
HAL Id: hal-00022666
https://hal.science/hal-00022666

Submitted on 18 Apr 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Slm1 and Slm2 are novel substrates of the calcineurin
phosphatase required for heat stress-induced endocytosis

of the yeast uracil permease.
Geert Bultynck, Victoria Heath, Alia Majeed, Jean-Marc Galan, Rosine

Haguenauer-Tsapis, Martha Cyert

To cite this version:
Geert Bultynck, Victoria Heath, Alia Majeed, Jean-Marc Galan, Rosine Haguenauer-Tsapis, et al..
Slm1 and Slm2 are novel substrates of the calcineurin phosphatase required for heat stress-induced
endocytosis of the yeast uracil permease.. Molecular and Cellular Biology, 2006, 26 (12), pp.4729-4745.
�hal-00022666�

https://hal.science/hal-00022666
https://hal.archives-ouvertes.fr


 1 

Slm1 and Slm2 are novel substrates of the calcineurin phosphatase 

required for heat stress-induced endocytosis 

of the yeast uracil permease 

Geert Bultynck*, Victoria L. Heath*‡, Alia P. Majeed*, Jean-Marc Galan+, Rosine 

Haguenauer-Tsapis+, and Martha S. Cyert*# 

Running title: Calcineurin substrates required for Fur4 endocytosis 

*Department of Biological Sciences, Stanford University, Stanford, California 94305-5020, USA. 

+Institut Jacques Monod-CNRS, Universitie Paris VII, 2 place Jussieu, 75005 Paris, France 

# Corresponding author 

Mailing address: Department of Biological Sciences, Stanford University, Stanford, California 

94305-5020. 

e-mail: mcyert@stanford.edu 

Phone: (650)-723.9970 

Fax: (650)-724.9945 

 

‡ Present address: Institute for Biomedical Research, University of Birmingham, Edgbaston, 

Birmingham B15 2TT, UK 

 

# words in “Materials and Methods”: 2342 

# words in “Introduction, Results and Discussion”: 6679 

This manuscript has been accepted for publication in MOLECULAR AND CELLULAR BIOLOGY



 2 

ABSTRACT 

 

The Ca2+/calmodulin-dependent phosphatase, calcineurin, promotes yeast survival during 

environmental stress. We identified Slm1 and Slm2 as calcineurin substrates required for 

sphingolipid-dependent processes.  Slm1 and Slm2 bind to calcineurin via docking sites that are 

required for their dephosphorylation by calcineurin, and are related to the PxIxIT motif identified 

in NF-AT. In vivo, calcineurin mediates prolonged dephosphorylation of Slm1 and Slm2 during 

heat stress, and this response can be mimicked by exogenous addition of the sphingoid base, 

phytosphingosine.  Slm proteins also promote the growth of yeast cells in the presence of 

myriocin, an inhibitor of sphingolipid biosynthesis, and regulation of Slm proteins by calcineurin 

is required for their full activity under these conditions. During heat stress, sphingolipids signal 

turnover of the uracil permease, Fur4. In cells lacking Slm protein activity, stress induced 

endocytosis of Fur4 is blocked, and Fur4 accumulates at the cell surface in an ubiquitinated 

form.  Furthermore, cells expressing a version of Slm2 that cannot be dephosphorylated by 

calcineurin display an increased rate of Fur4 turnover during heat stress.  Thus, calcineurin may 

modulate sphingolipid-dependent events through regulation of Slm1 and Slm2.  These findings, 

in combination with previous work identifying Slm1 and Slm2 as targets of Mss4/PIP2 and 

TORC2 signaling, suggest that Slm proteins integrate information from a variety of signaling 

pathways to coordinate the cellular response to heat stress. 
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INTRODUCTION 

Calcineurin is a Ca2+- and calmodulin-regulated serine/threonine protein phosphatase 

that is highly conserved from unicellular eukaryotes like the budding yeast, Saccharomyces 

cerevisiae, to humans and plays a critical role in Ca2+-dependent signaling in these organisms 

(2). In mammalian cells, calcineurin mediates a plethora of physiological processes, including T-

cell activation, skeletal and cardiac muscle development, long term potentiation and neural 

outgrowth, as well as pathophysiological processes, such as cardiac hypertrophy (7, 11, 28, 34).  

Specific inhibitors of calcineurin, FK506 and cyclosporin A, are in wide clinical use as 

immunosuppressants.  In yeast cells, calcineurin is dispensable for growth under standard 

laboratory conditions. However, calcineurin activity becomes crucial for survival during specific 

stress conditions (15). Indeed, calcineurin is activated by a variety of environmental stresses, 

including high concentrations of Na+, Li+ and Mn2+ ions, high pH, heat stress, prolonged 

exposure to mating factor and in mutants with cell wall defects (reviewed in (15)). Calcineurin is 

a heterodimer consisting of a large catalytic (A) subunit (59 kDa), encoded in S. cerevisiae by 

two functionally redundant genes, CNA1 and CNA2, and a small regulatory (B) subunit (19 

kDa), encoded by CNB1 (16, 17, 48, 53). Extracellular stresses promote a transient rise in the 

cytosolic Ca2+ concentration, and subsequent activation of calcineurin through binding of 

Ca2+/calmodulin (reviewed in (15)). A major role of calcineurin is to regulate gene expression via 

the transcription factor Crz1, which, upon dephosphorylation by calcineurin, accumulates in the 

nucleus and directs the transcription of genes that promote cell survival during stress (56, 65, 

66, 74).  

An important feature of calcineurin signaling is its direct interaction with substrates and 

regulators via a conserved docking site that is distinct from sites of dephosphorylation. This 

property was first characterized for nuclear factor of activated T cells (NFAT), a family of 

mammalian transcription factors (1, 55).  A small motif with the consensus amino acid sequence 
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“PxIxIT” is responsible for calcineurin binding to NFAT proteins and is required for their 

dephosphorylation (1). Furthermore, this docking site is conserved in other calcineurin-

interacting proteins (18, 67). In yeast, calcineurin binds to Crz1 via the PxIxIT-related sequence, 

PIISIQ, and this site is required for its regulation by calcineurin (10).  

We searched for novel calcineurin substrates by identifying calcineurin-interacting 

proteins. One of these proteins is Slm2, which was found to interact with the A-subunit of 

calcineurin in a genome-wide yeast two-hybrid screen (69). In this study, we show that Slm2 as 

well as its homologue, Slm1, bind calcineurin via a PxIxIT-related motif, and that both proteins 

are dephosphorylated by calcineurin in vivo and in vitro.  In each case, this dephosphorylation 

requires the calcineurin-docking site. 

Recent studies provide insights into the physiological functions of Slm1 and Slm2 (4, 

27). SLM1 and SLM2 form an essential gene pair, and each gene product contains a conserved 

Pleckstrin Homology domain (PH domain) that binds phosphatidyl inositol 4,5-bisphosphate 

(PIP2) (75). The essential lipid kinase, Mss4, synthesizes PIP2 in the plasma membrane (19, 

40), and this PIP2 production recruits Slm1 and Slm2 to the cell periphery (75). Slm proteins 

seem to be critical downstream effectors of Mss4/PIP2, as slm1Δ is synthetically lethal with 

mss4ts, and like Mss4, Slm1 and Slm2 are required for polarization of the actin cytoskeleton (4, 

27).  In addition, Slm1 is phosphorylated by TORC2, a Tor2 kinase-containing complex that 

regulates actin cytoskeleton organization; and this phosphorylation is required for its localization 

to the cell periphery (4). Furthermore, an avo3ts mutant, which lacks an essential subunit of the 

TORC2 complex, is suppressed by SLM1 overexpression (39). Thus, Slm proteins are 

downstream effectors of both PIP2 and TORC2 signaling. 

In addition, Slm proteins participate in the cellular response to heat stress. Heat stress 

causes a transient increase in PIP2 levels as well as a transient depolarization of the actin 

cytoskeleton (19). The temporal pattern of Slm1 phosphorylation is modulated in response to 
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heat stress and parallels the depolarization/repolarization of the cytoskeleton (4).  Furthermore, 

slm1ts slm2Δ cells are suppressed by mutations that activate the cell integrity pathway, a key 

component of cell tolerance to elevated temperature (4, 50).  In this study we show that high 

temperature leads to increased phosphorylation of Slm1 and Slm2 by protein kinases, which is 

counteracted by their dephosphorylation by calcineurin.  

Another component of the heat stress response is the production of sphingolipids. 

When cells are exposed to high temperature, levels of dihydrosphingosine and 

phytosphingosine, the major sphingoid bases in yeast, increase within minutes, and are 

required for tolerance to heat stress (21, 44). One consequence of phytosphingosine 

accumulation is inhibition of nutrient uptake via turnover of permeases, such as the uracil 

permease Fur4 (13, 14, 30).  Recently, the PDK1-related kinases, Pkh1 and Pkh2 were 

identified as signaling effectors of phytosphingosine (12, 29, 77). These kinases are required to 

maintain cell integrity and for endocytosis and act in part through activation of downstream 

kinases including Pkc1, Ypk1 and Ypk2 (29, 41, 61). Interestingly, overexpression of YPK1 

confers resistance to myriocin, a potent inhibitor of the de novo sphingolipid biosynthesis 

pathway (68).  

Here, we demonstrate a novel role for Slm1 and Slm2 in sphingolipid signaling and/or 

metabolism. We show that the Slm proteins are required for growth of yeast cells in the 

presence of myriocin and for endocytosis of Fur4 during heat stress. Both of these aspects of 

Slm function are altered by mutations that abrogate the ability of calcineurin to dephosphorylate 

Slms, suggesting that calcineurin acts through Slm1 and Slm2 to regulate sphingolipid-

dependent events.  Thus, Slm1 and Slm2 apparently coordinate TORC2, Mss4/PIP2, 

sphingolipid and Ca2+/calcineurin signaling to drive actin polarization and promote endocytosis 

of a nutrient permease during heat stress. 
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Materials and Methods 

 

Yeast strains and media. Yeast media and culture conditions were essentially as previously 

described (62) except that twice the level of amino acids and nucleotides was used in synthetic 

media. Yeast transformations were performed with the lithium acetate method (5). Yeast strains 

are listed in Table1; strains from the yeast deletion collection were purchased from Open 

Biosystems (Huntsville, AL).  

VHY61 is a haploid segregant of BY4743, slm2Δ:::KANR (deletion collection). To create 

GBY59, the SLM1 open reading frame of VHY61 transformed with pRS316-SLM2 was replaced 

by the natMX4 cassette via PCR, using pAG25 as template (32). This strain was then 

transformed with all other Slm alleles expressed from different plasmids. The pRS316-Slm2 

plasmid was lost by streaking out the transformants on selective medium supplemented with 5-

fluorootic acid (5FOA; U.S. Biochemicals, Swampscott, MA). 

