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Ceramide is not only a core intermediate of sphingo-
lipids but also an important modulator of many cellular
events including apoptosis, cell cycle arrest, senescence,
differentiation, and stress responses. Its turnover may
be tightly regulated. However, little is known about the
regulation of its metabolism because most enzymes re-
sponsible for its synthesis and breakdown have yet to be
cloned. Here we report the cloning and characterization
of the yeast gene YPC1 (YBR183w) by screening Saccha-
romyces cerevisiae genes whose overexpression bestows
resistance to fumonisin Bl. We demonstrate that the
yeast gene YPCI encodes an alkaline ceramidase activ-
ity responsible for the breakdown of dihydroceramide
and phytoceramide but not unsaturated ceramide. YPC1
ceramidase activity was confirmed by in vitro studies
using an Escherichia coli expression system. Impor-
tantly, YPClp also has reverse activity, catalyzing syn-
thesis of phytoceramide from palmitic acid and phyto-
sphingosine. This ceramide synthase activity is CoA-
independent and is resistant to fumonisin Bl, thus
explaining why YPCI was cloned as a fumonisin Bl-
resistant gene.

Ceramide forms the backbone of complex sphingolipids in
mammalian cells. Ceramide, its breakdown product sphingo-
sine, and its metabolite sphingosine-1-P are important signal-
ing molecules that mediate different cellular events including
apoptosis, growth arrest, stress responses, and proliferation
(see reviews Refs. 1-4). As a signaling molecule, turnover of
ceramide must be tightly regulated. Ceramide synthase and
ceramidase catalyze synthesis and degradation of ceramide,
respectively.

Ceramide synthase activity has been detected in mammalian
(5) and yeast cells (6). It catalyzes the acylation of sphingosine
by a fatty acyl-CoA. Additional studies show that ceramide can
also be synthesized in vitro from sphingosine and palmitic acid
in a CoA-independent reverse activity of a sphingolipid ceram-
ide deacylase (7) or an alkaline ceramidase (8). To date no
ceramide synthase has been purified or cloned.

Several ceramidase activities responsible for the breakdown
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of ceramide have been detected in mammalian cells (9). Cer-
amidases are classified as acidic, neutral, or alkaline based on
their pH optimum. Acidic ceramidase is localized in lysosomes
and is responsible primarily for catabolism of ceramide (10).
This enzyme has been identified, and its cDNA has been cloned
from human (11) and mouse (12). On the other hand neutral
and alkaline ceramidases have been implicated in signal trans-
duction and cell regulation (13, 14). One of these enzymes has
recently been characterized and purified to homogeneity (15).

As in mammals, dihydroceramide and phytoceramide are
important intermediates of complex sphingolipids in the yeast
Saccharomyces cerevisiae (4). Several studies have implicated
dihydro/phytoceramide, dihydro/phytosphingosine, and dihy-
dro/phytosphingosine 1-phosphate in mediating regulation of
cell growth and stress responses in yeast (16—18). Conse-
quently, cellular levels of these sphingolipids have to be regu-
lated either by their immediate conversion to more complex
sphingolipids or by their breakdown. Coordinated action of
multiple metabolic enzymes is a key to fulfill this task of
regulation and underscores the importance of this regulation
for signaling processes in S. cerevisiae. Identification of these
enzymes will facilitate our understanding of the signaling pro-
cesses mediated by sphingolipids.

We elected to apply yeast genetic techniques to clone ceram-
ide synthase. This enzyme is also a target of a fungal toxin,
namely fumonisin B1, which inhibits cell growth by suppress-
ing synthesis of sphingolipids (6). We therefore used the strat-
egy of overexpressing a high copy yeast genomic DNA library to
identify genes whose overexpression endows resistance to
growth suppression by fumonisin B1. By using this strategy we
identified a gene whose overexpression imparts on cells the
ability to synthesize sphingolipids in the presence of fumonisin
B1. Here we describe this approach, and we provide evidence
that the gene we obtained, YPCI,! in fact encodes a yeast
alkaline ceramidase. Moreover, YPC1lp also has the reverse
activity of catalyzing ceramide formation from phytosphin-
gosine and palmitic acid independent of coenzyme A, thus
explaining why we obtained this enzyme as a fumonisin B1-
resistant gene.

MATERIALS AND METHODS

Yeast and Bacterial Strains—Yeast strains used in this study are
listed in Table I. The mutant strain Ayorl was derived from the wild
type JK9-3d « by replacing a portion (from the start codon to nt 1073)
of the YOR1 coding sequence with the G418-resistant gene (KanMax) as

! The abbreviations used are: YPCI, the Yeast Phyto-ceramidase
gene; YPClp, the product of the YPC1 gene; G418, geneticin; nt, nucle-
otide; PCR, DNA polymerase chain reaction; ORF, open reading frame;
DHS, dihydrosphingosine; DHS-1-P, dihydrosphingosine 1-phosphate;
PHS, phytosphingosine; PHS-1-P; phytosphingosine 1-phosphate; IPC,
inositol phosphoceramide; MIPC, mannosylated IPC; ER, endoplasmic
reticulum.

