
or LiCl (0.09M) and supplemented with glutathione (10 mM).
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CNAG_OZOSG Involved in beta-oxidation of fatty acids, regulates chromatin silencing at telomeres
Fork Head FKH2 (YNLO68C)
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CNAG—00841 Binds weak acid response elements
CNAG_01977 2,C¢ - No hits
Z,C, - ASG1/PPR1/YJL206C (YIL130W)
CNAG—07545 Regulator involved in the stress response; regulates utilization of fatty acids and accumulation of lipids
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Figure 8. (A) A heat map of the DEGs categorized under transcription regulation (GO:0006355) in the
wild type and mutants exposed to cationic stress. On the right side is the manual annotation based
on the Saccharomyces genome database (SGD) and FungiDB. (B) The expression of CNAG_05333
(ZCP2 gene) by qPCR in the wild type (WT) and wild type under cationic stress (WT OS) and
(C) CNAG_05333 (ZCP2) expression in cnalA, cnblA, and gpp2A strains relative to the wild type
during cationic stress by qPCR. Statistical differences tested by a one-way ANOVA test, ** p < 0.002

and *** p < 0.0002 (C).
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4. Discussion

Calcineurin signaling is a key mechanism of adaptation in C. neoformans; it coordinates
the thermal stress response through transcription factor dephosphorylation, spatial localiza-
tion changes, and global transcriptional responses, leading to changes in cell wall dynamics,
growth, virulence, and drug resistance, among other stress responses. The best-known
calcineurin target is the Zinc-Finger protein Crz1, which triggers a calcineurin-dependent
transcriptional response [6]. However, phenotypic analysis indicates that calcineurin acts
in a Crzl-dependent and Crzl-independent manner in C. neoformans, suggesting that the
complex has diverse means of signaling and different targets [15]. Indeed, in C. neoformans,
calcineurin targets go beyond transcription factors. Our previous work also showed that
Cnal physically interacts with the Cys3 transcription factor, ATP sulfurylase, and Gpp2, a
phosphatase involved in glycerol biosynthesis and osmoregulation [19-21]. In this paper,
we show that calcineurin mutants are mildly sensitive to cationic stress compared to gpp2A,
which is highly sensitive to hyperosmotic shock. This difference is likely because glycerol
biosynthesis can be induced at the transcriptional level by Hog1, which is presumably still
active in the calcineurin mutants, allowing at least a partial cationic stress response at the
transcriptional level [34], whereas glycerol biosynthesis cannot be accomplished without
Gpp2 activity. However, cnalA and cnblA mutants undergo low glycerol accumulation
during cationic stress to the same degree as gpp2A, suggesting that one reason why cal-
cineurin mutants are sensitive to cationic stress is the inability to accumulate glycerol, as
shown in Figure 1A,B, due to post-translational modification in the Gpp2 protein, which
leads to its accumulation as a lower-molecular-weight protein compared to the wild type
and the lack of proper subcellular localization (Figures 2 and 3).

In S. cerevisine, Hog1, calcineurin, and Torc2-Ypk1 signaling pathways share the role of
promoting the cationic stress response [35-38]; however, to our knowledge, the direct link
between calcineurin and glycerol biosynthesis has not been documented in C. neoformans,
despite earlier reports on the osmosensitivity of calcineurin mutants in C. neoformans, which
is also dependent on the serotype [10]. While having multiple signaling systems controlling
a specific osmotic stress response is not without precedent, corroborating our findings as
mentioned above, the mechanisms through which calcineurin takes part in the osmotic
stress response are diverse in C. neoformans and S. cerevisiae, according to our data. In
S. cerevisiae, part of the ion homeostasis response is calcineurin-regulated, since ENA1
transcription (Na* and K* influx pump), among others, is calcineurin-dependent [35,39].
On the contrary, in C. neoformans, ENA1 and NHA1 (Na* efflux pump) expression have
been reported as Hogl-dependent [34,40]. We searched our transcriptomes under cationic
stress for these genes, and the data indicated that calcineurin does not regulate these genes
in C. neoformans as it does in S. cerevisiae.

