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The last unidentified gene encoding an enzyme involved in ergosterol
biosynthesis in Saccharomyces cerevisiae has been cloned. This gene,
designated ERG27, encodes the 3-keto sterol reductase, which, in
concert with the C-4 sterol methyloxidase (ERG25) and the C-3 sterol
dehydrogenase (ERG26), catalyzes the sequential removal of the two
methyl groups at the sterol C-4 position. We developed a strategy to
isolate a mutant deficient in converting 3-keto to 3-hydroxy-sterols.
An ergosterol auxotroph unable to synthesize sterol or grow without
sterol supplementation was mutagenized. Colonies were then se-
lected that were nystatin-resistant in the presence of 3-ketoergosta-
diene and cholesterol. A new ergosterol auxotroph unable to grow on
3-ketosterols without the addition of cholesterol was isolated. The
gene (YLR100w) was identified by complementation. Segregants
containing the YLR100w disruption failed to grow on various types of
3-keto sterol substrates. Surprisingly, when erg27 was grown on
cholesterol- or ergosterol-supplemented media, the endogenous
compounds that accumulated were noncyclic sterol intermediates
(squalene, squalene epoxide, and squalene dioxide), and there was
little or no accumulation of lanosterol or 3-ketosterols. Feeding
experiments in which erg27 strains were supplemented with lanos-
terol (an upstream intermediate of the C-4 demethylation process)
and cholesterol (an end-product sterol) demonstrated accumulation
of four types of 3-keto sterols identified by GC/MS and chromato-
graphic properties: 4-methyl-zymosterone, zymosterone, 4-methyl-
fecosterone, and ergosta-7,24 (28)-dien-3-one. In addition, a fifth
intermediate was isolated and identified by 'TH NMR as a 4-methyl-
24,25-epoxy-cholesta-7-en-3-one. Implications of these results are
discussed.

fungi | sterol biosynthesis

he yeast Saccharomyces cerevisiae is used extensively as a model

system for studying lipid biosynthesis (1). Yeast accumulates
ergosterol, the sterol end-product equivalent of cholesterol in
animals (2) and sitosterol in plants (3). Squalene, the first dedicated
sterol precursor in the ergosterol pathway, is converted to the
end-product sterol through a sequence of 15 enzymatic reactions.
Only one gene in the ergosterol pathway, the gene encoding the
3-ketoreductase required in C-4 demethylation, has neither been
cloned nor has had its gene product characterized. C-4 demethyl-
ation can be separated into three reactions: (i) a C-4 methyloxidase
reaction in which the 4a-methyl group is converted to an alcohol,
then an aldehyde, and finally to a carboxylic acid; (if) a C-3 sterol
dehydrogenation, which removes the 3a-hydrogen leading to the
decarboxylation of a 3-ketocarboxylic acid sterol intermediate, and
(iii) a 3-keto reduction, which converts the 3-keto to the B-hydroxy
sterol.

Two consecutive rounds of C-4 demethylation in yeast and
animals cells are required to demethylate 4,4-dimethylzymosterol.
In higher plants, the sequence of C-4 demethylation is interrupted
by the removal of the C-14 methyl group, as suggested by differ-
ences in substrate specificity of the plant demethylating enzymes.
Thus, demethylation occurs in the sequence: C-4, C-14, C4 in

plants (4, 5) and C-14, C-4, C-4 in animals and yeast. Neither C-4
methyl nor 4,4-dimethyl sterols can substitute for end-product
sterols in yeast (6, 7).

Previously, we cloned both the ERG25 (C-4 methyloxidase) and
the ERG26 (C-3 sterol dehydrogenase, C-4 decarboxylase) genes.
The ERG25 gene encodes a protein containing three histidine
clusters and a KKXX golgi-to-endoplasmic reticulum retrieval
signal (7). Histidine clusters are common among non-heme diiron
enzymes such as hydroxylases and fatty acid desaturases (8). An
ERG25 auxotroph was obtained by mutagenizing an ergl strain
(CP3, capable of growth on lanosterol) and isolating mutants
unable to grow on lanosterol or other C-4 dimethylsterols. The
ERG?26 gene encoding the C-3 sterol dehydrogenase was cloned
and disrupted based on its similarity to a cholesterol dehydrogenase
from Nocardia spp. capable of converting cholesterol to its 3-keto
derivative (9). Here, we describe the isolation of a 3-ketoreductase
mutant and the subsequent cloning and characterization of the gene
and gene products. To clone the 3-keto reductase gene, we mu-
tagenized a sterol auxotroph and selected for mutants unable to
grow on 3-ketosterol-supplemented media.

