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Abstract

Lipid homeostasis allows cells to adjust membrane biophysical properties in response to changes
in environmental conditions. In the yeast Saccharomyces cerevisiae, a downward shift in
temperature from an optimal reduces membrane fluidity, which triggers a lipid remodeling of the
plasma membrane. How changes in membrane fluidity are perceived, and how the abundance and
composition of different lipid classes is properly balanced, remain largely unknown. Here, we
show that the levels of phosphatidylinositol 4,5-bisphosphate [P1(4,5)P5], the most abundant
plasma membrane phosphoinositide, drop rapidly in response to a downward shift in temperature.
This change triggers a signaling cascade transmitted to cytosolic diphosphoinositol phosphate
derivatives, among them 5-PP-1P, and 1-1P;, that exert regulatory functions on genes involved in
the inositol and phospholipids (PLs) metabolism, and inhibit the activity of the protein kinase
Pho85. Consistent with this, cold exposure triggers a specific program of neutral lipids and PLs
changes. Furthermore, we identified Pho85 as playing a key role in controlling the synthesis of
long-chain bases (LCBs) viathe Ypk1-Orm2 regulatory circuit. We conclude that Pho85
orchestrates a coordinated response of lipid metabolic pathways that ensure yeast thermal
adaptation.
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1. Introduction

Lipids are essential components of eukaryotic membranes and the main determinants of
their functionality. The wide range of lipid classes and species is the basis of the membrane
architecture, facilitates the formation of microdomains and determines their specific
association with proteins in signaling circuits [1,2]. Alterations in lipid composition
compromise the plasma membrane properties and are responsible of dysfunctions in specific
organelles that affect almost all cellular processes. Changes in temperature and other
environmental conditions [e.g., hydrostatic pressure and salinity] affect membrane properties
[3,4]. A downward shift in temperature from an optimal reduces membrane fluidity, referred
to as rigidification [3], which compromises its functionality and limits cell growth. To
maintain physiological homeostasis, cells employ interconnected networks of synthesis and
turnover of major lipid classes that allow membrane biophysical properties to be suited as
needed [5,6]. A lower environmental temperature brings about a change in membrane lipid
composition, characterized by an increased abundance of phospholipids with shorter chain
lengths and/or unsaturated fatty acids [7,8]. How changes in membrane fluidity are
perceived, and how the abundance and composition of different lipid classes is properly
balanced, remain largely unknown.

In the yeast Saccharomyces cerevisiae, phosphatidylinositol 4,5-bisphosphate [P1(4,5)P5] is
the most abundant species of plasma membrane phosphoinositide (PPIn), a term that refers
to the phosphorylated derivatives of phosphatidylinositol, Pl [9]. A schematic representation
of the PPIn pathway is shown in Fig. 1. PI1(4,5)P, interacts with membrane-associated
proteins to regulate important cellular processes [10,11], and plays a central role in cellular
signaling, either as a precursor of second messengers or a regulator of signaling proteins
such as small GTPases [12,13]. Increasing evidence also suggests that PI1(4,5)P is an
important regulator of lipid metabolism in response to thermal stress. PI1(4,5)P, levels at the
plasma membrane rise in heat-stressed yeast cells, a signal that activate the cell wall
integrity (CWI) pathway [14,15]. This regulation appears essential for lipid homeostasis
since the mutants in SIt2, the MAPK of the pathway, show severe defects in lipid
metabolism [16,17]. Furthermore, a link between elements of the CWI pathway and the
synthesis of very long-chain fatty acids, which are required for the production of
sphingolipids (SLs), has also been reported [18].

Enrichment of PI(4,5)P, in the plasma membrane of heat-shocked cells may simultaneously
activate additional SLs-regulatory networks. Evidence links SLs homeostasis to the activity
of the yeast orthologs of mammalian Akt and SGK, Ypk1/2 [19-21]. Ypk1, and likely its
paralog Ypk2, inhibits the activity of transmembrane protein Orm2, a negative regulator of
serine palmitoyltransferase (SPT), which catalyzes the first step in the de novo SLs
biosynthesis pathway [22,23]. In addition, Ypk1/2 phosphorylates ceramide synthase to
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stimulate the synthesis of complex SLs [24]. Activation of Ypk1/2 is mediated by PDK
orthologs Pkh1/2 and the TORC2 kinase complex [19,25,26] which is, in turn, regulated by
the P1(4,5)P,-binding proteins SIm1/2, which target Ypk1/2 to the plasma membrane
[21,27,28]. A previous connection between the P1(4,5)P, pathway and SIm1/2 in regulating
the content of inositol phosphorylceramides (IPCs) has been previously established [29].
Consistently with this, heat-induced membrane stress increases the phosphorylation of Ypk
by TORC2, an event that diminishes in the stt4 and mss4* mutants, which display low
P1(4,5)P, levels due to impaired PI- and P1(4)P-kinase activity (Fig. 1), respectively [30].
Then, Ypk kinase transmits the heat-stress signal to the SLs biosynthesis pathway via Orm
phosphorylation [31], which leads to the rapid and transient accumulation of long-chain
bases (LCBs) and ceramides (Cer) [32,33]. Whether P1(4,5)P signaling regulates the
TORC2-Pkh1-Ypkl module to adjust the SLs profile in response to a downward shift in
temperature remains unknown.

In addition to its role in membrane recruitment and the regulation of cellular signaling
proteins, P1(4,5)P, serves as a substrate for phospholipase C (PLC), which generates second
messengers, diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (1P3) [12]. Then, IP3 is
sequentially phosphorylated by several kinases (see Fig. 1) to form an array of more polar
inositol phosphates (IPs) and diphosphoinositol phosphates (DPIPs), also known as inositol
pyrophosphates [34]. IPs and DPIPs species have proven critical for development and
nuclear signaling [35,36]. In yeast cells, the level of the DPIP isomer 1-1P;, which acts as an
inhibitor of the cyclin-regulated kinase complex Pho80-Pho85 [37,38], increases in response
to phosphate limitation. This regulation allows the nuclear import of the transcriptional
activator Pho4, which results in the induction of phosphate metabolism genes. Although the
exact mechanism by which phosphate-limitation triggers increased 1-1P; levels is unknown,
the metabolism of P1(4,5)P, could play a role. High levels of P1(4,5)P, obtained by the
knock-out of the PPIn-5-phosphatase /AVP51 gene (also named SJL 1) feed the DPIP-pathway
and stimulate the production of 1-1P; as it is suggested by the effect that the /7p51 mutation
has on Pho85-dependent read-outs [4].

The Pho85 kinase is a member of the yeast cyclin dependent kinase (CDK) family, which
interacts with at least 10 different cyclins that determine its functionality and specificity
[39]. In addition of its function in phosphate regulation, Pho85 is known to have a
pleiotropic role on different aspects of the metabolism, including amino acid biosynthesis,
carbohydrate storage and lipid metabolism [40]. Interestingly, Pho85 regulates, together with
other kinases, the activity of Pahl [41], the yeast phosphatidate phosphatase [42] that
catalyzes the conversion of phosphatidate (PA) into DAG, the substrate used by yeast cells to
produce triacylglycerol (TAG), and phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) viathe Kennedy pathway. Whether Pho85 is regulated by 1-1P; in response to cold, and
whether this affects the homeostasis of neutral lipids (LNs) and PLs remains unclear.