This paper is available on line at http://www.jbc.org
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TABLE I
Yeast strains used in this study
Strain Genotype Source
JK9-3d a MAT a leu2-3,112 ura3-52 rmel trpl Mao et al. (18)
his4 HMLa
JK9-3d « MAT « leu2-3,112 ura3-52 rmel trpl Mao et al. (18)
his4 HML a
Ayorl MAT « leu2-3,112 ura3-52 rmel trpl This study
his4 yorIA::KanMax4 HML «a
Aypcl MAT o leu2-3,112 ura3-52 rmel trpl This study
his4 ypclA::KanMax4 HML a
Ayor1-Vec Derivative of Ayorl transformed with This study
the vector pYES2
Ayor1-Vec The derivative of Ayorl transformed This study
with the vector pYES2
Ayor1-YPC1  The derivative of Ayorl transformed This study

with pYES2-YPC1

described (19). Wild type and mutant strains were grown in YPD
medium (1% yeast extract, 2% peptone, and 2% dextrose, Difico). Plas-
mid-containing strains were grown in a uracil dropout medium SC-ura
(CLONTECH). SC-ura medium with fumonisin B1 (450 um) and Non-
idet P-40 (0.005%) purchased from Sigma were used for selection of
fumonisin Bl-resistant transformants. SC-ura medium with 2% galac-
tose was used to induce gene expression under control of the Gall
promoter in the vector pYES2. Epicurian coli XL-1 and SURE strains
were used for most gene manipulations. E. coli Topl0 strain was used
for expression of yeast proteins.

Disruption of the YPC1 Gene—The YPC1 gene was replaced by a
disruption construct consisting of the G418-resistant gene (KanMax)
flanked by 5’ end (nt 16—-46) and 3’ end (nt 892-926) of the YPC1 coding
region as described (19). The diploid cells containing the ypcI deletion
allele were sporulated, and the resulting tetrads were dissected as
described (18). The haploid strain (Aypcl) harboring the ypcI deletion
allele was selected by resistance to G418, and deletion of YPC1 was
verified by PCR using a primer upstream of the start codon of the YPC1
coding region and another primer located in the middle of the gene
KanMax.

Construction of the Yeast Genomic DNA Library—DNA was isolated
from the yeast strain AyorI as described (20). To remove RNA, RNase
(free from DNase I) was added to DNA preparations and incubated at
37 °C for 30 min. DNA was partially digested with the diluted Sau31A
for 20 min. Sau31A-digested DNA was run on 0.8% agarose gel, and
4—6-kilobase DNA fragments were excised and purified by a Ultra-
Free-DA unit (Amicon) as suggested by the manufacturer. After being
extracted with phenol:chloroform:isoamyl alcohol (25:24:1) followed by
chloroform using a phase lock gel tube (5" — 3, Inc., Boulder, CO), DNA
was concentrated and desalted by a Microcon 100 device (Amicon) and
quantitated by an UV spectrometer (Bechman) using a built-in DNA
analysis program. The DNA concentration was adjusted to 0.5 pg/ul
with 0.5X TE buffer (5 mm Tris-HCl, pH 7.4, containing 0.5 mMm EDTA).
The purified DNA (50 ng) was ligated at 14 °C overnight to 50 ng of the
plasmid YEplac195 (21) which was digested by BamHI and dephospho-
rylated by the shrimp alkaline phosphatase (Roche Molecular Bio-
chemicals). The ligation reaction (10 ul) was desalted by the Microcon
100 device, and 1/5 of the ligated DNA was transformed into SURE2-
competent cells (Stratagene) by electroporation at 17 kV/em field
strength, 200 megohms resistance, 25 microfarads capacitance. Trans-
formants were selected on LB plates with 75 ug/ml ampicillin. A total of
5 X 10° transformants was obtained, with 98% of them having inserts
based on a DNA digestion test. All transformants were pooled and spun
down at 4,000 rpm in a 150-ml centrifuge bottle for 15 min at 4 °C.
Plasmids were purified using a Maxi-prep kit (Qiagen) after cells were
washed twice with ice-cold TE buffer (10 mm Tris-HCl, pH 7.4, 1 mMm
EDTA).

Cloning of the YPC1 Gene—The S. cerevisiae strain Ayorl was trans-
formed with the above genomic DNA library by a modified lithium
acetate method (22), and transformants were selected for uracil pro-
totrophs. Approximately a total of 1 X 10° transformants was obtained
and pooled. After cells were diluted to a density of 1 X 10° cells/ml, 0.2
ml of cells was plated onto each of 5 SC-ura plates containing 450 um
fumonisin B1 and 0.005% Nonidet P-40. The plates were incubated at
30 °C for 4 days. More than 100 transformants that survived on fumo-
nisin B1 plates were obtained. Twenty transformants were chosen for
further analysis. Plasmids were isolated from these 20 transformants
as described (20) and transformed into the E. coli SURE strain by
electroporation. Plasmids were amplified and purified as described (20).
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To confirm that resistance to fumonisin B1 was due to overexpression of
a gene in a plasmid, each plasmid was re-introduced into the Ayorl
strain. The transformants were tested for resistance to fumonisin B1 by
growing on the fumonisin B1 plates. Inserts in the plasmids that gave
resistance to fumonisin B1 were partially sequenced from both ends
using primers 5'CAGCTATGACCATGATTACGCC3' (forward) and
5'ACGTTGTAAAACG ACGGCCAGTGS' (reverse). Searching the Sac-
charomyces Genomic Data base (SGD) with the partial sequences de-
rived the entire sequences of inserts.

Plasmid Construction for Protein Expression in Yeast—The open
reading frame (ORF') of the YPC1 gene was amplified by PCR (1 cycle of
94 °C for 2 min; 30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for
1 min; 1 cycle of 72 °C for 10 min) using the precision plus Taq
polymerase (Stratagene, Inc.) and the primers 5'CGGGGTACCATGG-
GAATATTTCGTTGGAACTATC3' (forward) and 5'CGGGAATTCTTA-
CTTCTCCTTTTTAACTTCAATTGATTGATC3’ (reverse). The ampli-
fied products were digested by restriction enzymes Kpnl and EcoRI and
cloned into Kpnl and EcoRI sites of the vector pYES2 to yield the
construct pYES2-YPC1, thus expressing YPClp under control of the
promoter Gall. The construct pYES2-YPC1 and the empty vector
pYES2 were introduced into the strain Ayorl by the lithium acetate
method after sequencing to ensure that no errors were introduced into
the YPC1 ORF by PCR. The strain containing pYES2-YPC1 or pYES2
was grown and maintained in SC-ura medium with 2% glucose. Expres-
sion of YPC1p was induced in SC-ura medium with 2% galactose.

