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Sli2 (Ypk1l), a Homologue of Mammalian Protein Kinase SGK,

Is a Downstream Kinase in the Sphingolipid-Mediated
Signaling Pathway of Yeast
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ISP-1 is a new type of immunosuppressant, the structure of which is homologous to that of sphingosine. In
a previous study, ISP-1 was found to inhibit mammalian serine palmitoyltransferase, the primary enzyme
involved in sphingolipid biosynthesis, and to reduce the intracellular pool of sphingolipids. ISP-1 induces the
apoptosis of cytotoxic T cells, which is triggered by decreases in the intracellular levels of sphingolipids. In this
study, the inhibition of yeast (Saccharomyces cerevisiae) proliferation by ISP-1 was observed. This ISP-1-
induced growth inhibition was also triggered by decreases in the intracellular levels of sphingolipids. In
addition, DNA duplication without cytokinesis was detected in ISP-1-treated yeast cells on flow cytometry
analysis. We have cloned multicopy suppressor genes of yeast which overcome the lethal sphingolipid depletion
induced by ISP-1. One of these genes, SLI2, is synonymous with YPKI, which encodes a serine/threonine kinase.
Kinase-dead mutants of YPKI did not show any resistance to ISP-1, leading us to predict that the kinase
activity of the Ypkl protein should be essential for this resistance to ISP-1. Ypkl protein overexpression had
no effect on sphingolipid biosynthesis by the yeast. Furthermore, both the phosphorylation and intracellular
localization of the Ypkl1 protein were regulated by the intracellular sphingolipid levels. These data suggest that
the Ypkl protein is a downstream kinase in the sphingolipid-mediated signaling pathway of yeast. The Ypkl
protein was reported to be a functional homologue of the mammalian protein kinase SGK, which is a
downstream kinase of 3-phosphoinositide-dependent kinase 1 (PDK1). PDK1 phosphotidylinositol (PI) is
regulated by PI-3,4,5-triphosphate and PI-3,4-bisphosphate through the pleckstrin homology (PH) domain.
Overexpression of mammalian SGK also overcomes the sphingolipid depletion in yeast. Taking both the
inability to produce PI-3,4,5-triphosphate and PI-3,4-bisphosphate and the lack of a PH domain in the yeast
homologue of PDKI1, the Pkhl protein, into account, these findings further suggest that yeast may use

sphingolipids instead of inositol phospholipids as lipid mediators.

Recent reports have shown that sphingolipids are involved in
several biological functions, including adhesion, differentia-
tion, growth, and apoptosis (3, 22, 23, 25, 26, 44, 58). Ceramide
and sphingosine-1-phosphate, which are metabolic products of
sphingolipids, are thought to be upregulated by several stimuli
and to serve as second messengers in signal transduction path-
ways (24, 27, 50, 55). Sphingosine-1-phosphate is upregulated
by the platelet-derived growth factor stimulus (51), and the
increase in sphingosine-1-phosphate promotes the growth of
3T3 fibroblast cells (66). Recently, G-protein-coupled cell sur-
face receptors for sphingosine-1-phosphate were found in sev-
eral cell lines (4, 40, 68). Furthermore, the possible involve-
ment of intracellular sphingosine-1-phosphate in several signal
transduction pathways has been postulated (31, 59). In addi-
tion to sphingosine-1-phosphate, intracellular ceramide up-
regulation through the sphingomyelin cycle on stimulation by
tumor necrosis factor alpha (56), Fas ligand (11, 20, 21), or UV
or vy irradiation (24) causes apoptosis of Jurkat T cells and
several other cell lines, although exogenously added ceramide
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does not exert all of the downstream effects of these stimulants
(30, 57, 64).

The yeast Saccharomyces cerevisiae synthesizes sphingolipids
similarly to mammalian sphingolipids except that phytosphin-
gosine rather than sphingosine is the predominant sphingoid
base (Fig. 1), and it lacks cell surface receptors for sphin-
gosine-1-phosphate (16). Therefore, yeast is a useful system for
studying the intracellular sphingolipid-mediated signaling
pathway. Indeed, yeast has a sphingosine kinase which pro-
duces sphingosine-1-phosphate from sphingosine, and the
former is a crucial substance involved in the respiration of
yeast cells (39). Ceramide has been shown to induce G, arrest
in yeast via a ceramide-activated protein phosphatase (49). A
new phosphatase, which modulates stress responses through
sphingolipid metabolites, has also been isolated from yeast
(42). However, most of the downstream pathway of intracel-
lular sphingolipid-mediated signaling has not been well clari-
fied in yeast or mammals.