The role of Pho85 in regulating lipid metabolism could also imply additional targets and
involve different lipid classes. Pho85 influences the expression of genes containing in their
promoters ICRE (inositol/choline-responsive element=UAS,N0) sequences, like /NO1 [43],
by phosphorylating the transcriptional repressor Opil [44]. Pho85 also phosphorylates the
calcineurin-regulated transcription factor Crz1 [45], which functions, among others, in the
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stress response to elevated temperature [46]. In addition, there is evidence that calcineurin
signaling downregulates cellular processes controlled by TORC2, including the synthesis of
complex SLs [47], likely through the regulation of SIm1/2 [21]. Previous work has also
shown that Pho85 functions in the phosphorylation and degradation of Lcb4, the major yeast
sphingoid Long Chain Bases [LCB]-kinase [48]. Overall, these data support a regulatory
role of Pho85 in the yeast SLs metabolism. Whether the SLs homeostasis is triggered in
response to cold and whether this adaptation is connected to the activity of Pho85 remains to
be elucidated.

Here, we examined the main cold-induced regulatory events that control lipid homeostasis in
yeast cells. Our results provide evidence that P1(4,5)P, modulates the activity of essential
signaling effectors in response to cold and that Pho85 is a central regulator of lipid
homeostasis. Its activity connects different lipid biosynthesis pathways to endow yeast cells
with the optimal lipid profile to face with thermal stress.

2. Materials and methods

2.1. Strains, plasmids, media and culture conditions

The yeast strains, plasmids and oligonucleotides used in this study are listed in
supplementary Tables S1, S2 and S3, respectively. Ypk1 and Orm2 C-terminal tagging with
the 3xHA epitope was carried out by PCR-based gene tagging using plasmids pFA6a-3HA-
His3MX6 [49] as a template and the appropriate target-gene specific plasmid pairs (Table
S2). Previously described standard methods were used for YPD and SD media preparation
[50]. SCD contained 2% glucose as a carbon source, and the appropriate amino acid drop-
out mixture (Formedium, England). For the cold stress experiments, the cells grown to the
mid-log phase at 30°C (ODggg ~ 0.5) were transferred to a 15°C-pre-chilled water bath, and
were maintained under shaking conditions for 1-3 h, as indicated. In some experiments,
cells were grown in high phosphate medium [0.67% yeast nitrogen base without amino acids
and phosphate (Formedium), 0.15% KH,PO, and 2.0% glucose in 0.025 M Na*citrate/citric
acid buffer (pH 4.7)] supplemented with the appropriate drop-out mixture (Formedium).
Phosphate-free medium was prepared by replacing KH,PO4 by KCI [51] in the high-
phosphate medium. Stock solutions of 2 mM Myriocin (Myr) and 25 mM phytosphingosine
(PhS) were prepared in ethanol, sampled in small volumes and stored at —20°C until use at
the indicated concentrations.

2.2. Preparation of protein extracts and the Western blot analysis

Protein extracts were prepared, and proteins were separated by SDS-PAGE and analyzed by
a Western blot as formerly described [4]. Protein extracts from HA-tagged Orm2 cells were
obtained by using a NaOH-based protocol as previously described [52]. For the phosphate-
affinity electrophoresis, protein samples were resolved in the SDS-PAGE gels that contained
6% acrylamide, 10 uM Phos-tag™ affinity reagent (Wako Chemicals USA, Inc.) and 20 uM
Mn2*. The proteins tagged with 3xHA and 13xMyc (Pah1-Myc) were visualized by using an
anti-HA rabbit polyclonal (1:2,000; cat# sc-805; Santa Cruz Biotechnology, Santa Cruz,
CA) and an anti-Myc (1:2000; cat# sc-40, Santa Cruz Biotechnology) antibody, respectively.
Mouse monoclonal Glucose 6 Phosphate Dehydrogenase (G6Pdh) antibody (1:3,000; cat#
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sc-47724) and rabbit antiPmal (1:10,000; kindly provided by R. Serrano), were used as
loading control of cytosolic and membrane-associated proteins, respectively. The secondary
antibody used was horseradish peroxidase-conjugated goat anti-rabbit (1:2,000; cat# 7074;
Cell Signaling, Danvers, MA, USA) or rabbit anti-mouse (1:5,000, cat# P0260; Dako,
Carpinteria, CA). Blots were done and images were captured as described elsewhere [4].

2.3. Fluorescence microscopy

Cells were grown as described above in SCD medium at 30°C (control). One-ml samples
were spun for 10 s, the supernatant was decanted, and cells were resuspended in the residual
liquid. Aliquots of 4 ul were directly observed under a Zeiss 510 Meta Confocal microscope
with a 63x Plan-Apochromat 1.4 NA Qil DIC objective lens (Zeiss). Images were acquired
at identical exposures and processed identically by using Photoshop CS5.1 (Adobe System).

2.4. PI(4,5)P, quantification

P1(4,5)P, was extracted from cell pellets ( ~ 0.5 g) of the CEN.PK2-1C wild-type strain,
separated of other PPIn species by TLC and quantified by GC/MS as described [53]. Data
are the mean (+ SD) of at least three independent experiments.

2.5. SLs extraction and mass spectrometry analysis

The cells (~ 100 ODggg units) grown in SCD (ODggg ~ 0.5 — 1.0) at 30°C (control) and
transferred to 15°C for 3 h were suspended in 1.5 ml of Mandala extraction buffer [54] and
lipid standards (C17-SpH, C17-DhS, SpH-1P and C8-PhS; Avanti Polar Lipids, Alabaster,
AL) and glass beads (1.0 g; acid washed, 0.4-mm diameter) were added. Then, the mixture
was vortexed 3 times for 1 min each time and incubated at 60°C for lipid preparation as
described [55,56].

For LC-MS, lipid samples were dissolved in 150 pl of ammonium formate (1 mM) with
0.2% formic acid in methanol and separated in a Thermo Accela HPLC system (San Jose,
CA) coupled to a Peeke Scientific Spectra C8 (Redwood city, CA) HPLC column (150 x 3
mm) and the HESI source of a Thermo TSQ Quantum Ultra triple quadrupole mass
spectrometer (San Jose, CA, USA). LCBs and their phosphorylated forms (LCBPs) were
analyzed, and the mass spectrometer was operated as described [56]. Samples were
processed by the Thermo Xcalibur 2.2 Quan Browser software and exported to Excel for
reporting results. The levels of the different lipid species in each sample were normalized to
the units of processed ODgqg. All the data were calculated from at least two biological
replicates (+ SD).

