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In Saccharomyces cerevisiae, the essential ceramide synthase reaction requires the presence of one of a
homologous pair of genes, LAG1 and LACI. Mutants that lack both of these genes cannot produce ceramide
and exhibit a striking synthetic growth defect. While the regulation of ceramide production is critical for the
control of proliferation and for stress tolerance, little is known of the mechanisms that ensure proper control
of this process. The data presented here demonstrate that the pleiotropic drug resistance (Pdr) regulatory
pathway regulates the transcription of multiple genes encoding steps in sphingolipid biosynthesis, including
LACI. The zinc cluster transcriptional activators Pdrlp and Pdr3p bind to Pdrl1p/Pdr3p-responsive elements
(PDRES) in the promoters of Pdr pathway target genes. LACI contains a single PDRE in its promoter, but
notably, LAGI does not. Reporter gene, Northern blot, and Western blot assays indicated that the expression
level of Laclp is approximately three times that of Laglp. Detailed analyses of the LACI promoter demon-
strated that transcription of this gene is inhibited by the presence of the transcription factor Cbflp and the
anaerobic repressor Roxlp. LAGI transcription was also elevated in cbfIA cells, indicating at least one
common regulatory input. Although a hyperactive Pdr pathway altered the profile of sphingolipids produced,
the loss of either LACI or LAGI alone failed to produce further changes. Two other genes involved in
sphingolipid biosynthesis (LCB2 and SUR2) were found to contain PDREs in their promoters and to be induced
by the Pdr pathway. These data demonstrate extensive coordinate control of sphingolipid biosynthesis and

multidrug resistance in yeast.

Sphingolipids are important structural components of eu-
karyotic membranes and are thought to provide rigidity to
these structures (for a review, see reference 47). Along with
this architectural role, sphingolipids and their precursor mol-
ecules are major participants in the regulation of cell prolifer-
ation and function. The first bioactive signaling lipids formed
during de novo sphingolipid biosynthesis are the long-chain
bases (LCBs) dihydrosphingosine and sphingosine (phyto-
sphingosine in Saccharomyces cerevisiae) (12, 58). LCBs are
substrates that are required for ceramide synthase to produce
ceramide. Ceramide has been the focus of intensive research
due to its control of apoptosis and its action as a growth
inhibitor (6, 48). LCBs can also be phosphorylated to produce
phosphorylated LCBs (LCBPs). Interestingly, sphingosine-1-
phosphate, an LCBP found in mammalian cells, acts to oppose
ceramide-induced apoptosis and is thought to be a stimulator
of proliferation (43). The balance between ceramide and
LCBP production is a crucial determinant of cell fate and has
been dubbed the ceramide/LCBP rheostat (66).

Studies of sphingolipid metabolism in S. cerevisiae have pro-
vided a wealth of information on the structure and function of
this pathway (for reviews, see references 11, 53, and 58). Ge-
netic approaches with S. cerevisiae permitted the isolation of a
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large number of genes encoding enzymes that influence sphin-
golipid biosynthesis. Physiological studies established that
stress conditions lead to a transient elevation of LCB and
LCBP levels along with a sustained increase in ceramide con-
centration (13, 27, 63). While moderate increases in LCBPs are
required for normal stress tolerance, the high-level accumu-
lation of these compounds is toxic (43, 44, 63). Similarly,
ceramide production in S. cerevisiae must also be limited, as
mutants lacking the IPC synthase step (ceramide to inositol-
phoshorylceramide [IPC]) (52) may be lethal due to the exces-
sive production of ceramide (59).

While the sphingoid base kinases of S. cerevisiae have been
known for several years, only recently have the genes required
for ceramide synthase activity been described. These two ho-
mologous genes, designated LAGI and LACI, were first iden-
tified on the basis of Laglp influencing the aging of yeast (15,
28). Later work demonstrated that the presence of either
Laglp or Laclp was required for the normal delivery of gly-
cosylphosphatidylinositol-anchored proteins to the plasma
membrane (2). Additionally, a lag/A lacIA mutant was found
to have a major growth defect that others correlated with an
inability to synthesize ceramide (2, 21, 59). A strain lacking
only Laglp or Laclp did not show a growth defect, ceramide
synthesis block, or glycosylphosphatidylinositol-anchored pro-
tein delivery delay.

Despite the identification of most, if not all, of the genes and
proteins involved in the key steps of the yeast sphingolipid
pathway (reviewed in references 11 and 53) (Fig. 1), very little
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FIG. 1. Biosynthesis of sphingolipids in S. cerevisiae. A simplified diagram listing key steps in sphingolipid synthesis is shown. Proteins known
to be involved at each step are listed by genetic designation. Gene products that are responsive to Pdr pathway regulation are indicated in bold

italics.

is known about the regulation of this pathway. Recent exper-
iments have provided evidence that casein kinase 2 is required
for normal ceramide synthase function (35), while the only
report on the transcriptional regulation of genes in the sphin-
golipid pathway in any organism demonstrates the involvement
of the multiple, or pleiotropic, drug resistance (Pdr) pathway
in the activation of IPT1 gene transcription (23). Iptlp is re-
quired for the last step in yeast sphingolipid synthesis, the
production of the plasma membrane component mannosyldi-
inositolphosphorylceramide [M(IP),C] (14). Pdrlp and Pdr3p
belong to the Zn,Cysg-cluster transcription factors and are the
master regulators of multidrug resistance in yeast (reviewed in
references 36, 50, and 73). These transcription factors activate
the expression of the multidrug ATP-binding cassette trans-
porters Pdr5p, Snq2p, and Yorlp, which are involved in the
detoxification of a plethora of xenobiotics, including some an-
ticancer drugs, azole antifungals, and most other classes of
currently available antifungals used for human treatment (37).

Here we provide evidence that the influence of the Pdr
pathway extends to several other steps in S. cerevisiae sphin-
golipid biosynthesis. The LACI, but not LAG1, gene is a tran-

scriptional target of the Pdr pathway and is responsive to
oxygen levels due to repression by the anaerobic transcrip-
tional repressor Rox1p (reviewed in reference 29). Loss of the
pleiotropically acting transcription factor Cbflp causes the
transcription of both LACI and LAGI to increase. Finally,
genes encoding components of the serine palmitoyltransferase
(LCB2) and dihydrosphingosine hydroxylase (SUR2) were also
found to be regulated by the Pdr pathway. These data provide
strong support for the idea that a major in vivo role of Pdr
transcriptional control is to provide coordinate control of
membrane composition through the regulation of sphingolipid
biosynthesis and the membrane transporter proteins that func-
tion in the resulting lipid environment.