Several groups have demonstrated the accumulation of 3-keto
sterol intermediates. Pascal et al. (4) have demonstrated 3-keto
reductase activity in plant microsomes and have established that
sterone reduction was exclusively dependent on NADPH and
insensitive to azoles, and Bilheimer ez al. (10) demonstrated that the
rat liver microsomal enzyme could be solubilized and partially
purified, resulting in a 24-fold increase in activity. Additionally, a
Chinese hamster ovary cell line selected for cholesterol auxotrophy
was found to accumulate 3-keto sterols (11). Treatment of Cryp-
tococcus neoformans with azoles showed accumulation of 3-keto
sterols (12).

Although loss of the 3-ketoreductase enzyme activity, like other
enzymes involved in C-4 demethylation, results in sterol auxotro-
phy, many of the genes encoding sterol biosynthetic enzymes in
yeast are not essential for viability, such as those encoding enzymes
that convert zymosterol to ergosterol. Genes responsible for con-
verting lanosterol to zymosterol appear to be essential. However,
we were able to demonstrate that the ergl Zerg25slul (or slu2) triple
mutants (s/u mutants are leaky heme mutants) grow poorly and
accumulate only lanosterol (13).

The cloning of the 3-keto sterol reductase gene completes the
elucidation of the biosynthetic reactions leading to ergosterol
biosynthesis in yeast. We demonstrate that 3-keto sterols do not
accumulate in erg27 mutants unless lanosterol is added to the
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TGCACAGCGTCAATGGGAAGAGTCGCTGCARCAGTTGAACAAGCTGCTCAACTGGGTCCT ~-300
GCTGCCCCTGCTGGCCAAGTATATAGGTAGGAGAATGGCCAAGACTCTATGGAGTAGGTT ~241
CATTGAACACTTTGTATAAGTGTTTGTTGTTTATGTATCCGCATATAGCAGTTATAACAG -181
ATAAATGGCACTTTTCGCACACCCGTTGTTTTATCTCCGATAGTACGTGGGCCTTTATTT -121
ATGGTCGTTTAACGARAGAACGGCATCTTGAATTGAGCAGGTATTTARAAGATAGGACGA -61
GAAACAAGCACATGATCTGTGTCGAARAARAGTAGCAAAGAGAAAAAGTAGGAGGATAGG -1

ATGARCAGGAAAGTAGCTATCGTAACGGGTACTAATAGTAATCTIGGTCTGAACATTGTG 60

M N R KV ATIVTGTNSDNILGTLNTIWV 20
TTCCGTCTGATTGAAACTGAGGACACCAATGTCAGATTGACCATTGTGGTGACTTCTAGA 120

FRL I ETEDTNVRTLTTIV VYV TSR 40
ACGCTTCCTCGAGTGCAGGAGGTGATTAACCAGATTAAAGATTTTTACAACARATCAGGC 180
T L P RV QEV I NQTI XKDV FYNIXKX S G 60
CGTGTAGAGGATTTGGAAATAGACTTTGATTATCTGTTGGTGGACTTCACCAACATGGTG 240
RV EDULEIDFDYLLVDFTNMIYV 80
ACGTGTCTTGAACGCATATTACGACATCAACAAAAAGTACAGGGCGATAAACTACCTTTTC 300
S VLN AY Y DTINIKI KT YU RATINTYTLTF 100
GTGAATGCTGCGCAAGGTATCTTTGACGGTATAGATTGGATCGGAGCGGTCAAGGAGGTT 360
V NAA QG I FDGIDWTIGAVI KEUV 120
TTCACCAATCCATTGGAGGCAGTGACAAATCCGACATACAAGATACAACTGGTGGGCGTC 420
F T NPLEAVTNZPTYZ KTIOQLVGV 140
AAGTCTARAGATGACATGGGGCTTATTTTCCAGGCCAATGTGTTTGGTCCGTACTACTTT 480
K S K DDMGULIFQANVF FGUPYYTF 160
ATCAGTARAATTCTGCCTCAATTGACCAGGGGAAAGGCTTATATTGTTTGGATTTCGAGT 540
I S K ILPQLTIRUGIZ KA AYTIVWTIS S 180
ATTATGTCCGATCCTAAGTATCTTTCGTTGAACGATATTGAACTACTAAAGACARATGCC 600
I M S DPIEXKYULSLNZDTIZETLTLIE KTN A 200
TCTTATGAGGGCTCCAAGCGTTTAGTTGATTTACTGCATTIGGCCACCTACAAAGACTTG 660
S YEG S K RULVDILILUHILATYZXKTUDTL 220
AAARAGCTGGGCATARATCAGTATGTAGTTCAACCGGGCATATTTACAAGCCATTCCTTC 720