In spite of the lack of evidence on the transcriptional control of calcineurin over
cationic stress, similar to what has been found in S. cerevisiae, calcineurin mutants in
C. neoformans are sensitive to cationic stress (Figure 1). Moreover, physical and functional
links between calcineurin and Gpp2 have been found [17,19]. In the present work, we
showed two important modifications of the Gpp2 protein linked to calcineurin activity:
lower-molecular-weight Gpp2 protein (Figure 2) and abnormal localization (Figure 3)
were observed in calcineurin mutant background strains. Also, our data suggest that the
interaction between calcineurin and Gpp2 is important to glycerol accumulation, which,
once broken, leads to growth arrest in response to cationic stress. Our data do not allow
us to conclude whether the modifications caused by calcineurin to the Gpp2 protein are
direct or indirect or to deduce the nature of the modification. The fact that Gpp2 interacts
physically with Cnal suggests a direct interaction [19]. Similarly, the Tor pathway plays an
important role in the cationic stress response in yeast [38]. One important post-translational
mechanism is the regulation of Ypkl-Torc2-dependent kinase, which, in turn, leads to
the dephosphorylation of Gpd1 during osmotic stress, rendering this protein active and,
therefore, triggering glycerol accumulation [41]. Apparently, S. cerevisiae and C. neoformans
use different signaling apparatuses to post-translationally regulate the glycerol biosynthetic
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pathway at different steps (Figure 5A) to guarantee efficient and quick regulation during
cationic stress.

Calcineurin and Crz1 localize to stress granules or P-bodies during heat stress [18], a
localization pattern very similar to the one observed here for Gfp-Gpp2 (Figure 3). While
our data do not allow us to conclude that Gpp2 is a resident protein of P-bodies, we can
speculate that once it physically interacts with Cnal and is concentrated in cytoplasmic
puncta during cationic stress, it may migrate to stress granules in a calcineurin-dependent
fashion. However, this hypothesis remains to be further explored.

The compilation of previous and present data indicates that Gpp2 is a target of cal-
cineurin, which is modified downstream of this signaling complex at the post-translational
level, triggering glycerol biosynthesis [19,21,22]. In addition, C. neoformans calcineurin
does not seem to activate the main transcriptional targets like in S. cerevisiae, as mentioned
before, suggesting that it may cause a different transcriptional response that has not been
described. Under these circumstances, we aimed to learn more about the global transcrip-
tional response generated during cationic stress when cells are unable to undergo glycerol
biosynthesis. The results highlight that cationic stress causes a general carbohydrate
metabolism adaptation in wild-type and glycerol-deficient mutant strains, highlighting
changes in cell wall maintenance and chitin metabolism in all strains, which is in line with
required modifications on the cell wall surface that are important for maintaining cell wall
integrity and turgor during stress [42,43]. However, carbohydrate metabolism is still very
divergent between wild-type and glycerol-deficient strains (Figure 6A); the calcineurin
and gpp2A mutants have a metabolic flow toward glyconeogenesis, glycosyl hydrolases,
pentose phosphate pathway, and amino sugar and glycogen mobilization, highlighting the
need for extra energy derived from alternative carbon sources during glycerol deficiency.
This reinforces the link between cell wall integrity and carbon metabolism, which seem
to be key factors when glycerol biosynthesis fails, probably by channeling the rescued
alternative carbon to f3-glucan biosynthesis. This model is supported by our observation
that glycerol-deficient mutants have higher expression levels of glycogen phosphorylase
(S. cerevisine GPH1 gene, CNAG_06666) and UDP-glucose pyrophosphorylase (S. cerevisiae
UGP1, CNAG_02748), which are key steps in 3-glucan metabolism [44,45].

Furthermore, it is extremely important to raise the point that during cationic stress,
the wild type’s metabolism flows toward glycerol biosynthesis, with GPD and GPP genes
being induced (Figure 5); on the contrary, in the glycerol-deficient mutants, metabolism
flows to glycerol-3-phosphate, which probably serves as an intermediate metabolite to
both glycerolipid biosynthesis and glycolysis, with GPT2/SCT1 and GUT2 being highly
induced (respectively), suggesting that glycerolipid biosynthesis is favored, probably to
contribute to plasma membrane dynamics during stress. In yeast, the proper cell membrane
composition affects membrane proteins, such as ATP-driven proton pumps, which, in turn,
require specific lipid raft composition and abundance for correct efflux and influx activity,
culminating in an adequate stress response [46].

Translation is highly repressed in glycerol-deficient mutants (Figure 6), which is
consistent with the low growth in calcineurin mutants and growth arrest in gpp2A (Figure 1).
In C. neoformans, other signaling systems that affect the osmotic stress response, such as
Hogl and Ras1, cause slow growth or growth arrest in different conditions, such as cationic,
osmotic, oxidative, and thermal stresses, suggesting that this response probably aims to
achieve a balance and save cellular energy to be expended on the very best transcriptional
response [28,42,47-49].

Besides carbon metabolism, lipid and glycerol biosynthesis, and translation, membrane
transport proteins are a major overexpressed gene category (Figure 6). This result is
consistent with our earlier report in the literature, where many transmembrane genes
were induced, and compatible solutes, such as amino acids, can compensate for glycerol
deficiency [21,29,50-52].