MATERIALS AND METHODS

Strains, media, and B-galactosidase assay. The S. cerevisiae strains used for
this study are listed in Table 1. Yeast cells were grown on rich YPD (2% yeast
extract, 1% peptone, 2% glucose) (Becton Dickinson or Difco) medium or on
synthetic complete medium lacking appropriate auxotrophic components (60).
Yeast strains were transformed by the lithium acetate method (18). B-Galacto-
sidase assays were performed as described previously, with o-nitrophenyl-B-p-
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TABLE 1. S. cerevisiae strains used for this study

Strain

Genotype

Source or reference

BY4742

BY4742 AroxI
BY4742 Alacl
BY4742 Acbfl

BY4742 rox1-A::kanMX4
BY4742 lacl-A::kanMX4
BY4742 cbf1-A::kanMX4

MATo his3-Al leu2-A0 lys2-A0 ura3-A0

Research Genetics
Research Genetics
Research Genetics
Research Genetics

SEY6210 MATo leu2-3,-112 ura3-52 lys2-801 trp1-A901 his3-A200 suc2-A9 Mel™ Scott Emr
SEY6210 p° SEY6210 [p] 47
SEY6210 Apdrl SEY6210 pdrl-A2::hisG 47
SEY6210 Apdr3 SEY6210 pdr3-Al::hisG 47
SEY6210 Apdrl Apdr3 SEY6210 pdrl-A2::hisG pdr3-Al::hisG 47
SEY6210 p° Apdri SEY6210 [p°] pdrI-A2::hisG 47
SEY6210 p° Apdr3 SEY6210 [p°] pdr3-Al::hisG 47
SEY6210 p° Apdrl Apdr3 SEY6210 [p°] pdri-A2:hisG pdr3-Al::hisG 47
MKO0201-2 SEY6210 lacI-A::kanMX4 This study
MKO0112-1 SEY6210 mPDRE-LACI This study
MKO0220-22 SEY6210 lagl-A::dpl200 This study
MK0228-7-2 SEY6210 lagl-A::dpl200 mPDRE-LACI This study
MKO0211-1 SEY6210 [p"] lacI-A:kanMX4 This study
MKO0221-2 SEY6210 [p°] lagl-A::dpl200 This study

galactopyranoside (ONPG) (19) or chlorophenol red B-p-galactopyranoside
(Roche) as a substrate as described in the Clontech manual (Clontech, Palo Alto,
Calif.). Growth was monitored by measuring the optical density at 595 nm on a
BioTek EL800 microplate reader.

To introduce the Xhol mutation of the LACI Pdrlp/Pdr3p-responsive element
(PDRE) into the yeast genome, we used the pop in-pop out strategy (56). First,
the BamHI/NotI fragment of pMK0101-7 was cloned into the same sites of the
integrative plasmid pRS306 (62). This plasmid was linearized with Xbal and
transformed into the SEY6210 strain, with selection for URA3™" transformants.
The presence of the mutation was verified by restriction analysis of colony PCR
products amplified with primers CGC CAT TCG CCA TTC AGG (lac1-06BL)
and AGG GCT TGG CTT TAT TGT CG (lac1-06U). To remove the integrating
plasmid and wild-type LACI promoter sequences, we counterselected the URA3
marker from the correct transformants on 5-fluoroorotic-acid-containing plates
as described previously (3). Since this procedure yields a large population of
clones reverting to the wild-type PDRE, the clones were again analyzed for the
presence of the Xhol mutation by colony PCR with primers AGG GCT TGG
CTT TAT TGT CG (lac1-06U) and TCC TGG AGG GCT GTC ATT G
(lac1-06L). The resulting strain was named MKO0112-1.

To introduce the lacIA allele, we amplified the corresponding region from the
genomic DNA of BY4742 lacl-A::kanMX with primers TTC GTT ACC GTT
TTT CTG TTC CAT AC (lac1-07U) and TTA GCG GCA CGA AAG CAA G
(lac1-07L) and transformed it into the wild-type SEY6210 strain, producing
MKO0201-2. Transformants were verified by colony PCR with primers GTC TTT
TCC GGT CAT TCC AAC AA (lac1-09U) and ACA ATT CGG TAT CGC
TGC TTC TG (lac1-09L).

The LAGI deletion cassette was generated by PCR with the primers (LAGI
sequence is in lowercase) tag aca gtg ttg aga gtg aac tcc aag ata cag aga aac tga
aga aat aac gac aac ATG GTT TTC CCA GTC ACG ACG TT (lagl-05U) and
ttg gee tte ata cag ggg gga aat cat atg atg ata cgt att ctc ctt aag ata cgt TTA TGT
GGA ATT GTG AGC GGA TA (lagl-05L) and the plasmid pDDB57 (71),
provided by Aaron Mitchell (Columbia University, New York, N.Y.). After the
transformation of strain SEY6210 to the Ura™ phenotype, clones were verified
by colony PCR with primers CAG CCC AGG GGT AGT GAA AAA CGA
TGA A (lagl-02U) and CGC TTG GCC AGA AAT AAC GAA AAA TGA
ACA (lagl-02L). Positive clones were treated with 5-fluoroorotic-acid-contain-
ing medium, and Ura™ colonies were isolated. The correct loopout of the
CaURA3 marker was verified by PCR.

Immunological methods. Protein extracts were prepared by glass bead lysis as
previously described (31). Protein concentrations were determined by use of a
Bio-Rad protein assay kit as recommended by the supplier. Equal amounts of
protein were resuspended in sodium dodecyl sulfate (SDS) loading buffer prior
to analysis by Western blotting (69). Blots were incubated with an anti-hemag-
glutinin (HA) (Babco) or anti-Vphlp (Molecular Probes) antibody and were
developed with an enhanced chemiluminescence detection system (Pierce).

RNA isolation, radiolabeling, and Northern blotting. Total yeast RNA was
isolated as described by Schmitt et al. (57). The RNA was fractionated through
a 1% agarose—formaldehyde gel, capillary blotted onto a nylon membrane (Ny-

tran Super Charge; Schleicher & Schuell), and hybridized by standard proce-
dures (55). The LACI hybridization probe was generated by PCR amplification
of a segment of the LACI coding sequence from genomic DNA with primers
lac1-08U (AGC CAA GCC CTT CAA ACA A) and lac1-08L (AAC TTT CAT
CAC TTT CTT CGT CTG). The resulting product was labeled with
[a-*?P]dCTP by a random priming procedure using the Radprime DNA labeling
system (Invitrogen). The LAGI hybridization probe was generated by PCR
amplification of almost the complete open reading frame from genomic DNA
with primers lag1-03U (TTA ATG CAA AAA CAA GAA GAC GAA ACT) and
lagl-03L (GGC GCA GAT AGA TCC AAA AGA AC). This product was
labeled with [a->*P]dCTP by PCR with the same primers according to a standard
protocol (55).

