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ABSTRACT

UPC2 and ECMZ22 belong to a Zn(2)—Cys(6) family of fungal transcription factors and have been
implicated in the regulation of sterol synthesis in Saccharomyces cerevisiae and Candida albicans. Previous
reports suggest that double deletion of these genes in S. cerevisiae is lethal depending on the genetic
background of the strain. In this investigation we demonstrate that lethality of upc2A ecm22A in the S288¢
genetic background is attributable to a mutation in the HAPI transcription factor. In addition we
demonstrate that strains containing upc2A ecm22A are also inviable when carrying deletions of ERG6 and
ERG28 but not when carrying deletions of ERG3, ERG4, or ERG5. It has previously been demonstrated that
UPC2 and ECM22 regulate S. cerevisiae ERG2 and FRG3 and that the erg2A wpc2A ecm22A triple mutant is
also synthetically lethal. We used transposon mutagenesis to isolate viable suppressors of haplA, erg2A,
erg6A, and erg28A in the upc2A ecm22A genetic background. Mutations in two genes (YNDI and GDAI)
encoding apyrases were found to suppress the synthetic lethality of three of these triple mutants but not
erg2N upc2A ecm22A. We show that deletion of YNDI, like deletion of GDAI, alters the sphingolipid
profiles, suggesting that changes in sphingolipids compensate for lethality produced by changes in sterol

composition and abundance.

HE yeast Saccharomyces cerevisiae has provided a

powerful model system to study the biochemistry
of lipid biosynthesis. Many genes encoding the enzymes
for sterol, fatty acid, phospholipid, and sphingolipid
synthesis have been isolated, their products character-
ized, and the orthologous genes in human cells iden-
tified (Daum et al. 1998; KELLEY and HErRMAN 2001).
However, less is known about the regulation of lipid
synthesis and transport between organelles. Recently,
two transcription factors, Upc2p and Ecm22p, were
implicated in the coordination of these processes in
this model organism (Vik and RINE 2001; WILCOX et al.
2002).

Upc2p and Ecm22p are members of the Zn[2]-
CyS[6] binuclear cluster family of transcription factors
(Topp and ANDRIANOPOULOS 1997) and share signifi-
cant amino acid sequence identity (45%). A semidom-
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inant allele of UPC2 (upc2-1) was demonstrated to
confer aerobic sterol influx, a process normally re-
stricted to anaerobiosis (LEwis et al. 1988; CROWLEY
et al. 1998), while a lesser role of Ecm22p in sterol
transport has also been reported (SHIANNA ef al. 2001).
Microarray analyses of the wupc2-1 mutant identified
novel genes involved in sterol influx, including AUSI
and PDRI1, which encode ABC transporters required
for anaerobic sterol influx (WiLcox et al. 2002).

In addition to a role in sterol transport, an involve-
ment of Upc2p and Ecm22p in regulating sterol bio-
synthesis has been suggested (Vikand RiNE 2000). Both
transcription factors have been referred to as sterol
regulatory element (SRE)binding proteins (SREBPs),
responsible for regulating the transcription of the er-
gosterol biosynthetic genes ERG2 and ERG3via binding
to an 11-bp SRE (Vik and RinE 2001). However, these
proteins lack sequence conservation with the analogous
mammalian or recently identified Schizosaccharomyces
pombe SREBPs (BROWN and GOLDSTEIN 1997; HUGHES
et al. 2005); whether they exhibit functional similarity
remains to be established. Despite this, a large number
of ergosterol biosynthetic genes, such as ERGI, ERG6,
ERGS, ERG12, ERG13, and ERG25 contain this SRE and
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are likely under UPC2/ECM?22 transcriptional control.
In Candida albicans, loss of UPC2 resulted in an inability
to upregulate ERG2 and ERGI1 in response to azole
treatment. Similarly, a 7-bp SRE core element also ap-
pears in many of the same ergosterol biosynthetic genes
in C. albicans (SILVER et al. 2004).

Upc2p has further been proposed to regulate the
transcription of a number of anaerobically expressed
genes (KwasTt et al. 1998). For example, Upc2p induces
the expression of the anaerobic cell wall-related genes
in the PAU family (ABRAMOVA et al. 2001; WILCOX el al.
2002). Combined with the induction of sterol influx,
a largely anaerobic process, these results suggest that
Upc2p and Ecm22p play a role in coordinating the tran-
scriptional response to hypoxia. The role of Ecm22p
under anaerobic conditions has not been documented.
Furthermore, the transcriptional targets of Upc2p and
Ecm22p under oxygen-limited conditions are largely
unknown.

In this article we demonstrate synthetic lethality be-
tween genes encoding transcription factors that de-
crease sterol biosynthesis (UPC2, ECM22, and HAPI)
and mutations in ergosterol biosynthetic genes that
by themselves are viable (ERG2, ERG6, and ERG2S). In
addition, we identify mutations in GDAI and YNDI as
suppressors of this synthetic lethality. Gdalp was shown
previously to play a role in mannosylation of sphingo-
lipids (ABEIJON et al. 1993). Yndlp is related to Gdalp
and we demonstrate that it also plays a role in sphingo-
lipid synthesis. These results demonstrate that inviabil-
ity caused by changes in sterols can be suppressed by
compensatory changes in sphingolipids.

MATERIALS AND METHODS

General: Yeast complete (YEPD), synthetic complete (CSM),
and bacterial media were prepared as described (AUSUBEL et al.
1998). Yeast extract, yeast nitrogen base, Bacto-peptone, and
Bacto-agar were from Difco. Molecular biology and genetic pro-
cedures were performed according to conventional protocols
(AUSUBEL et al. 1998). Gene-specific oligonucleotides were syn-
thesized by Invitrogen.

Yeast strains and molecular techniques: Yeast strains used in
this study are isogenic with the strain W303-1A (MATa ade2-1,
canl-1, trpl-1, wra3-1, his3-11, 15, leu2-3, 112) (THOMAS and
RorHSTEIN 1989). Deletion mutant strains were generated
by homologous recombination with PCR products (ERDENIZ
et al. 1997) generated using the S. cerevisiae pRS303, -304, -305,
and -306 vectors to generate HIS3, TRP1, LEU2, and URA3
selectable markers (S1korsk1 and HIETER 1989) and oligonu-
cleotides that contained 45-50 bp of gene-specific sequence.
Disruptions containing the kanamycin (G418) resistance
marker were obtained using the plasmid pFA6 as template.
Oligonucleotides used to create various deletions are listed in
Table 1. All disruptions were verified by PCR. The Ty trans-
poson insertion at the 3" end of the HAPI gene was identified
by PCR using oligonucleotides specific to HAPI and the Tyl
transposon (CTTCCTTTTATCAAAGCAT CTTG and CGAG
GATTTAGGAATCCATAAA, respectively). The hapIA muta-
tion was created as follows: An integrating plasmid PAAG1-HS
(kindly provided by A. Gower and J. L. Pinkham) containing a

1347 deletion within HAPI spanning the HindIII site to Sall
site was digested with EcoRI for targeted integration into the
HAPI locus of SCY325. URA3 transformants were selected and
colonies placed on b5-fluoroorotic acid (FOA) medium to
select for a strain (SCY2127) containing the hapIA allele. PCR
screening primers for the characterization of the HAPI locus
are indicated in Table 1. Plasmid pU6Asacl containing the
normal UPC2 gene was used as the rescue plasmid in all sup-
pressor screens (A. TINKLENBERG and S. L. STURLEY, un-
published data). Standard protocols for matings, sporulation,
tetrad analyses, and transformation are as described (BURKE
et al. 2000).

Strains used in this study were derived from W303. SCY325
and SCY328 are common Sturley laboratory strains. All other
strains listed in Table 2 were derived for this study and are
deletions, with the exception of haplT;.