The plasmids used in this study are reported in Table 2. Recombinant DNA procedures 

were performed as previously described (5). All genes were initially cloned by amplification of 

genomic DNA with Vent polymerase or with Taq High Fidelity polymerase (Invitrogen, Beverly, 

MA) to create fragments flanked by restriction sites. Cloned genes were subcloned in different 

expression vectors by PCR amplification of plasmid DNA with PfuUltra HotStart polymerase 

(Stratagene, Cedar Creek, TX). All clones were sequenced by Sequetech Corporation 

(Mountain View, CA). 

For yeast-two hybrid studies, the pGBT9 and pACT2 vectors were used to create GAL4 

binding and activation domain fusions, respectively. All full-size and truncated versions of SLM1 

and SLM2 were cloned as NcoI/XhoI fragments into pACT2 and as XmaI/SalI fragments into 

pGBT9. A PCR-based deletion strategy was used to delete amino acids 639 to 644 of SLM2, 

encoding PEFYIE and to delete amino acids 672 to 677 of SLM1, encoding PNIYIQ. All GST- 
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and GFP-expression plasmids were constructed by cloning SLM1 and SLM2 as XmaI/XhoI 

fragments. For pRS316 and pRS313 plasmids, we first cloned the promoter of SLM1 and SLM2 

(500 bp upstream sequence of the ORF, respectively) as SpeI/XmaI fragments. We then cloned 

the different SLM alleles as XmaI/XhoI fragments. FUR4 was subcloned in the pVT102-U 

overexpression plasmid as a XbaI/XhoI fragment amplified by PCR using pfF as template (70). 

 

Chemical compounds. Myriocin (Sigma, St. Louis, MO) was dissolved in methanol at a stock 

concentration of 1 mg/ml and was stored at 4 ºC. Aureobasidin A (Takara Mirus Bio, Madison, 

WI) was dissolved in ethanol at a stock concentration of 1 mg/ml and was stored at 4 ºC. 

Phytosphingosine (Sigma) was dissolved in ethanol at a stock concentration of 20 mM and was 

stored at -20 ºC. All these stock solutions were put at room temperature 30 min prior to their 

addition to media. FK506 (LC Laboratories, Woburn, MA) was dissolved in a mixture of 90% 

ethanol and 10% Tween-20 at a stock concentration of 20 mg/ml and stored at 4 ºC. FK506 was 

used at a final concentration of 2 µg/ml. 

 

Spot assays. Growth of various strains was assessed by spotting serial dilutions of stationary-

phase yeast cultures on YPD plates containing various drugs or selective medium (for yeast 

two-hybrid analysis). Cultures were diluted to an OD600 of 2.0, and five to six five-fold serial 

dilutions were prepared and transferred to the plates. Plates were incubated at 30 ºC for 2 to 3 

days, unless otherwise indicated. 

 

Yeast two-hybrid analysis. Yeast-two hybrid assays were performed by introducing 

combinations of Gal4p activation and binding domain fusions into strain PJ69-4A, which 

contains a GAL1 promoter-HIS3 reporter gene, a GAL2 promoter-ADE2 reporter gene and a 

GAL7 promoter-lacZ reporter gene (42, 43). Strains were grown in selective medium and 

spotted onto synthetic medium containing and lacking either histidine or adenine. β-
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galactosidase activity was determined in exponentially growing yeast cells at 30 °C as follows: 

Cells were harvested and washed once, and the cell pellets were frozen. Cells were broken 

using glass bead lysis in Breaking Buffer (100 mM Tris at pH 8, 20% glycerol, 1 mM DTT) plus 

protease inhibitors (1 mM PMSF, 1 mM benzamidine, 2 µg/mL leupeptin, 2 µg/mL aprotinin). β-

Galactosidase activity was measured at 30 °C in a microtiter plate using 10 µl of total protein 

extract, 90 µL of Z-buffer (100 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 

0.027% β-mercaptoethanol), and 20 µL of 4 mg/mL ONPG (O-nitrophenyl-β-D-

galactopyranoside, Sigma). Protein concentrations of all cell extracts were determined using the 

Bio-Rad protein assay (Bio-Rad, Richmond, CA) and were used to calculate the specific β-

galactosidase activity. Values result from the average of two independent extracts each 

measured in triplicate. 

 

Isolation of GST-tagged proteins. Yeast cells expressing GST-Slm1 or GST-Slm2 were grown 

at 30 ºC in synthetic medium lacking uracil with 4% raffinose as carbon source. Cells were 

diluted to an OD600 of 0.2 in synthetic medium lacking uracil with 4% raffinose as carbon source. 

After 4 hours, expression of the GST-fusion proteins was induced by the addition of 2% 

galactose for 4 hours. 2 µg/ml FK506 was added 30 minutes prior to the addition of galactose 

as noted. Cells were harvested by centrifugation and cell pellets were frozen at -80 ºC prior to 

preparation of extracts. Cells were broken by using glass bead lysis in Modified RIPA buffer (20 

mM Tris-HCl [pH 7.4], 2 mM EDTA, 750 mM NaCl, 1% Triton X-100, 1 mM DTT), supplemented 

with protease inhibitors (1 mM PMSF, 1 mM benzamidine, 1 µg/ml pepstatin A, 1 µg/ml 

leupeptin, 1 µg/ml aprotinin) and phosphatase inhibitors (5 mM sodium phosphate, 10 mM 

sodium molybdate, 20 mM sodium fluoride, 10 mM sodium pyrophosphate, 5 mM EGTA, and 5 

mM EDTA). Protein concentrations of all cell extracts were determined using the Bio-Rad protein 

assay. Protein extracts (150 to 350 µg) were diluted 5-fold in Dilution Buffer (20 mM Tris-HCl 
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[pH 7.4], 2 mM EDTA, 150 mM NaCl, 1 mM DTT, 1 mM PMSF, 1 mM benzamidine, 1 µg/ml 

pepstatin A, 1 µg/mL leupeptin, 1 µg/mL aprotinin) and incubated for 2 hours with glutathione-

sepharose beads pre-equilibrated with Dilution Buffer at 4 ºC. Beads were washed three times 

in Wash Buffer (20 mM Tris-HCl [pH 7.4], 2 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 1 mM 

DTT, 1 mM PMSF, 1 mM benzamidine, 1 µg/ml pepstatin A, 1 µg/mL leupeptin, 1 µg/mL 

aprotinin). GST-fusion proteins were eluted in SDS sample buffer, separated on a 6.75% SDS-

PAGE and transferred to a nitrocellulose membrane. Blots were incubated either with the rabbit 

polyclonal anti-phosphorylated proteins (Pan) antibody (Zymed Laboratories Inc., South San 

Francisco, CA; diluted 1/250) or the mouse 4C10 monoclonal anti-GST (Covance/Berkeley 

Antibody Co., Richmond, CA; diluted 1/1000) and then with horseradish peroxidase-conjugated 

anti-rabbit or anti-mouse immunoglobulin (Amersham, Arlington Hts, IL).  

 

Detection and quantification of immunoreactive bands by immunoblotting. 

Immunoreactive bands on western blots were visualized with an ECL kit (Pierce, Rockford, IL) 

and subsequent exposure to Biomax MR film (VWR, San Francisco, CA). For each blot, multiple 

exposures were taken, ranging from 6 seconds to several minutes. Each exposure was scanned 

to obtain a digital image, and immunoreactive bands were quantified using ImageJ 

(version1.34n) software (http://rsb.info.nih.gov/ij/).  Data presented in the figures, represents 

analysis of a single optimal exposure for each blot.  This optimal exposure was determined 

empirically; an exposure for which the signal from the most intense band was ≤ 30% of its 

observed maximum was used, thus ensuring that quantification was not distorted by signal 

saturation.  In each case 2 to 4 independent experiments were conducted; the data displayed in 

the figure depicts results from a single representative experiment.  

 

In vitro phosphatase assay. DD12 cells expressing GST-Slm1 or GST-Slm2 were grown for 4 

hours in synthetic medium lacking uracil and methionine with 4% raffinose as carbon. 
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Expression of the GST-fusion proteins was induced by the addition of 2% galactose. Lysis of the 

cells and purification of the GST-fusion proteins were performed as described above. GST-

fusion proteins bound to the glutathione-Sepharose 4B beads were washed twice in Wash 

Buffer containing protease inhibitors and phosphatase inhibitors, twice in Wash Buffer 

containing protease inhibitors only, and twice in CP buffer (50 mM Tris-HCl [pH 7.5], 1 mM 

MgCl2, 1 mM DTT) containing protease inhibitors. Washed beads were divided among four 

tubes prior to different phosphatase treatments. Phosphatase assays were performed in a total 

of 100 µl in CP buffer for calcineurin and in the supplied buffer for λ-phosphatase (New England 

Biolabs, Beverly, MA); 500 U of recombinant human calcineurin (Calbiochem, San Diego, CA), 

2600 U of calmodulin (Calbiochem), or 10 µl of λ-phosphatase (New England Biolabs) was used 

per assay. Where indicated, CaCl2 was added to a final concentration of 40 mM and EGTA to 10 

mM. Phosphatase assays were incubated at 30 °C for 30 min; the supernatant was then 

removed, and SDS-PAGE sample buffer was added to the beads. Samples were analysed by 

SDS-PAGE (7.5% gels) and blotted as described above. Immunoreactive bands were visualized 

as described above 

Fluorescence microscopy. The localization of GFP-Slm2, GFP-Slm2ΔPEFYIE, GFP-Slm1 and 

GFP-Slm1ΔPNIYIQ was examined in strains GBY104 – GBY107. Liquid cultures were set up in 

synthetic medium lacking histidine and supplemented with methionine (75 mg/liter). Log-phase 

cultures, OD600 of 1.0, were concentrated by brief centrifugation and mounted on microscope 

slides. Cells expressing a single GFP fusion were visualized with a Nikon Eclipse E600 

microscope with fluorescence optics and an HB100 mercury lamp. Fluorescein filter sets 

(Chroma Technology Co., Brattleboro, VT) were used to visualize GFP. Photos were taken with 

a Hammamatsu digital charge-coupled device 47420-95 camera and QED software (QED 

Imaging). Actin cytoskeleton staining was performed on cells grown to log phase. Cells were 

then fixed for 30 min at room temperature by the direct addition of 37% formaldehyde stock to a 
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final concentration of 5%. Fixed cells were collected, washed twice with PBS supplemented with 

1 mg/ml BSA. Then, 0.04 U/µl of Texas red-X phalloidin (Molecular Probes, Eugene, OR) was 

added for 30 min at room temperature to stain actin. Cells were washed three times with PBS 

supplemented with 1 mg/ml BSA. Cells were resuspended in mounting medium and cells were 

visualized as described above, except for the use of a rhodamine filter. Only cells in which the 

bud was significantly smaller than the mother cell were analyzed. 