It is interesting to point out that oxidative stress response and glutathione metabolism
genes are induced under cationic stress when glycerol biosynthesis is blocked (gpp2A, cnalA,
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and cnblA strains) compared to the wild type (Figure 7). Several oxidative stress genes are
under the control of the Hogl pathway [34]. Therefore, it is possible that calcineurin and
Gpp2 do not directly control these genes. Still, the lack of glycerol and the inability to cope
with cationic stress may lead to the accumulation of reactive oxygen species that actually
activate the Hogl pathway and the oxidative stress response (Figure 7). The best example
here is the catalase gene (CNAG_00575, Figure 7), which is well known as the target of the
Hogl pathway [34], but it is repressed in the wild type under cationic stress and induced
in all glycerol-deficient mutants in this study. Additionally, consistent with an important
role in the oxidative stress response during cationic stress, glutathione supplementation in
the medium partially rescued the slow-growth phenotype of the mutants. Other oxidative
stress genes are under the control of Hogl, but they did not show differential expression
in this work, suggesting that the depletion of glycerol triggers different oxidative stress
response genes. Signaling systems, like Hog, Ras, and CWI (cell wall integrity response)
also trigger the oxidative stress response, suggesting that ROS (reactive oxygen species) are
deleterious enough to the cell that they deserve redundant signaling systems to counter act
their effects [42,53].

Finally, transcriptome analysis revealed a very interesting group of Zinc-Cluster
proteins. Most of them failed to be induced under glycerol depletion (Figure 8), and one of
them (CNAG_05333) is calcineurin-dependent but nearly Gpp2-independent, meaning that
calcineurin signaling controls a set of novel stress-responsive transcription factor genes. It
is noteworthy that several of these genes have been identified in S. cerevisiae as transcription
factors that regulate fatty acid utilization, lipid biosynthesis, peroxisome proliferation, and
ultimately, the stress response since the deletion of several of them leads to multiple-stress
sensitivity [54].

Taken together, these results provide evidence that calcineurin causes post-
translational modifications in Gpp2 phosphatase that are necessary for its subcellular
localization at cytoplasm puncta (Figure 9). The interaction between calcineurin and
Gpp2 is necessary for glycerol accumulation and proper growth under cationic stress
in C. neoformans. In addition, in this study, we have obtained transcriptional profiles
of glycerol-deficient strains and identified calcineurin’s transcriptional roles in glycerol
biosynthesis. The data compilation shown in Figure 9 allowed us to suggest a mechanism
of cellular adaptation to low glycerol: in this case, the metabolic flow is toward alternative
carbon sources’ utilization, such as glycerolipid and (3-glucan biosynthesis, solute transport
across the plasma membrane, growth arrest, and an oxidative stress response under
cationic stress and glycerol depletion. Also, a group of putative Zinc-Cluster transcription
factors have been associated with glycerol deprivation, suggesting they act on fatty acid
metabolism and peroxisome proliferation to adapt yeast cells to cationic and oxidative
stress. However, how these transcription factors act in C. neoformans is not known at this
point. Still, this work has certainly opened an avenue for further investigation on a very
important topic for pathogenesis and virulence, since the stress response is at the center of
pathogen adaptation in the host.



J. Fungi 2024, 10, 531

23 of 25

References

Cationic {))
é E stress

w&&w

Transcriptional rolcs

?MWM?MMMMWWWW?W
sbleabbiobiisatbbsbdistdbesbobebdicodbbtsbbotnsbantd

Calcineurin S
. ranscriptional response
Active *Carbohydrate metabolism
Cell wall remodelling
Ca* l «Lipid metabolism
Cuilnoshilin *Transmembrane transport
Zn-Cluster

Transcription Fators

Glycerolipids - Glycolysis
o 2% ouap

GPT2

7 N OZDY N

r\ 630 * DHAP «— GAP
Calcineurin mesy == P
Gpp2 gzg;l iy Fmdl

Active

Post-translational roles cont

Cytoplasmic o S oo
puncta

Figure 9. Model summarizing the signaling system of calcineurin and Gpp2 during cationic stress.
The blue and pink shades depict the transcriptional and post-translational roles of calcineurin in
cationic stress, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof10080531/s1, Figures S1-S9: western blot original images;
Figures 510-519: microscopy original images; Table S1: plasmid list; Table S2: strain list; Table S3:
primer list.

Author Contributions: Conceptualization, A.T.R.V,, M.A.V. and R.C.P; data curation, R.S.S., O.].B.B.
and A.T.R.V,; formal analysis, R.S.S., G.M.-S,, A.AAP,MP,S.D.D. and OJ.B.B; funding acquisi-
tion, A.T.R.V, M.A.V. and R.C.P,; methodology, R.S.S., GM.-S,, A.A.AP,MP. and S.D.D; project
administration, R.C.P; supervision, R.C.P,; writing—original draft, R.S.S., GM.-S.,, ATR.V, M.A.V.
and R.C.P;; writing—review and editing, O.].B.B. and R.C.P. All authors have read and agreed to the
published version of the manuscript.