Construction of reporter plasmids. For the generation of a LAC! promoter-
lacZ reporter plasmid, the corresponding region was amplified from the genomic
DNA with primers laclf forward (ccg gag atc tct CAT TTT CTG TCG CTC TTA
TGA TCC [with a new BglII site shown in lowercase letters]) and lacl f rev (cgg
gat ccG TCG ACA TAG CTC TTG TTT ATT GAT ACT G [with a new BamHI
site shown in lowercase letters]). The BamHI/BgIII fragment of the resulting
PCR product was cloned into the BamHI site of the pPSEYC102 reporter plasmid
(17), yielding pMKO0105-3. It was also cloned into pCR2.1 TOPO (Invitrogen),
yielding pCR2.1 TOPOw1, for subsequent use in footprinting. A clone with the
reverse insert orientation and the CAPI promoter in frame with lacZ was des-
ignated pMKO0105-2. For the generation of a LAGI-lacZ reporter plasmid, the
promoter was amplified as a BamHI fragment (indicated in each primer in
lowercase letters) with primers lagl hse1-08U (ctg gat cCA TGT TGT CGT TAT
TTC TTC AGT TTC TCT G) and lagl hsel-08L (gat gga tcC ATT TTT GTC
AAC GGT TTC CTT AGA TAG) and then cloned into the BamHI site of
pSEYC102, resulting in pMKO0301-L18.

For construction of the SUR2-lacZ reporter plasmid, the promoter was am-
plified with the primers SUR2 forward (ccg aat TCG AAT CAC ATC CTA C
[with the introduced EcoRI site in lowercase]) and SUR2 Reverse (ccg gaT CCA
TCG TAT ATT TTC T [with the introduced BamHI site in lowercase]). The
EcoRI/BamHI fragment was then cloned between the EcoRI and BamHI sites of
pSEYC102, yielding the pSEYC-SUR?2 plasmid. For construction of the LCB2-
lacZ reporter plasmid, the promoter was amplified with primers LCB2 forward
(GGA AAA TTA AAG TTT) and LCB2 reverse (att cca gga tcC ATA ATC
ATT ACT TTT) (mismatched positions are shown in lowercase). The resulting
PCR product was cloned into pCR2.1 TOPO. The EcoRI/BamHI fragment was
then cloned between the same sites of pSEYC102, yielding the pSEYC-LCB2
plasmid.

DNase I footprinting. DNase I protection experiments were performed essen-
tially as described before (30). The Pdrlp and Pdr3p DNA binding domains were
overproduced in Escherichia coli as described previously (30, 32). Purified Rox1p
fused to maltose binding protein was provided by Richard Zitomer (State Uni-
versity of New York at Albany). For Pdrlp and Pdr3p binding experiments, an
Xbal/Notl fragment corresponding to the region from the internal Xbal site in
the LACI promoter to —754 bp upstream was isolated. It was labeled at the Xbal
site with [y->’P]ATP by T4 polynucleotide kinase. For Rox1p footprint analysis,
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an Xbal/Spel fragment, also labeled at the same Xbal site but extending across
the LAC1 ATG, was used.

Deletion mutagenesis of LACI promoter. Deletion mutations in the LACI-
lacZ reporter pMKO0105-3 plasmid were generated by digestion with the follow-
ing restriction enzymes and by blunt end religation after Klenow treatment when
necessary: for pMK0105-3-A1-2, Smal/Xbal; for pMK0105-3-A2-9, Smal/Sacll;
for pMK0105-3-A3-3, Pmll; for pMKO0105-3-A4-6, Smal/PmlI; for pMKO0105-3-
A5-1, Xbal/BspEI; for pMK0105-3-A6-1, Xmal/BspEI; for pMK0105-3-A7-22,
Sacll/Xbal; for pMK0105-3-A8-18, Pmll/Sacll. For mutation of the LAC! PDRE
to an Xhol restriction site, the promoter was amplified with two primer sets: lac1f
forward with the primer GTC TAG CAT GAT CAG GTA CAA TGC and
primer CCA ACA AAG TTG CTA GAT CCt CGa gAC CAT TTT CGT CAT
T (mutant residues are in lowercase) with lac1f rev. The resulting PCR products
were diluted, mixed together, and amplified again with the flanking primers to
give the complete, mutated promoter. The mutant promoter was then cloned
into pCR2.1 TOPO to give pMKO0101-7. The BamHI/BgIII fragment of
pMKO0101-7 was cloned into the BamHI site of pSEYC102, yielding pMK0103-3.
A complete deletion of the LACI PDRE was generated in a similar way, except
that a different mutagenic primer, CCA ACA AAG TTG CTA GA-ACC ATT
TTC GTC ATT (deletion site indicated by a dash), was used to produce
pMKO0104-4. The same strategy was used to alter the Rox1p binding site to an
AfIT restriction site, except that the primers used were Lacl-12U (GAT TTT
TAA GTT ATT TTT CTc TTa agT CCC TCC TTG GCT TGT TGC) and
Lacl-12L (GCA ACA AGC CAA GGA GGG Act tAA gAG AAA AAT AAC
TTA AAA ATC) (the position of the new AflII site is indicated in lowercase).

Epitope tagging. The LACI gene was amplified from genomic DNA with the
primers TTT AcT AgT GAA ACA ATT CGG TAT CGC TGC TTC TGA,
introducing a Spel site (in lowercase) and TTT GTC GGT TGA TCG CTATTG
TTT TTA TTA, containing the endogenous Sall site. After Sall-Spel digestion,
the fragment was cloned under the control of the wild-type LACI promoter into
the pCR2.1 TOPOw1 clone, resulting in pMKO0201-13. Next, the entire gene was
cut out from pMK0201-13 by Spel and NotI and cloned into Spel- and NotI-cut
pRS313 to generate pMK0204-7. For the introduction of the N-terminal 3X HA
epitope, the pMK0204-7 plasmid was amplified with primers lac1-14U (gac gtc
ata cgg ata gcc cge ata gtc agg aac atc gta tgg gta CAT AGC TCT TGT TTA TTG
ATA CTG TGT CTA TCT AAA TG) and lacl-14L (ccg gac tat gca gga tcc tat
cca tat gac gtt cca gat tac gt TCG ACA ATA AAG CCA AGC CCT TC)
(epitope tag sequence in lowercase) by the Exsite procedure (Stratagene) to
generate pMKO0204-7-3Ha. The LAG! gene was amplified with primers Lagl-
06U (CTT CCT TCA CCA AAT CGC AAA CAT CTA A) and Lagl-06L (CAA
GGG TCC CAA CTA TCG CAA TCA T) and cloned into pCR2.1 TOPO to
generate pMKO0211-2. This clone was then digested with Xhol and Spel and
cloned into the same sites of pRS314 to generate pMK0213-1. For the introduc-
tion of the N-terminal 3X HA epitope, the pMK0213-1 plasmid was amplified
with primers lagl-07U (gac gtc ata cgg ata gce cge ata gtc agg aac atc gta tgg gta
CAT GTT GTC GTT ATT TCT TCA GTT TCT CTG) and lagl-07L (ccg gac
tat gca gga tec tat cca tat gac gtt cca gat tac gct ACA TCA GCT ACG GAC AAA
TCT ATC G) by the Exsite procedure (Stratagene) to give pMK0213-1-3Ha.