ISP-1 was isolated from Isaria sinclairii as a new type of
potent immunosuppressant, the structure of which is homolo-
gous to that of sphingosine (17). In our previous studies, ISP-1
was found to inhibit mammalian serine palmitoyltransferase
(SPT), which catalyzes the first step of sphingolipid biosynthe-
sis. ISP-1 induced the apoptosis of mouse cytotoxic T cells (17,



4412 SUN ET AL.

Serine+Palmitoyl-CoA —]
ISP-1

Ketodihydrosphingosine
Mammals
&
Dihydrosphingosine Yeast

(Phyto)sphingosine +

\ (Phyto)ceramide

lMammals I I Yeast |
><\ Aureohasidin A
Inositol phosphorylceramide
Sphingomyelin Mannosylinositol phosphorylceramide
Complex glycosphingolipids +

Mannosyldiinositol phosphorylceramide

FIG. 1. Major sphingolipid biosynthetic pathways in yeast and mammalian
cells.

45, 48) and rat Purkinje cells (18), which was triggered by
reduction of the intercellular pools of sphingolipid metabo-
lites. These results suggest that ISP-1 is a useful tool for the
depletion of intracellular sphingolipids and for studying the
sphingolipid-mediated signaling pathway in both mammals and
yeast.

We report that ISP-1 prevents yeast proliferation due to the
inhibition of sphingolipid biosynthesis and that a multicopy
suppressor gene of ISP-1 encodes a downstream kinase of the
sphingolipid-mediated signaling pathway in yeast.

MATERIALS AND METHODS

Strains, p and reagents. S. cerevisise KMY1005a (MATa leu2-3
ura3-52 his3-200 trp1-901 lys2-801 ADE2) and S. cerevisiae KMY1006a (MATa
leu2-3 ura3-52 his3-200 trp1-901 lys2-801 ADE2) were used. A yeast genomic
DNA library in YEp13 (an episomal, multicopy yeast vector containing the
LEU?2 selectable marker) was obtained from the American Type Culture Col-
lection. ISP-1 was obtained as previously described (45) and stored in a methanol
solution at —20°C.

Molecular cloning of ISP-1-resistant genes. Plasmid pSLI, carrying the SLI
gene, was selected by screening the yeast genomic DNA library in YEp13 on SD
plates (0.67% Bacto Yeast Nitrogen Base without amino acids, 2% dextrose, 2%
Bacto Agar) containing 1.25 pM ISP-1. Yeast cells were transformed by the
lithium acetate method (33). pSLI was propagated in Escherichia coli DH5«. The
2.8-kb BstBI-BstBI fragment containing the wild-type YPKI gene from pSLI was
subcloned into YEp351 (an episomal, multicopy yeast vector containing the
LEU?2 selectable marker).

Yeast culture conditions. The SD medium (SD agar plates) consisted of yeast
nitrogen base, essential amino acids, and glucose. Colonies selected on agar
plates were inoculated into SD medium and then incubated overnight at 30°C.
Exponentially growing cultures were diluted to the desired concentrations, ali-
quoted into sterile culture tubes, and then treated with ISP-1 (1.25 uM) or
methanol as a control. Proliferation was determined as the absorbance (optical
density) at 600 nm (ODy,) measured with a Shimadzu UV-160 spectrophotom-
eter. For yeast viability measurement, a yeast culture was mixed with an equal
volume of a methylene blue solution (0.2 mg/ml in 0.1 M phosphate buffer, pH
4.6). The mixture was left for 5 min at room temperature, and then the total cells
and stained (dead) cells were counted under a microscope. Viability was ex-
pressed as the mean of the percentage of unstained cells.