Fur4 turnover. Wild-type cells and slm1ts slm2Δ cells transformed with pVT102u-Fur4 

(pGB047) were grown at 25 ºC in selective synthetic medium lacking uracil to log phase. Cells 

were shifted to 40 ºC, OD600 was measured before the shift, and at the indicated time points 3 

OD600 units of yeast cells (i.e. 3 mls of culture at OD600 of 1.0 or the equivalent) were removed.  

Cells were harvested and resuspended in H2O, yielding a total volume of 500 µl. Cells were 

lysed for 10 minutes on ice by adding 50 µl 1.85 M NaOH supplemented with 300 mM β-

mercaptoethanol. Proteins were precipitated on ice for 10 minutes by adding 50 µl of 50% 

trichloroacetic acid (TCA). Proteins were collected by centrifugation and the protein pellets were 

dissolved in 120 µl urea/SDS sample buffer (8 M urea, 5% SDS, 200 mM Tris-HCl [pH 6.8], 0.1 

mM EDTA pH 8, 0.1% bromophenol blue, 100 mM DTT) supplemented with 100 mM Tris. 

Samples were heated for 10 min at 37 ºC just before loading on a 4-15% SDS-PAGE (Bio-Rad, 

Richmond, CA). After Western blotting to nitrocellulose, membranes were incubated with the 

rabbit polyclonal anti-Fur4 (1/15000 dilution) and with the mouse monoclonal 22C5 anti-Pgk1p 

(1/5500 dilution; Molecular Probes). After image analysis, the anti-Fur4 signal was corrected for 

the Pgk1p loading control and all values were normalized to the 0 min time point. A similar 

approach was taken for determining the Fur4 turnover rate in cells expressing GST-Slm2, GST-

Slm2ΔPEFYIE, GST-Slm1 or GST-Slm1ΔPNIYIQ, except that pfF was used for the overexpression of 

Fur4. 
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Uracil uptake assay. Exponentially growing wild-type or slm1ts slm2Δ cells transformed with 

pVT102u-Fur4 (pGB047) and grown in selective synthetic medium lacking uracil at 25 °C were 

preshifted 10 min at 40 ºC. At time zero, cells were treated with cycloheximide (CHX) (10 

µg/ml). The uracil uptake was measured as previously described (31). Yeast culture (1 ml) were 

incubated with 5 µM [14C]uracil (Amersham, Arlington Hts, IL) for 20 s at 30 °C and quickly 

filtered through Whatman GF/C filters. Filters were washed twice with ice-cold water and then 

counted for radioactivity. 

Membrane preparation for detection of ubiquitinated Fur4. Exponentially growing yeast 

cells transformed with pVT102u-Fur4 (pGB047) and grown in selective synthetic medium 

lacking uracil at 25 °C were shifted to 40 ºC. Ten minutes after heat shock, cycloheximide (100 

µg/ml) was added for 50 min. Yeast cells (8.5 OD600 units) were harvested before (0 min) and 

after (60 min) the temperature shift by centrifugation in the presence of 10 mM sodium azide, 

washed once in distilled water plus 10 mM sodium azide, and used to prepare membrane-

enriched fractions, as described in (23). Washed cells were transferred to a conical 1.5-ml 

Eppendorf tube and suspended in 150 µl of lysis buffer (100 mM Tris-HCl [pH 7.4], 150 mM 

NaCl, 5 mM EDTA plus protease inhibitors and 25 mM freshly prepared N-ethylmaleimide to 

prevent artifactual deubiquitination). All subsequent steps were carried out at 4 °C. Chilled glass 

beads (150 µl) were added, and the cells were lysed by vigorous vortex mixing for 7 times for 

1 min each, separated by 1 min intervals. The homogenate was collected and centrifuged at 

3,000 rpm for 2 min to remove unbroken cells and debris. The total protein extract was 

centrifuged for 45 min at 16100 x g. This pellet was washed by suspension in 100 ml lysis buffer 

supplemented with 5 M urea, incubated for 30 min on ice and centrifuged for 45 min at 16100 x 

g. The resulting pellet was suspended in 100 µl of lysis buffer and TCA was added to 10% to 

precipitate proteins and to prevent proteolysis by residual endogenous proteases. Protein 

precipitates were collected by sedimentation (16100 x g, 45 min). The protein precipitates were 
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suspended in 40 µl urea/SDS sample buffer supplemented with 100 mM Tris and 8 ul of this 

mixture was analyzed on a 4-15% SDS-PAGE (Bio-Rad, Richmond, CA). After Western blotting, 

membranes were incubated with anti-Fur4, developed, stripped with RestoreTM Western Blot 

Stripping Solution (Pierce, Rockford, IL) and reprobed with anti-ubiquitin (P4D1 monoclonal, 

Santa Cruz Biotechnology, Santa Cruz, CA). 
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RESULTS 

 

Slm1 and Slm2 interact with and are physiological substrates of calcineurin. 

Genome-wide yeast two-hybrid analyses demonstrated an interaction between the A 

subunit of calcineurin and the ORF YNL047C, characterized as SLM2. We used yeast two-

hybrid assays to confirm this observation and to investigate whether the A subunit of calcineurin 

was also able to interact with Slm1, which is 53% identical to Slm2 at the protein level. Cna1 

and Cna2 were fused in frame with the Gal4 DNA-binding domain, whereas Slm1 and Slm2 

were fused in frame with the Gal4 activation domain. Combinations of these constructs were 

expressed in strain PJ69-4A, containing three different reporter genes, each driven by a 

different promoter. The GAL1 promoter-HIS3 reporter is activated by low- and high-affinity 

interactions, whereas the more stringent GAL2 promoter-ADE2 reporter and GAL7-lacZ reporter 

are only activated by high-affinity interactions. As indicated in Fig.1A, both Slm1 and Slm2 

interacted with Cna1 as well as Cna2 and allowed growth of strains on medium lacking histidine. 

However, only Slm2 was able to activate the ADE2 and LacZ reporter genes, suggesting that 

Slm2 interacts with Cna1 and Cna2 with higher affinity than Slm1. We believe these differences 

in reporter activation reflect differences in affinity, since the Slm1- and Slm2- Gal4 activation 

domain fusion proteins are expressed at similar levels and show identical interactions in two 

hybrid assays with other gene products, such as Avo2, a subunit of the TORC2 protein kinase 

complex (data not shown). 

Since Slm1 and Slm2 interacted with both calcineurin A subunits, we determined 

whether they were substrates of calcineurin in vivo (Fig.1B). Functional N-terminal GST fusions 

of Slm1 and Slm2 were expressed in wild type and calcineurin-null cells (cnb1Δ, lacking the 

calcineurin regulatory B subunit). After purification of GST-Slm1 and GST-Slm2 on Glutathione-

Sepharose 4B beads, we examined their electrophoretic mobility by Western blotting with anti-
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GST antibodies. In addition, we determined the extent of phosphorylation of Slm1 and Slm2 by 

Western blotting with a mixture of antibodies that recognizes phosphorylated serine, threonine 

and tyrosine residues (see Materials and Methods). We will refer to this as the phospho-

antibody. As shown in Fig. 1B, Slm2 displayed a calcineurin-dependent change in 

phosphorylation, as is evident from the shift in electrophoretic mobility (anti-GST blot) and from 

the dramatic difference in extent of phosphorylation (anti-phospho blot) in extracts of wild type 

cells versus cnb1Δ cells. Slm1 also showed a calcineurin-dependent change in electrophoretic 

mobility and in the extent of phosphorylation, however, the differences were more subtle. 

Quantification of the signal obtained with the phospho-antibody showed a ~20 - 30% increase in 

the phosphorylation of GST-Slm1 in cells lacking calcineurin activity that was consistently and 

reproducibly observed. As we will show (Fig. 3) the dephosphorylation of Slm1 by calcineurin 

becomes more evident under specific stress conditions (such as heat stress), leading to 

hyperphosphorylation of GST-Slm1 when calcineurin function is compromised. These data 

indicate that both Slm1 and Slm2 display calcineurin-dependent changes in phosphorylation in 

vivo. 

We then used an in vitro dephosphorylation assay to show that Slm1 and Slm2 are 

direct substrates of calcineurin. GST-Slm1 and GST-Slm2, purified from calcineurin-deficient 

cells, showed an increased mobility and reduced extent of phosphorylation when incubated with 

purified Ca2+/CaM-activated calcineurin (Fig. 1C). These changes were abolished by inhibiting 

calcineurin with EGTA, a Ca2+ chelator (Fig. 1C). Calcineurin was able to perform a robust 

dephosphorylation of GST-Slm2 (> 80% reduction in phosphorylation in comparison to 

untreated GST-Slm2), and had a partial effect on the phosphorylation state of GST-Slm1 (~30% 

reduction in phosphorylation in comparison to untreated GST-Slm1). In agreement with these 

changes in the extent of phosphorylation, the protein samples incubated with active purified 

calcineurin showed increased electrophoretic mobility (anti-GST blot). As a control, both 

proteins were completely dephosphorylated by λ-phosphatase treatment.  
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Hence, both Slm1 and Slm2 are calcineurin substrates. However, both the in vivo and in 

vitro experiments show that while the majority of Slm2 phosphorylation is subject to 

dephosphorylation by calcineurin, only a portion of the phosphorylated sites of Slm1 are 

dephosphorylated by calcineurin. 

 

Calcineurin binds to a conserved C-terminal PxIxIT-related motif in Slm1 and Slm2. 

To further examine the physiological relevance of the calcineurin-dependent 

dephosphorylation of Slm1 and Slm2, we mapped the calcineurin-binding site in Slm1 and 

Slm2. A series of N-terminal deletion constructs of Slm1 and Slm2 were tested for interaction 

with Cna1 using the yeast 2-hybrid method (Fig. 2A). All N-terminally truncated proteins 

interacted with calcineurin, suggesting that the calcineurin-docking site was located in the C-

terminal protein of Slm1 and Slm2. Many proteins interact with calcineurin via a docking motif 

with a consensus “PxIxIT” sequence. We found a potential PxIxIT-related motif in the C-terminal 

tail of Slm2 (PEFYIE) that was similar in Slm1 (PNIYIQ) (Fig. 2B). Slm1 and Slm2 lacking their 

C-terminal tails (aa 1-672 and aa 1-639, respectively) failed to interact with Cna1 as did mutant 

constructs in which just the PxIxIT motif was deleted (Slm1, aa 1-686ΔPNIYIQ and Slm2, aa 1-

657ΔPEFYIE) (Fig. 2A). Similar results were obtained for interactions with Cna2 (data not shown). 