Sphingolipid analysis. Ten optical density units (at 600 nm) of exponentially
growing cells was harvested, and the cells were resuspended in 1 ml of synthetic
complete medium minus Leu and labeled by the addition of 100 pwCi of
[*H]serine. The cells were incubated for 40 min at 30°C, diluted with prewarmed
fresh medium, and incubated for another 80 min. Labeling was terminated by the
addition of NaF and NaNj;. The cells were harvested and broken with glass beads,
and lipids were extracted with chloroform-methanol (1:1 [vol/vol]). Phospholip-
ids were deacylated by treatment with a mild base and sphingolipids were
analyzed by thin-layer chromatography using solvent system A (chloroform-
methanol-NH,OH [90:70:1 {vol/vol}]) for the analysis of IPC species or B
(chloroform-methanol-acetic acid-water [16:6:4:1.6 {vol/vol}]) for the analysis of
ceramide species. Radioactivity was detected and quantified by two-dimensional
radioscanning on a Berthold Tracemaster 40 instrument. The positions of the
various labeled sphingolipid metabolites were determined by comparison to
known standards as described previously (16).

RESULTS

Control of expression of a component of ceramide synthase
by Pdrlp/Pdr3p. The work of several laboratories has estab-
lished that the expression of genes conferring the multiple or
pleiotropic drug-resistant phenotype on cells is primarily re-
sponsive to the actions of two different but related Zn,Cys,-
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cluster-containing transcription factors, Pdrlp and Pdr3p (1,
7). Gain-of-function mutant forms of these transcriptional reg-
ulatory proteins lead to the overproduction of target genes,
such as the ATP-binding cassette transporter protein Pdr5Sp,
which in turn dramatically increase resistance to a broad range
of unrelated drugs (49). Pdrlp and Pdr3p bind to a DNA
element (PDRE) that is present in the promoter regions of
target genes and acts to stimulate the transcription of these loci
(reviewed in references 36, 50, and 73).

Along with membrane transporters such as Pdr5p, the IPT1
gene encoding the enzyme inositol phosphotransferase has
been found by recent experiments to be transcriptionally reg-
ulated by Pdrlp and Pdr3p (23). IPTI contains a single PDRE
in its promoter and is also induced in response to the loss of
the mitochondrial genome in a Pdr3p-dependent fashion.
Since Iptlp is required for sphingolipid biosynthesis, we exam-
ined the promoters of genes encoding other steps in the path-
way to determine if any of these might also be regulated by
Pdrlp and Pdr3p. A search of 1,000 bp upstream of all known
genes corresponding to steps in sphingolipid biosynthesis for a
consensus PDRE (TCCGCGGA) found three promoters, in
addition to IPTI, with at least seven of eight matches: they
were LCB2, SUR2, and LACI. LCB2 encodes a subunit of the
serine palmitoyltransferase enzyme catalyzing the first commit-
ted step in sphingolipid biosynthesis (51), while SUR2 directs
the production of a hydroxylase enzyme that modifies the LCB
that is ultimately present in ceramide (22). LACI, along with
its homologue LAGI, encodes a protein that is required for
ceramide synthase activity (21, 59). Interestingly, LAGI does
not contain a PDRE in its promoter, suggesting that the ex-
pression of LACI and LAG! is differentially controlled. To
compare the transcriptional regulation of these two homolo-
gous genes, we assessed the mRNA levels of these two loci.

LACI, but not LAG1, transcription is responsive to changes
in Pdrlp/Pdr3p activity. Total RNAs were prepared from an
isogenic series of strains containing various alleles of PDRI
and/or PDR3 in addition to a strain lacking mitochondrial
DNA (p"). Equal amounts of RNA were electrophoresed
through formaldehyde gels, transferred to nitrocellulose mem-
branes, and incubated with radioactive probes specific for
LACI or LAGI. 18S RNA was visualized by staining to ensure
equal loading (Fig. 2).

The steady-state levels of LACI mRNA were found to in-
crease fivefold in the presence of a hyperactive allele of PDR3
(PDR3-11) and to be elevated twofold in p° cells. The increase
of LACI mRNA in p° cells required the presence of wild-type
PDR3, consistent with the idea that LACI is a downstream
target of Pdr3p-dependent retrograde regulation, as seen pre-
viously for IPTI (23) and PDRS5 (25). The loss of PDRI and
PDR3, either individually or together, had no major influence
on LACI expression in p* cells.

In contrast to the response of LACI to Pdr pathway activity
changes, LAG1 mRNA levels were not significantly influenced
by either the loss of the mitochondrial genome or the presence
of a PDR3-11 allele. Additionally, comparisons of LACI and
LAGI hybridization signals suggested that LACI was ex-
pressed at a higher steady-state level than LAGI. To confirm
that these observed changes in mRNA levels were reflected in
protein production and to more directly compare the expres-
sion of Laclp and Laglp, we prepared epitope-tagged alleles
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FIG. 2. Northern blot analysis of LAC! and LAG]I transcription.
Total RNAs were prepared from the indicated strains, electrophoresed
through formaldehyde-agarose gels, and transferred to a nylon mem-
brane. 18S RNA was visualized by staining to ensure equal loading,
and LACI or LAG1 transcripts were detected by probing the blot with
32P-labeled DNA fragments from each coding region. (A) LACI
mRNA levels are shown with relevant genetic backgrounds indicated.
Plasmids carrying wild-type PDRI (pPDR1), PDR3 (pPDR3), or hy-
peractive PDR3 (pPDR3-11) are listed along with the empty vector
control (pRS315). (B) LAGI mRNA levels are shown.

of each gene and analyzed their expression by Western blot-
ting.

Comparison of Laclp and Laglp protein expression. Previ-
ous experiments have demonstrated that N-terminally tagged
forms of both Laclp and Laglp are functional (2). Using an
inverse PCR strategy (ExSite), we placed a 3X HA epitope tag
at the extreme amino terminus of both Laclp and Laglp. Each
3X HA-tagged allele was carried on a low-copy-number plas-
mid and was introduced into the isogenic series of strains used
for the analysis of mRNA levels described above. Appropriate
transformants were grown to mid-log phase, and whole-cell
extracts were prepared. Equal amounts of each extract were
resolved by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by blotting with antibodies against the
HA epitope or the vacuolar ATPase subunit Vphlp as a load-
ing control (Fig. 3).