Transposon mutagenesis: Fifteen pools of the mTn-lacZ/
LEU2 transposon library were received as a generous gift from
Michael Snyder’s lab (BURNS et al. 1994). UltraMAX DHb5a-FT
Competent Cells were transformed with the pools of DNA ac-
cording to standard bacterial transformation protocols. Trans-
formants were selected on LB medium containing 60 wg/ml
ampicillin. On average 250,000 colonies could be harvested
from each pool. DNA purification was performed according
to standard DNA midi-prep protocols (AUSUBEL et al. 1998).
S. cerevisiae DNA from amplified pools containing the 6.6-kb
mTN-lacZ/LEU2 cassette was restricted with No#l and trans-
formed into the appropriate strains containing the UPC2
rescue plasmid pU6ASacl. For hapIA upc2A ecm22A /pUASacl,
33,754 LEU2 transformants were obtained. For the erg2, erg6,
and erg28 mutants in the upc2A ecm22A background, 10,804,
39,771, and 1095 LEU2 transformants were obtained, respec-
tively. Transformants that were able to lose the rescue plasmid
on FOA medium became candidates for containing suppres-
sor mutations. To locate the site of genomic insertion inverse
PCR was used as described on the Gottschling web site (http:/
www.fherc.org/science/labs/gottschling/misc/ipcr.html) and
in OCHMAN et al. (1988). Genomic DNA from S. cerevisiae from
putative suppressor strains was extracted according to stan-
dard protocols (AUSUBEL et al. 1998) and digested with Acl,
Alul, Haelll, Hpall, Rsal, or Tagl that corresponded to known
restriction sites in the mTn-LacZ/LEU2 transposon cassette.
The restriction site defined the sequence for which both the
inverse PCR and sequencing primers would be used. Inverse
PCR was performed using primers InPCRI, -2, -7, and -8.
A PCR product using primers InPCR7 and InPCR 8 was used
as a template for a second round of PCR with the primers
InPCR1 and InPCR2. Using this method, PCR products were
produced that were amenable to DNA sequencing. DNA
purification for nucleotide sequencing was performed using
the QIAquick Method (QIAGEN). Sequencing was performed
at the Indiana University Biochemistry and Biotechnology
Facility using mTn3-SEQI, which anneals at position 15-42 of
the mTn-lacZ/LEU2 transposon cassette.

Sterol analyses: Sterols were extracted following published
protocols (GACHOTTE et al. 1999). Gas chromatography anal-
ysis of sterols was conducted on an HP5890 series II GC, us-
ing a DB-5 capillary column (15 m X 0.25 mm i.d., 0.2 pm
film thickness) with nitrogen as carrier gas (30 cm/sec) and
was programmed from 195° to 300° (195° for 3 min, 5.5°/min
to 300° then held for 10 min). Gas-chromatography—mass
spectrometry analyses were performed with an HP5890 GC
coupled to an HP5972 mass selective detector. Electron impact
MS (70 eV, scanning from 40 to 700 or 650 atomic mass units,
at l-sec intervals) was performed using the following condi-
tions: DB-BMS column (20 m X 0.18 mm i.d., 0.18 pm film
thickness), helium as carrier gas (30 cm/sec), detector tem-
perature 180°, column temperature 100°-300° (100° for
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TABLE 1

Primers used in this study

Primer name

Primer sequence

Purpose

frwUPC2

revUPC2

frekECM22

revECM22

frwERG2

revERG2

frwERG6

revERG6

frwERG28

revERG28

freHDA3

revHDA3

frwTUP1

revIUP1

frwYND1

revYND1

frwlES1

revIES1

CGGTAAACGTAAATTCCATAACAAATCAA
AGAATGGGTGCGATAACTGTAAAAGAAG
AAGTggegggtgteggggetgge
CTATCAGGTTCAGATTGCCTTTGGTAGAA
AGATCTAAAAGCTTAGCGATGTTACTGGT
ACttgccgatttcggectattg

CCGATGATGGGAATGCTGGACAAGAAAG
AGAGAAGGATGCTGAACTGATTGAGGTTG
Gggcgtacgctgcaggtegac
CGCGATGCAGTTTGTCCAAATATGCTAAA
GTTATCAAGTACGGTGAATCAATTTCTAC
Ggatcgatgaattcgagctcg

CCACTCCTTTTGTTGATTGGTGTTGTAGGC
TACATTATGAACGTATTGTTCACTACCTG
GTggcgggtgteggggctggce
CAAGTTCTTACCCATGTCCCTGGCAGTCA
GGTAGACAGTTCTATATAGAGTGTATAAA
TCttgecgatttcggectattg

GGCCCAATTCACTAGGGAGTTACATGGTG
ATGATATTGGTAAAAAGACAGGTTTGAGT
GCTGGCGGGTGTCGGGGCTGGC
CGTTTTCTGGCTTCCTAGCGACGAAAAGC
ATCATTGGAGTGAATAACTTGGACTTACC
ACTTGCCGATTTCGGCCTATTG

CTTTACGGTATTACCGATAGGAAACTTCT
ATTTTATGATTTTTTCGTTCGGGGACGGAA
CTGGCGGGTGTCGGGGCTGGC
CGTTAGAGGAGAGAGGTAGGGATACTTA
CAGAAATGAAGCCAAATTGGCAGCTTTTT
GAGTTGCCGATTTCGGCCTATTG

GATTTACTACGCATTTTAGACACGAAACC
AATACCTACAATTGTTGATGCTACTACTCT
Gtggegggtgteggggctgge
CGTGGAATTGTTAAGTTTTCCAAGTTGTCC
ATCGTCTTCGATAACTGTCCCACTAACTCC
ttgecgatttcggectattg

GGGAAGAAAGAAATCAGCTTTCCATCCAA
ACCAATATGACTGCCAGCGTTTCGAATAC
GCtggegggtgteggggctgge
GTGTGGTGGCCACGGACAATACAAAGTCT
TTATGCCCGATATACGTAACTTCACAAGT
GCttgecgatttcggectattg

ATTTCCCCGTCTGCCCTCTTATGCTCATAG
AAAACACTAATGATCGGTTTGGTATCGTC
Atggegggigtcggggeigge
CAGGTCGTAAGTTTGACGGAGCGAGATTA
GCGGACTGACTTGCTGTCCTTTGTGGTTCG
Tttgccgattteggectattg
GTATTGGAAACAGTTCATGATTAACTAAG
TAAAATCGAAAGCTAAATAAAGGCGACA
CTCrggegggtgteggggctgge
CTTAAACATGGCGGTTGCTTCTTCGTCATC
AATTTCCGCGCGTTCGATTTTATTTAAAAG
ttgcegattteggectattg

UPC2 disruption

ECM22 disruption

ERG2 disruption

ERG6 disruption

ERG28 disruption

HDA3 disruption

TUPI disruption

YNDI disruption

IES] disruption

(continued)
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TABLE 1

(Continued)

Primer name

Primer sequence

Purpose

MNNI11fwd GAAGAAAGCCAATTTTCAACTTGGAATCA
TCCTGCCGGTTTGTTGTTGGTGTTAGCTGT
Gtggegggtgteggggetgge

MNNI1l1rev GTAAAGAAAGATCGAGATTCATCAATAA
AGCATCTTGATCAACAAAATGAATATACT
TGGttgecgattteggectattg

UME6fwd CAGCGCACAGGAACTAGGACACTACCGC
ACTCAAACCATTTGCATGGACCTTAACTC
ACGtggegggtgteggggctgge

UMEG6rev GTCTTTCCTCGGTACACTTCTTTTTCCTTA
ATCTACAAATCCAGCAACCAGTACGGGAC
Cttgecgattteggectattg

MNNO9fwd AATTTTAGTATTTTTCAAACAGAAGAATT
TAAAAGAGCTAGAATAAAAAGTTAGGAA
ACArggcgggrgteggggeigge

MNNOrev ATTAATGGCCTATAAGTGGCAATTTCTGC
ATAACCCTCGACAATAATCTCGTCATCAC
CCttgecgattteggectattg

GDAlfwd CAATCTTTATTGGCGAACAGTTAAGGGTC
CTCTCGAGAAGAAACATTAAGACATCATC
GCrggegggrgreggggctgge

GDAlrev AACAATTTGTGTAGACCCTCCGCCTAAGT
CAAAAACGGCAGCAGTAGGTAACTTGGG
GCCttgccgatttcggectattg