In contrast, deletion of the PxIxIT motif had no effect on Slm1 or Slm2 interaction with Avo2 as 

measured using the two-hybrid technique (data not shown). Thus, for both Slm1 and Slm2, we 

defined a small PxIxIT-related motif required specifically for their interaction with calcineurin. 

For other substrates, eliminating the calcineurin-docking site abolishes their calcineurin-

dependent dephosphorylation. Hence, we investigated the effect of deleting the PxIxIT motif in 

Slm1 and Slm2. We expressed Slm1ΔPNIYIQ and Slm2ΔPEFYIE as GST-fusion proteins in cells 

lacking endogenous Slm1 and Slm2 (Fig.2C). In contrast to the wild type GST-Slm2 and GST-

Slm1, the GST-Slm2ΔPEFYIE and GST-Slm1ΔPNIYIQ showed no difference in electrophoretic 
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mobility or extent of phosphorylation in extracts of cells containing or lacking calcineurin. 

Furthermore, it was evident that in contrast to GST-Slm2, GST-Slm2ΔPEFYIE accumulated in the 

phosphorylated form even in cells containing calcineurin. We observed a similar behavior for 

GST-Slm1ΔPNIYIQ, however the differences were less striking due to the partial effects of 

calcineurin on Slm1 dephosphorylation. We conclude from these findings that calcineurin 

binding to Slm1 and Slm2 via their PxIxIT motif is required for calcineurin-dependent 

dephosphorylation of these proteins, and that GST-Slm1ΔPNIYIQ and GST-Slm2ΔPEFYIE are 

hyperphosphorylated in vivo. 

Next, we tested whether the PxIxIT-related motif was required for Slm protein function or 

localization. SLM1 and SLM2 are redundant for an essential function (4).  Therefore, to test the 

ability of different SLM alleles to support growth, we introduced them into a slm1Δ slm2Δ strain 

that also contained a URA3 CEN plasmid, expressing SLM2 from its own promoter (pGB013). 

We then tested whether the different strains could grow in the absence of pGB013 (i.e. on 

plates containing 5FOA) (Fig. 2D). As expected, cells expressing the vector alone were not able 

to grow, confirming that SLM1 and SLM2 form an essential gene pair. Wild type SLM1 and 

SLM2 as well as their PxIxIT-deleted counterparts were able to promote growth with similar 

efficiencies. This shows that calcineurin-dependent regulation of Slm1 and Slm2 is dispensable 

for growth under standard conditions. Calcineurin is essential for yeast growth under certain 

stress conditions, including ionic stress (Na+, Li+, Mn2+, Ca2+), high pH or in the presence of cell-

wall disrupting drugs (cacofluorowhite and congo red). However, no growth defects were 

observed for the strains expressing PxIxIT-deleted SLM1 and SLM2 alleles under any of these 

stress conditions (data not shown). Slm1 and Slm2 localize to punctate patches at the cell 

surface (4, 27) and GFP-Slm proteins lacking the PxIxIT motif displayed an identical localization 

(Fig. 2E). In addition, Slm1 and Slm2 are required for polarization of the actin cytoskeleton. We 

used Texas Red-phalloidin to visualize cellular actin in budded yeast cells and observed no 
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differences in actin cytoskeleton organization between cells expressing either wild type Slm1 or 

Slm2 or the corresponding mutant proteins lacking the calcineurin-docking site (Fig. 2E). 

Thus, calcineurin-dependent regulation of Slm1 and Slm2 is not required for their ability 

to support growth, to localize to the cell periphery or to polarize the actin cytoskeleton.  

 

Slm1 and Slm2 are dephosphorylated by calcineurin during heat stress and after addition 

of sphingolipids. 

During heat stress, Slm1 is transiently dephosphorylated and subsequently re-

phosphorylated (4). Hence, we tested the effect of calcineurin on Slm protein phosphorylation 

under these conditions. We expressed Slm1 and Slm2 and their PxIxIT-deleted counterparts 

Slm1ΔPNIYIQ and Slm2ΔPEFYIE as GST-fusion proteins in the strain lacking endogenous Slm1 and 

Slm2 (Fig. 3). Shifting cells from 25 oC to 37 ºC induced no detectable change in the 

phosphorylation of GST-Slm2 and resulted in a slight increase in net phosphorylation of GST-

Slm1 after 75 minutes (20% increase). However, the effect of heat stress on phosphorylation of 

GST-Slm1 and GST-Slm2 became much more apparent when calcineurin activity was inhibited 

with the specific inhibitor, FK506, or when the calcineurin-docking site of GST-Slm1 or GST-

Slm2 was deleted. Following a shift from 25 oC to 37 oC, we found a time-dependent increase in 

the phosphorylation of GST-Slm2 purified from cells treated with FK506, and of purified GST-

Slm2ΔPEFYIE (~10-fold increase in both cases, Fig3A). Phosphorylation of GST-Slm1 purified from 

cells treated with FK506 and of purified GST-Slm1ΔPNIYIQ also increased after a shift to high 

temperature, although the magnitude of the change was smaller (~2 - 3-fold, Fig 3B).  

Heat stress transiently increases biosynthesis of sphingoid bases (phytosphingosine and 

dihydrosphingosine), which in turn activate downstream kinases (21, 44). Therefore, we tested 

whether the addition of phytosphingosine could mimic the effect of elevated temperature to 

promote phosphorylation GST-Slm1ΔPNIYIQ and GST-Slm2ΔPEFYIE (Fig. 4). Indeed, as observed for 
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heat stress (Fig.3), addition of 20 µM phytosphingosine to cells at 25 oC increased the 

phosphorylation of GST- Slm2ΔPEFYIE (~10 fold increase, Fig. 4A) and GST- Slm1ΔPNIYIQ (~2 fold 

increase, Fig. 4B). Together, these results indicate that through increased synthesis of 

phytosphingosine, heat stress triggers an increase in Slm1 and Slm2 phosphorylation that is 

largely counteracted in vivo by calcineurin-mediated dephosphorylation. 

These data suggest that both elevated temperature and addition of phytosphingosine 

lead to activation of calcineurin in vivo, and consequently to increased Slm protein 

dephosphorylation. We therefore tested the effects of heat stress and phytosphingosine on 

calcineurin by monitoring the activity of Crz1, a calcineurin-regulated transcription factor.  We 

measured expression of a 4xCDRE::lacZ reporter gene, which is specifically activated by Crz1 

(65). Table 3 shows that elevated temperature as well as the addition of phytosphingosine (20 

µM) increased Crz1 activity, and that this increased activity was completely inhibited by FK506. 

Thus, the increase in Crz1 activity reflects activation of calcineurin in response to heat stress or 

incubation with phytosphingosine. 

A previous study showed that Slm1 is phosphorylated by the TORC2 protein kinase (4).  

If heat stress activates phosphorylation of Slm1 and Slm2 by TORC2, and this TORC2-

mediated phosphorylation is reversed by calcineurin, then in tor2ts cells we should observe no 

increase in Slm1 or Slm2 phosphorylation following exposure to high temperature even in cells 

devoid of calcineurin activity.  To test this hypothesis, we shifted wild-type or tor2ts cells to 37 

oC, and then induced synthesis of either GST-Slm1 or GST-Slm2.  As we observed earlier 

(Fig.3), GST-Slm2 phosphorylation was undetectable in wild-type or tor2ts cells at 25 oC, and 

GST-Slm1 displayed a basal level of phosphorylation that was identical in wild-type and tor2ts 

cells (Fig. 5). We also examined GST-Slm1 and GST-Slm2 phosphorylation in cells shifted to 

high temperature in the presence of the calcineurin inhibitor, FK506.  As expected, 

phosphorylation of both proteins increased as a result of exposure to high temperature, and we 

observed the same level of phosphorylation in wild-type and tor2ts FK506-treated cells (Fig. 5).  
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Thus, these findings suggest that heat stress causes an increase in Slm1 and Slm2 

phosphorylation that is Tor2p-independent and counteracted by calcineurin. 

Because heat stress-induced phosphorylation of Slm1 and Slm2 was mimicked by 

addition of phytosphingosine (Fig 4), we tested whether the increased phosphorylation of GST-

Slm1ΔPNIYIQ and GST-Slm2ΔPEFYIE at high temperature was prevented by the addition of myriocin, 

a potent inhibitor of the serine palmitoyltransferase responsible for catalyzing the first step in the 

biosynthesis of sphingolipids. Indeed, we found that more than 90% of the heat stress-induced 

phosphorylation of GST-Slm1ΔPNIYIQ and GST-Slm2ΔPEFYIE was inhibited by myriocin (Fig. 6A), 

indicating that this increase in phosphorylation of Slm proteins is dependent on the de novo 

sphingolipid biosynthesis. In addition, these results suggest that sphingolipid-dependent protein 

kinases are responsible for the increase in Slm1 and Slm2 phosphorylation observed (Fig. 3). 

We also investigated the effect of myriocin on the steady state level of GST-Slm1ΔPNIYIQ and 

GST-Slm2ΔPEFYIE phosphorylation in cells grown at three different temperatures: 25 oC, 30 oC, 

and 37 oC (Fig. 6B).  First, we observed that the overall level of both GST-Slm1ΔPNIYIQ and GST-

Slm2ΔPEFYIE phosphorylation increased with temperature. Phosphorylation of GST-Slm2ΔPEFYIE, 

was extremely low at 25 oC and increased dramatically with temperature. GST-Slm1ΔPNIYIQ was 

phosphorylated at all temperatures, but showed increased phosphorylation, especially at 37 oC.  

Second, at each temperature where phosphorylation was detected, it was decreased by 

addition of myriocin.  We made similar observations for GST-Slm1 and GST-Slm2 in myriocin-

treated cells lacking calcineurin (cnb1Δ) (data not shown).  Thus, under all conditions tested, 

phosphorylation of Slm1 and Slm2 is dependent on de novo biosynthesis of sphingoid bases. 

 

Slm1 and Slm2 activity determines sensitivity to myriocin. 