Funding: Fundagao de Amparo a Pesquisa do Estado de Sao Paulo supported this work through
funding to RCP (2020/01000-8 and 2023/11339-0) and MAV (2015/04400-9); RSS (2021 /06290-7),
GMS (2022/03307-9 and 2023/08675-9), and MP (2021/14632-5) were supported by Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo scholarship grants. ATRV was supported by FAPER]
(E-26/201.046 /2022 and E-26/210.012/2020) and CNPq 307145 /2021-2.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All the relevant data in the paper are reported in Supplementary
Information files. RNA-seq raw data is available at NCBI SRA database under accession number
PRJNA1120105.

Conflicts of Interest: The authors declare no conflict of interest.

1. Tugume, L.; Ssebambulidde, K.; Kasibante, ].; Ellis, J.; Wake, R M.; Gakuru, ].; Lawrence, D.S.; Abassi, M.; Rajasingham, R.; Meya,
D.B.; et al. Cryptococcal meningitis. Nat. Rev. Dis. Primers 2023, 9, 62. [CrossRef] [PubMed]

2. Jung, KW.; Bahn, Y.S. The Stress-Activated Signaling (SAS) Pathways of a Human Fungal Pathogen, Cryptococcus neoformans.
Mycobiology 2009, 37, 161-170. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jof10080531/s1
https://www.mdpi.com/article/10.3390/jof10080531/s1
https://doi.org/10.1038/s41572-023-00472-z
https://www.ncbi.nlm.nih.gov/pubmed/37945681
https://doi.org/10.4489/MYCO.2009.37.3.161
https://www.ncbi.nlm.nih.gov/pubmed/23983528

J. Fungi 2024, 10, 531 24 of 25

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kraus, PR.; Heitman, J. Coping with stress: Calmodulin and calcineurin in model and pathogenic fungi. Biochem. Biophys. Res.
Commun. 2003, 311, 1151-1157. [CrossRef] [PubMed]

Pentland, D.R.; Piper-Brown, E.; Muhlschlegel, F.A.; Gourlay, C.W. Ras signalling in pathogenic yeasts. Microb. Cell 2017, 5, 63-73.
[CrossRef] [PubMed]

Shapiro, R.S.; Robbins, N.; Cowen, L.E. Regulatory circuitry governing fungal development, drug resistance, and disease.
Microbiol. Mol. Biol. Rev. MMBR 2011, 75, 213-267. [CrossRef] [PubMed]

Park, H.S.; Lee, S.C.; Cardenas, M.E.; Heitman, J. Calcium-Calmodulin-Calcineurin Signaling: A Globally Conserved Virulence
Cascade in Eukaryotic Microbial Pathogens. Cell Host Microbe 2019, 26, 453-462. [CrossRef]

Juvvadi, PR.; Lee, 5.C.; Heitman, J.; Steinbach, W.]. Calcineurin in fungal virulence and drug resistance: Prospects for harnessing
targeted inhibition of calcineurin for an antifungal therapeutic approach. Virulence 2017, 8, 186-197. [CrossRef] [PubMed]
Ulengin-Talkish, I.; Cyert, M.S. A cellular atlas of calcineurin signaling. Biochim. Biophys. Acta. Mol. Cell Res. 2022, 1870, 119366.
[CrossRef] [PubMed]

Hemenway, C.S.; Heitman, J. Calcineurin. Structure, function, and inhibition. Cell Biochem. Biophys. 1999, 30, 115-151. [CrossRef]
Cruz, M.C;; Sia, R.A.; Olson, M.; Cox, G.M.; Heitman, ]. Comparison of the roles of calcineurin in physiology and virulence in
serotype D and serotype A strains of Cryptococcus neoformans. Infect. Immun. 2000, 68, 982-985. [CrossRef]

Fox, D.S.; Heitman, J. Good fungi gone bad: The corruption of calcineurin. Bioessays 2002, 24, 894-903. [CrossRef] [PubMed]
Odom, A.; Muir, S,; Lim, E.; Toffaletti, D.L.; Perfect, J.; Heitman, J. Calcineurin is required for virulence of Cryptococcus neoformans.
EMBO J. 1997, 16, 2576-2589. [CrossRef] [PubMed]