GDAI1-5'GAL CGGGATCCCACAAAAAACATGGCGCCCA

GDAI1-3'GAL CGGAATTCGAAAAGCGGTGTCCATGTTC

inPCR1 5" TAAGTTGGGTAACGCCAGGGTTTTC-3'

inPCR2 5" TTCCATGTTGCCACTCGCTTTAATG-3’
inPCR7 CCTCAGGAAGATCGCACTCC

inPCR8 GTGATGGTGCTGCGTTGGAG

MTn3-SEQI1 CCCCCTTAACGTGAGTTTTCGTTCCACT

HAP1-frw ACTTCCTTTTATCAAAGCATCTTG

HAP1-2rev GACGTATCCCATTCTGAAACGCAAC

LWl ATTCCAACGGTTCCATCGTTAACC

Lw2 TATCCCATTCTGAAACGCAACG

LWl ATTCCAACGGTTCCATCGTTAACC

LwW3 CGAGGATTTAGGAATCCATAAA

MNN11 disruption

UMEG6 disruption

MNN?9 disruption

GDA1 disruption

pYES2-GDALI plasmid
Nested/inverse PCR for Rsal, Taql
Inverse PCR for Taq/

Sequencing InPCR
hapIA check in SCY2127

Hapl wild-type check

HaplTy check

In the disruption primers, lowercase letters correspond to conserved regions bordering the TRPI, KAN™,
HIS3, LEU2, and NAT" genes in the pRS304, pFA6, pRS303, pRS315, and pAG36 vectors, respectively. All prim-
ers are designed so that left to right corresponds to 5° — 3'.

1 min, 10°/min to 300° then held for 15 min); and DB-5
(10 m X 0.25 mm i.d., 0.25 pm film thickness), helium as
carrier gas (50 cm/sec), column temperature 40°-300° (40°
for 1 min, 30°/min to 300° then held for 4 min). All injections
were run in splitless mode.

Sphingolipid and membrane microdomain analyses: Lipids
were extracted from cells radiolabeled with [*H]myo-inositol,
separated by chromatography on Whatman HP-K plates and
detected by using a BioScan apparatus (DICKSON et al. 1997).
The chromatography solvent was 55:45:10 (chloroform:
methanol:0.25% KCl) (PuoTI et al. 1991). Detergent-insoluble
fractionations were carried out according to BAGNAT et al
(2000) with a few minor alterations. A total of 10 ODgg units

of exponential phase cells were lysed in TNE (50 mm Tris—-HCI,
pH 7.4/150 mm NaCl/5 mm EDTA) buffer by bead-beating
mechanical disruption at 4° in the presence of protease in-
hibitors. The supernatant (450 pl) was incubated for 30 min
on ice with pre-chilled Triton X-100 at final concentration of
1% v/v. A total of 400 pl of this mixture with 2 volumes of 60%
OPTIPREP were then overlaid with 2.7 ml of 30% OPTIPREP
and finally with 0.5 ml TNE protease buffer and centrifuged
for 3 hr at 45,000 rpm in a SW50.1 rotor at 4°. A total of 500 p.l
fractions 1-8 were removed from the top of the gradient. The
detergent-insoluble (raft-associated) proteins reside predom-
inately in fraction 2 and sometimes in fraction 1. Fractions
were stored at —80°. All immunoblots were performed on 8%



Suppressors of Synthetic Lethality in Yeast 1897

TABLE 2

Strains used in this study

Strain Genotype

W303 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1, wra3-1 canl

SCY325 MATo ade2-1 his3-11,15 leu2-3,112,trp1-1, ura3-1 canl

SCY328 MATa ade2-1 his3-11,15 leu2-3,112,trpI1-1ura3-1 canl

SCY1832 MATo upc2A ::URA3 haplTy

SCY1987 MATo upc2A ::URA3

SCY1996 MATo ecm22A:: LEU2

SCY2127 MATo hapIA

MVS36 MATa erg28A::HIS3

MVS40 MATa erg2A::HIS3

MVS41 MATow erg6A :: HIS3

MH1-3B MATo hapIA upc2A:: TRP1 ecm22A :: KANMX4/pU6ASacl”

M28-2D MATa erg28A :: HIS3 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl

M6-3B MATa erg6A :: HIS3 upc2A :: TRP1 ecm22A :: KANMX4/pU6ASacl

M2-7A MATo erg2A - HIS3 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl

MVS139 MATo yndIA::LEU2

Mb5B-3 MATa upc2A::TRP1 ecm22A :: KANMX4/pU6ASacl

MVS3 MATa erg3A:: TRPI upc2A ::URA3 ecm22A :: LEU2

MVS14 MATa erg5 A::TRPI upc2A::URA3 ecm22A :: LEU2

MVS18 MATa erg4A :: TRPI upc2A::URA3 ecm22A ::LEU2

BBY102 MATa yndIA::LEU2 erg2 A::HIS3 upc2 A::TRPI ecm22 A:: KANMX4/pU6ASacl
BBY103 MATa yndIA::LEU2 hapIA upc2 A::TRPI ecm22 A :: KANMX4/pU6ASacl
BBY105 MATo ynd1 A::LEU2 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl

BBY107 MATa yndIA::LEU2 erg2A::HIS3 upc2A:: TRPI ecm22A :: KANMX4/pU6ASacl
BBY112 MATa yndIA ::LEU2 upc2A:: TRPI ecm22A :: KANMX4/pU6ASacl

BBY113 MATa yndIA::LEU2 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl

BBY114 MATa gdalA::HIS3

BBY125 MATo gdalA::HIS3 haplA upc2A::TRPI ecm22A :: KANMX4/pU6ASacl
BBY131 MATo yndIA :: LEU2 erg28A :: HIS3 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl
BBY137 MATa gdalA::HIS3 erg28A :: HIS3 upc2A:: TRPI ecm22A :: KANMX4/pU6ASacl
SBY29 MATo gdalA::HIS3 uchA ITRPI ecm22A :: KANMX4/ pUGASacI

SBY31 MATa gdalA::HIS3 erg6A ::HIS3 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl
SBY34 MATa gdalA::HIS3 erg6A :: HIS3 upc2A:: TRP1 ecm22A :: KANMX4/pU6ASacl
SBY38 MATo gdalA::HIS3 erg2A ::HIS3 upc2A:: TRP1 ecm22A :: KANMX4/pU6ASacl
SBY47 MATo yndIA :: LEU2 erg6A :: HIS3 upc2A :: TRP1 ecm22A :: KANMX4/pU6ASacl
SBY56 MATo yndIA ::LEU2 haplA::HIS3 upc2A :: TRPI ecm22A :: KANMX4/pU6ASacl

All strains are derived from W303. SCY325 and SCY328 are common laboratory strains. All others were

generated in this study.

“pU6ASacl is a complementing plasmid containing UPC2.

SDS-PAGE gels with a 5% stacking gel. a-Gaslp or o-Pmalp
antibody was used at a 1:2500 dilution followed by a-goat anti-
rabbit horseradish peroxidase-conjugated secondary antibody
(1:4000 dilution). Amersham ECL assays were used to detect
the proteins.