We then investigated whether Slm1 and Slm2 play a physiological role in sphingolipid 

signaling and/or metabolism. Sphingolipids are essential for yeast cell growth and survival. Here 
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we used myriocin to investigate growth phenotypes related to deletion or overexpression of 

SLM1 and SLM2 (Fig. 7).  Because Slm1 and Slm2 phosphorylation varied with temperature, 

we also examined growth at two different temperatures: 30 oC and 37 oC.  First, we found that 

all strains tested were more sensitive to growth inhibition by myriocin at 37 ºC than at 30 ºC, 

which necessitated the use of lower myriocin concentrations at high temperature (Fig 7 A, B and 

C; compare left and right panels).  Second, we found that strains lacking either SLM1 or SLM2 

showed increased sensitivity to myriocin at both temperatures (Fig. 7A). A stronger effect was 

observed for deletion of SLM1, which is more highly expressed than SLM2 (4). In contrast, we 

found that slm1Δ cells were more resistant to aureobasidin A (Fig. 7A), which inhibits Aur1, an 

enzyme responsible for the production of the inositolphosphorylceramide, a complex 

sphingolipid (37). Incubation of cells with aureobasidin A can lead to the cellular accumulation of 

intermediates in the sphingolipid biosynthesis pathway, including phytosphingosine and 

ceramide (59). We also increased Slm1 and Slm2 levels by expressing SLM1 or SLM2 from a 

CEN-based plasmid under the control of their own promoters. We found that elevating SLM1 

and SLM2 copy number conferred resistance to myriocin at either 30 oC or 37 oC (Fig. 7B). 

Taken together, these data implicate Slm1 and Slm2 in sphingolipid metabolism and/or 

signaling. We then tested whether the presence or the absence of the calcineurin-binding site 

on Slm1 and Slm2 affected resistance to myriocin (Fig. 7C). At 30 oC, cells expressing 

SLM1ΔPNIYIQ were more sensitive to myriocin than cells expressing SLM1, while surprisingly, at 

37 oC there was no difference in the growth of these two strains over a range of myriocin 

concentrations (Fig 7B and data not shown).  Similarly, cells expressing SLM2ΔPEFYIE were more 

sensitive to myriocin than cells expressing SLM2. In this case, however, the difference in growth 

was more dramatic at 37 oC than at 30 oC.  We observed equivalent effects on growth using 

cells that expressed GFP-tagged versions of these proteins, and determined that the expression 

level of the GFP-tagged proteins was unaffected by the presence or absence of the calcineurin 
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binding site (data not shown). Thus, we conclude that the growth differences described above 

reflect calcineurin-dependent differences in Slm protein activity in vivo. 

These data show that, when cellular levels of sphingolipids are reduced, Slm protein 

activity becomes rate limiting for yeast growth, and suggests that dephosphorylation of Slm1 

and Slm2 by calcineurin is necessary for these proteins to be fully functional.  

 

Slm proteins may act downstream of phytosphingosine. 

The observation that slm1Δ cells are both more sensitive to myriocin and more resistant 

to aureobasidin A than wild type cells, suggests that Slm proteins may be effectors of an 

intermediate in the sphingolipid biosynthesis pathway, such as phytosphingosine. However, our 

results do not rule out a role for Slm proteins in regulating sphingolipid levels. In order to 

address the potential role of Slm proteins upstream of sphingolipids, we investigated whether an 

external source of phytosphingosine promotes cell growth in the absence of functional Slm 

proteins. Addition of phytosphingosine (up to 20 µM) to the growth medium did not overcome 

the growth defect of slm1ts slm2Δ cells at the non-permissive temperature (38.5 oC)(Fig. 8), 

suggesting that these cells are defective in sphingolipid-mediated cellular processes rather than 

in sphingolipid production. In contrast, exogenously added phytosphingosine overcame the 

myriocin-induced growth defect of wild-type cells at 38.5 oC (Fig. 8), indicating that 

phytosphingosine is able to promote growth in the absence of de novo sphingolipid biosynthesis 

at this high temperature. In addition, we observed that phytosphingosine restores the myriocin-

induced growth inhibition in slm1Δ cells as well as slm2Δ cells, indicating that either Slm1 or 

Slm2 protein can mediate the growth promoting effect of phytosphingosine. Taken together, 

these results are consistent with a role for Slm proteins acting downstream of phytosphingosine. 
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Slm proteins are required for heat stress-induced endocytosis of the Fur4 uracil 

permease. 

Increased phytosphingosine levels disrupt yeast cell growth by inhibiting nutrient uptake, 

including the import of tryptophan, uracil, leucine and histidine (14). The mechanism of this 

inhibition has been elucidated for the uracil permease, Fur4, which undergoes ubiquitin-

dependent endocytosis and transport to the vacuole, where it undergoes proteolysis. This 

degradation of Fur4 also occurs in response to heat stress (73) and is mediated by a specific 

increase in phytosphingosine (13). We compared Fur4 turnover in wild-type cells (SEY6210.1) 

and in slm1ts slm2Δ cells (AAY1623.2) during heat stress (Fig. 9). Since endogenous Fur4 

levels are too low to detect by Western blotting, we over-expressed Fur4 in these cells. Cells 

were grown to log phase and shifted from 25 ºC to 40 ºC. This temperature was used as the 

heat-stress condition in these experiments because Fur4 turnover was more dramatic at 40 oC 

compared to 37 oC in this strain background.  However, we observed the same trends in Fur4 

turnover at both temperatures (data not shown). In wild-type cells, heat stress induced a time-

dependent decrease in Fur4 protein levels, which is consistent with previous results (13, 73). In 

contrast, Fur4 levels were stable during prolonged incubation at high temperature in slm1ts 

slm2Δ cells (Fig. 9A). This demonstrates that Slm proteins are required for Fur4 turnover 

induced by heat stress. Then, we tested whether this process was modulated by the presence 

or absence of the calcineurin-binding site of Slm1 or Slm2. We compared the Fur4 turnover rate 

in slm1Δ slm2Δ cells, expressing GST-Slm2 or GST-Slm2ΔPEFYIE, and found that Fur4 was 

degraded more rapidly in cells expressing GST-Slm2ΔPEFYIE (Fig. 9B).  A similar result was 

obtained when cells were incubated with phytosphingosine (Fig. 9C). This indicates that heat 

stress-induced dephosphorylation of Slm2 by calcineurin slows the rate of Fur4 turnover.  The 

difference observed in turnover rate may reflect an alteration in one or more steps in the 

ubiquitin-dependent endocytosis and trafficking of Fur4 to the vacuole.  These findings suggest 
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that calcineurin can regulate sphingolipid-mediated processes through dephosphorylation of 

Slm2.  However, we observed no difference in Fur4 turnover in cells expressing GST-Slm1 vs. 

GST-Slm1ΔPNIYIQ (data not shown). 

Next we examined in more detail the accumulation of Fur4 in slmts cells.  We included 

cycloheximide during the incubation at high temperature to follow only the fate of 

presynthesized Fur4 (73). We also assayed Fur4 levels by monitoring [14C]-uracil uptake (Fig 

10A), which allows sensitive quantification of cell-surface Fur4, as any Fur4 in intracellular 

compartments will not contribute to uracil transport.  As previously described, after a shift to high 

temperature, uracil uptake rapidly decreased in wild-type cells (73). In contrast, uracil transport 

activity remained high in slmts cells.  These observations establish that internalization of Fur4 is 

blocked in slmts cells at restrictive temperature.  It has been shown that, as for many membrane 

proteins, ubiquitination of Fur4 precedes and is required for its internalization (31).  Using the 

anti-Fur4 antibody, we showed that in plasma membrane fractions of slmts cells exposed to high 

temperature, Fur4 accumulates in high molecular weight forms (Fig 10B).   These slow-

migrating forms of Fur4 were also seen in plasma membrane fractions of act1-3 cells at 

restrictive temperature, which are defective for endocytosis and have been shown to 

accumulate ubiquitinated forms of Fur4 ((31) and Fig 10B).  In contrast, high molecular weight 

forms of Fur4 were not observed in mutants defective for the Rsp5 ubiquitin protein ligase, 

which is responsible for cell surface ubiquitylation of Fur4 and many other plasma membrane 

proteins ((31) and Fig 10B). Membrane fractions of slmts and act1-3 cells incubated at restrictive 

temperature also accumulated high molecular weight species that reacted with an anti-ubiquitin 

antibody (data not shown). Therefore, we conclude that in slmts cells, Fur4 accumulates at the 

plasma membrane in a ubiquitinated form, and that internalization is inhibited at a post-

ubiquitination step.
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DISCUSSION 

 

The major finding of this study is that Slm1 and Slm2 are novel calcineurin substrates 

that promote yeast cell growth under sphingolipid-limiting conditions and endocytosis of a 

nutrient permease in response to heat stress.  Interfering with calcineurin-dependent 

dephosphorylation of Slm proteins alters their activity in vivo. Thus, these studies identify a 

mechanism by which calcineurin may modulate sphingolipid-dependent events and establish 

the potential for cross-talk between these two signaling pathways. 

 

Slm1 and Slm2 are novel calcineurin substrates. 

In this study, we identify Slm1 and Slm2 as targets of the phosphatase calcineurin and 

show that, like other calcineurin substrates (1, 3, 18, 36, 66), Slm1 and Slm2 each contain a 

PxIxIT-related docking site that mediates its interaction with the A subunit of calcineurin. This 

interaction is essential for dephosphorylation of Slm1 and Slm2 by calcineurin, and by creating 

SLM1 and SLM2 alleles lacking their respective PxIxIT motifs, we were able to assess the 

contribution of calcineurin signaling to Slm1 and Slm2 function in vivo.  

Slm1 and Slm2 bind to calcineurin with different affinities. In vivo yeast two-hybrid 

assays suggest that full-length Slm2 associates more tightly with calcineurin than Slm1, and in 

vitro assays confirm this difference (Roy, Li, Hogan and Cyert, unpublished results).  

Furthermore, the affinity of Slm1 and Slm2 for calcineurin correlates with the extent to which 

they are dephosphorylated by this phosphatase. Slm2 is completely dephosphorylated by 

calcineurin in vivo and in vitro, while Slm1 is only partially dephosphorylated by calcineurin. 

 The physiological consequences of calcineurin-mediated Slm dephosphorylation have 

yet to be fully elucidated. SLM1 and SLM2 are redundant for an essential function, which does 

not require calcineurin, as SLM1ΔPNIYIQ and SLM2ΔPEFYIE each support viability. In cells 
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expressing a single SLM allele, however, abrogating Slm2 regulation by calcineurin modifies its 

function:  The ability of Slm2ΔPEFYIE to promote growth in the presence of myriocin is 

compromised, and expression of this protein causes faster turnover of the Fur4 permease 

during heat stress.  Disruption of Slm1 regulation by calcineurin also diminishes its ability to 

support myriocin resistance at 30 oC, but has no effect on Fur4 turnover.  Taken together, these 

observations indicate that calcineurin can modify Slm function.  However, in wild type cells, 

which express both Slm1 and Slm2, and in which Slm1 is the predominant protein (4), the 

physiological significance of this regulation is somewhat unclear.  Calcineurin, which is activated 

under conditions of environmental stress, may modify a specific aspect of Slm function or a 

restricted population of Slm proteins under these conditions.  Further investigation is required to 

establish the biochemical mechanism by which Slm proteins act, and similarly to fully appreciate 

the consequences of their dephosphorylation by calcineurin. 