Fox, D.S.; Cruz, M.C.; Sia, R.A.; Ke, H.; Cox, G.M.; Cardenas, M.E.; Heitman, ]J. Calcineurin regulatory subunit is essential for
virulence and mediates interactions with FKBP12-FK506 in Cryptococcus neoformans. Mol. Microbiol. 2001, 39, 835-849. [CrossRef]
[PubMed]

Lev, S.; Desmarini, D.; Chayakulkeeree, M.; Sorrell, T.C.; Djordjevic, ]J.T. The Crz1/Sp1 transcription factor of Cryptococcus
neoformans is activated by calcineurin and regulates cell wall integrity. PLoS ONE 2012, 7, €51403. [CrossRef] [PubMed]

Chow, E.W,; Clancey, S.A,; Billmyre, R.B.; Averette, A.F.; Granek, ].A.; Mieczkowski, P.; Cardenas, M.E.; Heitman, ]. Elucidation of
the calcineurin-Crz1 stress response transcriptional network in the human fungal pathogen Cryptococcus neoformans. PLoS Genet.
2017, 13, e1006667. [CrossRef] [PubMed]

Chadwick, B.J.; Ross, B.E.; Lin, X. Molecular Dissection of Crzl and Its Dynamic Subcellular Localization in Cryptococcus
neoformans. J. Fungi 2023, 9, 252. [CrossRef]

Park, H.S.; Chow, EW.; Fu, C.; Soderblom, E.J.; Moseley, M.A.; Heitman, J.; Cardenas, M.E. Calcineurin Targets Involved in Stress
Survival and Fungal Virulence. PLoS Pathog. 2016, 12, €1005873. [CrossRef] [PubMed]

Kozubowski, L.; Aboobakar, E.F.; Cardenas, M.E.; Heitman, J. Calcineurin colocalizes with P-bodies and stress granules during
thermal stress in Cryptococcus neoformans. Eukaryot. Cell 2011, 10, 1396-1402. [CrossRef]

de Melo, A.T.; Martho, K.F,; Roberto, T.N.; Nishiduka, E.S.; Machado, J.; Brustolini, O.J.B.; Tashima, A.K.; Vasconcelos, A.T.; Vallim,
M.A.; Pascon, R.C. The regulation of the sulfur amino acid biosynthetic pathway in Cryptococcus neoformans: The relationship of
Cys3, Calcineurin, and Gpp2 phosphatases. Sci. Rep. 2019, 9, 11923. [CrossRef]

da Silva, J.P,; Meneghini, M.R,; Santos, R.S.; Alves, V.L.; da Cruz Martho, K.E; Vallim, M.A_; Pascon, R.C. ATP sulfurylase atypical
leucine zipper interacts with Cys3 and calcineurin A in the regulation of sulfur amino acid biosynthesis in Cryptococcus neoformans.
Sci. Rep. 2023, 13, 11694. [CrossRef]

Martho, K.E; Brustolini, O.].B.; Vasconcelos, A.T.; Vallim, M.A.; Pascon, R.C. The Glycerol Phosphatase Gpp2: A Link to Osmotic
Stress, Sulfur Assimilation and Virulence in Cryptococcus neoformans. Front. Microbiol. 2019, 10, 2728. [CrossRef]

Jung, W.H.; Son, Y.E.; Oh, S.H.; Fu, C,; Kim, H.S.; Kwak, ] H.; Cardenas, M.E.; Heitman, J.; Park, H.S. Had1 Is Required for Cell
Wall Integrity and Fungal Virulence in Cryptococcus neoformans. G3 2018, 8, 643-652. [CrossRef]

Fan, Y.; Lin, X. Multiple Applications of a Transient CRISPR-Cas9 Coupled with Electroporation (TRACE) System in the
Cryptococcus neoformans Species Complex. Genetics 2018, 208, 1357-1372. [CrossRef]

Lin, J.; Fan, Y.; Lin, X. Transformation of Cryptococcus neoformans by electroporation using a transient CRISPR-Cas9 expression
(TRACE) system. Fungal Genet. Biol. FG B 2020, 138, 103364. [CrossRef] [PubMed]

Dickinson, D.J.; Ward, J.D.; Reiner, D.].; Goldstein, B. Engineering the Caenorhabditis elegans genome using Cas9-triggered
homologous recombination. Nat. Methods 2013, 10, 1028-1034. [CrossRef]

Davidson, R.C.; Blankenship, J.R.; Kraus, P.R.; de Jesus Berrios, M.; Hull, C.M.; D'Souza, C.; Wang, P.; Heitman, J. A PCR-based
strategy to generate integrative targeting alleles with large regions of homology. Microbiology 2002, 148, 2607-2615. [CrossRef]
[PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Dunayevich, P; Baltanas, R.; Clemente, J.A.; Couto, A.; Sapochnik, D.; Vasen, G.; Colman-Lerner, A. Heat-stress triggers MAPK
crosstalk to turn on the hyperosmotic response pathway. Sci. Rep. 2018, 8, 15168. [CrossRef]