2.6. NLs and PLs analysis

SCD-grown cells at 30°C (Control; ODggg ~ 0.5) were transferred to 15°C for 3 h, collected
by centrifugation (3,000 x g, 2 min, 4°C), washed twice with ultrapure water (MilliQ RO 10
Plus; Millipore, Bedford, MA) and kept at —80°C until the extraction was carried out. Then,
the cell pellet was suspended in ultrapure water, glass beads (1.0 g; acid washed, 0.4-mm
diameter) were added, the mixture was vortexed 3 times for 1 min each time, centrifuged
and the supernatant was recovered. Finally, yeast samples were diluted (~ 20 ODgqg units/
ml), and subjected to basic lipidomic analysis.
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Quantitative lipid analysis was carried out by the lipidomic service of Lipotype (Lipotype
GmbH, Dresden, Germany), which use a high throughput mass-spectrometry-based shotgun
lipidomics platform. Lipids were extracted using chloroform and methanol [57]. Samples
were spiked with lipid-class specific internal standards prior to extraction. After drying and
resuspending in MS acquisition mixture, lipid extracts were subjected to mass spectrometric
analysis. Mass spectra were acquired on a hybrid quadrupole/Orbitrap mass spectrometer
equipped with an automated nano flow electrospray ion source in both positive and negative
ion mode. Lipid identification using LipotypeXplorer [58] was performed on unprocessed
(*.raw format) mass spectra. For MS-only mode, lipid identification was based on the
molecular masses of the intact molecules. MSMS mode included the collision induced
fragmentation of lipid molecules and lipid identification was based on both the intact masses
and the masses of the fragments. Prior to normalization and further statistical analysis, lipid
identifications were filtered according to mass accuracy, occupation threshold, noise and
background. Lists of identified lipids and their intensities were stored in a database
optimized for the particular structure inherent to lipidomic datasets. Intensity of lipid class-
specific internal standards was used for lipid quantification. The amounts of individual lipid
molecules (species) of a given lipid class were normalized as the mol%. Likewise, the
quantities of the lipid species containing the same number of double bonds or the same
number of carbon atoms in the hydrocarbon moiety are summed and these values are
normalized to the total amount of the given lipid class. Additional details concerning sample
handling and processing, reagents, equipment, procedures and data visualization tools can be
found at https://www.lipotype.com/. Data represent the mean value (xSD) of three
independent biological replicates.

2.7. Gene expression analysis

Quantitative RT-PCR (qPCR) experiments were carried out to determine the changes in
MRNA levels. Total RNA and cDNA were prepared as described in Gomar-Alba et al. [59].
gPCR was performed in a DNA Engine Peltier Thermal Cycler (Bio Rad) using the SYBR
Premix Ex Taq Tli RNaseH Plus Green with ROX (Takara, Shiga, Japan) and specific
oligonucleotides (Table S2) as previously described [60]. Relative quantification of gene
expression was determined using the comparative Ct (threshold cycle number) method
analysis [61]. Fold change values were calculated as the 2*(—-AdCt), where dCt = Ct[Target]-
Ct[Housekeeping], and AdCt = (AExperimental condition)-(AControl). Samples were run in
triplicate and normalized to AC71 mRNA as housekeeping gene. Each graph is
representative of at least three independent experiments.

2.8. The B-galactosidase assay

[B-galactosidase activity was determined at 30°C using cell extracts and the substrate ONPG
as previously described [62]. One unit was defined as the amount of enzyme that is able to
convert 1 nmol of ONPG per min under the assay conditions. The values provided represent
the mean (+ SD) of at least three independent experiments.

2.9. Determination of acid phosphatase activity

The phosphatase activity was assayed according to the method described by Neef and
Kladde [63] with slight modifications. Briefly, yeast cells were washed twice with water, and
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resuspended in 0.1 M sodium acetate buffer, pH 4.0 at 4°C. The reaction was started by
mixing 250 ul of cell suspension, previously incubated at 30°C for 5 min, and 250 pl of 20
mM p-nitrophenylphosphate (Sigma). After 10 min at 30°C, the reaction was stopped by
adding 125 pl of 1 M Na,CO3 and quantified by measuring the absorbance at 420 nm.
Activities are reported in units per ODggg [(OD420)/(ODggg % volume [in milliliters] of cells
assayed x 10 min)], and are the mean (x SD) of at least three independent experiments.

2.10. Statistical analysis

Sample averages were compared using a Student s £test with the Excel software
(Microsoft). p< 0.01 (**, ##) and p< 0.05 (*,#) were considered statistically significant.

3. Results

3.1. Cold exposure reduces plasma membrane PI(4,5)P, abundance

We examined how P1(4,5)P, levels respond to a downward shift in temperature. PPIn species
of 30°C-grown and cold-shocked cells of the CEN.PK2-1C wild-type strain were extracted,
separated by TLC and the amount of unlabeled P1(4,5)P, was quantified by GC/MS as
described [53]. As it is shown, a cold treatment reduced significantly (p< 0.05) the PI(4,5)P2
content (Fig. 2A), an opposite change to that reported for heat-stressed yeast cells [14,15].

Then, a genetically encoded fluorescent probe consisting of a GFP-tagged version of the
PLC-8 PH domain (GFP-PH) was used to further analyze the P1(4,5)P, dynamics in
response to cold. Previous studies showed this probe binds specifically to P1(4,5)P, [64].
Consistent with this, the GFP-signal in cells of the wild-type was mainly localized in the
plasma membrane (Fig. 2B). We also observed that cold reduced the abundance of PI(4,5)P,
signals at the plasma membrane (Fig. 2B). This change was also observed in cells lacking
the P1(4,5)P, phosphatase Inp51 (Fig. 2B), which has been reported to contain higher levels
of this PPIn as compared with the wild-type [4,10,14], a circumstance that was confirmed in
our study (Fig. 2B).

To further verify the cold-instigated changes in P1(4,5)P,, we analyzed by Western blot the
distribution of the GFP-PH probe in membrane-enriched (P) and cytosolic (S) protein
fractions of 30°C-grown control (PO and S0) and cold-exposed cells (S3 and P3). As shown
in Fig. 1C, we detected a clear redistribution of the GFP-PH construct to the cytosol in
response to cold, although the signals could only be quantified in samples of the /np51
mutant (Fig 2C), where the total cellular content of GFP-PH (S+P) was higher at either 30°C
or 15°C (Fig. 2C). We interpret that the higher expression of the probe in the mutant is
consequence of the reduced activity of the Pho85 kinase in the /np51 strain [4], since the
expression of the GFP-PH construct is directed by the promoter of PHO5, a gene
downregulated by Pho85. Overall, our results show a decrease in the P1(4,5)P, accumulation
in the plasma membrane of cold-shocked cells.