 

Slm proteins may act downstream of sphingoid bases. 

Sphingolipids are produced via a pathway that is conserved from yeast to mammals (20, 

60). They consist of a long-chain base, which is usually a linear alkane of 18 or 20 carbons 

having hydroxyls on C-1 and C-3 and an amino group on C-2. Yeast makes two types of long-

chain bases, dihydrosphingosine and phytosphingosine. These sphingoid bases rapidly and 

transiently accumulate during heat stress, but are not incorporated into ceramides or complex 

sphingolipids (60). Rather, they act as signals to promote cellular stress responses. Importantly, 

addition of exogenous sphingoid bases to yeast at low temperature induces several aspects of 

the heat stress response, including trehalose accumulation, the expression of stress element 

(STRE)-controlled stress response genes, cell cycle arrest and the stimulation of ubiquitin-

dependent protein turn-over (13, 21, 44, 58, 76). Sphingoid bases exert their effects at least in 

part by activating protein phosphorylation (12, 41, 29) . 
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Our data suggest a possible role for Slm proteins as mediators of sphingolipid-

dependent signaling. First, phosphorylation of Slm1 and Slm2 is modulated by sphingoid bases 

in vivo. Second, Slm proteins are required for heat stress-induced turnover of the Fur4 

permease, which is induced by sphingoid bases (13). Third, Slm1 and Slm2 modulate cell 

growth in the presence of drugs that perturb sphingolipid biosynthesis.  Fourth, in contrast to 

lcb1-100 cells, which are defective in the first step of sphingolipid biosynthesis (76), the lethality 

of cells lacking Slm protein activity is not overcome by providing an external source of 

phytosphingosine, suggesting that Slm proteins act downstream of this mediator. 

 

Phosphorylation of Slm proteins is modulated by sphingolipids 

The biochemical function of Slm1 and Slm2 is yet to be elucidated, however, it is clear 

that their activity and phosphorylation are highly regulated in vivo. Our studies examine 

modulation of Slm protein phosphorylation by sphingolipids and the protein phosphatase 

calcineurin, both during heat stress and growth at constant temperature.  During heat stress, a 

major consequence of increased levels of phytosphingosine and dihydrosphingosine is to 

activate protein kinases. Pkh1 and Pkh2, the yeast homologs of mammalian PDK1 (12), are 

activated by phytosphingosine, and in turn phosphorylate and activate downstream kinases, 

including Ypk1, Ypk2, Pkc1, and Sch9 (12, 41, 61).  Some of these kinases (Ypk1, Ypk2, Sch9) 

may also be stimulated directly by phytosphingosine (52).  Heat stress and exogenous addition 

of sphingoid bases also stimulate calcineurin activity ((78) and Table 3). The mechanism for this 

activation must still be uncovered, but is likely to involve stimulation of Ca2+-influx systems, as 

exposure of yeast cells to sphingosine 1-phosphate, a sphingolipid produced in mammalian 

cells, stimulates Ca2+ accumulation (8). 

When cells are shifted to high temperature, the net level of Slm1 and Slm2 

phosphorylation changes little over the next 75 minutes.  However, during this time, there is 

enhanced sphingolipid-dependent phosphorylation of Slm proteins that is counteracted by 
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calcineurin-mediated dephosphorylation.  Thus, during heat stress, the rate at which Slm1 and 

Slm2 cycle between their phosphorylated and dephosphorylated states must increase.  

Currently, it is unclear what consequence these changes in phosphorylation state have on Slm 

protein function.  Perhaps, as for small GTP-binding proteins, the switch between two different 

states is an integral aspect of Slm protein activity. 

Additional studies are required to establish which kinase(s) are responsible for the heat 

stress induced phosphorylation of Slm proteins. Kinases that are activated by phytosphingosine 

directly (Pkh1, Pkh2, Ypk1, Ypk2 and Sch9) or indirectly (Pkc1) are attractive candidates.  A 

recent study showed that myriocin treatment abrogates Mss4-dependent PIP kinase activity (47) 

which might in turn reduce recruitment of Slm proteins to the plasma membrane, which depends 

on PIP2-binding to the PH domain in each protein (4).  Thus, sphingolipids may also affect Slm 

protein phosphorylation indirectly by modulating their localization and access to kinases, such 

as Tor2p, that reside at the cell periphery. Consistent with this possibility, we observed an 

increase in cytosolic localization of GFP-Slm1 and GFP-Slm2 in myriocin-treated cells (data not 

shown).  

A previous study showed that TORC2 phosphorylates Slm1 in vitro (4). Furthermore, 

pulse-chase analysis of Slm1 revealed its rapid dephosphorylation after exposure to high 

temperature, followed by TOR2-dependent re-phosphorylation. The timing of these events 

parallel the transient de-localization of the actin cytoskeleton in response to heat stress.  In 

contrast, by analyzing steady-state phosphorylation of the entire cellular pool of Slm1 and Slm2, 

we observe a heat stress-induced increase in phosphorylation, when calcineurin is inactivated, 

that is independent of Tor2p and occurs over a prolonged time period (≥75 min).  These kinetics 

are more similar to that of downstream events like endocytosis of Fur4, which continues ≥120 

minutes following a shift to high temperature.  It is likely, then, that multiple phosphorylation 

events occur, with both Tor2p and sphingolipid-regulated kinases contributing to total 

phosphorylation of Slm proteins during heat stress and potentially playing quite different roles in 
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Slm regulation.  Sphingolipid-dependent phosphorylation of Slm1 and Slm2 that is counteracted 

by calcineurin is also observed in cells grown under constant conditions, with the extent of Slm 

phosphorylation increasing with temperature. Thus similar processes may underlie Slm protein 

phosphorylation during both normal and stress conditions. 

 

Slm proteins are required for heat stress-induced Fur4 endocytosis. 

Sphingolipids inhibit nutrient import during heat stress by promoting degradation of 

nutrient permeases, including the uracil permease, Fur4, and the general amino acid permease, 

Gap1 (13, 14). This degradation depends on the de novo biosynthesis of sphingolipids and is 

mimicked by addition of exogenous phytosphingosine (13). Slm proteins are required for heat 

stress-induced Fur4 turnover, which occurs through ubiquitination, internalization, and trafficking 

of the permease to the vacuole (25, 26, 30, 31). Ubiquitinated Fur4 accumulates at the surface 

of slm1ts cells, indicating that Slm proteins are required for internalization of Fur4. The actin 

cytoskeleton is required for the internalization step of endocytosis; many mutants with defects in 

actin organization or actin-binding proteins are unable to carry out endocytosis and accumulate 

ubiquitylated forms of Fur4 at the cell surface (31, 46, 57).  Furthermore, mutants that lack 

components of the endocytosis machinery, such as the amphiphysin homologs, Rvs161 and 

Rvs167, are defective for actin polarization (54). slm1ts cells show defects in both actin 

cytoskeIeton polarization (4) and endocytosis, and may therefore participate directly in either or 

both of these processes.  

A role for sphingolipid signaling in endocytosis has been clearly demonstrated by studies 

of lcb1-100 cells, which, at restrictive temperature, are unable to carry out the first step in 

sphingolipid biosynthesis.  These cells display defects in endocytosis and actin organization, 

which are remediated by addition of phytosphingosine or overexpression of sphingolipid-

regulated kinases (29, 76).  The functions of Lcb1 and Slm proteins in endocytosis, however 

seem distinct. In contrast to lcb1-100, slm1ts cells are able to accumulate lucifer yellow-
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carbohydrazide at restrictive temperature, indicating that Slm proteins are not generally required 

for endocytosis (data not shown).  In addition, lcb1-100 cells, at least under some growth 

conditions, display no defect in stress-induced endocytosis of Fur4 (24). Thus, the defect in 

Fur4 endocytosis observed in slm1ts cells may reflect a specific requirement for the Slm proteins 

in stress-induced sphingolipid-dependent protein turnover. The possibility that calcineurin may 

modulate this process through dephosphorylation of Slm proteins is particularly intriguing, as 

calcineurin regulates endocytosis in higher eukaryotes by dephosphorylating dynamin, a PH-

domain containing protein, and its associated proteins (51, 64). It is possible that there are 

parallels between the function of yeast Slm proteins and some of these proteins. 

 

Slm proteins are involved in sphingolipid-dependent growth. 

Sphingolipids are essential for yeast cell growth (22), and drugs that inhibit different 

steps of the sphingolipid biosynthesis pathway act as potent anti-fungal compounds (60). 

Myriocin inhibits the first step of sphingolipid biosynthesis, whereas aureobasidin A acts later in 

the pathway, blocking the inositol phosphorylceramide synthase, and causing depletion of 

complex sphingolipids, such as mannysolated inositolphosphorylceramides, and accumulation 

of sphingolipid intermediates, such as phytosphingosine.  We demonstrate that modifying SLM 

gene copy number has pronounced effects on cell growth at both standard (30 oC) and elevated 

(37 oC) temperature when sphingolipid biosynthesis is inhibited. These findings suggest that 

Slm proteins modify the levels of sphingolipids in cells and/or are required to carry out 

sphingolipid-dependent cellular functions. A full understanding of the role of Slm proteins in 

sphinglipid signaling and metabolism awaits further characterization of the biochemical 

mechanism by which Slms function. However, because addition of phytosphingosine fails to 

rescue the growth of slm1ts slm2Δ cells at restrictive temperature, we propose that Slm1 and 

Slm2 are downstream mediators of sphingolipid function. Furthermore, the finding that slm1Δ 

mutants are both sensitive to myriocin, and more resistant than wild-type cells to aureobasidin A 
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is consistent with a role for Slm proteins acting downstream of sphingolipid bases rather than 

complex sphingolipids.   

 

A model for Slm function during heat stress. 