Babazadeh, R.; Lahtvee, PJ.; Adiels, C.B.; Goksor, M.; Nielsen, J.B.; Hohmann, S. The yeast osmostress response is carbon source
dependent. Sci. Rep. 2017, 7, 990. [CrossRef]

Ho, S.; Clipstone, N.; Timmermann, L.; Northrop, J.; Graef, I; Fiorentino, D.; Nourse, J.; Crabtree, G.R. The mechanism of action
of cyclosporin A and FK506. Clin. Immunol. Immunopathol. 1996, 80, S40-545. [CrossRef]


https://doi.org/10.1016/S0006-291X(03)01528-6
https://www.ncbi.nlm.nih.gov/pubmed/14623301
https://doi.org/10.15698/mic2018.02.612
https://www.ncbi.nlm.nih.gov/pubmed/29417055
https://doi.org/10.1128/MMBR.00045-10
https://www.ncbi.nlm.nih.gov/pubmed/21646428
https://doi.org/10.1016/j.chom.2019.08.004
https://doi.org/10.1080/21505594.2016.1201250
https://www.ncbi.nlm.nih.gov/pubmed/27325145
https://doi.org/10.1016/j.bbamcr.2022.119366
https://www.ncbi.nlm.nih.gov/pubmed/36191737
https://doi.org/10.1007/BF02737887
https://doi.org/10.1128/IAI.68.2.982-985.2000
https://doi.org/10.1002/bies.10157
https://www.ncbi.nlm.nih.gov/pubmed/12325122
https://doi.org/10.1093/emboj/16.10.2576
https://www.ncbi.nlm.nih.gov/pubmed/9184205
https://doi.org/10.1046/j.1365-2958.2001.02295.x
https://www.ncbi.nlm.nih.gov/pubmed/11251806
https://doi.org/10.1371/journal.pone.0051403
https://www.ncbi.nlm.nih.gov/pubmed/23251520
https://doi.org/10.1371/journal.pgen.1006667
https://www.ncbi.nlm.nih.gov/pubmed/28376087
https://doi.org/10.3390/jof9020252
https://doi.org/10.1371/journal.ppat.1005873
https://www.ncbi.nlm.nih.gov/pubmed/27611567
https://doi.org/10.1128/EC.05087-11
https://doi.org/10.1038/s41598-019-48433-5
https://doi.org/10.1038/s41598-023-37556-5
https://doi.org/10.3389/fmicb.2019.02728
https://doi.org/10.1534/g3.117.300444
https://doi.org/10.1534/genetics.117.300656
https://doi.org/10.1016/j.fgb.2020.103364
https://www.ncbi.nlm.nih.gov/pubmed/32142753
https://doi.org/10.1038/nmeth.2641
https://doi.org/10.1099/00221287-148-8-2607
https://www.ncbi.nlm.nih.gov/pubmed/12177355
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1038/s41598-018-33203-6
https://doi.org/10.1038/s41598-017-01141-4
https://doi.org/10.1006/clin.1996.0140

J. Fungi 2024, 10, 531 25 of 25

31.

32.

33.

34.

35.

36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mrsa, V.; Klebl, F.; Tanner, W. Purification and characterization of the Saccharomyces cerevisiae BGL2 gene product, a cell wall
endo-beta-1,3-glucanase. J. Bacteriol. 1993, 175, 2102-2106. [CrossRef] [PubMed]

Kalebina, T.S.; Farkas, V.; Laurinavichiute, D.K.; Gorlovoy, PM.; Fominov, G.V.; Bartek, P.; Kulaev, L.S. Deletion of BGL2 results
in an increased chitin level in the cell wall of Saccharomyces cerevisiae. Antonie Van Leeuwenhoek 2003, 84, 179-184. [CrossRef]
[PubMed]

Gomez-Esquer, F.; Rodriguez-Pena, ].M.; Diaz, G.; Rodriguez, E.; Briza, P.; Nombela, C.; Arroyo, ]J. CRR1, a gene encoding a
putative transglycosidase, is required for proper spore wall assembly in Saccharomyces cerevisiae. Microbiol. 2004, 150, 3269-3280.
[CrossRef] [PubMed]

Ko, YJ.; Yu, YM.; Kim, G.B.; Lee, G.W.; Maeng, PJ.; Kim, S.; Floyd, A.; Heitman, J.; Bahn, Y.S. Remodeling of global transcription
patterns of Cryptococcus neoformans genes mediated by the stress-activated HOG signaling pathways. Eukaryot. Cell 2009, 8,
1197-1217. [CrossRef] [PubMed]