Expression of YPClp in E. coli—The coding sequence of the gene
YPC1 was excised by restriction enzymes Kpnl and EcoRI from the
plasmid pYES2-YPC1 and cloned into Kpnl and EcoRI sites of the
vector pPBAD/His B (Invitrogen) which was digested by the same en-
zymes to create pBAD/His-YPC1, thus expressing the polyhistidine
(His) and Xpress tagged YPC1p under control of the araBAD promoter
(Psap)- PBAD/His and pBAD/His-YPC1 were introduced into the E. coli
strain TOP10 by electroporation. Expression of the tagged YPC1p was
induced by 0.2% arabinose whose concentration was optimized as sug-
gested by the manufacturer. Expression of the tagged YPClp was
verified by Western blotting analysis using the mouse monoclonal an-
tibody against the Xpress or His tag (Invitrogen, Inc.). The tagged
YPC1p was extracted from E. coli cells by treating with lysozyme in a
lysis buffer (25 mm Tris-HCI, 0.1 mM phenylmethylsulfonyl fluoride and
20 pg/ml CLAP (CLAP, the mixture of chymostatin, leupeptin, aproti-
nin, and pepstatin)) followed by several cycles of freezing and thawing
and a brief sonication according to the procedures suggested by the
manufacturer. The tagged YPC1p was purified by a Talon metal affinity
column (CLONTECH, Inc.) according to procedures provided by the
manufacturer.

Preparation of Radiolabeled Ceramides—[*H]Ceramide and phytoce-
ramide were synthesized as follows: N-[9,10-*H]p-erythro-C16-ceram-
ide and N-[9,10-*H]p-ribo-C16-phytoceramide were prepared by acyla-
tion of the respective sphingoid bases with [9,10-*H]palmitoylchloride
generated in situ from [9,10-*H]palmitic acid as described (23).
D-Erythrosphingosine was obtained in stereo- and enantio-specific syn-
thesis as described previously (24). Phytosphingosine was from Sigma.
N-Hexanoyl-p-erythro-[4,5-*H]dihydrosphingosine ([*H-]C-6-dihydroce-
ramide), D-erythro-[4,5-°H]dihydrosphingosine, and D-erythro-[4,5-
3H]dihydrosphingosine 1-phosphate were from American Radiolabeled
Chemicals (ARC, Inc.).

Preparation of Microsomes—Microsomes were isolated from the
yeast cells as described (20) with minor modification as follows. Cells
were suspended in a lysis buffer (25 mm Tris-HCI, pH 7.4, containing
0.1 M phenylmethylsulfonyl fluoride and 20 pg/ml CLAP) after being
washed twice with ice-cold water. Cells were homogenized three times
(8 X 30 s) with acid-washed glass beads (Sigma) using a Mini-bead-
beater-8 (Biospec Products) set at the maximum speed. The cells were
chilled on ice for 1 min between homogenizations. The resulting super-
natant was transferred to a new tube after centrifugation at 2,000 rpm
for 5 min. Unbroken cells and cell debris were removed by centrifuga-
tion at 4,000 rpm for 5 min. To pellet the membrane fraction, the
supernatant was centrifuged at 40,000 rpm for 40 min at 4 °C. The
membrane fraction was rinsed gently with the lysis buffer and sus-
pended in an appropriate assay buffer. Protein concentrations were
determined using a Bradford reagent (Bio-Rad).

Measurements of Ceramidase Activity and Its Reverse Activity—
[*H]Ceramide (2.75 nmol), [*H]phytoceramide (2.5 nmol), or [*H]C-6-
dihydroceramide (0.2 nmol) in ethanol was dried on a SpeedVac (Sa-
vant) and dissolved in 20 pl of the assay buffer A (25 mm Tris-HCI, pH
8.0, 5 mMm CaCl) with 0.5% Triton X-100 by boiling for 10 s followed by
sonication in a water bath ultrasonicator (Cole-Parmer) for 2 min as
described (25). To measure ceramidase activity, 20 ul (approximately
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Fic. 1. Overexpression of YPC1 bestows resistance to fumoni-
sin B1. Yeast cells grown to the late log phase in SC-ura medium were
serially diluted. Three ul of cells from each dilution were spotted onto
SC-ura medium with or without fumonisin B1 and incubated at 30 °C
for 3 days. The plates were photographed on a ChemImage system
(Alpha-Inotech). A, cells with an empty vector (Yeplac195) or with the
vector containing inserts (clones 1-3) were grown on SC-ura plates
containing 2% glucose; B, cells of the strain AyorI-Vec or Ayor1-YPC1
were grown on SC-ura plates containing 2% galactose. Fum, fumonisin
B1.

150-300 pg of proteins) of microsomes were added to substrates, and
reactions were incubated at 30 °C for 40-90 min. Both the protein
concentration and the time of incubation were within the linear range
for the assay. The reactions were terminated by adding 200 ul of
chloroform:methanol (2:1, v/v). Reaction mixture was dried and dis-
solved in 30 ul of chloroform:methanol (2:1, v/v). 25 ul of the mixture
was applied onto a silica gel 60A TLC plate (Whatman) and resolved by
the solvent system I (chloroform, methanol, 25% ammonium hydroxide,
9:2:0.5, v/v) (25). Free palmitic acid or DHS, the reaction product sep-
arated from the substrate by TLC, was identified according to a stand-
ard and quantified by a scintillation counter. One unit of ceramidase
was defined as the amount of the enzyme needed to release 1 pmol of
palmitic acid or dihydrosphingosine per min.