Construction of plasmids. Mutant alleles of the YPKI gene were obtained
as described by Deng and Nickoloff (12). A 1.2-kb PstI-Sacl fragment of the
wild-type YPKI gene was subcloned into pBluescript IT SK+. Two kinds of point
mutants of 376-Lys were generated with a Transformer site-directed mutagenesis
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kit (Clontech Laboratories, Inc.). The mutant alleles of YPKI gene constructs
were generated by swapping the mutant region between the PstI and Sacl sites
with the corresponding region of wild-type YPKI. To construct the Ypkl-en-
hanced green fluorescent protein (EGFP) fusion protein, a YPKI DNA frag-
ment, in which the stop codon of YPKI was replaced with a leucine codon and
a HindIIIl site, was introduced after the leucine codon had been gener-
ated by long and accurate PCR using primers 5'-TATCATGGAAGCGCCTGT
TG-3" and 5'-GACTGCAGAATTCGAAGCTTCAATCTAATGCTTCTACCT
TGCA-3'. The Pyull-HindIII fragment of the PCR product was subcloned into
pBluescript KS+. The YPKI DNA fragment with a disrupted stop codon was
isolated by Xhol and HindIII digestion and then ligated into pEGFP-N1 (Clon-
tech). The YPKI-EGFP fragment was then inserted into YEp351 using linkers
containing NotI, BamHI, Xhol, and Xbal sites. Expression of the Ypkl-EGFP
fusion protein did not change on treatment with ISP-1 or phytosphingosine (data
not shown). An SGK construct was prepared by amplifying rat SGK cDNA with
primers 5'-CCGGAATTCCGGATGACGGTGAAAACTGAGGC and 5'-CGG
GATCCCGAAACCAAGCCCTAACAGGG. The PCR product was digested
with BamHI and EcoRI and then subcloned into YEp351 with the ADH]I pro-
moter. A PKHI construct were prepared by amplifying the yeast genomic DNA
library in YEp13 with primers 5'-AGCAGACACTATCTTGGTTTC and 5'-TG
TACGTACGTACACTATCCTGAAATACATGCCCG. The PCR product was
subcloned between the Sacl and Sphl sites of YEp352 (an episomal, multicopy
yeast vector containing the URA3 selectable marker). All constructs were con-
firmed by automated DNA sequencing.

Preparation of antibodies specific to the Ypkl protein. The 0.9-kb EcoRI-
EcoRI fragment corresponding to amino acids (aa) 1 to 258 of the Ypk1 protein
was ligated in frame to the 3’ end of the glutathione S-transferase (GST) gene
coding sequence in the cytoplasmic expression vector pGEX-4T-1 (Pharmacia
Biotech). Ypkl protein (aa 1 to 258)-GST binding protein was expressed in E.
coli DH5aq, followed by induction with isopropyl-B-thiogalactopyranoside. After
sonication, the fusion protein was recovered in the insoluble fraction, purified on
a glutathione-Sepharose 4B (Pharmacia Biotech) column, and then eluted from
a sodium dodecyl sulfate gel. The antigen obtained was then injected into DA
rats three times at 2-week intervals. The rats were killed under deep anesthesia.
Following its collection, blood was allowed to clot at 4°C overnight and then
centrifuged at 1,500 X g for 10 min at 4°C. The supernatant was then used as
antibodies specific to the Ypkl protein.

Immunoblotting. Total protein extracts were prepared by growing cells to the
mid-log phase, harvesting, resuspension in lysis buffer (50 mM Tris-HCI buffer
[pH 8.0] containing 1 mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin per
ml, 1 pg of pepstatin per ml, 50 mM NaF, 1 mM Na;VO,, 1.5 mM MgCl,, 150
mM NacCl), and vortexing to lyse cells for 3 min with a half volume of 0.3- to
0.5-mm-diameter glass beads as described by Kohno et al. (38). Unbroken cells
and debris were removed by centrifugation of the homogenates at 4,000 X g for
10 min. The resulting supernatant was separated on a sodium dodecyl sulfate-
polyacrylamide gel. The Ypk1 protein was detected using anti-Ypk1 protein (aa
1 to 258) antibodies. Blots were examined using a diaminobenzidine kit (Vector
Laboratories, Inc.) for the detection of overexpressed Ypkl protein or a chemi-
luminescent reagent (Pierce) for the detection of endogenous Ypkl protein.
Protein concentrations were measured with a Bio-Rad protein assay Kit.

SPT assay. SPT assays were carried out by a modification of the method of
Buede et al. (5). For each assay, the following components were used, in a final
volume of 0.2 ml: 0.1 M HEPES (pH 8.3), 0.5 mM dithiothreitol (DTT), 2.5 mM
EDTA (pH 7.4), 50 mM pyridoxal phosphate, 40 mM palmitoyl coenzyme A
(palmitoyl-CoA), 5 mM L-serine, 2 wCi of L-[*H]serine, 0.01 to 100 nM ISP-1,
and 0.5 mg of yeast total protein extract prepared with phosphate buffer (50 mM
sodium phosphate [pH 7.0] containing 5 mM DTT and 1 mM phenylmethylsul-
fonyl fluoride). After incubation for 30 min at 30°C, 0.4 ml of 0.5 M NH,OH was
added, and then the lipid products were extracted with chloroform. The chloro-
form layer was transferred to a scintillation vial and then dried down completely
before the radioactivity was measured with a Beckman LS5000 liquid scintillation
counter. The result for control without palmitoyl-CoA was subtracted from all
the measurements to calculate the specific activity.