During stress, cell survival depends on integrating the responses of a variety of signaling 

pathways, each of which monitor a distinct aspect of cell physiology. While many questions 

remain concerning the mechanism by which Slm proteins act, they seem to represent a key 

regulatory step (Fig. 11). During heat stress, Mss4 activity and concomitant PIP2 levels are 

increased, thereby recruiting Slm proteins to the cell periphery, where they are phosphorylated 

by the TORC2 kinase complex, which further stabilizes their localization. We show here that 

Slm proteins are similarly affected by heat stress and sphingoid bases, which rapidly and 

transiently accumulate during heat stress. Both thermal stress and phytosphingosine cause 

increased phosphorylation of Slm proteins (via unknown kinases) and simultaneously activate 

their dephosphorylation by calcineurin. All of these regulatory pathways, Mss4/PIP2, TORC2, 

sphingolipids and calcineurin, independently contribute to cell survival during stress and impinge 

on Slm protein function. Furthermore, Slm proteins are required for polarization of the actin 

cytoskeleton (4, 27) and for endocytosis of the uracil permease, Fur4, during heat stress. A 

direct role for Slm1 and Slm2 in either actin organization or endocytosis could explain both of 

these defects. We cannot rule out, however, the possibility that these defects occur as an 

indirect consequence of disrupting Slm function. Future experiments will aim to elucidate the 

biochemical function of these proteins and to determine the role that phosphorylation plays in 

modulating their activity.  
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Table1. Yeast strains used in this study 
Strain Relevant genotype Source or reference 
PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ gal80Δ 

GAL2-ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ 
(43) 

YPH499 MATa ura3-52 lys2-801 ade2-101 trp1 Δ63 his3-Δ200 leu2-Δl (63) 
DD12 As YPH499 except cnb1::URA3::hisG (17) 
BY4741 MATa leu2Δ ura3Δ met15Δ his3Δ Open Biosystems 
VHY61 MATα leu2Δ ura3Δ met15Δ his3Δ slm2Δ:::KANR This study 
VHY66 As BY4741, slm1Δ:::KANR This study 
GBY059 As VHY61, slm1Δ:::NATR + pRS316-Slm2 This study 
SEY6210.1 MATa leu2-3 ura3-52 his3-Δ200 trp1-Δ901 lys2-801 suc2-Δ9 (4) 
AAY1602 As SEY6210.1; slm1Δ:::HIS3 (4) 
AAY1610 As SEY6210.1; slm2Δ:::HIS3 (4) 
AAY1623.2 As SEY6210.1; slm1Δ:::HIS3 slm2Δ:::HIS3 + pRS415-slm1-2  

(LEU2 CEN6 slm1-2) 
(4) 

LBY66 As YPH499 except 4xCDRE:::lacZ:::TRP Laboratory stock 
JK9-3da MATa leu2-3, 112 trp1 ura3 rme1 his4 HMLa (49) 
SH121 JK9-3da ade2 tor2::ADE2/YPplac111::tor2-21 (38) 
NY13 MATa ura3-52 gal2 (33) 
NY279 MATa act1-3 ura3-52 gal2 (33) 
FY56 MATα his4-912δ lys2-128δ ura3-52 Fred Winston 
FW1808 MATα rsp5-1 his4-912δ lys2-128δ ura3-52 Fred Winston 
GBY030 YPH499 + pRD56-Slm2 This study 
GBY031 YPH499 + pRD56-Slm1 This study 
GBY032 DD12 + pRD56-Slm2 This study 
GBY033 DD12 + pRD56-Slm1 This study 
GBY115 As VHY61, slm1Δ:::NATR + pRD56-Slm2 This study 
GBY116 As VHY61, slm1Δ:::NATR + pRD56-Slm2ΔPEFYIE This study 
GBY117 As VHY61, slm1Δ:::NATR + pRD56-Slm1 This study 
GBY118 As VHY61, slm1Δ:::NATR + pRD56-Slm1ΔPNIYIQ This study 
GBY152 As GBY059 + pRS313 This study 
GBY153 As GBY059 + pRS313-Slm2 This study 
GBY154 As GBY059 + pRS313-Slm2ΔPEFYIE This study 
GBY155 As GBY059 + pRS313-Slm1 This study 
GBY156 As GBY059 + pRS313-Slm1ΔPNIYIQ This study 
GBY100 As VHY61, slm1Δ:::NATR + pRS313-Slm2 This study 
GBY101 As VHY61, slm1Δ:::NATR + pRS313-Slm2ΔPEFYIE This study 
GBY102 As VHY61, slm1Δ:::NATR + pRS313-Slm1 This study 
GBY103 As VHY61, slm1Δ:::NATR + pRS313-Slm1ΔPNIYIQ This study 
GBY104 As VHY61, slm1Δ:::NATR + pUG34-Slm2 This study 
GBY105 As VHY61, slm1Δ:::NATR + pUG34-Slm2ΔPEFYIE This study 
GBY106 As VHY61, slm1Δ:::NATR + pUG34-Slm1 This study 
GBY107 As VHY61, slm1Δ:::NATR + pUG34-Slm1ΔPNIYIQ This study 
GBY160 BY4741 + pRS313 This study 
GBY161 BY4741 + pRS313-Slm2 This study 
GBY162 BY4741 + pRS313-Slm1 This study 
GBY179 SEY6210.1 + pVTu-Fur4 This study 
GBY180 AAY1623.2 + pVTu-Fur4 This study 
GBY181 GBY115 + pVTl-Fur4 This study 
GBY182 GBY116 + pVTl-Fur4 This study 
GBY183 GBY117 + pVTl-Fur4 This study 
GBY184 GBY118 + pVTl-Fur4 This study 
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Table 2. Plasmids used in this study 
  
Plasmid Vector  Insert/ORF Source or reference 
 pGBT9  (6) 
 pACT2  (35) 
 pRD56  Gift from R. Deshaies 
 pRS316  (63) 
 pRS313  (63) 
 pUG34  gift of U Güldener and J. H. Hegemann 
 pVT102-U  (71) 
BJP2014 pGBT9 GAL4DBD-CNA1 (45) 
pVH7 pGBT9 GAL4DBD-CNA2 (36) 
pGB003 pACT2 GAL4AD-SLM2 This study 
pGB004 pACT2 GAL4AD-SLM1 This study 
pGB005 pACT2 GAL4AD-SLM2ΔPEFYIE This study 
pGB006 pACT2 GAL4AD-SLM1ΔPNIYIQ This study 
pGB007 pRD56 GST-SLM2 This study 
pGB008 pRD56 GST-SLM2ΔPEFYIE This study 
pGB009 pRD56 GST-SLM1 This study 
pGB010 pRD56 GST-SLM1ΔPNIYIQ This study 
pGB013 pRS316 SLM2 This study 
pGB017 pRS313 SLM2 This study 
pGB018 pRS313 SLM2ΔPEFYIE This study 
pGB019 pRS313 SLM1 This study 
pGB020 pRS313 SLM1ΔPNIYIQ This study 
pGB029 pUG34 GFP-SLM2 This study 
pGB030 pUG34 GFP-SLM2ΔPEFYIE This study 
pGB031 pUG34 GFP-SLM1 This study 
pGB032 pUG34 GFP-SLM1ΔPNIYIQ This study 
pfF pJDB207 FUR4 (72) 
pGB047 pVT102-U FUR4 This study 
 
.
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 β-galactosidase activity (U / µg protein) 
FK506  - + 
Control (30 ºC) 0.29 ± 0.05 0.29 ± 0.04 
Heat stress (from 25 ºC to 37 ºC) 1.37 ± 0.145 0.11 ± 0.06 
Phytosphingosine (25 ºC) 3.93 ± 0.178 0.38 ± 0.12 
Phytosphingosine (30 ºC) 7.51 ± 0.51 0.29 ± 0.11 
 
Table 3. Heat stress and phytosphingosine causes calcineurin-dependent 4xCDRE:::lacZ 

expression. Strain LBY66 containing the lacZ reporter gene under the control of 4 copies of the 

24-bp Calcineurin Downstream Response Element in its genome was grown in YPD under 

different conditions in the absence or presence of FK506 (2 µg/ml). After reaching log phase, 

cells were triggered with either no stress (control) or a heat stress for 3 h or 20 µM 

phytosphingosine for 3h at the indicated temperatures and β-galactosidase activity was assayed 

in cell lysates. Values represent the mean specific β-galactosidase activity, obtained from two 

independent experiments each performed in triplicate. 
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FIGURE LEGENDS 

 

Figure 1. Slm1 and Slm2 interact with and are dephosphorylated by calcineurin. (A) Slm1 

and Slm2 interact with Cna1 and Cna2 in yeast two-hybrid assays. A strain (PJ69-4A) 

containing GAL1-HIS3, GAL2-ADE2 and GAL7-lacZ reporter genes was transformed with 

combinations of GAL4 DNA-binding domain fusions of CNA1 and CNA2 (DBD) and GAL4 

activation domain fusions of SLM1 and SLM2 (AD), as indicated. Serial dilutions of saturated 

cultures were plated on synthetic medium containing histidine and adenine (+his+ade) or 

lacking histidine (-his) or lacking (-ade), and incubated for 3 days at 30 °C. β−galactosidase 

activity in the different strains was measured in liquid cultures, performed as described in 

Materials and Methods, and reported as units/µg of protein. (B) Slm1 and Slm2 are both 

dephosphorylated in vivo by calcineurin. Wild-type cells (WT, YPH499) and cells lacking the B-

subunit of calcineurin (cnb1Δ, DD12) expressing GST-Slm2 (GBY030 and GBY032) or GST-

Slm1 (GBY031 and GBY033) were grown to log phase. GST-fusion proteins were purified from 

extracts, subjected to SDS-PAGE and Western blotted with anti-phospho or anti-GST antibody. 

(C) Slm1 and Slm2 are both dephosphorylated in vitro by calcineurin. GST-Slm1 (GBY032) and 

GST-Slm2 (GBY033) purified from cnb1Δ cells were treated with recombinant calcineurin, 

calmodulin (CaM), CaCl2, EGTA or λ-phosphatase as indicated in the left-hand lanes (see 

Materials and Methods). These samples, together with untreated GST-Slm1 and GST-Slm2 

purified from cnb1Δ cells, were then subjected to SDS-PAGE and Western blotted with anti-

phospho and anti-GST antibodies. 

 
Figure 2. Calcineurin interacts with Slm1 and Slm2 via a C-terminal PxIxIT related motif. 