To measure the activity of ceramide synthase independent of fatty
acyl-CoA, phytosphingosine (5 nmol) and [*H]palmitic acid (0.3 nmol)
were dried on a SpeedVac and dissolved in 20 ul of the buffer A as
described above. Twenty ul of microsomes were added to the above
substrates and incubated at 30 °C for 4-5 h. Both protein concentration
and time of incubation were within the linear range for the assay.
Reactions were terminated as described above. Ceramide formation was
analyzed by the same TLC system with C16-phytoceramide as a stand-
ard. One unit of ceramide synthase was defined as the amount of the
enzyme needed to form 1 pmol of phytoceramide per min.

Sphingolipid Labeling—Cells (3 X 107 in 1 ml of medium) were
labeled with [*H]palmitic acid, serine, or C-6-dihydroceramide (5-10
nCi) at 30 °C for different periods. Total lipids were extracted, deacyl-
ated by monomethylamine (20% in ethanol), and resolved by TLC using
the solvent system II (chloroform, methanol, 4.2 N ammonium hydrox-
ide, 9:7:2, v/v) as described (26). TLC plates were sprayed with
EN?HANCE and radiographed on BioMax films (Eastman Kodak Co.).
Radiolabeled sphingolipids were identified according to the authentic
standards included on the same TLC plate. To quantify an individual
lipid, the radioactive bands were scraped and counted by a scintillation
counter (Beckman Instruments).

Protein Analysis—Proteins were separated by SDS-polyacrylamide
gel electrophoresis and were detected by Western blotting analysis by
following standard procedures.

RESULTS

Overexpression of YPC1 Imparts Resistance to Fumonisin
BI—In order to clone the S. cerevisiae ceramide synthase, we
set out to screen for genes whose overexpression imparts re-
sistance to fumonisin B1, using a high copy yeast genomic DNA
library. The yeast strain we used for this screen had a deletion
of the gene that encodes the long chain base lyase, which made
this strain more sensitive to fumonisin B1 and allowed us to
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Fic. 2. Overexpression of YPC1 rescues from fumonisin Bl
inhibition. The AyorI-Vec or AyorI-YPC1 cells (3 X 107) grown in
SC-ura medium with 2% galactose which induced expression of YPC1
were labeled with 10 uCi of [9,10-*H]palmitic acid (Pal) (43 Ci/mmol) in
the presence of 100 uM fumonisin B1 as described under “Materials and
Methods.” Total lipids were extracted and resolved by TLC after base
hydrolysis by monomethylamine. A, a representative radiograph of the

TLC of several experiments on a BioMax x-ray film; B, quantitation of
complex sphingolipids (IPC and MIPC).

use less fumonisin B1 for the screen. Upon screening this
library we obtained 3 clones all of which were similar and
encoded for a known yeast gene that is a member of the ATP-
binding cassette (ABC) transporter family of genes namely
YORI1 (yeast oligomycin resistance gene). The reason YOR1p
endows resistance to fumonisin Bl appears to be due to its
ability to pump out fumonisin B1 and/or other sphingolipids
that may accumulate as a result of fumonisin B1 treatment.?

In order to pursue our initial goal to obtain ceramide syn-
thase, we next elected to prepare a yeast genomic DNA library
from the AyorI strain and to use this library to screen for genes
that impart resistance to fumonisin B1 that are different from
YOR1 as described under “Materials and Methods.” Of the 20
fumonisin Bl-resistant transformants we analyzed, 16 were
found to have plasmid-dependent resistance to fumonisin. Fig.
1A shows that cells transformed with three separate represent-
ative clones confer resistance to fumonisin B1. The inserts of
the plasmids were sequenced from both ends, and a search of
the Saccharomyces Genomic Data base with the partial se-
quences obtained derived the entire sequence of the inserts.
Sequencing revealed that 7 out of 16 clones were identical,
having the same insert, spanning three ORFs. The 9 other
plasmids contained different inserts. However, all the clones
shared a consensus sequence covering a hypothetical ORF
YBR183w on chromosome II. YBR183w, designated as YPC1,
was the only ORF in one of the plasmids. We speculated that
YBR183w might confer resistance to fumonisin B1. To verify if
that was the case, we amplified the ORF YBR183w from yeast
genomic DNA by PCR and cloned it into the yeast expression
vector pYES2 to create the plasmid pYES2-YPC1, thus ex-

2 C. Mao and L. M. Obeid, manuscript in preparation.
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Fic. 3. Overexpression of YPC1 causes an increase in breakdown of sphingolipids. Cells (3 X 107) of the strain AyorI-Vec and
Ayor1-YPC1 were labeled with 10 pCi of palmitic acid (Pal) (A), 5 nCi of serine (B), or 2.5 uCi of C-6-dihydroceramide (C) as described under
“Materials and Methods.” Base hydrolysis of lipid extracts with monomethylamine was performed in A and B but not in C. Lipids were resolved
by TLC. Dihydrosphingosine (DHS) and dihydrosphingosine-1-P (DHS1P) were identified by radiolabeled standards, whereas other sphingolipids
or phospholipids were identified by non-radiolabeled standards.