Synchronization of yeast. For a-factor synchronization (67), strain KMY1006a
was first grown in SD medium at 30°C to a density of 0.5 X 107 cells/ml. a-Factor
(Sigma) was added to a final concentration of 0.5 U/ml. After incubation at 30°C
for 2 h, more than 95% of the cells showed the shmoo terminal morphology, as
judged microscopically. The cells were then spun down and washed three times
with prewarmed SD medium. The cells were diluted to the desired concentra-
tion, aliquoted into sterile culture tubes, and then incubated at 30°C in the
presence of ISP-1 or methanol as a control.

Flow cytometry. Yeast samples were prepared for flow cytometric analysis by
a modification of the method of Lew et al. (41). Cultures were fixed in 70%
ethanol overnight at 4°C, followed by 4 h of digestion with RNase A. The cells
were stained with propidium iodide. Samples were diluted and then sonicated for
10 s. Fluorescence was measured with a Becton Dickinson FACScan.

Alkaline phosphatase treatment of the Ypkl protein. Alkaline phosphatase
treatment was carried out as described by Kohn et al. (37). Yeast cells trans-
fected with YEp351 containing YPKI were lysed with Tris buffer, and then total
yeast protein extracts were prepared as described above. Immunoprecipitates
were prepared by preabsorbing 5 pl of anti-Ypk1 protein antibodies to 20 wl of
a 50:50 slurry of protein G-Sepharose. The beads were washed three times with
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25 mM HEPES (pH 7.6) containing 0.1% bovine serum albumin, 10% glycerol,
and 0.1% Triton X-100 and then twice with phosphatase buffer (10 mM Tris [pH
8], 1 mM MgCl,, 1 mM DTT). The beads were then incubated with shaking at
37°C for 1 h in phosphatase buffer with and without 20 U of calf intestinal
alkaline phosphatase. When required, samples containing phosphatase inhibitors
were supplemented with 10 mM NaF and 1 mM Na;VO,. The beads were then
washed once with 25 mM HEPES (pH 7.6) containing 0.1% bovine serum
albumin 10% glycerol, and 0.1% Triton X-100 and resuspended in the gel
loading buffer.

Sphingolipid synthesis. Two-milliliter cultures were grown to 2 X 10° cells/ml
in SD medium at 30°C and then labeled with [*H]serine (20 wCi/ml) for 4 h. The
cultures were chilled on ice after the addition of 0.5 ml of unlabeled stationary-
phase cells and then subjected to centrifugation at 2,800 X g for 10 min at 4°C.
The cells were washed two times with 5 ml of cold H,O and then treated with 5%
trichloroacetic acid at 4°C for 20 min. Lipids were extracted twice with 1 ml of
ethanol-water-diethyl ether-pyridine-NH,OH (15:15:5:1:0.018) at 60°C as de-
scribed elsewhere (28). The [*H]serine-labeled extract was subjected to mild
alkaline methanolysis with 0.1 N KOH. The lipid products were extracted with
chloroform as described above for the SPT assay. The lipid products were dried
under N, resuspended in 0.04 ml of chloroform-methanol-H,O (16:16:5), ap-
plied to a silica gel thin-layer chromatography plate, and then resolved with
CHCl;-methanol-4.2 N NH,OH (9:7:2). Radioactive bands were visualized with
a BAS 3000 image analyzer.

Microscopy. The Ypk1-EGFP fusion protein was observed by confocal mi-
croscopy (Olympus) without fixation. Samples were treated for 4 h with methanol
(as a control), ISP-1, and phytosphingosine.

RESULTS

Inhibition of yeast cell growth by ISP-1 was prevented by the
addition of phytosphingosine. In our previous study, ISP-1 was
found to inhibit the SPT activity of CTLL-2 cells (45). The
similarity of the sphingosine biosynthesis pathways in mamma-
lian and yeast cells prompted us to examine whether ISP-1 has
any influence on SPT in yeast. As shown in Fig. 2A, the SPT
activity of yeast was inhibited in a dose-dependent manner with
nanomole concentrations.

The effect of ISP-1 on yeast growth was examined since the
genes encoding SPT are essential for yeast cell growth (47, 53).
When yeast cells were treated with ISP-1, cell growth was
inhibited after about 5 h (Fig. 2B). The viability of yeast cells
was markedly decreased after the growth inhibition (Fig. 2C).
Because SPT is the primary enzyme involved in sphingolipid
biosynthesis, ISP-1 also reduced the intracellular pools of
sphingolipids in yeast (see Fig. 5B).

To determine whether the sphingolipid depletion is a direct
trigger of yeast cell death, the effect of exogenously added
phytosphingosine, a metabolite of yeast sphingolipids, on ISP-
1-induced yeast growth inhibition was studied. Phytosphin-
gosine is easily incorporated into yeast cells and then converted
to other sphingolipids (19). Yeast cells were grown in medium
containing 1.25 wM ISP-1 and 5 wM phytosphingosine. The
growth inhibition induced by ISP-1 was completely abolished
(Fig. 2B). These results confirmed that ISP-1 induced yeast
growth inhibition triggered by reductions in the intracellular
level of sphingolipids due to the inhibition of SPT by ISP-1.