The levels of 3X HA-tagged Laclp protein were induced in
p° cells compared to p™ cells, as described above for Northern
blotting. This induction also required the presence of a func-
tional copy of PDR3. Interestingly, the loss of the LAGI gene
gave rise to a small but reproducible increase in 3X HA-Laclp.
We were unable to detect increased B-galactosidase expression
upon the introduction of the LACI-lacZ fusion gene into the
lagl A background (data not shown), and further experiments
are required to determine the basis of this potential regulation.
The presence of the PDR3-11 allele strongly induced 3X HA-
tagged Laclp, similar to the effect of this hyperactive mutant
on the LACI mRNA level.

Western blotting for 3X HA-Laglp indicated that the ex-
pression of this protein was not influenced by any changes in
Pdr pathway activity. The slight decrease of 3X HA-Laglp
seen in pdrlA pdr3A cells was not reproducible. Unlike the
increase in protein levels when 3X HA-Laclp was blotted from
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FIG. 3. Western blot analysis of HA-tagged Laclp and Laglp.
Whole-cell protein extracts were prepared from the indicated strains,
and equal amounts of each extract were electrophoresed by SDS-
PAGE. Each strain contained a low-copy-number plasmid expressing a
3X HA-tagged form of either Laclp (top) or Laglp (bottom). Where
indicated, a low-copy-number plasmid carrying hyperactive PDR3
(PDR3-11) or the empty vector (pRS315) was also present. After
electrophoresis, the proteins were transferred to nitrocellulose and the
membrane was probed with an anti-HA antibody. A monoclonal an-
tibody directed against the vacuolar membrane protein Vphlp was
used to ensure equal loading and transfer.

alagl A strain, no change in 3X HA-Laglp expression was seen
when it was analyzed from a lacIA background. A comparison
of the relative intensities of these equivalently tagged proteins
supported the notion that Laclp was approximately 300%
more abundant than Laglp when normalized to Vphlp expres-
sion levels. The combined results of Northern and Western
blotting analyses indicate that LACI expression reaches a
higher steady-state level than LAGI expression and that only
LACI is responsive to the Pdr regulatory pathway.

Pdr pathway activity controls LAC1 transcription through a
single PDRE. To determine if the observed changes in LAC!
expression occurred via alterations in LACI promoter activity,
we constructed a fusion gene between E. coli lacZ and the
LACI promoter. A fragment corresponding to position —754
to the LACI ATG was translationally fused to lacZ and carried
on a low-copy-number URA3 vector. This reporter plasmid was
then introduced into an isogenic series of strains with various
levels of Pdr pathway activity. Low-copy-number plasmids ex-
pressing gain-of-function forms of PDR3 were used to assess
the response of LACI-lacZ to hyperactive forms of this tran-
scriptional regulator. The ability of the fusion gene to be in-
duced in p° cells was also tested.

The LACI-lacZ fusion plasmid faithfully reflected the ex-
pression patterns seen for both native LACI mRNA and its
encoded protein (Fig. 4). The loss of the mitochondrial ge-
nome increased LACI-dependent B-galactosidase activity two-
fold, while the presence of hyperactive forms of Pdr3p caused
a larger increase, of approximately fivefold, compared to the
enzyme levels produced in wild-type cells. The removal of
either PDR3 only or both PDRI and PDR3 had a negligible
effect on the expression of LACI-lacZ in p™ cells, although the
introduction of a pdr3A allele into p° cells blocked the normal
induction seen in this genetic background. These data provide
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FIG. 4. A single PDRE mediates Pdr pathway regulation of LACI. Low-copy-number plasmids carrying either a wild-type LACI promoter
fusion to lacZ (LACI-lacZ) or a mutant promoter lacking the PDRE (mPDRE-LACI-lacZ) were introduced into the strains listed at the bottom
of the figure (relevant genetic markers are shown). An empty vector plasmid (pRS315) or the same vector carrying the hyperactive PDR3-11 allele
were present where indicated. Transformants were grown to mid-log phase, and B-galactosidase activities were determined as described in

Materials and Methods.

strong support that the promoter activity of LACI is elevated
in response to changes in Pdr pathway function.

To determine if the target site for Pdr pathway influence on
LACI was provided by the PDRE located at position —433, we
constructed a mutant form of this binding site that no longer
functioned as a Pdrlp or Pdr3p binding site (see below) in the
context of an otherwise normal LACI promoter. This mutant
promoter (designated mPDRE-LACI) was then fused to lacZ
and introduced into the same series of strains that was used to
analyze the wild-type LACI-lacZ fusion gene. Notably, the
mPDRE-LACI-lacZ fusion gene was no longer able to be
induced either by the presence of the PDR3-11 allele or in p°
cells. The loss of the LACI PDRE eliminated the influence of
the Pdr pathway on LACI-dependent 3-galactosidase activity
and confirmed that the effects of Pdr3p were most likely me-
diated through this promoter element.

Both Pdrlp and Pdr3p bind to the single PDRE in the LAC1
promoter. The replacement of the wild-type LACI PDRE with
the mPDRE blocked the influences of Pdrlp and Pdr3p on
LACI-lacZ expression. To confirm that both Pdrlp and Pdr3p
were able to bind to the wild-type PDRE but not the mPDRE,
we performed DNase I protection experiments with both ver-
sions of the LACI promoter. The DNA binding domains of
both Pdrlp and Pdr3p were produced in bacteria, as described
previously (32), and were incubated with a *?P-labeled frag-
ment from LACI containing the wild-type or mutant form of
the PDRE. Protein-DNA complexes were then treated with
DNase I and electrophoresed in polyacrylamide-urea gels. The
cleavage products were visualized by autoradiography (Fig. 5).

Both bacterially expressed Pdrlp and Pdr3p were able to

bind to the wild-type but not the mutant form of the LACI
PDRE. These observations provide further support for the
simple model that the Pdr pathway regulation of LACI is
mediated by the binding of either Pdr1p or Pdr3p to the single
LACI PDRE. While the Pdr pathway input to LACI regula-
tion is provided by the PDRE, we noticed that the loss of this
element had a modest influence on LACI expression in the
absence of Pdr pathway activation. This suggests that other
elements contribute to LACI expression, and we performed
deletion analyses to map the locations of these other regula-
tory sites.

Deletion mapping of LACI promoter identifies two negative
regulatory sites. A series of both 5’ and internal deletion
mutation derivatives of the LACI promoter was constructed in
the context of the LACI-lacZ fusion gene. These deletion
mutants were transformed into wild-type or roxIA cells, and
transformants were grown to mid-log phase and assayed for
their levels of LACI-dependent B-galactosidase expression
(Fig. 6). We tested the influence of Roxlp on LACI expres-
sion, as a sequence inspection of the LACI promoter and DNA
microarray analyses suggested the possibility that this anaero-
bic repressor protein regulates the expression of this gene (39,
67).