RESULTS

The upc2A ecm22A double mutant exhibits synthetic
lethality in combination with various mutations affect-
ing sterol synthesis: In contrast to other findings, Parks’
group (SHIANNA ef al. 2001) found that the double
mutant upc2A ecm22A was inviable in their genetic
background. The original upc2-1 allele (LEwis et al.
1988) was derived from strain S288C, in which a Tyl ele-
ment disrupts the 3’ region of the HAPI ORF (GAISNE
et al. 1999). The HAPI gene encodes a heme-responsive
transcription factor that regulates sterol biosynthesis

(Turrand LoPER 1992; KENNEDY ef al. 1999). In a upc2-1
gain-offunction mutant, HAPI is upregulated and fur-
thermore acts as a modifier of sterol uptake (WiLcox
et al. 2002) . Given the roles of Upc2p and Ecm22p in the
regulation of sterol biosynthesis, we further investigated
the cross-talk between the HAPI and UPC2/ECM22
pathways by attempting to generate a triple mutant by
crossing an ecm22A mutant to a upc2A haplTy strain.
Whereas every possible double mutant segregant from
the cross was recovered, all triple mutant segregants
(haplTy upc2A ecm22A) died (50 tetrads dissected).
However, triple haplTy upc2A ecm22A mutants contain-
ing a URA3-marked plasmid with a wild-type copy of
UPC2 (pU6ASacl) were viable. upc2A ecm22A strains
containing a deletion allele of HAPI were also inviable;
dissection of ~39 tetrads also failed to yield a viable
hapIA upc2A ecm22A strain. Thus both the haplTY and
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ergbupc2

ecm22

"CSM-Ura

CSM+FOA

FIGURE 1.—The triple mutants hapIA upc2A ecm22A, erg2A
upc2A ecm22A, ergbA upc2A ecm?22A, and erg28A upc2A
ecm22A contain a UPC2 rescue plasmid (pUASacl) and are
able to grow on CSM-Ura medium but cannot grow on
CSM + FOA, which negatively selects against plasmid reten-
tion. The upc2A ecm22A control strain grows on both media.

haplA alleles in combination with upc2A ecm22A were
inviable. The inability of haplTy (or haplA) wupc2A
ecm22A /pU6A Sacl strains to grow on medium contain-
ing 5-FOA, which selects against the URA3 containing
plasmid, further supports the inviability of the triple
mutant combination (Figure 1).

In previous studies, we and others have demon-
strated that the combined deletion of UPC2, ECM22,
and ERG2 was synthetically lethal (Vik and RiNE 2001;
VaLacHOVIC et al. 2004) . However, this lethality could be
suppressed by a mutation in ELO3, which is necessary
for synthesis of the Cgg fatty acids found in sphingolipids
(VALACHOVIC et al. 2004). In the current study, we
investigated whether upc2A ecm22A was synthetically
lethal in combination with other viable ergosterol de-
letion mutants, such as erg3A, erg4A, erg5A, erg6A, and
erg28A. Our results demonstrate that ERG6 and ERG2S
but not ERG3, ERG4, or ERG5 are essential genes in the
absence of UPC2 and ECM22 (Figures 1 and 2). These
results are summarized in Table 3, in which we demon-
strate that viable triple mutants of hapIA (40 tetrads
dissected), erg6A (33 tetrads dissected), and erg28A (38
tetrads dissected) with upc2A ecm22A were not observed.
Triple mutants containing hapIA wpc2A ecm22A, erg6A
upc2A ecm22A, and erg28A upc2A ecm22A were, however,
recovered from crosses containing the rescue plasmid
(pU6BASacl) with a normal UPC2 allele. These strains
grew on CSM-Ura but failed to grow on FOA medium as

ergdupc?

ergiupc?

ecm22 ecm22

CSM

FIGURE 2.—The triple mutants erg3A upc2A ecm22A, erg4A
upc2A ecm22A, and ergdA upc2A ecm22A are all able to grow
on CSM medium without a rescue plasmid.

expected if the triple mutants are inviable (Figure 1).
Finally, attempts to disrupt HAPI, ERG6, or ERG28 wild-
type alleles in a upc2A ecm22A strain were unsuccessful,
supporting the hypothesis that mutating these genes
in the double deletion background mutant is a lethal
event.

Deletion of upc2 and ecm22 alters sterol profile: An
11-bp SRE responsible for UPC2-mediated sterol regu-
lation of ERG2 was found in eight other sterol bio-
synthetic genes in S. cerevisiae and a similar element
was found in several ergosterol biosynthetic genes in
C. albicans (Vik and RiNeE 2001; SiLVER et al. 2004).
The upc2A ecm22A double mutant accumulates large
amounts of two sterol intermediates, episterol and
ergosta-b,7-dien-ol, at the expense of end-product sterol
(VaLacHovic et al. 2004). The single deletion mutants
upc2A and ecm22A had sterol profiles essentially like that
of the wild type. Initially, we looked at erg3A, erg4A, and
erg5A alone and in a upc2A ecm22A genetic background
to determine exactly how the sterol profiles were al-
tered. The principal sterol that accumulates in erg3A is
ergosta-7,22,-dienol (70% of total sterol), butin a erg3A
upc2A ecm22A mutant the principal sterol is episterol
(41%) followed by fecosterol (13.9%) and ergosta-
7-enol(13.3%), not a dramatic difference in sterol com-
position. Similar results were observed in an erg4A strain

TABLE 3

Genetic analyses to determine viability of hapIA, erg2A, erg6A,
and erg28A in a upc2A ecm22A mutant background

No. of tetrads Viable triple

Mating dissected mutants”
erg3A upc2A X upc2A ecm22A 23 19
ergdA wupc2A X upe2 A ecm22A 24 24
ergSA wpc2A X upc2A ecm22A 18 10
ergd A upc2A X upc2 A ecm22A 33 0
erg28A upc2A X upc2A ecm22A 38 0
hapIA X upc2A ecm22A 40 0

“Number of viable triple mutant isolates in a wupc2ecm22
background.
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TABLE 4

Genes disrupted by mTn3 in multiple backgrounds

M2-7A:
erg2upclecm22

M6-3B:
ergbupclecm22

MH1-3B:
haplupc2ecm22

M28-2D:
erg28upc2ecm22

YND1 1
YER049w 1
HDA3 —
RPN9 —
IES1 1
SSN2 1
BCK2 —
RDN25-1 —
RDN37-1 —
TARI1 —
YNLO11C 1
YNLO10W 1

N N e

1 —
1 —
1 —
1 —
1

3
— 3
1

M2-7A [erg2Aupc2hecm22Ap(U,U)], M6-3B [ergAupc2Aecm22Ap(U,U)l, MHI-3B [ haplAupc2Aecm22A(U,U)], and
M28-2D [erg28Aupc2Aecm22Ap(U,U)] were all transformed with the mTn3 library resulting in several genes dis-

ruped in multiple backgrounds.

compared to the erg4A upc2A ecm22A triple mutant. The
former accumulates almost exclusively ergosata-5,7,22,
24(28) sterols but the triple mutant accumulates mostly
episterol, two closely related erg4A-type sterols, ergosta-
5,7,24(28), ergosta-5,7,22, 24(28), as well as zymosterol.
Finally, the sterol profiles of erg5A and the erg5A upc2A
ecm22A were essentially the same, accumulating princi-
pally ergosta-5,7 diene (74.6% and 67.6%), respectively.
These results suggest that these triple mutants are likely
viable because the sterols produced are not significantly
different from those that occur in the erg3A, erg4A, and
erg5A single mutants.

Isolation of suppressors of inviable upc2A ecm22A
triple mutants: Previously we isolated a UV-induced
suppressor mutation of an erg2A upc2A ecm22A triple
mutant. Genetic analysis of the suppressor showed that
it was resistant to the morpholine tridemorph (BALocH
et al. 1984), suggesting that the suppressor may be elo2
or elo3 (VALACHOVIC et al. 2004). This suppressor was
identified as elo3, which has been demonstrated to
suppress lethal mutations of erg2 (SiLvE et al. 1996),
although in the majority of genetic backgrounds erg2A
mutants are not lethal (ASHMAN et al. 1991).

Similar attempts to identify viable suppressors of
triple mutants of hapl, erg6, erg2, or erg28 in the upc2A
ecm22A background were unsuccessful. Therefore trans-
poson mutagenesis using hapIA upc2A ecm22A, erg2A
upc2A ecm22A, erg6A upc2A ecm22A, and erg28A upc2A
ecm22A strains containing the UPC2 rescue plasmid
pUG6ASacl were transformed with a mutagenized trans-
poson library-mTn-lacZ/LEU2. Transformants were sub-
sequently plated onto synthetic complete medium
containing FOA to select loss of the pU6ASaclI plasmid.
Colonies purified on CSM-leu media that were able to
grow on FOA medium were then considered as candi-
dates for carrying a suppressor mutation. These colo-

nies were then subjected to PCR analysis to ensure that a
wild-type version of the UPC2 was not present. Approx-
imately 40,000 transformants were obtained for triple
mutants of erg6, 34,000 for hapl, 11,000 for erg2, and
1100 for erg28. Transposon screening by PCR allowed us
to identify 116 different candidate suppressor genes.
The largest category (14.7%) involved genes encoding
transcription factors and the next largest class (10.3%)
involved genes required for chromatin remodeling and
chromatin structure. In total, 15 categories of genes
were identified and the ones that were isolated multiple
times are listed in Table 4.