ISP-1 inhibits cytokinesis but not DNA replication. To fur-
ther clarify the mechanism underlying the inhibition of yeast
growth by ISP-1, we examined the effect of ISP-1 on a-factor-
arrested yeast cells. KM'Y1006a, which has the same genotype
as KMY1005a except that its mating type is the a type, was
used in this experiment. Cells were synchronized at the G,
phase of the cell cycle with a-factor (Fig. 3A) and then re-
leased from the G, block in the absence or presence of ISP-1.
The percentage of unbudded cells was determined microscop-
ically as a parameter of the cell cycle every 15 min (Fig. 3C),
and cell numbers were determined by measuring the ODg,
(Fig. 3D). The growth of synchronized cells was arrested pri-
marily, with a late S or G,-like morphology, in the second cell
cycle (Fig. 3C). However, the DNA content increased after the
arrest, and the average DNA content finally reached that in the
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FIG. 2. Effects of ISP-1 on yeast cells. (A) In vitro SPT activity was inhibited
by ISP-1 in a dose-dependent manner. The effect of ISP-1 on SPT was studied
using a low-speed supernatant of sonicated yeast cells as the enzyme source.
Samples were prepared and analyzed as described in Materials and Methods. (B)
Growth inhibition of ISP-1 was abolished by the addition of phytosphingosine
(PHS). KMY1005« cells were grown in medium containing 1.25 uM ISP-1 and
5 uM phytosphingosine. Proliferation was determined by measuring the ODgq.
(C) Effect of ISP-1 on yeast cell viability. Values represent the means = standard
deviations for three determinations.

4C state, at which ISP-1-treated cells died (Fig. 3B); this result
was consistent with a mismatch between cell division and DNA
synthesis of yeast due to the long-chain-base starvation (52).
These findings suggest that ISP-1 inhibits cytokinesis but not
DNA replication.

Isolation of SLI genes. The above findings prompted us to
isolate multicopy suppressor genes for ISP-1-induced sphingo-
lipid depletion as candidates for the downstream components
of the sphingolipid-mediated signaling pathway in yeast. A
yeast multicopy plasmid-based genomic DNA library was used
to screen for ISP-1 resistance genes. Approximately 3,400
transformants were screened on plates containing 1.25 pM
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FIG. 3. Effect of ISP-1 on the yeast cell cycle. The DNA contents of a-factor synchronized cells were determined by flow cytometry before (A) and after (B) 3 h
of incubation with 1.25 wM ISP-1 or methanol as a control. During the incubation, the percentage of unbudded cells (C) and yeast growth (D) were determined every
15 min. Yeast cells were incubated with 1.25 pM ISP-1 or the methanol vehicle (control) for 4 h at 30°C.

ISP-1. As previously described, 1.25 uM is the lowest concen-
tration that can completely inhibit yeast cell growth. Twenty
colonies showed ISP-1 resistance. Based on the results of DNA
sequence analysis, the inserts of the plasmids isolated from the
20 positive yeast colonies were classified as four genes, referred
toas SLI1,SLI2, SLI3, and SLI4 (SLI denotes sphingosine-like
immunosuppressant resistance gene). SLI2 is a synonym of
YPKI (7). Below we focus on YPKI.

Previously, YPKI was isolated by hybridization to bovine
cyclic AMP-dependent protein kinase cDNA and mapped to
the left arm of chromosome XI (43). The protein kinase cat-
alytic domain is located in the carboxy-terminal portion of the
Ypkl protein (Fig. 4A).

Kinase-dead mutants of the Ypkl protein did not exhibit
any resistance to ISP-1. As shown in Fig. 4B, yeast cells over-
expressing the Ypkl protein showed considerable resistance to
ISP-1. To determine whether the protein kinase activity is
essential for the function of YPKI, we mutated Lys-376 in the
ATP-binding domain of the Ypkl protein to arginine or ala-
nine. This lysine residue is predicted to be directly involved in
the anchoring of the y phosphate group of ATP (Fig. 4A) (35).
In addition, substitution with any other amino acid, including
arginine, would be expected to abolish the ability of the Ypkl
protein to transfer phosphate to its target amino acids. Indeed,
the two mutants were found to be kinase dead when the kinase
activity was measured using Crosstide (GRPRTSSFAEG in
single-letter amino acid code) (1, 6), a peptide substrate (Y.
Sun and Y. Kozutsumi, unpublished data). Mutation of these
sites had no effect on either the expression levels of the Ypkl
protein or the growth phenotype of yeast in the absence of
ISP-1 (data not shown). However, these kinase-dead mutants
showed no resistance to ISP-1 (Fig. 4B). These results dem-
onstrated that the kinase activity of the Ypkl protein is indis-
pensable for the resistance to ISP-1.