Expression of the wild-type LACI-lacZ gene fusion was
found to be approximately twofold higher in roxIA cells than in
isogenic wild-type cells. Furthermore, truncation of the LACI
promoter to 572 bp also led to an additional twofold increase
in LACI-dependent -galactosidase activity in both wild-type
and roxIA cells. This deletion variant removed two potential
binding sites for the transcription factor Cbflp, a DNA binding
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FIG. 5. Pdrlp and Pdr3p bind to LAC! PDRE in vitro. DNA frag-
ments containing the PDRE region from either the wild-type LACI
promoter (wt) or the site-directed mutant form (mPDRE) were radio-
labeled with *?P as described in Materials and Methods. Each probe
was incubated with no added proteins, with protein extracts from
bacterial cells carrying an empty expression vector (vector only), or
with the same vector expressing the DNA binding domain of Pdrlp or
Pdr3p. Protein-DNA complexes were then treated with DNase I fol-
lowed by electrophoresis through denaturing acrylamide-urea gels as
described previously (32). The location of the PDRE (indicated to the
left) was determined by comparison to a Maxam-Gilbert chemical
cleavage reaction and restriction digestion (not shown).
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protein involved in the regulation of methionine biosynthesis
and kinetochore function (reviewed in reference 68). These
observations suggest that Cbflp acts as a negative regulator of
LACI expression, and this suggestion was supported by an
analysis of LACI-lacZ in a cbfIA strain (see below).

A truncation to 433 bp upstream of the LACI ATG elimi-
nated the PDRE and reduced the response to the loss of
Rox1p. Surprisingly, smaller LACI-lacZ derivatives, contain-
ing either 324 or 153 bp of 5’ noncoding sequence, produced
much higher LACI-dependent lacZ activities. Only the pro-
moter containing 324 bp of LACI 5" DNA exhibited any re-
sponse to the loss of Rox1p, consistent with the location of the
Rox1p binding site near position —300. Since an internal de-
letion that removed the sequence between —433 and —324
failed to produce elevated LACI expression, we believe that
the increased B-galactosidase activity directed by the —324 5’
deletion construct is most likely due to the juxtaposition of
vector sequences near the LACI transcription start site.

Other internal deletion derivatives were examined to further
refine the locations of regulatory elements in the LACI pro-
moter. Two PmlI restriction sites are present, at positions
—587 and =571, in LACI. Both of these PmlI cleavage sites
are embedded within consensus (RCACRTG; R = purine)
binding sites for Cbflp (70). Deletion of the DNA between the
PmlI sites restored a single consensus Cbflp site and retained
normal LACI expression control, suggesting that only one
binding site is required for Cbflp regulation at this target
promoter. Deletion of the DNA between positions —587 and
—433, removing both Cbflp sites and the PDRE, had a com-
posite effect on LACI expression. While deletion of the Cbflp
sites would be expected to increase expression, the loss of the
positively acting PDRE overrode this influence, and the result-

50 bp
ATG
-700 -600 -500 -400 -300 -200 -100
] | | [ | ]
ll.l D wt rox1A
pMKO0105-3 19+1 43+ 11
An 39+2 808
A2 14+3 22+75
AM 66 +4 94 +15
A6 68 + 11 45+ 32
A5 10+4 11+1
A7 15+2 26.5+3
A8 17+2 26+5
A3 203 45+25
pMK0103-3 3¢ 111 21+2
pMK0104-4 11+3 26+ 1

FIG. 6. Deletion mapping of the LACI promoter. A series of 5’ and internal promoter deletion derivatives of the LACI-lacZ plasmid were
generated. The solid lines indicate the extent of the promoter that remains in each construct. The name of each mutant construct is shown on the
left side of the figure. A line drawing of the wild-type LACI promoter region is shown at the top with numbers referring to distances from the ATG
codon. The dark gray boxes show the location of the putative Cbflp binding sites, the white box corresponds to the PDRE, and the light gray box
denotes the Rox1p binding site. The PDRE was altered by a site-directed mutation in pMK010303 and was precisely deleted from pMKO0104-4.
Each plasmid was transformed into isogenic wild-type (BY4742) or roxIA (BY4742 roxIA) cells, and B-galactosidase activities were assayed as

described in the text.



VoL. 3, 2004

' .. ' .“ | No Protein

FIG. 7. Recombinant Roxlp binds to an element in the LAC/
promoter. DNase I protection analysis was used as described in the
text. A purine-specific chemical cleavage reaction (AG) was used to
locate the Rox1p binding site (shown to the left). DNase I digestion
was carried out in the absence of added protein (no protein) or with
increasing amounts of Rox1p (indicated at the top).

ing internal deletion mutant was expressed at approximately
50% the level of wild-type LACI-lacZ.

An internal deletion mutant promoter, lacking residues
—324 to —153, no longer exhibited a response to the loss of
Rox1p. Importantly, this internal deletion derivative was still
normally inducible in p° cells (data not shown), confirming that
the promoter was still active. This result provides further sup-
port that the Rox1p target site lies within this interval of the
LACI promoter. We tested this idea by DNase I protection
assays.

Rox1p binds to LACI promoter. Previous DNA microarray
experiments have suggested that LACI expression is controlled
by the presence of oxygen through the action of the anaerobic
repressor protein Rox1lp (40). The deletion mapping analysis
reported here suggests that Roxlp regulation is mediated
through the LACI promoter and localized between positions
—324 and —153. To determine if Roxlp could bind to this
region of LACI, we performed a DNase I protection analysis
using bacterially expressed Roxlp. A *?P-labeled LACI pro-
moter fragment was prepared and incubated with recombinant
Rox1p. Protein-DNA complexes were then digested briefly
with DNase I and analyzed by denaturing urea-PAGE (Fig. 7).

Roxlp was found to protect a region including positions
—296 to —285 from DNase I cleavage. This segment of the
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LACI promoter contains a predicted Rox1p binding site (TCT
ATT GTT TCCC), although other potential Roxlp recogni-
tion sites have been noted elsewhere in LACI (67). To confirm
that this binding site for Rox1p is required for the anaerobic
regulation of LACI, we mutated this element and tested the
resulting mutant promoter for the ability to respond to Rox1p
control. The expression of a LAGI-lacZ fusion was also as-
sessed in roxIA cells to determine if this homologous gene was
regulated similarly to LACI.