Putative transposon suppressors were confirmed by
independently creating gene deletions: While the trans-
poson mutagenesis screen indicated many putative sup-
pressors, it was necessary to independently confirm
these mutations by creating knockouts of putative genes
and crossing these into our strains to generate viable
quadruple mutants (e.g., mutxA hapIA upc2A ecm22A).
We chose several categories of genes to independently
disrupt: TUPI and HDA3 are two genes involved in
chromatin repression; transposon mutagenesis indi-
cated that in the upc2A ecm22A background, tupl res-
cued hapl and hda3 suppressed both hapl and erg6.
A mutation in OSHI encoding an oxysterol-binding
protein suppressed erg6A and a mutation in UME6 (a
transcriptional regulator) suppressed erg2A in upc2A
ecm22A strains. Various crosses of these independently
derived disrupted genes to the triple mutants contain-
ing a rescue plasmid indicated that tupIA was not a
suppressor of haplA; hda3A was not a suppressor of
haplA, erg2A, or erg6A; oshIA was not a suppressor of
erg6A; and ume6A was not a suppressor of erg2A. How-
ever, yndIA that was initially identified as a suppressor
of haplA, erg2A, and erg6A mutants by transposon
mutagenesis was confirmed by independently derived
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TABLE 5

Synthetically lethal backgrounds in which yndIA was tested as a suppressor

Mating Tetrads dissected”  Viable quadruples”  Inviable quadruples®  Viable triples’
haplupc2ecm22/p X yndlupclecm22/p 41 44 0 43
erg2upcecm22/p X yndlerg2upc2ecm22/p 18 0 9 16
yndlerg2upc2ecm22/p X yndIlupc2ecm22/p 46 0 65 20
ergbupcecm22/p X yndIlupc2ecm22/p 54 28 0 15
erg28upcecm22/p X yndlupc2ecm22/p 50 30 0 54

Matings were made to produce quadruple mutants composed of a synthetically lethal triple mutant background plus ynd1. All

mutations are deletions.

“Number of tetrads dissected to produce the quadruple mutants.
’Number of quadruple mutants where yndl suppressed lethality as indicated by the ability to lose the accompanying rescue

containing UPC2 plasmid on FOA medium.

“Number of quadruple mutants in which yndI did not suppress lethality as indicated by the inability to grow on FOA medium.
“Number of synthetically lethal triple mutants produced by the cross as a control and not plated on FOA medium.

“URA3-containing rescue plasmid carrying UPC2 allele.

disruptions to suppress hapIA, erg6A, and erg28A mu-
tants but unexpectedly not the erg2A triple mutant
(summarized in Table 5). In various independent
crosses involving the generation of triple or quadruple
mutants, segregants containing the pU6ASacl rescue
plasmid were plated onto FOA medium. For haplA,
erg6A, and erg28A mutants thatalso contained the yndIA
allele in the upc2A ecm22A background, viability (sup-
pression) was indicated as the ability to lose the rescue
plasmid. However, in two distinct matings in which
yndIA erg2A upc2A ecm22A quadruple mutants were
generated, no quadruple mutant strain was able to lose
the rescue plasmid. YNDI encodes an apyrase (nucleo-
side diphosphatase and nucleoside triphosphatase ac-
tivity) and has 20% amino acid identity to GDAI, which
also encodes a nucleoside diphosphatase. GDAI is
required for transporting GDP-mannose into the Golgi
lumen (GAo et al. 1999). GDA I mutants are defective in
mannosylation of both proteins and sphingolipids
(YANAGISAWA et al. 1990; ASHMAN et al. 1991; ABEIjON
et al. 1993). The yndIA gdalA double mutant grows
slowly and demonstrates defects in cell morphology and

protein glycosylation. An independently derived gdalA
mutant strain was similarly mated to all four triple mu-
tants and similar results were obtained. The gdalA
mutation suppressed hapIA, erg6A, and erg28A triple
mutants but not the erg2A upc2A ecm22A triple mutant
(Table 6). Figure 3 demonstrates that both yndl and
gdal deletions suppress lethality of hapIA, erg6A, and
erg28A triple mutants but not the erg2A triple mutant. To
determine whether GDAI expression would reverse the
suppression of the gdalA-suppressed quadruple mu-
tant, the GDAI open reading frame was introduced into
the pYES2 expression vector that contains the galactose-
inducible promoter GALI. On media containing glucose
both empty vector control (pYES2) and pYES2-GDAI
did not adversely affect growth of the hapIA, erg6A,
and erg28A mutants in gdalA upc2A ecm22A strains.
However, on galactose-containing media in which ex-
pression of the GDA1is induced, the quadruple mutants
grew worse than when GDA I was not expressed (Figure
4, compare B; and By, D; and Dy, and F; and Fy)
indicating that GDAI expression did reverse suppres-
sion. Minimal GDAI expression under noninducible

TABLE 6

Synthetically lethal backgrounds in which gdalA was tested as a suppressor

Mating Tetrads dissected” Viable quadruples’ Inviable quadruples’ Viable triples”
haplupc2ecm22/p X gdalupcecm22/p 35 30 0 17
erg2upc2ecm22/p X gdalupclecm22/p 45 0 24 20
ergoupc2ecm22/p X gdalupc2ecm22/p 37 30 0 16
erg28upcecm22/p X gdalupc2ecm22/p 39 34 0 30

Matings were made to produce quadruple mutants composed of a synthetically lethal triple mutant background plus gdal. All

mutations are deletions.

“Number of tetrads dissected to produce the quadruple mutants.
’Number of quadruple mutants where gdal suppressed lethality as indicated by the ability to lose the accompanying rescue

containing UPC2 plasmid on FOA medium.

‘Number of quadruple mutants in which gdal did not suppress lethality as indicated by the inability to grow on FOA medium.
“Number of synthetically lethal triple mutants produced by the cross as a control and not plated on FOA medium.

“URA3-containing rescue plasmid carrying UPC2 allele.
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haplupc2
ymdlhapl ecm22
upclecm22

gdalhapl
upclecm22

yndlerg?
upclecm22

gdalerg?
upc2ecm22

ergbupc

gdalergh
upclecm22

yndlergt
upclecm22

erg28upc?

ecm22
yndlerg28 gdalerg28

upclecm22 upcecm22

CSM-ura

Ficure 3.—(A and B)
Suppression of hapIA upc2A
eem22A by yndl and gdal
mutations. The quadruple
mutants  yndlhapA  upc2A
ecm22A and gdalhapA wpc2A
ecm22A will grow on CSM-
Ura or CSM + FOA me-
dium, which selects against
plasmid retention of the
rescue plasmid, pUASacl.
Only the triple mutant
hapIA upc2A ecm22A  can-
not grow without the rescue
plasmid on CSM + FOA
medium. (C and D) The
erg2A upc2A ecm22A triple
mutant is not suppressed
by yndl and gdal as loss of
plasmid results in inviabil-
ity. (E and F) Suppression
of erg6A wpc2A ecm22A by
yndl and gdal mutations.
The quadruple mutants
yndlerg6A  upc2A  ecm22A

CSM+FOA

and gdalerg6A upc2A ecm22A will grow on CSM-Ura or CSM + FOA medium, which selects against plasmid retention of a rescue
plasmid. erg6A upc2A ecm22A cannot grow without the rescue plasmid on CSM + FOA medium. (G and H) Suppression of erg28A
upc2A ecm22A by yndl and gdal mutations. The quadruple mutants ynd1erg28A upc2A ecm22A and gdalerg28A upc2A ecm22A will
grow on CSM-Ura or CSM+FOA medium. erg28A upc2A ecm22A cannot grow without the rescue plasmid on CSM + FOA medium.

conditions (glucose medium) showed similar growth in
the absence or presence of wild-type GDAI (Figure 4,
compare A; and Ao, C; and Co, and E; and Ey).
Unexpectedly, the inducible expression of GDAI was
also able to prevent growth of yndI hapIA (or erg6A or
erg28A) upc2A ecm22A strains. These results suggest that
overexpression of GDAI can reverse the suppression
due to a mutation of the related gene YNDI, suggesting
lesions in both GDAI and YNDI genes are suppressing
through a similar mechanism.