Overexpression of the Ypkl protein has no effect on SPT
activity or sphingolipid metabolism. A possibility for the ISP-1

resistance of the Ypkl protein may be that it exerts ISP-1
resistance activity through the upregulation of sphingolipid
biosynthesis. To examine this possibility, the effects of Ypkl
protein overexpression on both in vitro SPT activity and the de
novo synthesis of sphingolipids were studied. As shown in Fig.
SA, overexpression of the Ypkl protein had no effect on the
activity of SPT. For the de novo synthesis of sphingolipids,
yeast cells were labeled with [*H]serine in the presence and
absence of ISP-1. The lipid extracts were analyzed by thin-layer
chromatography after mild alkaline methanolysis. As shown in
Fig. 5B, ISP-1 decreased the de novo synthesis of sphingolipids
in both the control and overexpressing YPKI cells. Therefore,
the ISP-1 resistance activity of the Ypkl protein is not due to
upregulation of sphingolipid biosynthesis. These observations
suggested that the Ypkl protein does not act upstream of
sphingolipid biosynthesis in yeast.

Phosphorylation of the Ypkl protein is regulated by sphin-
golipids. The Ypkl protein overexpressed in yeast was de-
tected with anti-Ypkl protein antibodies as a doublet band.
The upper band material was the phosphorylated form, since
upon phosphatase treatment it was converted to the lower
band material (Fig. 6A). Interestingly, the phosphorylated
form of the Ypkl1 protein was dominant when the intracellular
sphingolipid concentration was increased by the addition of
phytosphingosine. In contrast, the upper bands of the overex-
pressed and endogenous Ypkl1 proteins decreased with ISP-1-
induced sphingolipid depletion (Fig. 6B and C, respectively).
Furthermore, the addition of phytosphingosine to ISP-1-
treated cells suppressed the reduction of the upper band (Fig.
6B and C). These observations suggest that the phosphoryla-
tion of the Ypkl1 protein is regulated by the intracellular sphin-
golipid concentration. Phosphorylation of the Ypkl protein
was not due to autophosphorylation, because the two kinase-
dead mutant proteins were also phosphorylated, and this phos-
phorylation was regulated by the sphingolipid level (data not
shown).
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The intracellular localization of the Ypkl protein is regu-
lated by sphingolipids. The intracellular localization of the
Ypkl protein was visualized by means of the fusion protein
with EGFP. The ISP-1 resistance activity of the Ypkl1-EGFP

protein was weaker than that of the wild-type Ypkl protein
itself, but it still had significant activity (data not shown). Dur-
ing the yeast cell cycle, the Ypkl1-EGFP fusion protein was
distributed both on the plasma membrane and in the cytosol
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1 and 2) or presence (lanes 3 and 4) of 1.25 wM ISP-1. Sphingolipids were analyzed as described in Materials and Methods. The positions of standard lipids are indicated
by brackets. CER, ceramide; PHS, phytosphingosine; IPC, inositol phosphorylceramide; MIPC, mannose inositol phosphorylceramide; M(IP),C, mannose diinositol

diphosphoryl-ceramide.
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FIG. 6. Phosphorylation of the Ypkl protein. (A) Calf intestinal alkaline
phosphatase treatment of the Ypk1 protein. The Ypk1 protein was immunopre-
cipitated from extracts of YPKI transformants using anti-Ypk1 protein antibod-
ies, and then the immobilized Ypkl protein was treated with 20 U of calf
intestinal alkaline phosphatase (CIP) at 37°C for 30 min in the absence or
presence of phosphatase inhibitors (10 mM NaF and 1 mM Na;VO,). The
phosphatase-treated Ypkl protein was analyzed by immunoblotting using anti-
Ypkl1 protein antibodies. Phosphorylation of the overexpressed Ypk1 protein (B)
and the endogenous Ypkl1 protein (C) decreased following treatment with ISP-1
and increased following treatment with phytosphingosine (PHS). When the ef-
fects of ISP-1 and/or phytosphingosine on phosphorylation were monitored, the
YPKI transformants and nontransformant (for the detection of endogenous
Ypkl protein) were cultured for 1 h in the presence of 1.25 uM ISP-1 and/or 5
1M phytosphingosine, and then the Ypkl protein was analyzed.