3.2. 5-PP-IP4 and 1-IP7 readouts vary in response to cold

Taking into account that some human PLC+y2 variants and Arabidopsis PLC are irreversibly
activated by cold exposure [65,66], we wonder if the cold-induced clearance of P1(4,5)P5
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observed at the yeast plasma membrane is caused by the increased activity of Plcl at low
temperature. Such Plcl activation could be revealed by an increase in DPIPs levels, as
occurs in the /np51 mutant [4]. However, DPIPs are traditionally evaluated by using
radioactive experimental approaches [67] that require a highly controlled research
environment and sophisticated equipment to extract and purify radioactive derivatives. In
addition, the acidic conditions often used for their analysis appear to cause changes in the
profile of DPIPs, in particular of IP; and IPg [68]. As an alternative, here we take advantage
of the regulatory effects exerted by some DPIPs. First, we measured the expression of /NO1,
the first enzyme in the inositol biosynthesis pathway [69], which responds positively to the
content of 5-PP-1P,4 [70], the pyro-phosphorylation product of IPs by Kcsl (Fig. 1). As
shown in Fig. 3A, transfer of yeast wild-type cells to 15°C caused a strong induction of an
INO1-LacZreporter. Similar results were observed when the expression of /NO1 was
assayed by gPCR (data not shown). However, blocking DPIPs production by knock-out of
PLCI (Fig. 1) abrogated the upregulation of the reporter gene (Fig. 3A).

Then, we assayed the expression of PHO89 by using a PHO89- /acZ reporter. As mentioned
above, high levels of 1-1P; regulate positively the expression of several PHO-genes,
including PHO5, PHO11, PHO84 and the high-affinity phosphate transporter-encoding gene
PHOB89[37]. As shown in Fig. 3B, the expression of the reporter gene increased 6-fold in
cold-transferred cells of the wild-type strain. On the contrary, no effect could be detected in
cells of the vipZ mutant, which are unable to synthesize 1-1P; (Fig. 3B). As expected, cold
induction of PHO&9is not observed in a strain lacking Plcl, which as vipI is unable to
produce 1-1P; (Supplementary Fig. S1). That the effect of 1-1P; on the cold activation of
PHOB89 occurs through the inhibition of Pho85 kinase is suggested by the constitutive
expression of the reporter in the pho85 mutant (Fig. S1). Quite remarkably, the cold-induced
regulatory effects were replicated in cells starved for phosphate. As shown in Fig. 3C,
transfer of wild-type cells from high-phosphate to starvation medium stimulated the
synthesis of the repressible acid phosphatase Pho5. As expected, lack of Pho85 gave rise to
high levels of Pho5 activity even in high-phosphate conditions, while the 2L CZ mutation
stimulated the synthesis of the phosphatase to intermediate levels (Fig. 3C), a result that has
been previously reported [71]. Finally, either p/cI or vip1 cells were insensitive to phosphate
starvation. We conclude that cold-signals are transmitted from PI1(4,5)P, to DPIP species,
among them 5-PP-IP4 and 1-1P7, which exert regulatory effects.

3.3. PI(4,5)P, effects on membrane fluidity and cold tolerance require a functional Pho85

protein

The above results suggested a link between P1(4,5)P, levels and DPIPs species that may
target Pho85 in mediating the cold-signaling. To further confirm this relationship, we
investigated whether the phenotype of /np51 mutant cells, is suppressed by the lack of Pho85
activity. As earlier reported, the /AMP51 mutation endows yeast cells with cold tolerance
[4,72], a feature that fully depends on a functional Pho85 kinase (Fig. 4A). Lack of Inp51
also increased tolerance of yeast cells to the toxicity of fatty acid palmitoleate (C16:1),
which causes hyper-fluidity of the membrane [73], myriocin, which inhibits the activity of
serine palmitoyl transferase, SPT [74], the first enzyme in the sphingolipid biosynthesis
pathway [22,75], and phytosphingosine (PhS). Remarkably, all of these phenotypes were
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suppressed by the combined knock-out of /P51 and PHOB85, while the single pho85 mutant
did not display an apparent phenotype under these conditions (Fig. 4A).

3.4. Pahl abundance lowers in response to cold

The above results indicated that Pho85 could be a hub element in the cold signaling
mechanism. To further support this idea, we examined the effect of cold on different Pho85
read-outs. First, we focused our attention on Pah1, the yeast phosphatidate phosphatase, a
well-known target of Pho85 [41]. Pahl suffers multiple phosphorylations by this and
additional kinases, among them Cdc28, PKA and PKC [76,77]. In addition, cross-talk
phosphorylations by different kinases have been described [78], making more complex the
biochemical regulation of the enzyme. Because of this, we designed an experiment in which
nutrient conditions were strictly controlled. High-phosphate, phosphate-starved and cold-
shocked cells of the wild-type and p/085 mutant strains containing a chromosomal copy of
Pahl tagged with 13xMyc were lysed and analyzed by Western blot. As Fig. 4B shows,
analysis of wild-type and pho85 mutant protein extracts by regular SDS-PAGE detected a
major band corresponding to Pahl. Abundance of Pahl decreased in both strains by
phosphate starvation and, especially by cold treatment (Fig. 4B). Nevertheless, the analysis
by Phos-tag™ affinity SDS-PAGE, which reduces the mobility of phosphorylated isoforms,
provided additional information. As shown in Fig. 4B, the single SDS-PAGE band in wild-
type samples was resolved by the Phos-tag™ system in at least two additional bands of
lower mobility. These bands were absent or under the detection limit in p/085 samples,
confirming that the kinase participates in the posttranslational modification of Pah1, as
previously reported [41]. Phosphate-starvation seemed to increase the intensity of the lowest
mobility band suggesting a hyperphosphorylation. However, we were unable to show
noticeable changes in the profile of Pah1 bands upon cold transfer (Fig. 4B).

3.5. A downward shift in temperature stimulates the remodeling of NLs and PLs

We investigated if the cold-signals controlling the /NVO expression extend to other lipid
metabolism genes, and how the cold regulation affects the biosynthesis and turnover of NLs
and PLs. In addition to /MVOZ, almost all PLs biosynthetic genes contain UASyo Sequences
[79]. Among them, CHOZ1, which encodes the phosphatidylserine synthase, CDS1, the yeast
CDP-diacylglycerol synthase and PSDZ, encoding the phosphatidylserine decarboxylase,
were analyzed. Supplementary Fig. S2 shows the fold-change of mMRNA levels measured by
gPCR at 30 and 15°C. As can be seen, a downward shift in temperature had a positive effect
on the transcription of these genes.

Then, the profiles of the NLs and PLs of the 30°C and 15°C-transferred yeast cells were
compared. A cold transfer altered the relative abundance of lipid classes and subclasses (Fig.
5A). In particular, the relative content of NLs, except for DAG, lowered in the cold-exposed
cells, while that of PLs increased, with PC, PE and PI representing the most important
changes. On the contrary, PS was the unique individual PLs whose relative content was
found to decrease in response to low temperature (Fig. 5A). A similar trend has been
reported when the exponentially-growing cells of a pa/Z mutant were compared with its
corresponding wild-type [80]. Finally, total carbon length and unsaturation degree of PLs
were found to decrease and increase respectively, in response to cold treatment (Fig. 5B), a
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result that confirms previous reports [7,8]. Supplementary Tables S4-S12 show the relative
content at 30°C and 15°C of all NLs and PLs species identified in this study. Overall, our
results strongly agree with a role of the PPIn and DPIP pathways in controlling the activity
of Pho85, the Pah1 content and the expression of UASyo-containing genes, which
contribute to remodeling the profile of PLs and TAG at low temperature.