Sterol analyses of the yndI- and gdal-suppressed
strains: We were interested in determining what the
sterol profiles of the suppressed quadruple mutants
might look like since these strains might be regarded as
having a sterol composition that was minimally ade-
quate for viability. The sterol profiles of the haplIA,
erg6A\, erg28A single mutants, the upc2A ecm22A double
mutant, and the yndIA- and gdalA-suppressed quadru-
ple mutants are given in Tables 7-9. The hapl sterol
profile is essentially that of wild type (as are the sin-
gle yndI and gdal mutants). The upc2A ecm22A sterol
profile indicated a decrease in ergosterol and increase
in sterol intermediates. yndIA hapl upc2A ecm22A and
gdalA haplupc2A ecm22A are capable of synthesizing
ergosterol at very low levels (3.5 and 3.1%, respectively)
and also have nearly identical sterol profiles in which
the predominant sterol is zymosterol, similar to that of
the erg6A single mutant. gdalA erg6bA upc2A ecm22A
and yndIA erg6A upc2A ecm22A are also nearly identical
(Table 8). The differences between erg28A strains in the
suppressed state are also substantial, with the quadruple

mutants synthesizing much less ergosterol than an erg28
strain alone (Table 9). Quadruple mutants lacking ei-
ther YNDI or GDAI synthesize more ergosta-5,7,24(28)
sterols and substantially more 4-methylzymosterol and
4,4-dimethylzymosterol than the erg28 single mutant.
It is unlikely that these latter two would function as
membrane sterols due to the C-4 methyl groups.

Altered sphingolipid composition in a yndl mutant:
Since Yndlp appears to be related to the guanosine
diphosphatase encoded by GDAI and since a gdal
mutation alters the sphingolipid composition of cells
(ABELJON et al. 1993), we examined the sphingolipid
composition of a yndI mutant. Sphingolipids were radio-
labeled to equilibrium with [*H]myo-inositol, extracted
from cells, and analyzed by thin-layer chromatography.
Deletion of gdal caused a twofold reduction in the level
of the major sphingolipid species, mannose-(inositol-
P)o-ceramide [M(IP)yC] (Table 10). In contrast, de-
letion of yndlp did not change the level of M(IP)oC
(Table 10); however, it did cause the mannose-inositol-
P-ceramide (MIPC) and the inositol-P-ceramides to
increase ~50%, similar to what was observed in the
gdal mutant (Table 10). We conclude from these results
that Yndl and Gdal play roles in sphingolipid synthesis
and their loss of function leads to changes in the species
of sphingolipids produced in cells.

Loss of Yndlp and Gdalp activity normalizes cold
detergent-insoluble proteins: The ratio of various lip-
ids, particularly sterols and glycosphingolipids, in the
plasma membrane and other organellar membranes is
directly responsible for the sequestration or complexing
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of certain proteins into membrane microdomains
known as rafts. These are experimentally defined by
their degree of solubility and thus extraction by cold
detergents, such as 1% Triton X-100, and their flotation
properties following density gradient fractionation. In
mutants deficient in sphingolipid biosynthesis due to a
temperature-sensitive allele of the LCBI gene allele, raft

105 10¢ 108 10°

Frcure 4.—Overexpression of a plas-
mid containing the GDAI ORF under
the control of a galactose-inducible
GALI promoter. Expression of GDAI re-
verses suppression due to gdal and yndl
mutations. Expression of GDAIin a gall
hapIA upc2A ecm22A background re-
duces viability on galactose medium
more than on glucose medium (By vs.
Ay) as expected. Similar growth was ob-
served with vector controls (A; and By).
However, GDA1 expression on galactose
medium also reduced suppression of
the yndIlhapIA upc2A ecm22A quadruple
mutant (He vs. H; but not on glucose
medium (G; and Gy). Similar results
were observed for suppression of the
gdalergbA upc2A ecm22A, ynd1erg6A wpc2A
ecm22A, gdalerg28A wpc2A ecm22A, and
yndlerg2A upc2A ecm22A strains.

CSM-ura
(Galactose)

10° 104 10% 102

CSM-ura
(Galactose)

formation is absent by this assay at the temperature
nonpermissive for growth (BAGNAT et al. 2000). We
reasoned that the combined loss of the sterol biosyn-
thetic genes and their transcription factors was a lethal
event due to aberrant lipid biosynthesis and that this
would produce a membrane incompatible with raft
localization and viability. Deletion of YNDI or GDAI

TABLE 7

Sterol analysis of ynd1haplupc2ecm22 and gdalhaplupc2ecm22

Sterols hapl upcecm22 yndlhaplupclecm22 gdalhaplupcecm22
Squalene 1.4 5.3 21.4 16.4
Zymosterol 5.6 11.5 6.8 1.7
Ergosterol 69.4 10.8 35 3.1
Ergosta-7,22-dienol 0 1.5 0.6 2.9
4-methyl zymosterol and fecosterol 4.2 10.7 12.3 11.0
Ergosta-5,7,24(28) trien-3ol and ergosta-5,7-dienol 0 0 6.7 6.9
Episterol 9.7 21.9 18.7 31.5
Ergosta 5,7-dienol 55 24.6 0 0
Ergosta 7-enol 0 0.8 7.8 5.8
4-methyl fecosterol 0.5 0 3.0 2.4
Lanosterol 1.0 3.9 1.2 2.8
4,4-dimethyl zymosterol 2.6 9.1 17.9 15.4

All mutations are deletions. Values indicate sterol as percentage of total sterol. Sterol analyses of these strains represent the

average of three independent experiments.
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TABLE 8
Sterol analysis of yndlergbupc2ecm22 and gdalergbupc2ecm22

Sterol ergb yndlergbupc2ecm22 gdalergbupcecm22
Squalene 0.3 8.7 17.1
Cholesta-5,8,24-trienol 2.1 0 0
Zymosterol 46.7 53.2 34.9
Cholesta-5,7,24-trienol 24.9 16.4 18.2
Cholesta-7,24-dienol 3.6 7.9 10.9
Cholesta-h,7,22,24-tetraenol 20.8 0.4 0.9
4-methylzymosterol 0.8 3.5 4.7
Lanosterol 0.2 3.8 5.3
4,4-dimethyl-zymosterol 0.8 6.2 8.0

Sterol analyses of these strains represent the average of three independent experiments.

could compensate for this situation by modulation of
sphingolipid composition, and thus raft association, to
produce a viable cell. We therefore assessed the locali-
zation of two known raft-associated proteins, the PMAI
and GASI gene products, to detergent-insoluble micro-
domains (rafts) using established protocols (Figure 5, A
and B). Cell lysates were treated with cold Triton X-100
followed by density gradient centrifugation (BAGNAT
et al. 2000) and resolution by SDS-PAGE and immuno-
blot. In extracts from erg28A or upc2A ecm22A double
mutants (Figure 5, A and B) and normal cells (not
shown) both Pmalp and Gaslp localize to detergent-
insoluble fractions 1 and 2 (peaking in fraction 2). By
contrast, the same proteins partially relocalize to non-
raft domains (z.e., detergent soluble), such that the
proportion of these proteins in rafts is markedly di-
minished in the viable yndIA erg28A upc2A ecm22A or
gdalA erg28A upc2A ecm22A strains. We assume that the
inviable triple mutants lack raft-associated proteins.