Differential control of LACI and LAGI by Rox1p. To com-
pare the responses of the two genes encoding homologous
components of ceramide synthase activity, we prepared LAG1-
lacZ and LACI-lacZ fusion genes. To determine if the Rox1p
binding site identified by DNase I protection was responsible
for the regulation of LACI, we prepared a site-directed mutant
in which 3 bp of the Rox1p element were changed to form an
AflIT restriction site. This mutation was constructed in the
context of the LACI-lacZ fusion gene, and plasmids carrying
these three different lacZ fusion constructs (LAGI-lacZ,
LACI-lacZ, and mRox1p-LACI-lacZ) were introduced into
wild-type and roxIA cells. Transformants were grown to mid-
log phase and B-galactosidase activities were measured (Fig.
8).

LACI-lacZ expression was induced to comparable levels
upon the loss of either CBFI or ROX]I. The elimination of Pdr
pathway input from the fusion gene (NPDRE-LACI-lacZ) re-
duced the observed increase in B-galactosidase expression,
likely owing to the loss of this positive regulatory input. Re-
moval of the Roxlp binding site (mRoxlp-LACI-lacZ)
strongly enhanced LACI-dependent enzyme activity in wild-
type and cbfIA cells, but not in roxIA cells, since Roxlp is
already absent from this strain. LAGI-lacZ expression was
induced only in cells lacking Cbflp and was unaffected in a
roxIA background, consistent with the absence of any Roxlp
binding sites from the LAG! promoter (data not shown).

Several important observations were made from this analy-
sis. First, the use of LAGI-lacZ and LACI-lacZ fusion genes
faithfully replicated the differences in expression of these two
genes that were seen by Western and Northern blot analyses.
LACI-lacZ was expressed at higher levels than LAGI-lacZ.
Second, LACI, but not LAG1, exhibited elevated expression in
the absence of Roxlp. Third, the introduction of an AflII
mutation into the Roxlp binding site of LACI elevated the
expression of the resulting gene fusion, even in wild-type cells,
and prevented the significant increase in expression seen in
rox1A cells. Coupled with DNA microarray experiments (8-10)
and our present LAGI-lacZ analysis (data not shown) showing
that LAGI expression was not responsive to Pdr pathway sig-
nals, these data argue that expression control of the homolo-
gous LACI and LAGI genes involves multiple distinct mech-
anisms. Finally, Cbflp appears to serve as a common regulator
of both LACI and LAGI.

Additional Pdr pathway inputs in sphingolipid biosynthesis.
The evidence presented above indicates that the LACI gene,
encoding a ceramide synthase component, but not its homo-
logue LAGI, is regulated by the Pdr pathway as previously
found for the IPTI gene (23). A sequence inspection for the
presence of potential PDREs in promoters of other genes
linked to sphingolipid biosynthesis produced two additional
candidate loci for Pdr control, specifically SUR2 and LCB2.



888 KOLACZKOWSKI ET AL.

wt
chf1A
rox1A

100

80

60

40 u

B-Galactosidase Activity
(units/ODg)

20 i

LACT-lacZ mPDRE-LAC1-lacZ mRox1p-LAC1-lacZ

Gene Fusion

LAGT-lacZ

B-Galactosidase Activity
(units/ODaOO)
»

——

wt cbf1A rox1A

Genetic Background

FIG. 8. LACI and LAGI expression control by Cbflp and Rox1p.
Low-copy-number plasmids containing the lacZ fusion genes listed
were introduced into the indicated isogenic strains. Transformants
were grown to mid-log phase and B-galactosidase activities were de-
termined. (A) Expression of LACI-lacZ fusion plasmids plotted on the
same scale for comparison. (B) Expression of LAGI-lacZ plotted on an
expanded scale to emphasize the observed change in gene expression.

SUR?2 encodes a hydroxylase that is required for the produc-
tion of phytoceramide (22), while LCB2 encodes one of the
essential components of the serine palmitoyltransferase en-
zyme, which is involved in the first committed step in sphingo-
lipid biosynthesis (4, 51). To determine if these genes are
regulated by Pdr pathway activity, we constructed lacZ gene
fusions with each of their promoters. The resulting SUR2-lacZ
and LCB2-lacZ fusion genes were introduced on low-copy-
number plasmids into isogenic wild-type and roxIA cells. Ad-
ditionally, a vector plasmid (pRS315) containing or lacking the
hyperactive PDR3-11 allele was introduced with each lacZ fu-
sion gene. Doubly transformed cells were grown and analyzed
for B-galactosidase activity as described above (Fig. 9).

Both SUR2-lacZ and LCB2-lacZ activity increased approxi-
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FIG. 9. LCB2 and SUR2 response to elevated Pdr pathway activity
and roxIA. LCB2-lacZ and SUR2-lacZ fusions carried on low-copy-
number plasmids were introduced into isogenic wild-type or rox/A
strains along with an empty vector (pRS315) or the same plasmid
carrying the hyperactive PDR3-11 allele. Transformants were grown
and assayed for 3-galactosidase activity as described in the text.

mately twofold in the presence of PDR3-11. The elimination of
Rox1p was found to lead to an additional twofold elevation in
SUR2-lacZ expression but to have no influence on LCB2 ex-
pression. These data support the view that SUR2 transcrip-
tional control is similar to that seen for LACI, being influenced
by both the Pdr and Roxlp regulatory systems, while LCB2
shares only the Pdr pathway regulatory component.

Changes in sphingolipid levels in response to alteration of
LACI and LAGI expression. A central goal of this study was to
further the link between Pdr pathway regulation and the con-
trol of sphingolipid biosynthesis. The data described above
provide strong evidence that the levels of one of the ceramide
synthase components (Laclp) respond to signals that upregu-
late the Pdr pathway. To determine if this Pdr-dependent reg-
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FIG. 10. Pdr-dependent changes in sphingolipid and ceramide composition. Cells of the indicated genotype expressing either PDR3 or the
hyperactive PDR3-11 allele were labeled with [*H]serine for 2 h at 30°C, lipids were extracted and deacylated, and sphingolipids and ceramides
were analyzed by thin-layer chromatography. Mol% values for the indicated lipid species are indicated on the ordinate. (A) Relative abundance
of IPC-C and IPC-D species; (B) composition of free ceramide species.

ulation could be seen to affect sphingolipid biosynthesis
through LACI! activation, we measured the levels of ceramide
and IPC produced in a series of strains containing different
LACI and LAGI alleles, either in the presence or in the ab-
sence of a hyperactive form of Pdr3p. Four strains were used
that varied in their LACI and LAGI gene dosage: the wild
type, a lacIA mutant, a lagl/ A mutant, or a strain containing a
mutant LACI allele that was wild type except that its promoter
had been engineered to lack the PDRE (see Materials and
Methods). Each strain was transformed with a low-copy-num-
ber plasmid carrying either PDR3 or the hyperactive PDR3-11
mutant. Transformants were grown in selective medium and
then labeled with [*H]serine to allow for the detection of IPC

and ceramides. Lipid extracts were prepared and resolved by
thin-layer chromatography, and labeled species were detected
by autoradiography. The results of this analysis are shown in
Fig. 10.