3.6. Ypkland Orm2 are regulated in response to cold

We examined additional connections between P1(4,5)P, and Pho85 in the context of lipid
homeostasis. A previous systematic lipidomic analysis identified kinase and phosphatase
mediated phospho-signaling pathways as playing a role in sphingolipid metabolism [17].
Both kcs1 and pho85 cells were found to exhibit a similar profile of SLs characterized by
reduced Cer and IPC content. On the other hand, PI(4,5)P, plays an important role in
recruiting effector proteins to the plasma membrane and regulating the TORC2-Pkh1-Ypkl
signaling circuit that controls, among others, the synthesis of LCBs, the precursors of Cer
and complex SLs (see Fig. 6A). Thus, we inspected the effect of cold in the phosphorylation
status of Ypkl and Orm2.

Fig. 6B shows the electrophoretic profile (analyzed by Phos-tag affinity SDS-PAGE) of
Ypk1-HA from 30°C-grown, cold-shocked or myriocin (Myr)-treated wild-type and pho85
cell samples. As mentioned above, the fungal natural product myriocin depress the
sphingolipid biosynthesis [74] by inhibiting the activity of SPT [81], which leads to a
compensatory response through the TORC2-Pkh-Ypk1 signaling module (Fig. 6A). As
control, protein extracts from a double fpk2/2mutant were also analyzed. As opposite to
TORC2/Pkh1/2, the protein kinases Fpk1/2 downregulate Ypk1 in response to increased
levels of complex SLs [82,83]. In addition, the Ypk1 isoform phosphorylated by Fpk1/2 is
the only one readily detected in yeast cell extracts by SDS-PAGE [82]. Using Phospho-tag
methodology with anti-HA antibody, we were able to detect two bands in Ypk1-HA cells
extracts (Fig. 6B). The fact that the upper band is reduced by myriocin treatment [82], and
completely absent in the fpkZ/2 mutant indicates that this band is indeed consequence of the
phosphorylation of Ypk1 by Fpk1/2 kinases. Cold exposure caused minor changes, if any, in
the profile of Ypk1-HA (Fig. 6B; Phos-tag), but decreased its abundance (Fig. 6B).
Remarkably, in the pho85 mutant the reduced Ypk1 content found in cold-treated wild-type
cells was also observed in 30°C-grown control and myriocin-treated cells. This indicates that
Pho85 functions in regulating positively Ypk1 abundance in response to optimal growth
temperature, and suggests that inactivation of Pho85 may be on the basis of the
downregulation of Ypk1 content upon cold exposure.

Then, we tested the abundance and phosphorylation state of Orm2, which provides the
majority of Orm-inhibitory activity in yeast cells [75]. Because of the low Orm2 content in
yeast cells, a method that use NaOH to enhance the permeability of yeast cell wall prior to
protein extraction with sample buffer, was employed [52], and the proteins were analyzed by
SDS-PAGE (Fig. 6C). As shown, a single weak band was visible when protein extracts from
30°C-grown wild-type cells were visualized with anti-HA antibody. In contrast with the
regulation of Ypk1 abundance showed above, cold exposure increased the Orm2-HA content
(Fig. 6C). Moreover, no change in the electrophoretic profile of the protein could be
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observed. Compared with this, myriocin-treated control cells displayed an additional strong
lower mobility band, which likely corresponds to phosphorylated species (Fig. 6C). Orm2
phosphorylation in response to inhibition of SLs production has been associated to increased
Ypk1 kinase activity [23]. We also observed that the response to myriocin was not altered in
a pho85 mutant (Fig. 6C). However, the Orm2 content was clearly higher in 30°C-grown
cells of the mutant as compared with the wild-type. In addition, cold-exposed p/085 cells
showed weak slower mobility species (Fig. 6C; 30s-exposed membrane). Consistent with
these results, the mRNA level of ORMZwas higher in pho85than in wild-type cells at 30°C
(Fig. 6D). In addition, ORM?Z expression was stimulated in cold-exposed cells of the wild-
type, while hardly varied in those of the mutant (Fig. 6D). We conclude that Ypk1 and Orm2
are coordinately regulated in response to cold in a Pho85-dependent manner. This regulation
is mainly exerted through control of protein level, although we cannot discard additional
mechanisms and effectors.

3.7. Pho85 controls cellular LCBs and LCBPs abundance and it is involved in their
regulation at low temperature

The finding that Ypk1 and Orm2 content are down and upregulated, respectively, suggested
that SLs synthesis is repressed under cold conditions. Previous results have shown that LCBs
are decreased when ORMZis overexpressed [84]. In addition, lowering Ypk1 content should
reduce the flux of SLs from LCBs to Cer, thus adjusting the synthesis and demand of LCBs
(see Fig. 6A). Indeed, Ypk1, among other actions, stimulates the synthesis of Cer by
phosphorylating ceramide synthase [24]. To confirm the cold-regulation of the SLs
synthesis, we examined the levels of the LCBs dihydrosphingosine (DhS) and
phytosphingosine (PhS) from 30°C-grown cells or cold-shocked at 15°C for 3 h (Fig. 7A).
In wild-type cells, a shift to 15°C resulted in decreased content of LCBs, in particular of
PhS, the major LCB species in yeast [85]. Compared with this, deletion of PHO85 reduced
the PhS levels at 30°C by around 55%, while no significant change could be detected in
response to cold (Fig. 7A).

Then, we inspected the content of LCBPs, dihydrosphingosine-1-phosphate (DhS-1P) and
phytosphingosine-1-phosphate (PhS-1P). LCBs can be phosphorylated by two kinases, Lcb4
and Lcb5, to form LCBPs, which can be, in turn, dephosphorylated by Ysr3 and Lcb3, the
main yeast LCBPs phosphatases, or irreversibly degraded by the LCBPs lyase Dpl1 (Fig.
7B). Thus, phosphorylation of LCBs represents an additional mechanism to that of Orm2-
SPT to control the flux into the SLs pathway. Consistent with this role, a downward shift in
temperature stimulated the accumulation of both DhS-1P and PhS-1P in the wild-type strain
(Fig. 7C). Hence LCBs and LCBPs decrease and increase, respectively, in response to cold
transfer. This opposite behavior is remarkably similar to that previously observed for the
cells that express a temperature-sensitive TORCZallele, torc2s [47] or an ATP-analog-
sensitive allele Ypk1-AS [86]. Regarding the pf0o85 mutant, samples from 30°C-grown cells
exhibited much higher LCBPs levels as compared with those of the wild-type. Moreover, the
LCBPs level in pho85 cells increased in response to cold and this variation was even more
intense than that observed for the wild-type (Fig. 7C). Interestingly, the ratio PhS-1P/
DhS-1P raised in cold-exposed cells of the wild-type from 0.78 + 0.09 at 30°C to 1.48 £
0.35 at 15°C (p< 0.05), while did not vary in the ph085 mutant, 0.80 + 0.22 and 0.80 + 0.06,
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at 30 and 15°C, respectively. This result could reflect a certain substrate preference of LCBs-
kinases and/or LCBPs-phosphatases and their distinct cold-regulation in wild-type and
pho85 mutant cells.