DISCUSSION

In this article we describe the genetic interactions of
two transcription factors (UPC2 and ECM22) that affect
sterol biosynthesis and demonstrate that in conjunction
with mutations in other ergosterol biosynthetic genes
or transcription factors this can lead to inviability. We
further demonstrate that such mutants can be sup-
pressed by additional mutations in the sphingolipid
biosynthetic pathway. The upc2A ecm22A double mutant
strain was initially determined to be viable in one ge-
netic background but not in another. The HAPI gene
in strain S228C has a Ty insertion at the C terminus
resulting in a hapl mutant phenotype, as indicated by
loss of cytochrome c expression (GAISNE ef al. 1999).
However, the haplTy allele still allows for growth under
heme-limiting conditions. In this investigation, we dem-
onstrate that haplTy upc2A ecm22A or hapIA wpc2A
ecm22A represent synthetically lethal combinations and

TABLE 9

Sterol analysis of yndlerg28upc2ecm22 and gdalerg28upc2ecm22

Sterols erg28 yndlerg28upc2ecm22 gdalerg28upc2ecm22
Squalene 4.1 9.2 13.6
Zymosterol 3.0 0.9 0.8
Ergosterol 77.4 5.6 4.9
Ergosta 7,22-dienol 0.7 0.9 0.3
4-methyl zymosterol 4.0 25.5 14.9
Ergosta 5,7,24(28) trien-3-ol 0 13.9 22.1
and 4-methyl cholesta-trienol

Episterol 3.3 9.9 13.1
4-methyl fecosterol 0 1.1 1.2
4-methyl cholesta-8,24-dien-3-one 0.6 0 0
4-methyl cholestasterols” 5.1 6.2 8.5
Lanosterol 1.3 5.1 7.1
4,4-dimethyl zymosterol 0.5 21.6 13.5

Sterol analyses of these strains represent the average of three independent experiments.
“These 4-methylcholestasterols could not be unambiguously identified.
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TABLE 10

Changes in the sphingolipid composition of gdalA and ynd1A cells

[*H] myoinositol

phospholipids Wild-type SPH/GPI gdalA SPH/GPI gdalA fwild type yndIA SPH/GPI yndIA/wild type
GPI 1.00 1.00 1.00 1.00 1.00
M(IP),C 1.89 (2.10, 1.68) 1.01 (1.07, 0.96) 0.53 | 1.89 (2.01, 1.77) 1.00

MIPC + IPC 1.34 (1.25, 1.43) 2.01 (1.88, 2.14) 1.50 1 1.96 (1.68, 2.24) 1.46 1

Ratios are the average of two experiments and were determined by dividing the counts per minute in each radioactive lipid peak
by the counts per minute in the GPI peak. Values in parentheses represent data from two separate experiments. SPH, sphingo-
lipid; GPI, glycerolphospho-inositol; IPC, inositolphosphorylceramide; M (IP)C, mannosyldiphosphorylinositolceramide; MIPC,

mannosylphosphorylinositolceramide.

that the presence of the haplTy allele in the S288C
background was likely responsible for the diverse find-
ing that upc2A ecm22A was viable in one genetic back-
ground but not in another. Haplp is also a Zn(2)—
Cys(6) fungal transcription factor known to affect the
sterol biosynthetic pathway, in particular the ERGII
(Turiand LopEr 1992)and ERGY9 genes (KENNEDY et al.
1999) and the sterol esterification gene ARE2 (JENSEN-
PERGAKES et al. 2001). In addition, levels of HMGI,
encoding the major isoform of HMG-CoA reductase, are
decreased more than twofold in a hapIA mutant as
determined by microarray (TER LINDE and STEENSMA
2002). However, HAPI may affect the sterol pathway
indirectly as it also is required for repression by ROXI,
a repressor of aerobic gene expression. A number of
sterol biosynthetic genes are also known to be regu-
lated by ROXI (ZrtoMER and Lowry 1992), among
them ERGI1, NADPH cytochrome P450 reductase, and
HMG2 (Ter LInDE and STEENSMA 2002). Thus it is not
surprising that loss of HAPI in conjunction with de-
letion of UPC2 ECM22 would be lethal.

Mutations in UPC2and ECM22 have a broad effect on
sterol biosynthesis. When sterol levels are reduced due
to the addition of Lovastatin, the expression of ERG2
and ERG3 substantially increase. Both gene products
bind to the same regulatory elements in the ERG2 and
ERG3promoters (Vikand RiNE 2001). A model has been
presented in which the activation domains of Upc2p
and Ecm22p are targeted by a repressor and in response
to sterol depletion binding of the repressor is reversed
(DAVIES et al. 2005). Several other ergosterol biosynthetic
genes may be regulated by these transcription factors
such as ERGI1, ERG6, ERGS, ERG11, ERGI12, ERG13, and
ERG25, since all contain a consensus 11-bp sterol reg-
ulatory element in their respective promoters (VIkK and
RinE 2001). The UPC2 deletion in C. albicans renders
cells highly susceptible to antifungals that target the
sterol pathway, such as ketoconazole and fluconazole
(MACPHERSON et al. 2005). Thus UPC2 and ECM22 ap-
pear to be global regulators of sterol biosynthesis in fungi.
While not directly relevant to this investigation, a gain-of-
function semidominantallele of UPC2, designated upc2-1,
allows for aerobic sterol uptake (LEWISs et al. 1988).

Deletion of UPC2 and ECM22 is synthetically lethal
with ergosterol biosynthetic mutants: We were curious
to determine which other viable ergosterol mutations
resulted in synthetic lethality in upc2A ecm22A strains.
Our results suggested that erg6A and erg28A were also
synthetically lethal with upc2A ecm22A but that erg3, erg4,
and erg5 were not. Mutations in ERG2 and ERG6 are
the most deleterious of the viable ergosterol deletions
(BARD et al. 1978). erg6 mutants have altered permeabil-
ity characteristics, often are unable to utilize respiratory
energy sources, have reduced mating capability, and are
unable to transport tryptophan (GABER et al. 1989). Due
to their inability to methylate the side chain, the sterols
accumulated have a diminished mobility. Mutations in
ERG2 and ERG28 also compromise growth (ASHMAN
et al. 1991; GACHOTTE et al. 2001) as do mutations in
ERG3. However, erg4 and ergd mutants grow nearly as
well as wild type and accumulate sterols that differ from
ergosterol only in the inability to reduce double bonds
in the sterol side chain (LEES et al. 1999). Both erg4 and
erg5 strains contain the conjugated double bonds in the
sterol B ring, as do wild-type cells. These mutants have
almost wild-type sensitivities to the antifungal nystatin
(MorzauN and Woops 1972). While it was expected
that erg4A upc2A ecm22A and erg5A upc2A ecm22A strains
would be viable, the viability of erg3A upc2A ecm22A was
less obvious because the ERG3 lesion precludes the
addition of a double bond at the C-5 position in the
sterol B ring.

A clue to the effect on viability of the erg2A upc2A
ecm22A triple mutant was obtained when a suppressor of
this strain was found to contain the elo3 mutation.
Virtually all erg2 mutant strains in S. cerevisiae are viable,
with the single exception of an erg2 strain (SILVE et al.
1996) that could be suppressed by a mutation in the
sphingolipid genes ELO2 or ELO3, which encode fatty
acid elongases that are necessary for synthesis of Cogs-
fatty acyl chain found in yeast sphingolipids (OH et al.
1997). We isolated a suppressor of erg2A upc2A ecm22A,
which was subsequently identified as elo3 (VALACHOVIC
et al. 2004). Thus an erg2A upc2A ecm22A not only would
have reduced sterol levels as a result of the transcription
factor mutations but also would have an altered sterol
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profile due to loss of sterol C-8 isomerase activity. The
restoration of viability in erg2 elo3 upc2A ecm22A suggests
that elo3A suppression of erg2A essentially converts the
quadruple mutant strain to a upc2A ecm22A double mu-
tant strain. For reasons not yet clear the sphingolipid
mutation suppressing the sterol mutation may result in
an alteration of lipid raft function, thereby restoring
viability. We also speculate that an inviable erg2 isolate
may accumulate a lower level of sterol than is found in
most erg2 genetic backgrounds. Finally, the sterol defect
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in a upc2A ecm22A double mutant results in an accumu-
lation of episterol (45%). This sterol could not accu-
mulate in an erg2 upc2A ecm22A background because of
the erg2 mutation.