Matsumoto, T.K.; Ellsmore, A.].; Cessna, S.G.; Low, P.S.; Pardo, ].M.; Bressan, R.A.; Hasegawa, PM. An osmotically induced
cytosolic Ca2+ transient activates calcineurin signaling to mediate ion homeostasis and salt tolerance of Saccharomyces cerevisiae.
J. Biol. Chem. 2002, 277, 33075-33080. [CrossRef] [PubMed]

Muir, A.; Roelants, EM.; Timmons, G.; Leskoske, K.L.; Thorner, J. Down-regulation of TORC2-Ypk1 signaling promotes MAPK-
independent survival under hyperosmotic stress. eLife 2015, 4, €09336. [CrossRef] [PubMed]

Saito, H.; Posas, E. Response to hyperosmotic stress. Genetics 2012, 192, 289-318. [CrossRef] [PubMed]

Blomberg, A. Yeast osmoregulation—Glycerol still in pole position. FEMS Yeast Res. 2022, 22, foac035. [CrossRef]

Saxena, A.; Sitaraman, R. Osmoregulation in Saccharomyces cerevisiae via mechanisms other than the high-osmolarity glycerol
pathway. Microbiology 2016, 162, 1511-1526. [CrossRef]

Jung, K.W.,; Strain, A K.; Nielsen, K.; Jung, K.H.; Bahn, Y.S. Two cation transporters Enal and Nhal cooperatively modulate ion
homeostasis, antifungal drug resistance, and virulence of Cryptococcus neoformans via the HOG pathway. Fungal Genet. Biol. FG B
2012, 49, 332-345. [CrossRef]

Lee, YJ.; Jeschke, G.R.; Roelants, EM.; Thorner, ].; Turk, B.E. Reciprocal phosphorylation of yeast glycerol-3-phosphate dehydro-
genases in adaptation to distinct types of stress. Mol. Cell. Biol. 2012, 32, 4705-4717. [CrossRef] [PubMed]

Maeng, S.; Ko, YJ.; Kim, G.B.; Jung, KW.; Floyd, A.; Heitman, J.; Bahn, Y.S. Comparative transcriptome analysis reveals novel roles
of the Ras and cyclic AMP signaling pathways in environmental stress response and antifungal drug sensitivity in Cryptococcus
neoformans. Eukaryot. Cell 2010, 9, 360-378. [CrossRef] [PubMed]

Baker, L.G.; Specht, C.A.; Donlin, M.].; Lodge, ] K. Chitosan, the deacetylated form of chitin, is necessary for cell wall integrity in
Cryptococcus neoformans. Eukaryot. Cell 2007, 6, 855-867. [CrossRef] [PubMed]

Sanz, A.B.; Garcia, R.; Pavon-Verges, M.; Rodriguez-Pena, ].M.; Arroyo, J. Control of Gene Expression via the Yeast CWI Pathway.
Int. J. Mol. Sci. 2022, 23, 1791. [CrossRef] [PubMed]

Municio-Diaz, C.; Muller, E.; Drevensek, S.; Fruleux, A.; Lorenzetti, E.; Boudaoud, A.; Minc, N. Mechanobiology of the cell
wall—Insights from tip-growing plant and fungal cells. . Cell Sci. 2022, 135, 259208. [CrossRef] [PubMed]

Gaigg, B.; Toulmay, A.; Schneiter, R. Very long-chain fatty acid-containing lipids rather than sphingolipids per se are required for
raft association and stable surface transport of newly synthesized plasma membrane ATPase in yeast. J. Biol. Chem. 2006, 281,
34135-34145. [CrossRef] [PubMed]

Brown, S.M.; Campbell, L.T.; Lodge, J.K. Cryptococcus neoformans, a fungus under stress. Curr. Opin. Microbiol. 2007, 10, 320-325.
[CrossRef] [PubMed]

Day, A.M.; Quinn, ]. Stress-Activated Protein Kinases in Human Fungal Pathogens. Front. Cell. Infect. Microbiol. 2019, 9, 261.
[CrossRef] [PubMed]

Panadero, J.; Pallotti, C.; Rodriguez-Vargas, S.; Randez-Gil, F; Prieto, ].A. A downshift in temperature activates the high osmolarity
glycerol (HOG) pathway, which determines freeze tolerance in Saccharomyces cerevisiae. . Biol. Chem. 2006, 281, 4638—4645.
[CrossRef]

Empadinhas, N.; da Costa, M.S. Osmoadaptation mechanisms in prokaryotes: Distribution of compatible solutes. Int. Microbiol.
Off. ]. Span. Soc. Microbiol. 2008, 11, 151-161.