C6-DH-Cer
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Ceramidase Activity
(units/mg)

ayori-Vec Ayor1-YPC1
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Fic. 4. Overexpression of YPC1 causes an increase in ceramidase activity. Microsomes were prepared as described under “Materials and
Methods” from the Ayoril-Vec strain and the Ayor1-YPC1 strain in which YPC1lp was overexpressed under the control of the Gall promoter. To
measure ceramidase activity, microsomes from the strains were added to 200 pmol of N-hexanoyl-D-erythro-[4,5-*H]dihydrosphingosine ([*H]C-
6-dihydroceramide) as described under “Materials and Methods.” Reactions were performed at 30 °C for 90 min as described under “Materials and
Methods.” The heat-inactivated microsomes of the vector containing cells was used as a blank control. A, reaction products were resolved by TLC
and autoradiographed. Dihydrosphingosine was quantitated by scraping and counting. B, ceramidase activity was determined by subtracting
background counts from the blank control. The data represent the mean of an experiment performed in duplicate and are representative of at least
three independent experiments. C6-DH-Cer, C-6-dihydroceramide; DHS, dihydrosphingosine.

pressing YPClp under the control of the Gall promoter.
pYES2-YPC1 and the vector pYES2 were introduced into the
strain Ayorl, respectively. The vector-containing strain (Ayor1I-
Vec) and the pYES2-YPC1l-containing strain (Ayorl-YPC1)
were grown in SC-ura medium with 2% galactose. The expres-
sion of the gene YPC1I was induced by galactose. Fig. 1B shows

that the strain Ayor1-YPC1 but not Ayor1-Vec was resistant to
fumonisin B1 in the galactose-containing medium. These data
suggest that the resistance to fumonisin B1 is indeed attrib-
uted to overexpression of YPClp.

Overexpression of YPC1p Changes the Metabolism of Sphin-
golipids—Examination of the YPC1lp sequence predicted it to
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have several transmembrane domains. It had high homology to
another yeast hypothetical protein encoded by the ORF
YPLO87w. A BLAST search showed that YPC1p did not have
any significant homology to other proteins with known func-
tions in all protein data bases searched, suggesting it is a novel
protein. Motif search indicated that it contained an ATP-bind-
ing site (GXGXXG(X . .. X);(K, where X indicates any amino
acid residue) shared by human diacylglycerol kinase ¢ (27) and
many protein kinases. On its carboxyl terminus, it had an ER
retention signal (KKXK), which is shared by several ER pro-
teins including sphingolipid metabolic enzymes ketodihy-
drosphingosine reductase TSC10p (28) and dihydrosphingosine
(or dihydroceramide) hydroxylase SYR2p (29), suggesting it
might be localized to the ER.

We could not predict function of the product of the YPC1 gene
based on protein homology. However YPCI was selected for
allowing resistance to fumonisin B1. Fumonisin B1 inhibited
cell growth in the DHS-1-P lyase (DPL1) deletion because it led
to accumulation of phosphorylated long chain bases and/or
because it inhibited formation of ceramide and sphingolipids.?
Therefore, we speculated that overexpression of YPC1p could
either lead to breakdown of accumulated long chain base phos-
phates or to bypassing the ceramide synthase block and gen-
erating ceramide and other ceramide-containing sphingolipids
despite the presence of fumonisin B1. To investigate this, the
strains Ayor1-Vec and Ayor1-YPC1 were grown in SC-ura me-
dium with galactose, which induced YPClp expression. The
cells were then treated with 100 um fumonisin B1 for 2 h and
labeled with palmitic acid for 4 h. Total lipids were extracted
and resolved by TLC after base hydrolysis by monomethyl-
amine as described under “Materials and Methods.” Autora-
diography of the TLC plate (Fig. 2A4) demonstrated that forma-
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tion of the sphingolipids IPC, MIPC, and M{IP)2C was
significantly blocked by fumonisin B1 in the vector control cells
(Ayor1-Vec) but not in the YPC1p-overexpressing cells (AyorI-
YPC1). Quantitation showed that the Ayor1-YPC1 cells had 4
times more incorporation of palmitic acid into complex sphin-
golipids (IPC, MIPC, and M(IP)2C) than did the AAyori-Vec
cells in the presence of fumonisin B1 (Fig. 2B). The data sug-
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Fic. 5. YPClp has alkaline ceramidase activity. The activity
that hydrolyzed [*H]C-6-dihydroceramide was measured as described
in Fig. 4 with microsomes isolated from cells overexpressing YPClp at
different pH values. Sodium acetate buffer (25 mM) was used for pH
4.5-6, Tris-HC1 buffer (25 mM) was used for pH 7-8, and glycine NaOH
buffer (25 mM) was used for pH 9-10. All buffers contained 5 mm CaCl,
and 0.25% Triton X-100. The data represent the mean of an experiment
performed in duplicate and are representative of two independent
experiments.

C16-Phyto-Cer

Fic. 6. YPC1 hydrolyzes phytocer-
amide but not unsaturated ceramide.
Microsomes were assayed for ceramidase
activity from the Ayori-Vec and Ayor-
YPC1 cells toward phytoceramide (A) or
ceramide (B) as described in Fig. 4. Reac-
tions were performed at 30 °C for 40 min.
Upper panels, the autoradiograph of the
TLC; bottom panels, ceramidase activity.
The data represent the mean of an exper-
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iment performed in duplicate and are rep-

resentative of two independent experi-

ments. CI16-Phyto-Cer, C16-phytocer-

amide; C16-Cer, C16-ceramide.
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gest that overexpression of YPClp reverses fumonisin Bl-in-
duced growth inhibition by allowing synthesis of sphingolipids.

To gain further insight into the function of YPC1p, we next
examined the effect of overexpression of YPC1p on sphingolipid
metabolism in the absence of fumonisin B1. Upon labeling with
either palmitic acid (Fig. 3A) or serine (Fig. 3B), we saw the
opposite effect from above. The strain Ayor1-YPC1 had a re-
duced rate of radiolabel incorporation into complex sphingolip-
ids as compared with the strain AyorI-Vec. On the other hand
the Ayor1-YPC1 strain accumulated PHS, DHS, PHS-1-P, and
DHS-1-P much more than the Ayori-Vec (Fig. 3, A and B).
These data raised an intriguing possibility that YPC1p has a
dual function of enhancing synthesis or breakdown of sphingo-
lipids, depending on the presence or absence of fumonisin B1.