Transposon mutagenesis and suppression due to yndI
and gdal mutations: Of 116 total transformants contain-
ing suppressors involving all four triple mutant strains
(upc2A ecm22A with haplA, erg2, erg6A, or erg28A), 25%
of the mutations implicated genes involved in transcrip-
tion or in chromatin remodeling. Other categories of
suppressor mutations were in genes involved in endocy-
tosis (7%), ubiquitination (6%), and ~5% each involved
genes in phosphate metabolism, the cytoskeleton, DNA
repair, metabolism, mitochondria, or RNA metabolism.
Upon designing disruptions of several of these genes to
independently confirm suppression we found that most
did not confer suppression when mated to the triple
mutants. It is likely that mutations in genes involved in
repression mechanisms, such as TUPI, HDA2, HDA3,
IES1, and SSN2, enhanced survival of the triple mutants
long enough for other suppressors to accumulate during
the transformation process and during growth on FOA
medium. For this reason we confined ourselves to mu-
tants that indicated suppression by independent disrup-
tions and matings.

The observation that the yndl mutation (from the
transposon library) suppressed hapIA, erg2A, and erg6A
mutants suggested a common mechanism in the con-
text of upc2A ecm22A. We suggest that the upc2A ecm22A
double mutant reduces sterol biosynthesis to a mini-
mal level that is still compatible with viability but intro-
duction of ergosterol mutations into this background
lowers the threshold of functional sterol below this
threshold. Thus hapIA upc2A ecm22A strains would be
inviable because HAPI is itself a transcription factor
affecting sterol biosynthesis and its loss would further
diminish expression of the pathway. We subsequently
demonstrated by genetic crosses that yndIA suppresses
the erg6A, erg28A, and hapIA triple mutants but not the
erg2A triple mutant.

Not finding that yndI suppressed erg28A upc2A ecm22A
was likely due to the fact that only 1095 transposon-
generated transformants were screened, whereas for

Ficure 5.—Cold detergent-insoluble protein localization.
Protein extracts were prepared from strains of the indicted
genotypes and resolved by density gradient fractionation after
solubilization (or otherwise) with cold detergent. Eight frac-
tions were collected, resolved by SDS-PAGE, and visualized
following immunoblotting with antisera against the PMA1
or GASI proteins (A and B, respectively). Fraction 2 (indicated
by the asterisk) represents the peak of detergent-insoluble
protein characteristic of membrane microdomains. Uniquely
in the quadruple erg28A wupc2A ecm22A gdalA and erg28A
upc2A ecm22AyndIA strains, detergent-insoluble proteins are
underrepresented relative to the other mutants and normal
strains. Arrows indicate fraction localization of Pmalp (A)
and Gsalp (B).
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the other screens the total number of transformants
screened was significantly higher. YNDI is a protein of
630 amino acids that functions as an apyrase, enzymes
that hydrolyze both di- and triphosphate nucleotides.
GDA1 is a homolog of YNDI and shares 20% amino acid
identity. Both yndIA and gdalA single mutants have
decreased N-linked glycosylation and O-linked glycosyl-
ation (Gao et al. 1999). The yndIA gdalIA double mutant
results in slow growth. Gdalp is involved in the import of
mannose into the Golgi (ABEIJON el al. 1993) and fuels
the Golgi antiporter Vrg4p by cleaving GDP into GMP,
thus facilitating import of GDP mannose into the Golgi
as GMP is simultaneously exported (Gao and DEaN
2000). Once in the Golgi, GDP-mannose becomes a sub-
strate for various reactions involving sphingolipid syn-
thesis and cell wall remodeling. ABEIJON et al. (1993)
demonstrated that elongation of O-linked carbohydrate
chains is blocked at the mannobiose step, N-linked
carbohydrates of carboxypeptidase are not elongated
beyond the phosphatidyl inositol stage, and biosynthesis
of MIPC is severely impaired in gdal mutants. Even
though we did not obtain gdal suppressors in our trans-
poson screening, our results indicate that a gdal-deleted
strain mated to give the four different types of quadruple
mutants showed the exact same profile of suppression as
did yndI. This investigation implicates for the first time a
role of Yndlp, like Gdalp, in sphingolipid biosynthesis.

Lipid rafts are mixtures of sterols and sphingolipids
that form separate domains in the plasma membrane.
These rafts possess specific proteins and are the targets
for signaling, channels, and other functions (BAGNAT
et al. 2000; BRowN and Lonpon 2000). In this in-
vestigation we extend what is known regarding synthetic
lethal and suppressor interactions that occur between
the sterol and sphingolipid pathways. Inviable isolates
of erg2 and erg24 are suppressed by both elo2 and elo3
(S1LVE et al. 1996; BAUDRY et al. 2001). ARV, which
harbors defects in trafficking of sterols, accumulates
novel sterol intermediates, and synthesizes higher levels
of sterol esters, also shows defects in sphingolipids
(TINKELENBERG et al. 2000; SwAIN et al. 2002). A
temperature-sensitive mutant of LRG26 also had sphin-
golipid defects (BAUDRY et al. 2001), and finally elo3 is
synthetically lethal with erg6 (Ei1SENKOLB el al. 2002).
One model of lipid raft organization is based on the
relative sizes of the polar and nonpolar regions of sterols
and sphingolipids (FANTINT et al. 2002). In this model,
both molecules have a cylindrical or pyramidal shape.
Sterols have a small polar head region relative to their
nonpolar region, and sphingolipids have a large polar
region relative to their nonpolar region. In lipid rafts,
these two molecules interdigitate via their complement-
ing polar and nonpolar regions. A hypothesis for the
synthetic lethality in this study is that nonviability is a
result of sterol intermediates fitting poorly in lipid rafts
in combination with an overall lack of bulk sterols. We
hypothesize that sterol intermediates produced by the

erg2, erg6, erg28, and hapl mutations have alterations
such that their polar regions, nonpolar regions, or both
poorly complement the wild-type sphingolipid polar
and nonpolar regions. In the case of single ergmutations
there is impairment of membrane function, but not
enough to prevent viability. The upc2A ecm22A double
mutation causes a decrease of sterol synthesis, but this
does not prevent viability. However, when these two
phenomena are combined, as in ergX upc2A ecm22A,
they produce synthetic lethality.

If synthetic lethality is caused in part by poor com-
plementation of the sterol intermediates with wild-type
sphingolipids, suppression of lethality by mutating YNDI
or GDAI may be due to alterations in sphingolipids that
allow better interactions with sterol intermediates. Of
the known suppressors, yndl and gdal mutants cause an
alteration in the polar head group of sphingolipids,
while the elo3 mutants cause an alteration in the non-
polar region. The commonality we found in yndI and
gdal mutants was an increase in sphingolipids with
a smaller polar head group (MIPC + IPC, Table 10)
compared to M(IPs) C, which has the largest polar head
group. Having a smaller polar head group would make
the sphingolipid more cylindrical and less conical, which
would fit better with a sterol that was less cylindrical and
more conical. The quadruple mutant strains in which
yndl and gdalsuppress inviability have an increase in
sterol intermediates that give a more cylindrical and less
conical structure. Our results confirm a previous dem-
onstration that gdal mutants have reduced levels of
M(IP)oC (ABEIJON et al. 1993) but differ in that we also
see an increase rather than a decrease in MIPC. The
difference may be due to the way in which sphingolipids
were radiolabeled. They labeled cells for 10 min with
[*H] myo-inositol and chased with nonradioactive inosi-
tol for 90 min and thus measured the rate of sphingo-
lipid synthesis. We labeled for >10 cell divisions and
thus measured the relative abundance of sphingolipids.

In summary, strains suppressed by yndl and gdal are
likely to have sphingolipids that are narrower near the
apex, which can complement sterols that are wider near
the apex and narrower at the base. To test this hypoth-
esis, we investigated the localization of two known raft-
associated proteins, Pmalp and Gaslp, in the various
viable mutant combinations. Consistent with our hy-
pothesis, we observed a unique redistribution of these
raft-associated proteins in the suppressed strains that
lacked the ERG28 gene product. This redistribution was
not complete; a minor proportion of the proteins re-
main raft associated, presumably a context that is suf-
ficient for viability. These results confirm the altered
nature of membrane microdomains due to loss of GDAI
or YNDI in the context of disturbed sterol composition
due to the erg28A upc2A ecm22A mutations. Interest-
ingly, we did not observe the same relocalization of
Pmalp or Gaslp due to loss of ERG6, suggesting alter-
nate modes of suppression for these pathways.
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