The introduction of the PDR3-11 allele into all four genetic
backgrounds caused the levels of IPC-C and IPC-D to equal-
ize, while in the presence of wild-type PDR3 nearly twofold
more IPC-C than IPC-D was present. The major cause of this
change was due to an increase in IPC-D levels, although this
change occurred irrespective of changes in LACI and LAGI. A
direct examination of free ceramide (the product of the cer-
amide synthase reaction) indicated a trend toward an increase
in ceramide-C production in the presence of PDR3-11, but this
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effect was small. These modest effects on sphingolipid synthesis
are consistent with those reported by others who used the GAL
promoter to drive the high-level production of Laglp (21) and
likely reflect the elaborate regulation of sphingolipid produc-
tion. Possible reasons underlying the ability of the cell to tol-
erate these changes in the levels of sphingolipid biosynthetic
enzymes while preventing major changes in sphingolipid levels
are discussed below.

DISCUSSION

These data provide several new insights into the interface of
the Pdr pathway with sphingolipid biosynthesis in S. cerevisiae.
Previous work has established that the IPT1 gene, encoding the
final step in sphingolipid biosynthesis (14), is regulated by Pdr
pathway signals (23). In this work, we provide evidence that
three other genes involved in sphingolipid production are also
under the transcriptional influence of Pdr pathway activity.
Since a large number of membrane transporter proteins have
already been demonstrated to be controlled by Pdrlp/Pdr3p
activity status (24, 30, 42, 72), these findings support the idea
that the Pdr pathway may act to coordinate the synthesis of
both these integral membrane transporters and components of
their lipid milieu.

Our data provide the first characterization of the transcrip-
tional control of ceramide synthase in any organism. The reg-
ulation of the ceramide synthase component encoded by LACI
was found to be fairly complex. These experiments provide
evidence for LAC] transcriptional control being responsive to
three distinct gene regulatory pathways, namely Pdr, Roxlp,
and Cbflp. These three different regulatory systems allow
LACI expression to be adjusted to the activity of multidrug
resistance genes, oxygen, and potentially methionine biosyn-
thesis. The precise role of Cbflp in gene expression is some-
what murky, but clear data indicate a role for this protein in the
expression of genes involved in methionine biosynthesis, and
¢bfIA cells are auxotrophic for this amino acid (38).

In comparison to the pattern of LACI gene regulation,
LAGTI shares only the influence of Cbflp. Additionally, in
reporter gene, Western blot, and Northern blot analyses,
LACI expression was approximately threefold higher than
LAGI expression. Based on these data, we expected Laclp to
be the predominant contributor to ceramide synthase activity
in S. cerevisiae. However, direct biochemical measurements of
ceramide synthase activity in single mutant lag/A or laclA cells
indicate that Laglp provides the majority of this enzymatic
function (20). The discrepancy between the expression and
biochemical data may be explained simply by Laglp exhibiting
a higher specific activity than Laclp. However, as pointed out
previously (20, 21), the results of the biochemical assay must be
interpreted with care since the actual substrate specificities of
Laglp and Laclp are not known. Whatever the nature of the
differences between Laglp and Laclp, the expression of only
one of these proteins is sufficient for a normal growth rate (2).

It is interesting that of all the steps in de novo sphingolipid
biosynthesis, the ceramide synthase reaction is the only one in
which redundancy is found. This is likely related to the com-
plex regulation that acts to precisely modulate production of
the bioactive signaling lipid ceramide (reviewed in reference
26). Not only does ceramide have a potent regulatory effect,
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but the LCB precursors to ceramide (dihydrosphingosine and
phytosphingosine) also have several downstream effects, in-
cluding the inhibition of amino acid transport and G, arrest (5,
64). An excessive production of ceramide has been postulated
to underlie the lethality of an aurlA strain that lacks the en-
zyme required for the conversion of ceramide to IPC (59).
While transient elevations in ceramide are required for stress
responses (13), sustained eightfold increases are correlated
with a loss of viability (52, 59).

The fact that ceramide and its precursors have these potent
signaling effects likely explains two related difficulties in the
study of LACI and LAGI. We tested a large number of dif-
ferent strains that possessed various levels of expression of
either Laglp or Laclp yet found relatively subtle changes in
sphingolipid biosynthesis (Fig. 10 and unpublished data). Oth-
ers have driven Laglp or Laclp expression from the strong
GAL promoter yet also did not detect significant increases in
either ceramide synthase activity or large changes in the levels
of sphingolipid intermediates (21). Our experiments used au-
thentic regulatory signals that we have found to modulate the
expression of several genes in the pathway yet were similarly
unable to elicit major changes in pathway intermediates. Ad-
ditionally, we tested a large battery of drugs (>20 different
compounds) that are known substrates for Pdr-mediated resis-
tance in strains with variable LACI and LAGI expression but
failed to detect significant phenotypic changes (data not
shown).

These difficulties most likely stem from the elaborate buff-
ering of ceramide synthesis by multiple mechanisms in S. cer-
evisige in particular and in eukaryotes in general (see refer-
ences 11 and 53 for recent reviews). The substrates for the
ceramide synthase reaction may be withdrawn from the path-
way by either enzymatic breakdown (54) or transport out of the
cell by the recently described Rsblp membrane protein (34).
Interestingly, microarray experiments indicate that the expres-
sion of RSBI is also regulated by the Pdr pathway (8). Cer-
amide can also be directly degraded by the action of two
different ceramidase enzymes (45, 46). Finally, it has been
suggested that the ABC transporter Yorlp (33), another Pdr
target gene (24), can transport sphingolipid intermediates (45).
These multiple regulatory systems effectively limit the changes
in ceramide and other sphingolipid pathway intermediates that
can be elicited. This is physiologically crucial since the levels of
LCBs and ceramide have major effects on proliferation, and
ultimately, viability (recently reviewed in reference 41).

Taken together, these data suggest the possibility that a
major role of the Pdr pathway in vivo is to control the location
and synthesis of sphingolipids. The list of Pdr-regulated genes
involved in sphingolipid homeostasis includes four that are
involved in biosynthesis (LACI, SUR2, LCB2, and IPT1) and
two that are involved in the transport of these lipids (RSBI and
YORI). Intriguingly, the RTAI gene (65) also exhibits Pdr
pathway regulation (8) and is an RSBI homologue. Further
work will be required to confirm this hypothesis, but the body
of evidence linking Pdr pathway function and sphingolipid
biosynthesis makes this a compelling model. Similar findings
have been reported for mammalian cells (reviewed in refer-
ence 61), suggesting that this coordinate control of multidrug
resistance and sphingolipid production is conserved through-
out evolution.
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