YPC1 Enhances Cellular Ceramidase Activity—Next we set
out to investigate the dual activity of YPC1p. Decreases in IPC
and other complex sphingolipids and increases in DHS, PHS,
and their phosphorylated products upon overexpression of
YPC1p hinted that YPClp might be mediating breakdown of
either ceramides or more complex sphingolipids. We therefore
investigated the ability of YPC1 to mediate breakdown of cer-
amides by labeling YPC1p-overexpressing cells with C-6-dihy-
droceramide labeled with ®H at both the C-4 and C-5 positions
of dihydrosphingosine backbone. We used C-6-dihydroceramide
because it is taken up better than long acyl chain ceramides.
Fig. 3C demonstrates that overexpression of YPClp signifi-
cantly enhanced degradation of dihydroceramide into DHS,
PHS, DHS-1-P, and PHS-1-P. There were concomitant in-
creases in phosphatidylinositol, phosphatidylcholine, and phos-
phatidylethanolamine. DHS is the immediate breakdown prod-
uct of dihydroceramide, whereas PHS may be the product of
DHS hydroxylation or the breakdown product of phytoceram-
ide, which in turn is converted from dihydroceramide. Both
DHS and PHS are known to be quickly phosphorylated by long
chain base kinases to yield DHS-1-P and PHS-1-P, respectively
(20). These are then quickly broken down by the lyase DPL1,
and their products are incorporated into glycerolipids (20).
These data suggest that YPClp indeed enhances cellular cer-
amidase activity. Taken together with the results obtained by
labeling in the absence of fumonisin, these data suggest that
enhancement of cellular ceramidase activity may be a main
function of YPC1.

YPC1 Has Ceramidase Activity—We next set out to evaluate

Control

Ayorl-Vec
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if the increase in breakdown of cellular dihydroceramide upon
overexpression of YPClp was due to its ceramidase activity.
Microsomes were prepared from the YPClp-overexpressing
cells (Ayor1-YPC1) or from the empty vector-containing cells
(Ayor1-Vec). Microsomal preparations were then incubated
with substrate, and the reactions were carried out at 30 °C for
90 min at pH 8.0. TLC was used to evaluate and quantitate
product formation (Fig. 44). When [*H]C-6-dihydroceramide
was used as a substrate, microsomes from the Ayor1-YPC1 cells
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Fic. 7. YPC1 expressed in E. coli has ceramidase activity. The
His- and Xpress-tagged YPClp expressed in E. coli Topl0 cells was
detected by Western blotting analysis using anti-Xpress antibody (A).
Total soluble proteins were prepared from cells containing vector
pBAD/His or pBAD/His-YPC1 and were applied to Talon metal affinity
columns as described under “Materials and Methods.” Proteins bound
to the columns were eluted, and 20-ul eluants were assayed for cerami-
dase activity toward dihydroceramide (B) or phytoceramide (C) as de-
scribed under “Materials and Methods.” The data represent the mean of
an experiment performed in duplicate and are representative of two
independent experiments.

Ayorl-YPC1

Fic. 8. YPC1 has ceramide synthase
activity. Microsomes from vector-con-
taining cells (Ayor1-Vec) or YPC1l-overex-
pressing cells (AyorI-YPC1) were added
to phytosphingosine (5.0 nmol) and [9,10-
SHlpalmitic acid (10 pCi, 0.3 nmol) and
incubated at 30 °C for 5 h. The products of
the reaction were resolved by TLC and
autoradiographed (A). Phytoceramide
was identified according to a standard as
described under “Materials and Methods”
and was quantitated by a scintillation
counter. Total activity was determined by
subtracting background counts of the
blank control (B). —Fum is the activity in
the absence of fumonisin B1; +Fum is the
activity in the presence of 50 uM fumoni-
sin B1. The data represent the mean of an
experiment performed in duplicate and
are representative of four independent
experiments.
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had 10 times more ceramidase activity than did microsomes
prepared from the Ayori-Vec cells (Fig. 4B), thus indicating
that YPC1p had ceramidase activity.

YPC1 Has the pH Profile of an Alkaline Ceramidase Activi-
ty—In order to determine to which ceramidase category this
enzyme belongs, we next determined its pH profile. We per-
formed ceramidase activity from microsomal preparations of
the YPC1lp-overexpressing cells in different buffers ranging in
pH from 4.5 to 10. Fig. 5 shows that at pH 5.0 or lower, YPC1
had hardly any ceramidase activity. The activity increased
with increase in pH peaking at a pH of 9.5. These data suggest
that YPC1 encodes an alkaline ceramidase activity.

YPC1 Increases Dihydro- and Phytoceramidase Activities but
Not Unsaturated Ceramidase Activity—Yeast cells have only
dihydro- and phytoceramides but no ceramide. As demon-
strated in Fig. 4, YPC1p had dihydroceramidase activity. We
next determined the substrate specificity of YPC1p ceramidase
activity toward phytoceramide and unsaturated ceramide. We
tested microsomal preparations from cells overexpressing
YPC1lp compared with microsomal preparations from vector
cells using ®H-labeled C,4-phytoceramide and C,4-ceramide.
Microsomes from the YPCl-overexpressing cells had signifi-
cantly increased activity toward phytoceramide as compared
with vector cells (Fig. 6A). Interestingly microsomes from the
YPC1-overexpressing cells demonstrated no increase in cer-
amidase activity over the vector-containing cells when unsat-
urated ceramide was used as substrate (Fig. 6B).