(Fig. 7). Greater accumulation was detected on the plasma
membrane, such as in the budding area (Fig. 7A), a daughter
cell and the neck region of the mother cell in the S phase (Fig.
7B), and the septum between a mother cell and a daughter cell
in the G, phase (Fig. 7C). On the other hand, such plasma
membrane localization was almost absent in the case of ISP-
1-induced sphingolipid depletion (Fig. 7E). The addition of
phytosphingosine induced high-level accumulation throughout
the plasma membrane (Fig. 7F). These findings suggest that
the intracellular localization of the Ypkl protein is also regu-
lated by the sphingolipid level.

Overexpression of the SGK or Pkhl protein conferred re-
sistance to ISP-1. YPKI encodes a serine/threonine protein
kinase which is homologous to mammalian serum- and glu-
cocorticoid-inducible kinase SGK (6). SGK is a novel serine/
threonine protein kinase transcriptionally regulated by serum
and glucocorticoids in rat mammary tumor cells (65) and also
regulated through alterations in cell volume in human hepa-
toma cells (63). As shown in Fig. 8A, overexpression of SGK
also resulted in considerable resistance to ISP-1 under the
control of the yeast ADHI promoter. On the other hand, the
upstream kinase of SGK in mammals is known to be 3-phos-
phoinositide-dependent kinase 1 (PDK1). The yeast homo-
logue of PDK1 is the Pkh1 protein, which phosphorylates the
Ypkl protein (6). Indeed, overexpression of the Pkhl protein
overcame the ISP-1-dependent growth inhibition of yeast (Fig.
8B).
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DISCUSSION

In this report, we showed that ISP-1 inhibited SPT activity in
yeast and reduced intracellular sphingolipid levels. This sphin-
golipid depletion consequently inhibited yeast growth.

A gene encoding the protein kinase, SLI2 (YPKI) was iso-
lated as an ISP-1-resistant gene. Kinase-dead mutants of YPK/
did not show any resistance to ISP-1, leading us to predict that
the kinase activity of the Ypkl protein should be essential for
its function as to the resistance to ISP-1. There are two possi-
bilities that might explain how the Ypkl protein shows resis-
tance to ISP-1: (i) overexpression of the Ypkl protein may
upregulate intracellular sphingolipid biosynthesis; (ii) the
Ypkl protein may act downstream of the sphingolipid-medi-
ated signaling pathway. The latter possibility was further sup-
ported by several results obtained in this study. Overexpression
of the Ypkl protein had no effect on SPT activity or sphingo-
lipid synthesis, suggesting that the Ypkl protein does not act
upstream of sphingolipid biosynthesis in yeast. The phosphor-
ylated form of the Ypkl protein was decreased by ISP-1-in-
duced sphingolipid depletion but was dominant when the in-
tracellular sphingolipid concentration was increased by the
addition of phytosphingosine, suggesting that the concentra-
tions of sphingolipids controls Ypkl protein phosphorylation.
Finally, the overexpressed Ypkl-EGFP protein was found to
be predominantly localized to the plasma membrane in a
sphingolipid-dependent manner. The pattern and timing of the
change of the protein localization are quite similar to those in
the cases of Rhol, Cdc42p, and Spa2p (34), which function in
bud growth and cytokinesis of yeasts. Overexpression of the
Ypkl protein overcame the ISP-1-induced G, arrest in yeasts.
Overall, the Ypk1 protein is thought to play important roles in
yeast bud growth and cytokinesis. However, both a change in
the subcellular localization and abrogation of G, arrest were
detected using the overexpressed protein, and therefore the
endogenous Ypkl protein’s function should be examined more
carefully.

Yeast cells contain both simple and complex sphingolipids.
The simple sphingolipids are mainly phytosphingosine and
phytoceramide, which are also present in mammals. On the
other hand, the complex sphingolipids containing phosphoino-
sitol, such as inositol phosphorylceramide, mannose inositol
phosphorylceramide, and mannose diinositol diphosphorylce-
ramide, are not detected in mammals (Fig. 1). Specific sphin-
golipids capable of regulating the phosphorylation and intra-
cellular localization of the Ypkl protein have not yet been
found. Aureobasidin A is an inhibitor of yeast inositol phos-
phorylceramide synthase that catalyzes the transfer of inositol
phosphate from phosphatidylinositol (PI) to ceramide to give
inositol phosphorylceramide (Fig. 1) (15, 32, 46). Treatment of
yeast with aureobasidin A results in a reduction of inositol-
containing sphingolipids and growth inhibition. Overexpres-
sion of the Ypkl protein did not cause any resistance to au-
reobasidin A-mediated growth inhibition (data not shown),
suggesting that the sphingolipid involved in the regulation of
the Ypkl protein may not be an inositol-containing sphingo-
lipid.