Fan, W.; Idnurm, A.; Breger, ].; Mylonakis, E.; Heitman, ]J. Ecal, a sarcoplasmic/endoplasmic reticulum Ca2+-ATPase, is involved
in stress tolerance and virulence in Cryptococcus neoformans. Infect. Immun. 2007, 75, 3394-3405. [CrossRef] [PubMed]

Kempf, B.; Bremer, E. Uptake and synthesis of compatible solutes as microbial stress responses to high-osmolality environments.
Arch. Microbiol. 1998, 170, 319-330. [CrossRef] [PubMed]

Levin, D.E. Cell wall integrity signaling in Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. MMBR 2005, 69, 262-291.
[CrossRef]

Wang, Z.; Su, C.; Zhang, Y.; Shangguan, S.; Wang, R.; Su, J. Key enzymes involved in the utilization of fatty acids by Saccharomyces
cerevisiae: A review. Front. Microbiol. 2023, 14, 1294182. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/jb.175.7.2102-2106.1993
https://www.ncbi.nlm.nih.gov/pubmed/8458852
https://doi.org/10.1023/A:1026034123673
https://www.ncbi.nlm.nih.gov/pubmed/14574112
https://doi.org/10.1099/mic.0.27314-0
https://www.ncbi.nlm.nih.gov/pubmed/15470107
https://doi.org/10.1128/EC.00120-09
https://www.ncbi.nlm.nih.gov/pubmed/19542307
https://doi.org/10.1074/jbc.M205037200
https://www.ncbi.nlm.nih.gov/pubmed/12084723
https://doi.org/10.7554/eLife.09336
https://www.ncbi.nlm.nih.gov/pubmed/26274562
https://doi.org/10.1534/genetics.112.140863
https://www.ncbi.nlm.nih.gov/pubmed/23028184
https://doi.org/10.1093/femsyr/foac035
https://doi.org/10.1099/mic.0.000360
https://doi.org/10.1016/j.fgb.2012.02.001
https://doi.org/10.1128/MCB.00897-12
https://www.ncbi.nlm.nih.gov/pubmed/22988299
https://doi.org/10.1128/EC.00309-09
https://www.ncbi.nlm.nih.gov/pubmed/20097740
https://doi.org/10.1128/EC.00399-06
https://www.ncbi.nlm.nih.gov/pubmed/17400891
https://doi.org/10.3390/ijms23031791
https://www.ncbi.nlm.nih.gov/pubmed/35163713
https://doi.org/10.1242/jcs.259208
https://www.ncbi.nlm.nih.gov/pubmed/36326245
https://doi.org/10.1074/jbc.M603791200
https://www.ncbi.nlm.nih.gov/pubmed/16980694
https://doi.org/10.1016/j.mib.2007.05.014
https://www.ncbi.nlm.nih.gov/pubmed/17707685
https://doi.org/10.3389/fcimb.2019.00261
https://www.ncbi.nlm.nih.gov/pubmed/31380304
https://doi.org/10.1074/jbc.M512736200
https://doi.org/10.1128/IAI.01977-06
https://www.ncbi.nlm.nih.gov/pubmed/17502401
https://doi.org/10.1007/s002030050649
https://www.ncbi.nlm.nih.gov/pubmed/9818351
https://doi.org/10.1128/MMBR.69.2.262-291.2005
https://doi.org/10.3389/fmicb.2023.1294182
https://www.ncbi.nlm.nih.gov/pubmed/38274755

	Introduction 
	Materials and Methods 
	Plasmids, Strains, and Primers 
	Growth Conditions 
	Strain Construction 
	Western Blot 
	Fluorescence Microscopy 
	RNA Extraction 
	RNA-Seq and Bioinformatics 
	Quantitative PCR 
	Glycerol Quantification 

	Results 
	gpp2 , cna1 , and cnb1  Mutants Are Sensitive to Cationic Stress and Fail to Accumulate Glycerol 
	Cna1 and Cnb1 Subunits Are Required for Proper Gpp2 Protein Integrity and Localization to Cytoplasmic Puncta 
	Global Transcriptional Profiles of the gpp2, cna1, and cnb1 Strains under Cationic Stress 
	Glycerol-3-Phosphate Metabolic Flow Is Altered in Calcineurin and gpp2 Mutants 
	Lack of Glycerol Modulates Carbon Metabolism, Translation, Transmembrane Transport, and Protein Degradation at the Transcriptional Level 
	Oxidative Stress Response and Glutathione Metabolism Are Induced in cna1, cnb1, and gpp2 Mutant Strains 
	Calcineurin Affects the Expression of Fungal-Specific Zinc-Cluster Transcriptional Factors 

	Discussion 
	References