(A) Mapping of the calcineurin-docking site on Slm1 and Slm2 via yeast-two hybrid assays. The 

PJ69-4A strain containing the GAL4 DNA-binding domain fusion of CNA1 was transformed with 

different truncations or internal deletions of SLM1 and SLM2. Positive interactions were 
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identified as growth on synthetic medium lacking histidine (3 days at 30 °C). GAL4-AD fusions 

that interacted with Cna1 are indicated as “+”, and those that did not interact are indicated as “-

”.  (B) Relevant part of the amino acid sequence of Slm2 and Slm1 with the conserved 

calcineurin-docking site, a PxIxIT-related motif, underlined. (C) Deletion of the calcineurin-

docking site abolishes the calcineurin-dependent dephosphorylation of Slm1 and Slm2. Wild-

type GST-Slm2 (GBY115) and GST-Slm1 (GBY117) and their counterparts lacking the 

calcineurin-docking site, GST-Slm2ΔPEFYIE (GBY116) and GST-Slm1ΔPNIYIQ (GBY118) were 

expressed in a strain deleted for slm1Δ and slm2Δ. Cells were grown in selective synthetic 

medium supplemented with 4% raffinose. One culture was treated with FK506 (as indicated). 

GST-fusion proteins were purified from cell extracts, subjected to SDS-PAGE and Western 

blotted with anti-phospho and anti-GST antibodies.  (D) Deletion of the calcineurin-docking site 

in SLM1 or SLM2 does not impair growth. A slm1Δ slm2Δ strain, expressing SLM2 under the 

control of its own promoter on a pRS316 plasmid (GBY059) was transformed with either 

pRS313 (vector; GBY152), pRS313-Slm2 (Slm2; GBY153), pRS313-Slm2ΔPEFYIE (Slm2 ΔPEFYIE; 

GBY154), pRS313-Slm1 (Slm1; GBY155), pRS313-Slm1ΔPNIYIQ (Slm1ΔPNIYIQ; GBY156). Serial 

dilutions of saturated cell cultures were plated on synthetic medium lacking uracil and histidine  

(-ura-his) and on synthetic medium lacking histidine but supplemented with 5FOA  

(-his+5FOA). Cells were grown for 3 days at 30 ºC. (E) Localization of Slm proteins and actin 

cytoskeleton stabilization by Slm proteins are not dependent on the calcineurin-docking site. 

slm1Δ slm2Δ cells expressing GFP-Slm2 (GBY104), GFP-Slm2ΔPEFYIE (GBY105), GFP-Slm1 

(GBY106) or GFP-Slm1ΔPNIYIQ (GBY107) were grown to log phase and visualized by differential 

interference microscopy (DIC) and by fluorescence microscopy (GFP). Actin cytoskeleton was 

visualized with Texas Red-X phalloidin (TR-phalloidin) in formaldehyde-fixed cells. 

 
Figure 3.  Phosphorylation of Slm1 and Slm2 is increased during heat stress when their 

calcineurin-dependent dephosphorylation is compromised. (A) GST-Slm2 (GBY115) and 
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GST-Slm2ΔPEFYIE (GBY116) were expressed in a strain lacking slm1 and slm2. Cells were grown 

at 25°C in selective synthetic medium and expression was induced with 2% galactose. One 

culture was treated with FK506 (2 µg/ml) as indicated. Cells were shifted to 37 °C and samples 

were taken at indicated time points. GST-fusion proteins were purified from cell extracts and 

subjected to SDS-PAGE and Western blotting with anti-phospho and anti-GST antibodies. 

Immunoreactive bands were quantified using Image J software. The ratio of the anti-phospho 

signal over the anti-GST signal was plotted in arbitrary units (A.U.) as a function of time. (B) A 

similar approach as described in (A) was taken for GST-Slm1 (GBY117) and GST-Slm1ΔPNIYIQ 

(GBY118). 

 
Figure 4. Phytosphingosine mimics the heat stress-induced phosphorylation of Slm1 and 

Slm2. GST-Slm2 (GBY115), GST-Slm2ΔPEFYIE (GBY116), GST-Slm1 (GBY117) and GST-

Slm1ΔPNIYIQ (GBY118) were expressed in a strain lacking slm1 and slm2. Cells were grown at 25 

°C in selective synthetic medium and expression was induced with 2% galactose. Samples were 

taken just before the addition of 20 µM phytosphingosine (0 min), and 45, 90 and 120 minutes 

after the addition of phytosphingosine. GST-fusion proteins were purified from cell extracts and 

subjected to SDS-PAGE and Western blotting with anti-phospho and anti-GST antibodies. 

Immunoreactive bands were quantified as described in Materials and Methods. The ratio of the 

anti-phospho signal over the anti-GST signal was plotted in arbitrary units (A.U.).  

 
Figure 5. The heat stress-induced increase in Slm1 and Slm2 phosphorylation is 

independent of Tor2p. Overnight cultures of wild-type (JK9-3da) and tor2ts (SH121) cells 

expressing either GST-Slm2 or GST-Slm1 were diluted to an OD600 of 0.2 and grown at 25 ºC 

for 4 hours. To one set of cultures, FK506 (2 µg/ml final concentration) or solvent (90% ethanol / 

10% Tween-20) was added and cells were shifted to 38 ºC. After 30 min, galactose (2%) was 

added to induce protein expression and cells were grown for another 4 hours at 38 ºC. GST-
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fusion proteins were purified from cell extracts and subjected to SDS-PAGE and Western 

blotting with anti-phospho and anti-GST antibodies. 

 

Figure 6. Myriocin inhibits phosphorylation of Slm1 and Slm2 during heat stress and 

steady-state growth conditions. GST-Slm2ΔPEFYIE (GBY116) and GST-Slm1ΔPNIYIQ (GBY118) 

were expressed in a slm1Δ slm2Δ strain. (A) Cells were grown at 25 °C in selective synthetic 

medium for 4 hours and protein expression was induced with 2% galactose. Thirty minutes 

before the shift from 25 °C to 37 °C, myriocin (2 µg/ml) was added to one set of cultures and 

solvent (methanol) to the other. Samples of the different cultures were taken just before the 

temperature shift and 90 minutes after the shift in temperature. GST-fusion proteins were 

purified from cell extracts and subjected to SDS-PAGE and Western blotting with either an anti-

phospho or an anti-GST antibody. (B) Cells were grown either at 25 °C, 30 °C or 37 °C in 

selective synthetic medium. Myriocin (2 µg/ml) was added 30 minutes before the cells were 

incubated with 2% galactose for 4 hours. GST-fusion proteins were purified from cell extracts 

and analyzed via Western immunoblotting with either an anti-phospho or an anti-GST antibody. 

Immunoreactive bands were quantified as described in Materials and Methods. 

 
Figure 7. Slm1 and Slm2 modulate growth of yeast in the presence of drugs that perturb 

sphingolipid biosynthesis. (A) Saturated cultures of wild-type cells (BY4741) and cells lacking 

either slm1 (slm1Δ; VHY66) or slm2 (slm2Δ; VHY61) were serially diluted and spotted onto 

YPD, YPD plus myriocin (Myr) or YPD plus aureobasidin A (AB) and grown for 2 to 4 days at 

either 30 °C or 37 °C. (B) Wild-type cells containing either pRS313 (vector; GBY160) or pRS313 

expressing Slm2 (GBY161) and Slm1 (GBY162) under the control of their own promoter were 

grown to saturation in selective synthetic medium. Saturated cultures were serially diluted and 

were spotted onto YPD with or without myriocin. Plates were incubated at either 30 °C or 37 °C 

for 2.5 days. (C) slm1Δ slm2Δ cells expressing Slm2 (GBY100), Slm2ΔPEFYIE (GBY101), Slm1 
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(GBY102) or Slm1ΔPNIYIQ (GBY103) under the control of their own promoter from pRS313 were 

grown to saturation in selective synthetic medium. Saturated cultures were serially diluted and 

were spotted onto YPD or YPD supplemented with 1.5 µg/ml myriocin. Cells were grown for 3 to 

4 days at either 30 ºC or 37 °C as noted. 

 

Figure 8. Slm proteins are downstream of phytosphingosine. 

Saturated cultures of wild-type (SEY6210), slm1Δ (AAY1602), slm2Δ (AAY1610) and slm1ts 

slm2Δ (AAY1623.2) cells were serially diluted and spotted onto YPD, YPD + 20 µM 

phytosphingosine (PHS), YPD + 0.4 µg/ml myriocin or YPD + 0.4 µg/ml myriocin + 20 µM 

phytosphingosine (PHS) and grown for 2.5 days at the indicated temperature. All plates 

contained 0.05% NP-40, which was used for obtaining an even distribution of phytosphingosine 

in the plate. 

 
Figure 9. Slm function is required for heat shock-induced Fur4 turn-over. (A) Wild-type 

cells (SEY6210.1) and slm1tsslm2Δ cells (AAY1623.2) carrying pVTu-Fur4 (GBY179 and 

GBY180, respectively) were shifted from 25 oC to 40 °C and samples of taken just prior to (0 

min), and 15, 30, 60 minutes following heat shock. Cell lysates were analyzed by SDS-PAGE 

and immunoblotting with anti-Fur4 and anti-PGK antibodies. Pgk1 was used as a loading 

control, which also shows the absence of nonspecific protein degradation by heat shock. The 

left-hand numbers indicate the molecular masses of the protein standards. Immunoreactive 

bands were quantified as described in Materials and Methods. The ratio of the anti-Fur4 signal 

to the anti-Pgk1p signal is shown as a function of time. The value at 0 minutes was used as 

reference value and set at 100%. (B) slm1Δ slm2Δ cells expressing either GST-Slm2 or GST-

Slm2ΔPEFYIE and overexpressing Fur4 (GBY115 and GBY116, respectively) were shifted from 25 

oC to 40 oC, and sampled at the indicated time points. Cell lysates were analyzed by 

immunoblotting and quantified as described in (A).  (C) GBY115 and GBY116 were grown at 30 
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°C, incubated with 20 µM phytosphingosine and sampled at the indicated times. Lysates were 

analyzed and signals quantified as described in (A). 

 
Figure 10. Fur4 is stabilized at the plasma membrane in the ubiquitinated form in cells 

lacking Slm protein activity. Wild-type cells (SEY6210.1) and slm1tsslm2Δ cells (AAY1623.2) 

carrying pVTu-Fur4 (GBY179 and GBY180, respectively) were shifted to 40 °C for 10 min 

before adding cycloheximide (100 µg/ml). (A), Uracil uptake was measured at the times 

indicated. Results are percentages of initial activities. (B), Plasma membrane fractions were 

prepared from cycloheximide-treated cells before and 60 minutes following a shift from 25 oC to 

40 oC and analyzed for uracil permease (anti-Fur4) by Western immunoblotting. Strains are as 

follows: left panel, WT (SEY6210.1), slmts (AAY1623.2); middle panel, WT (NY13), act1-3 

(NY279); right panel, WT (FY56), rsp5ts (FW1808). 

 

Figure 11. Regulation of actin cytoskeleton organization and nutrient permease turn-over 

by Slm protein functioning in response to heat stress.  See text for discussion of model.  
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