To further confirm this idea, we analyzed by gPCR the mRNA levels of genes involved in
the metabolism of LCBs to glycerophospholipids (Fig. 7B). As shown in Fig. 7D, the
expression of the five genes analyzed increased in cold-exposed cells of the wild-type strain.
The change was especially intense for the major kinase L CB4 and especially for the LCBPs-
lyase encoding gene DAL 1, while LCB3, which represents the most important source of
phosphatase activity, was not induced, accounting thus for the accumulation of LCBPs at
low temperature. Comparing with this, LCB4, L CB5and DPL 1 hardly varied in cold-
exposed cells of the pho85 mutant. In addition, the phosphatase activity encoded by LCB3
was repressed. This is consistent with the exacerbated LCBPs content found in the mutant
strain (Fig. 7C). We conclude that Pho85 is involved in regulating not only the de novo
synthesis of LCBs, but also their turnover via their conversion to glycerophospholipids.

4. Discussion

Here we provide direct evidence that a drop in temperature reduces P1(4,5)P levels and
increases the availability of water-soluble DPIPs. These observations suggest that P1(4,5)P»
functions as a second messenger and that the PPIn pathway is a candidate to play a role in
the thermosensing mechanism/s of S. cerevisiae. Further evidence supports this idea; 1) PPIn
kinases and phosphatases, as well as PLC, reside in the plasma membrane or interact with it
[15]; 2) heat-stressed yeast cells show the opposite dynamics of PI(4,5)P5 levels [14]; 3) the
enzymes of this pathway, in particular PLC, appear to display special sensitivity to
temperature changes and are required for molecular responses to thermal stress [15,29,30].
Some human PLC+y2 variants appear to display unique thermodynamic features and are
irreversibly activated by cold exposure [65]. Likewise, Arabidopsis PLC activity increases in
minutes after cold exposure [66]; 4) the knock-out and ectopic expression of the PPIn
kinases- and phosphatases-encoding genes, or PLCI, has physiological consequences in cold
acclimation and survival [4].

The finding that the P1(4,5)P, level decreases in response to cold suggested that this
variation could alter the content of intermediates of the DPIP-pathway and trigger regulatory
mechanisms mediated by, among others, Pho85. It has been previously suggested that poly-
phosphate metabolism is connected to that of DPIPs [87], and recent evidence shows that
several yeast SPX domains, which are found in proteins involved in phosphate metabolism
[88], bind to both IPg and IP7 [89]. S. cerevisiae possesses 10 proteins that contain an SPX
domain, including Pho81 and Pho4 [88], which thus explain the previously described
inhibitory effect of 1-1P7 on the kinase complex Pho81-Pho80-Pho85 [37,38]. Consistent
with this, cold-shocked cells displayed increased expression of a PHO89- /acZ reporter,
indicating increased levels of 1-1P; and downregulation of Pho85 at low temperature. Cold
also caused a strong transcriptional induction of UASyo Sequences containing genes like
INO1, or the PLs biosynthetic genes CHOI, CDS1 and PSD1. Expression of /NO1 depends
on the level of 5-PP-1P4 [70], an intermediate of the DPIPs-pathway that is produced from
IP5 by the kinase Kcsl [36]. Remarkably, kcsZ mutant cells exhibit inositol auxotrophy, a
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defect that is suppressed by deletion of /A/P51 [4], more likely by increasing the flux
through the DPIPs-pathway. Additional data support that cold increases the flux through the
DPIPs-pathway and regulates the activity of Pho85. 1) Blocking the synthesis of DPIPs by
knock-out of PLCI makes the expression of /NVOZ and PHO89-/acZ insensitive to low
temperature; 2) Cold induction of PHO89-/acZ is not observed in cells of the vipZ mutant,
which are unable to produce 1-1P7; 3) Relevant phenotypic features of the inp51 mutant,
including C16:1 toxicity and cold tolerance, are suppressed by mutation of PHO85; and 4) a
downward shift in temperature increases and reduces the content of PLs and TAG,
respectively, and alters the relative abundance of individual PLs classes, all of them typical
features of cells displaying reduced Pah1 activity [80], a well-known target of Pho85 [78].
We conclude that cold increases the abundance of DPIPs, which has molecular consequences
in remodeling the profile of NLs and PLs.

The central role of Pho85 as a master regulator of lipid homeostasis was further established
by analyzing the effects of cold on the electrophoretic profile of Ypk1 and Orm2, which
receives signals from the TORC2-Pkh1 module, the main pathway in controlling SLs
homeostasis [90-92]. To our surprise, neither Ypk1 nor Orm2 showed apparent changes in
their phosphorylation state in response to cold. Instead, Ypk1 abundance lowers, while
Orm2 content increases, indicating that the main mechanism for regulating SLs synthesis
under this condition is through control protein level. Increasing Orm2 abundance contributes
to the inhibition of the SPT complex [84,92], explaining thus the reduced synthesis of LCBs
at low temperature. On the other hand, Ypk1 activity stimulates the synthesis of Cer by
phosphorylating ceramide synthase [24], and thus, lowering Ypk1 content may be aimed to
coupling the demand of LCBs to their synthesis. Compared with this, PHO85 disruption
leads to reduced and increased content of Ypk1 and Orm2, respectively, at 30°C, indicating
that inhibition of the effector Pho85 protein kinase may be part of the SLs homeostasis
mechanism at low temperature. In agreement with this, the LCBs content at 30°C is
decreased in pho85 mutant cells, a result that fits well with previous systematic lipidomic
analysis [17], while no changes could be observed in response to cold.

The regulation of Ypk1 and Orm2 protein level could be mediated by the signaling of the
Ca?*/calmodulin-calcineurin pathway, which appears to depress cellular processes
controlled by TORC2, including the synthesis of SLs [92], likely through the regulation of
SIm1/2 [29,93]. This regulation could be controlled, at least in part, by the activity of Pho85,
which has been reported to phosphorylate the calcineurin-regulated transcription factor Crz1
[45], and the PI(4,5)P, levels. Indeed, the plasma membrane association of Ypk1, a
prerequisite for its activation by phosphorylation, depends directly or indirectly on the
activity of the P1(4,5)P»-binding proteins SIm1/2 [21,29,92,93]. In agreement with this
model, heat-induced membrane stress increases the phosphorylation of Ypk1/2 by TORC2,
an event that diminishes in the stt4 and mss4® mutants, which display low PI(4,5)P, levels
[30]. However, we have no evidence of this signaling mechanisms working in response to
cold. Additional experiments are required to further investigate the role of PI(4,5)P5 and
Pho85 in the regulation of Ypk1/Orm2 abundance and the implication of the Ca2*/
calmodulin-calcineurin pathway in response to cold.
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Quite remarkably, cold exposure and loss of Pho85 stimulated LCBPs accumulation,
suggesting that the phosphorylation of LCBs contributes in a Pho85-dependent manner to
regulate the flux toward Cer under this stress condition. Yeast mutants that lack the LCBP-
phosphatase Lcb3 display smaller amounts of Cer than the corresponding wild-type [94]. In
addition, the increased LCBPs content could supply, through the Dpl1-dependent reaction,
phosphoethanolamine for the enhanced synthesis of PLs at low temperature. Our study also
provided evidence that higher levels of LCBPs by p/085 mutation are driven, at least in part,
by a defect in the cold regulation of genes involved in the metabolism of LCBs to
glycerophospholipids. Indeed, upregulation of LCB4and LCB5, or DPL 1 in cold-shocked
cells of the wild-type was missing by loss of Pho85. Finally, the cold-induced accumulation
of LCBPs may perform alternative functions. A previous work by Gallego et al. [95] showed
that both P1(4,5)P, and DhS-1P can simultaneously bind the PH-like domain of SIm1.
Although the specific effects that result from this binding are unclear, it has been suggested
that they could affect the activity of SIm1 [95]. Thus, the increased accumulation of LCBPs
could provide an additional regulatory input to the TORC2-Pkh1 module. Further work is
required to demonstrate this signaling interplay and its consequences on the regulation of the
metabolism of SLs in response to cold stress.