Ceramidase Activity of YPCI1 Expressed in E. coli—To con-
firm that YPC1lp indeed was a ceramidase and not a regulator
of cellular ceramidase activity, we proceeded to heterologously
express YPClp in E. coli. To facilitate detection and purifica-
tion of YPClp, we tagged it with the epitope tag polyhistidine
and X-press in an expression vector pBAD/His B (Invitrogen).
The expression of the tagged YPC1lp was induced in LB me-
dium with 0.2% arabinose for 4 h. The tagged YPClp was
detected by Western blotting (Fig. 7A) using the antibody
against X-press tag (Invitrogen). The His-tagged YPClp was
purified by a His-tagged protein purification kit. To test if the
purified YPC1p has ceramidase activity an in vitro assay of the
activity was carried out with dihydroceramide and phytocer-
amide as substrates. Fig. 7, B and C, demonstrates that YPC1p
expressed in E. coli had high ceramidase activity at pH 8.0
using either substrate, suggesting that YPClp is indeed an
alkaline ceramidase.

YPCIp Is a Dual Activity Ceramidase and Palmitoyl-CoA-
independent Ceramide Synthase—Despite the discovery that
YPClpis a S. cerevisiae alkaline ceramidase, we still wanted to
reconcile this with the fact that overexpression of YPClp en-
dowed fumonisin B1 resistance. Evidence that YPC1p overex-
pression allowed yeast cells to synthesize sphingolipids in the
presence of fumonisin B1 prompted us to determine whether
YPC1p also has ceramide synthase activity. To test this we
again used microsomes from cells overexpressing YPClp or
containing the empty vector pYES2 and measured in vitro
ceramide synthase activity. When we utilized DHS or PHS and
palmitoyl-CoA as substrates with microsomes isolated from
YPClp-overexpressing cells, no increase in ceramide synthase
activity was detected as compared with microsomes from vector
cells (data not shown). This implied that YPClp was not a
CoA-dependent ceramide synthase. Other reports (8, 25) have
indicated that ceramide can be synthesized from sphingosine
and palmitic acid in a CoA-independent manner and may ac-
tually be a result of the “reverse” reaction of ceramidase. For-
mation of ceramide from palmitic acid, and not from palmitoyl-
CoA, was shown to be catalyzed by a hypothetical reverse
activity of a ceramidase from rat brain (30), human kidney and
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FiG. 9. Deletion of YPC1 enhances synthesis of complex sphin-
golipids. The same numbers (3 X 107) of cells of the mutant strain
Aypcl and the parental strain JK9—-3d «a were labeled with [*H]palmitic
acid for 2 h as described in Fig. 2. Total lipids were extracted and
resolved by TLC after hydrolysis by monomethylamine. The labeled
sphingolipids are indicated.

cerebellum (31), guinea pig epidermis (32), and most recently
by a bacterial ceramidase (8) or a sphingolipid ceramide deac-
ylase (25). We next examined whether YPC1p encoded such an
activity by measuring ceramide formation using the same mi-
crosomal preparations as above with PHS and [*H]palmitic
acid as substrates. Fig. 8, A and B, demonstrates that micro-
somes prepared from cells overexpressing YPC1lp had 30-fold
higher ceramide synthase activity; moreover, this increase in
ceramide synthesis was not inhibited by the addition of fumo-
nisin Bl to the in vitro reaction. These data suggest that
YPCl1p has an activity that catalyzes formation of ceramide
from phytosphingosine and palmitic acid. This activity is dis-
tinct from the fatty acyl-CoA-dependent ceramide synthase
activity that is inhibited by fumonisin B1. These data indicate
that YPC1p is indeed a ceramidase with a reverse hydrolysis
activity and prove the existence of such an enzyme.

Deletion of YPC1 Reduces Complex Sphingolipids—Finally,
we wanted to evaluate phenotypes of the ypcI deletion mutant.
We constructed a diploid strain with the ypcI null allele as
described under “Materials and Methods.” Sporulation and
tetrad dissection showed that deletion of YPC1 is viable, sug-
gesting that the YPC1 gene is not an essential gene. In order to
evaluate the endogenous function of YPC1lp on metabolism of
sphingolipids, we labeled the deletion mutant Aypcl and its
parental strain JK9-3da with [PH]palmitic acid. TLC analysis
demonstrated that all complex sphingolipids labeled by
[®Hlpalmitic acid increased in the Aypcl strain compared with
the wild type strain (Fig. 9). These data suggest that there is a
block in the breakdown of these sphingolipids, presumably at
the level of ceramidase. Ceramidase activity (hydrolyzing phy-
toceramide) from microsomal preparations of the AypcI strain
was 1.4 * 0.2 units/mg as compared with 22.0 = 1.7 units/mg
from the wild type strain JK9-3d «. The CoA-independent
(phyto-) ceramide synthase activity from the AypcI strain was
not detected as compared with 1.9 = 0.3 units/mg from the wild
type strain. These data demonstrate that deletion of YPC1
significantly reduced (phyto-) ceramidase activity and obliter-
ated CoA-independent (phyto-) ceramide synthase activity.
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Taken together, these results suggest that YPC1p indeed func-
tions as a endogenous ceramidase in cells.

DISCUSSION

In this study, we describe the cloning of a novel S. cerevisiae
gene YPCI that endows resistance to the fungal toxin fumoni-
sin B1. Our data firmly establish that the yeast gene YPCI in
fact encodes an alkaline ceramidase. First, YPC1lp has an in
vitro alkaline ceramidase activity with a pH optimum at pH
9.5. Second, YPC1p has substrate specificity toward yeast cer-
amides in that it catalyzes the breakdown of both phytoceram-
ide and dihydroceramide but not mammalian unsaturated ce-
ramide. Third, overexpression of YPClp led to increased
breakdown of labeled dihydroceramide and phytoceramide in
intact yeast cells. Fourth, microsomes isolated from yeast cells
that overexpress YPC1p had up to 30 times higher ceramidase
activity than microsomes from cells that contain an empty
vector. Finally, protein extracts from E. coli cells expressing
YPC1p had significant increases in ceramidase activity as com-
pared with extracts prepared from vector control bacterial
cells. These data clearly indicate that YPC1 is indeed an alka-
line ceramidase and not a regulator of the enzyme. We also
demonstrate that YPC1p has the reverse activity that catalyzes
the synthesis of yeast ceramides from palmitic acid and phyto-
sphingosine or dihydrosphingosine. This ceramide synthase
activity is coenzyme A-independent and occurs both in intact
yeast cells and in vitro. This activity also explains why high
copy expression of YPCI endowed resistance to fumonisin B1.