The detailed mechanism underlying the observation that the
overexpressed Ypkl protein overcomes cell death triggered by
sphingolipid depletion, even under conditions where most of
the overexpressed Ypkl protein is dephosphorylated in the
presence of ISP-1, is not known. One possibility is that the
dephosphorylated Ypkl protein may have slight kinase activ-
ity, and an excess amount of the dephosphorylated Ypkl1 pro-
tein may be sufficient to activate the pathway. Alternatively,
the dephosphorylated Ypkl protein may be activated through



VoL. 20, 2000

A

DOWNSTREAM KINASE IN SPHINGOLIPID SIGNALING PATHWAY 4417

FIG. 7. Intracellular localization of the Ypkl protein. Ypk1-EGFP fusion protein-expressing yeast cells were synchronized with a-factor and then released.
G,-phase (A), S-phase (B), and M-phase/cytokinesis (C) yeast cells were obtained. The Ypk1-EGFP fusion protein (A to C) was visualized. The Ypk1-EGFP fusion
protein-expressing cells were incubated without synchronization and then treated with the methanol vehicle (D), 1.25 pM ISP-1 (E), or 5 uM phytosphingosine (F)

for 4 h. The Ypk1-EGFP fusion protein was observed by confocal laser microscopy.

an unknown pathway and then overcome the ISP-1-triggered
lethal sphingolipid depletion.

Yeast contains a homologue of YPKI, called YPK2 (7). The
YPK?2 null mutant yeast does not show any specific phenotype,
and the YPKI null mutant shows slower cell growth. However,
the YPKI YPK2 double null mutation is completely lethal (7).
Taking the yeasticidal activity of ISP-1 on sphingolipid deple-
tion into account, both the Ypkl and Ypk2 proteins may act in
parallel downstream of the sphingolipid-mediated signaling
pathway. The Ypkl protein predominantly contributes to the
pathway, and the Ypk2 protein may support its effects.

The two kinase-dead mutants of the Ypk1 protein were also
phosphorylated, suggesting that the sphingolipid levels control
the phosphorylation level of the Ypkl protein through a pu-
tative sphingolipid-dependent kinase acting upstream of the
Ypkl protein. The Ypkl protein is phosphorylated and acti-
vated by the Pkhl protein, which is a homologue of mamma-
lian PKD1 (6). PDK1 is thought to serve as a central signaling
integrator for receptor-mediated activation of PI 3-kinase, be-
cause PDKI1 phosphorylates numerous protein kinases includ-
ing protein kinase B (PKB) (60), p70 S6 kinase (2, 54), PKA
(8), PKC{ (13), and SGK, which is the mammalian homologue
of the Ypkl protein (36); this finding is consistent with data

showing that the overexpressed SGK or Pkh1 protein exhibited
ISP-1-resistant activity in yeast.

PDKI1 has a pleckstrin homology domain which binds to
PI-3,4,5-triphosphate or PI-3,4-bisphosphate (61). However,
the yeast PDK1 homologue Pkhl protein lacks a pleckstrin
homology domain. Furthermore, yeast lacks the ability to gen-
erate PI-3,4,5 triphosphate or PI-3,4-bisphosphate (14, 29).
These observations suggest that yeast uses sphingolipids in-
stead of phosphoinositides as lipid activators. On the other
hand, ISP-1 had various effects on mammalian cells, including
the induction of apoptosis of mouse cytotoxic T cells (17, 45,
48) and rat Purkinje cells (18), resulting from the sphingolipid
depletion caused by ISP-1. Therefore, sphingolipid signaling
may occur in mammals similarly to in yeast, and SGK may be
involved in this pathway similarly to the Ypkl protein.

The ISP-1 used in this study for the depletion of sphingo-
lipids in yeast is known to be an apoptosis-inducing immuno-
suppressant (17, 45, 48). FTY720, which is an analogue of
ISP-1, can be tested in humans for clinical immunosuppressive
regimens because it exhibits little apparent toxicity in vivo (9,
10, 62). The findings in this study will facilitate elucidation of
the details of the mechanisms of action of these immunosup-
pressants.
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FIG. 8. Overexpression of SGK or the Pkh1 protein overcame ISP-1-induced

cell death. Yeast was transformed with plasmids containing the wild-type YPKI
and SGK gene (A) or PKH] (B). Transformants were plated on leucine-deficient
SD plates containing 1.25 wM ISP-1 or methanol. Strain KMY1005« trans-
formed with plasmid YEp351 or YEp352 was used as a control. The plates were
incubated at 30°C for 2 days.
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