The adaptation and survival of S. cerevisiae to membrane stress requires the deep
remodeling of the lipid repertoire. A downward shift in temperature decreases membrane
fluidity and permeability, and homeostasis mechanisms are expected to operate to sustain
membrane functionality. In this scenario, the finding that cold exposure reduces SLs
abundance in favor of more PLs has a physiological meaning. Complex sphingolipids with
long saturated hydrocarbon chains exhibit a higher affinity for sterols, and together with
them, promote the formation of a thicker, more compact and less permeable plasma
membrane than that provided by a lipid matrix which contains high proportions of
unsaturated phospholipids [96]. The finding that Pho85 connects different lipid synthesis
pathways uncovers a mechanism of how lipid metabolism is coordinated to tailor cell
membrane composition and properties to environment temperature changes. More work is
required to acknowledge the implications and usefulness of these findings in applied aspects.
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cyclin dependent kinase

Cell Wall Integrity
diacylglycerol

dihydroceramide
dihydrosphingosine
dihydrosphingosine-1-phosphate
diphosphoinositol phosphate
inositol/cholineresponsive element
long-chain bases
phosphorylated long-chain bases
inositol phosphorylceramide
inositol phosphates
inositol-1,4,5-trisphosphate
mitogen-activated protein kinase
neutral lipids

phosphatidate
phosphatidylcholine
phosphatidylethanolamine
phosphatidylglycerol
phytoceramide
phytosphingosine
phytosphingosine-1-phosphate

phosphatidylinositol

phosphatidylinositol 4,5-bisphosphate

phospholipase C
phospholipids
phosphoinositide
phosphatidylserine

sphingolipids
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5-PP-IP4 5-diphospho-myo-inositol 1,3,4,6-tetrakisphosphate
1-PP-1P5/1-1P; 1-diphosphomyo-inositol 2,3,4,5,6-pentakisphosphate
SE steryl ester
SPT serine palmitoyltransferase
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Fig. 1.

Schematic representation of the PPIn, IPs and DPIPs synthesis and its interacton with the
Pho80-Pho81-Pho85 complex. The metabolic steps and enzymes involved in the synthesis
and degradation of P1(4,5)P, are shown (see [10,12,13,35,36,37] for representative reviews).
The hydrolysis of PI(4,5)P, by Plc1 generates IP3, which is sequentially phosphorylated to
form in the last steps the DPIP 1-PP-IP5 (1-1P;) through the action of the IPg kinase Vipl
[PP-1P5 kinase or IP7 kinase in mammals]. The 1-1P; isomer acts as an inhibitor of the
cyclin-regulated kinase complex Pho81-Pho80-Pho85 [37,38], which responds to phosphate
availability [39], and regulates, among others, the abundance and activity of the
phosphatidate phosphatase Pah1 [41], a key enzyme in the synthesis of NLs and PLs [42].
The black dot indicates a single phosphate group. The red dot represents a high-energy
phosphate or pyrophosphate. For more details see text.
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Fig. 2.
Plasma membrane P1(4,5)P, levels lower in the cold-shocked cells. A) Cells of the wild-type

CEN.PK2-1C strain were grown to the mid-logarithmic phase in SCD medium at 30°C. An
aliquot was withdrawn for the analysis and the rest of the culture was shifted to 15°C for 3 h.
Samples were analyzed for P1(4,5)P, levels by GC/MS. The values represent the mean (+
SD) of at least three independent experiments (*; p< 0.05). B) The plasmid pRS414-7x2-
PHO5-GFP-hPLC (see Table S3) which encodes a GFP-tagged PH domain was used to
visualize the cellular location of yeast PI(4,5)P,. Cells of the CEN.PK2-1C wild-type (wt)
and the corresponding /7p51 mutant strain were grown to the mid-logarithmic phase at 30°C.
An aliquot was withdrawn for the analysis and the rest of the culture was shifted to 15°C for
3 h. Cells were concentrated and visualized as described in the Materials and Methods
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section. The cells photographed at 30°C and 15°C are shown as an example. Quantification
of plasma membrane fluorescence was done with Image J and expressed as arbitrary units.
Data are the mean (+ SD) of at least three independent experiments in which 100 cells were
processed per sample. The 15°C samples were significantly different compared with their
respective control at 30°C (*; p< 0.05). The differences between the wt and the /np51
samples at the same temperature, 30°C or 15°C, were also statistically significant (#; p<
0.05). C) The GFP-PH levels from the protein extracts of the mentioned strains were
analyzed by Western blot. Protein extracts were centrifuged at 17,900 x g for 10 min, and
the corresponding pellet (P, membrane-enriched fraction) and supernatant (S, soluble
fraction) fractions were separated by SDS-PAGE and immunoblotted with anti-GFP
antibody. The cells from 30°C-grown cells (SO, P0) or transferred (3 h) to 15°C (S3, P3)
were compared. The amount of G6Pdh and Pmal were tested as loading control of cytosolic
and membrane-associated proteins. Relative quantification of GFP signals in the /np51
mutant was done with Image J and is expressed as arbitrary units. The intensity of wild-type
signals was under the detection limit. For more details see the Materials and Methods
section. A representative experiment is shown.
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Fig. 3.
DPIPs and Pho85 exert regulatory functions in response to cold. A) Cells of the CEN.PK2—-