Several different ceramidase activities have been described
from eukaryotic (9, 15) and prokaryotic systems (8). They are
classified as acidic, neutral, and alkaline ceramidases based on
their pH optimum. Acid ceramidase was initially described
from rat brain (30). At that time it was reported to have reverse
catalytic activity. The acidic ceramidase is the enzyme whose
inherited deficiency underlies ceramide accumulation in the
lysosomal storage disease known as Farber’s disease (33). The
enzyme was subsequently purified from human urine, cloned
from human fibroblasts (11), and recently cloned from mouse
tissue (12). It is localized in the lysosome, and it appears to
prefer ceramides over dihydroceramides (11). However, there is
no available evidence of the ability of the purified enzyme to
catalyze the reverse reaction of ceramide synthase. Neutral
ceramidase has been described from liver plasma membranes
(34) and from rat intestinal brush border (35); however, not
much is known about this enzyme. Recently, a membrane-
bound ceramidase from rat brain was purified to homogeneity
(15). It had an optimum pH in the neutral to alkaline range,
appeared distinct from previously described ceramidases, and
was termed non-lysosomal ceramidase. This enzyme also pre-
ferred unsaturated ceramide as substrate but was not evalu-
ated for reverse catalytic activity. Alkaline ceramidase activity
has been described from human cerebellum (31), fibroblasts
(86, 37), and rat tissue (15, 34). In addition, two alkaline
ceramidases were purified and characterized from guinea pig
skin epidermis (32). Very recently an alkaline ceramidase was
purified from the skin of patients with atopic dermatitis (8).
This enzyme was from Pseudomonas aeruginosa that colonized
skin; it required Ca2?" for activity, and it hydrolyzed both
ceramides and dihydroceramides equally but hydrolyzed phy-
toceramides less efficiently (8). Interestingly, this enzyme had
the reverse activity of ceramide synthase. The S. cerevisiae
alkaline ceramidase YPClp appears to belong to this latter
group of alkaline ceramidases. The ceramide synthase activity
of YPC1p is distinguished from previously characterized cer-
amide synthesis activity by the following criteria. First, it is
CoA-independent; second, it is not inhibited by fumonisin B1;
and third, it prefers phytosphingosine and dihydrosphingosine.
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YPClp acts as a ceramidase or ceramide synthase, appar-
ently depending on the availability of its substrate(s). In nor-
mally growing yeast cells, YPClp overexpression led to the
breakdown of phytoceramide or dihydroceramide. However,
upon the addition of fumonisin B1 and consequent inhibition of
endogenous yeast ceramide synthesis, YPC1lp was able to cat-
alyze the synthesis of phytoceramide from palmitic acid and
phytosphingosine both in cells and in vitro. In both yeast and
mammalian cells, the synthesis of ceramide is mainly catalyzed
by ceramide synthase that uses long chain bases and fatty
acyl-CoAs as substrates and is inhibited by fumonisin B1.
Identification of YPClp as a dual activity enzyme indicates
that a yet uncharacterized salvage pathway to synthesize cer-
amides exists in yeast. Therefore, YPClp has a potentially
important role in the synthesis of ceramide, especially when
the CoA-dependent ceramide synthase is disabled. Impor-
tantly, the ability of this enzyme to catalyze ceramide synthesis
and its lack of sensitivity to fumonisin B1 raises the possibility
that fumonisin Bl is unable to inhibit totally ceramide
synthesis.

Additionally, we have identified a protein encoded by a hu-
man expressed sequence tag that has very high homology to
YPCl1p. This homologue is likely to have dual activity, thus
lending support to the notion that this salvage pathway for
ceramide synthesis also exists in mammalian cells.

Regulation of both ceramide levels in yeast and mammalian
cells is critical and must be carefully executed. On the one
hand, ceramide is an essential building block for sphingolipids,
whereby sufficient ceramide is needed for cell growth and via-
bility (38, 39). On the other hand, ceramide is a stress sensor
regulating many cellular responses including heat stress (18),
growth arrest (18), and cell death (40). In addition cellular
levels of sphingosine (the product of ceramidase) and sphingo-
sine phosphate are critical for cellular well being in that they
may mediate proliferation and oppose ceramide-induced apop-
tosis (41). YPClp and its mammalian homologue, therefore,
may be critically poised to readjust sphingolipid flow in cells
depending on cellular levels of sphingosines and ceramides.

Deletion of YPC1 is viable and has no apparent phenotype
but does affect endogenous metabolism of sphingolipids. As
mentioned this gene has a homologue in S. cerevisiae. It re-
mains to be evaluated if YPC1 and its homologue have similar
functions. It is possible that deletion of both genes will be
required for phenotype studies to be meaningful.

Identification of YPClp as an alkaline ceramidase has ad-
vanced our knowledge of sphingolipid metabolism in the yeast
S. cerevisiae. It is the first sphingolipid hydrolase to be identi-
fied in yeast. This affirms our belief that sphingolipid metabolic
pathways are conserved between S. cerevisiae and higher eu-
karyotic species. These studies also underscore the importance
of yeast genetic approaches to clone novel enzymes of sphingo-
lipid metabolism.
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