1C wild-type (wt) strain and its corresponding p/cZ mutant were grown as described above
(Fig. 2A), and the expression of /NOI was analyzed by using an INO1-/acZreporter as
indicated in the Materials and methods section. Data represent the mean value (+ SD) of
three independent experiments (**; p< 0.01). B) The 1-IP7 content in the cells of the wild-
type and vipZ mutant strain was estimated by using a PHO89.-/acZ reporter. Cells were
grown at 30°C in SCD and then transferred to 15°C for 3 h. Data represent the mean value
(+ SD) of three independent experiments (**; p< 0.01). C) The activity of the repressible
acid phosphatase Pho5 (Units/ODggg) was measured before and after transfer for 3 h of yeast
cells from high-phosphate to phosphate-free medium. Cells of the wild-type, p/c1, vip1 and
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pho85 mutants were analyzed. Data represent the mean value (+ SD) of three independent
experiments (**; p< 0.01).
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Fig. 4.
Pahl abundance and main /np51 phenotypes depend on Pho85. A) Cells of the CEN.PK2—

1C wild-type (wt) strain and its corresponding mutants /np51, pho85and inp51 pho85 were
examined for growth in YPD lacking or containing 1.2 uM myriocin (YPD + Myr), 25 uM
phytosphingosine (YPD + PhS), or exposed to 15°C (YPD 15°C). Toxicity of palmitoleic
acid (C16:1) was tested on YPD-0.05% tergitol medium (YPD + Tergitol) supplemented
with 750 uM of C16:1 (YPD + C16:1). Overnight YPD-grown cultures were adjusted to
ODgqo ~ 0.5, diluted (1-1073), spotted (3 pl) onto the mentioned media, and incubated at
30°C for 2-5 days. B) The protein extracts from Pah1-Myc tagged cells of the CEN.PK2-1C
wild-type strain and its corresponding p/085 mutant were analyzed by Western blot. The
30°C-incubated cell cultures in High-phosphate medium (H Pi; ODggg ~ 0.5) were

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 May 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Prieto et al.

Page 28

transferred to phosphate starvation medium for 3 h (-Pi) or to 15°C for the same period
(15°C). Antibodies against Myc and G6Pdh (loading control) were used. A representative
experiment is shown.
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Cold exposure affects lipid composition. A) Lipid profiles of wild-type cells in SCD were
analyzed for NLs and PLs classes. 30°C-grown (ODggg ~ 0.5) and 15°C-exposed (3 h) cells
were analyzed by mass-spectrometry-based shotgun lipidomics. The amount of NLs, PLs,
and their corresponding classes were normalized to the total lipid content and expressed as
the mol%. B) The quantities of the PLs species containing the same number of double bonds

or the same number of carbon atoms in the hydrocarbon moiety are summed and these

values were normalized to the total amount of PLs and expressed as mol%. * (p< 0.05) and
** (p< 0.01) denote significant differences between 30°C and 15°C samples. Data represent
the mean value (x SD) of three independent biological replicates.
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Fig. 6.
ngl and Orm2 are cold-regulated through control protein level. A) Schematic
representation of the TORC2-Pkh1-Ypk1 signaling module. At the plasma membrane, the
interaction of P1(4,5)P, and the PH-like domain-containing proteins SIm1/2 facilitates the
targeting of Ypk1/2 to the plasma membrane and its later phosphorylation by the TORC2
complex and kinases Pkh1/2 [21,28], which also interact with PI(4,5)P,. Activated Ypk1/2
stimulates the production of SLs by phosphorylating SPT inhibitor Orm2 [22,23] and
ceramide synthase components Lagl and Lacl [24]. A black dot indicates a phosphate
group. For more details, see the text. B) The protein crude extracts from the Ypk1-HA
tagged cells of the CEN.PK2-1C wild-type strain and p/085 mutant were analyzed by Phos-
tag affinity SDS-PAGE (upper panel) or regular SDS-PAGE (lower panel). Cells grown at
30°C in SCD medium, transferred to 15°C for 3 h (15°C) or exposed to 2 uM myriocin for
30 min (Myr) were examined. Protein extracts from 30°C-grown cells of the fpk1 fpk2
double mutant (#pkZ/2) were used as controls. Images show only a part of the gels where
Ypk1-HA isoforms were visualized with an anti-HA antibody. The slower migrating bands,
which most likely correspond to the phosphorylated isoforms by Fpk1/2 (P-Ypk1-HA), are
indicated. The band indicated by the arrow might be unspecific/phosphorylated and
unphosphorylated Ypk1 isoforms (Ypk1l-HA). The G6Pdh level was used as a loading
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control for crude extracts. A representative experiment is shown. C) Protein extracts from
the Orm2-HA tagged cells of the wild-type and p/085 mutant strain were obtained by
NaOH-treatment and analyzed by regular SDS-PAGE. Cultures at 30°C, transferred to 15°C
for 3 h (15°C) or treated with 2 UM myriocin for the same time (Myr) were tested. The
myriocin treatment stimulates the phosphorylation of Orm2 (P-Orm2-HA) by Ypk1 [31].
Membranes exposed for 30 and 60 s are shown. The G6Pdh level was used as a loading
control for crude extracts. A representative experiment is shown. D) The ORMZ mRNA
levels in cells of the CEN.PK2-1C wild-type (wt) strain and its corresponding ph085 mutant
were analyzed by qPCR. Expression differences between wt and p/0o85 samples at 30 and
15°C (left panel) or between control (30°C) and cold-treated (15°C, 3 h) samples for the wt
and pho85 strain (right panel) are shown as fold-change. Data represent the mean (+ SD) of
at least three independent experiments. Statistically significant (p< 0.05) differences are
denoted (*, #).
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Fig. 7.
A downward shift in temperature downregulates the synthesis of LCBs and stimulates its

phosphorylation. A) The cells of the CEN.PK2-1C wild-type and corresponding pho85
mutant strain were grown in SCD medium at 30°C until the mid-log phase (ODggg ~ 0.5)
and were then transferred to 15°C for 3 h. Lipids were extracted, and the LCBs level was
analyzed by mass spectrometry as described in the Materials and methods section. Data are
the mean (= SD) of two independent biological replicates. Statistically significant
differences (p< 0.05) between 30°C- and 15°C-samples (*), and between the wt and pho85
strains at the same temperature (#) are indicated. B) Schematic representation showing the
initial steps of the SLs biosynthesis from the rate-limiting step catalyzed by the serine
palmitoyltransferase (SPT) complex to ceramide synthase, and the LCBs-to-
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glycerophospholipid metabolic pathway. Orm2 acts as an inhibitor of SPT. LCBs kinases
(Lcb4, Lcb5) use DhS and PhS, the precursors of DhC and PhC, to form their corresponding
phosphorylated forms DhS-1P and PhS-1P. Details about each step, and the enzymes,
effectors and regulators involved, can be found in the text and recent reviews [85,90-92,97].
C) Cells of the indicated strains were grown as indicated above and analyzed for LCBPs
content. Statistically significant differences (p< 0.05) between 30°C- and 15°C-samples (*),
and between the wt and pho85 strains at the same temperature (#) are indicated. D) The
mRNA levels of the indicated genes in cells of the CEN.PK2-1C wild-type (wt) strain and
its corresponding pho85 mutant were analyzed by gPCR. The expression changes in
response to a cold-transfer from 30 to 15°C for 3 h are shown as fold-change for each strain.
Data represent the mean (+ SD) of at least three independent experiments. Statistically
significant differences between wt and pho85 samples are denoted (#; p< 0.05).
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