K K L 6 I NQY VV Qg P GIFTSHSF 240
TCCGAATATTTGAATTTTTTCACCTATTTCGGCATGCTATGCTTGTTCTATTTGGCCAGG 780

S E YL NF F TYFGMULOCTLTFYTL AR 260
CTGTTGGGGTCTCCATGGCACAATATTGATGGTTATAAAGCTGCCAATGCCCCAGTATAC 840
L L G S PWHNDNTIDGT YU XA AANA ATPUVY 280
GTAACTAGATTGGCCAATCCAAACTTTGAGAAACAAGACGTARAATACGGTTCTGCTACC 900
vV T R L A NUPWNTVFEI KIOQDVYVZ KXKY G S AT 300
TCTAGGGATGGTATGCCATATATCARGACGCAGGAAATAGACCCTACTGGAATGTCTGAT 960
S RDGMUPYTIZXTQETITZDPTGMSTD 320
GTCTTCGCTTATATACAGAAGAAGAAACTGGAATGGGACGAGAAACTGAAAGATCAAATT 1020
V F AY I Q KK KL EWTDTEI KTILIZ KXUDOQTI 340
GTTGAAACTAGAACCCCCATTTAATATATCTCTGCGTACATATGTATATATATATATGTG 1080
V E TR T P I 347
TGTATATACATGTATGTCTGTATAGAARACGCATATCAACTGATATATATACACGTGAAG 1140
CAAAAAAGGCATTGCCTCTGTCAGAGAAACGAACTATCCTCGTTGCTATAGTGTCTTCTG 1200
CACTTATCGCGTAGACTTTCTATTGGCACTCTGTCATGGCATTTAATCTTGTACACATTC 1260
TTTAATTCTTCTTGCAAAAGAAGGTACTCTTCATGCAARATGATGACTTTGGAGTGAATTG 1320

Fig. 1. Nucleotide sequence of the ERG27 gene and the deduced amino acid
sequence. Double-underlined sequences are the amplifying primer sequences
used for disruptions, and the single underlined sequence indicates the primer
sequence used to confirm the disruption.

growth media. The marked reduction in lanosterol formation in
erg27 strains suggests that the Erg27p may have an architectural role
in other reactions in sterol biosynthesis, such as the conversion of
squalene epoxide to lanosterol.

Materials and Methods

Strains and Plasmids. The genotypes of strains used in this study are
listed in Table 1. The ERG?27 allele in strains SDG105, SDG110,

Table 1. Genotypes of strains used in this study

Strain Genotype

W303-2A MAT a his3 ura3-1 leu2-112 trp1
CP3 MAT a upc2 ade2 his3 ura3-52 erg1::URA3

CP3/26  MAT « upc2 ade2 his3 ura3-52 erg1::URA3 erg27-1

SDG100 MAT « upc2 ade2 his~ ura3-52 erg27-1

SDG105 MAT « upc2 ade2 his3 ura3-52 erg1::URA3 erg27A:HIS3

SDG110  MAT a upc2 ade2 his3 ura3-52 erg27A::HIS3

SDG127 MAT a upc2 ade2 his3 erg27A::H153
ura3-52::pDG27(ERG27)

SDG116  MAT a upc2 ade2 his3 erg27A::HIS3 ura3-52/pDG7(ERG7)

WA1/6  MAT «/a ade5/ade5 his7/his7 leu2-3,112/leu2-3,112
ura3-52/ura3-52

SDG115  MAT a adeb5 his7 leu2-3,112 ura3-52 erg27A::URA3

12656 | www.pnas.org

and SDGI115 was disrupted by using one-step PCR deletion—
disruption (14). The position of all primers used within the ERG27
gene are shown in Fig. 1. Briefly, the primers DGK1(GGAAAG-
TAGCTATCGTAACGGGTACTAATAGTAATCTTGGTCT-
GAACATTGTGTTCCGtggcgggtgtcgggectgee) and DGK2 (CG-
GAGAAGGAATGGCTTGTAAATATGCCCGGTTGAACT-
ACATACTGATTTATGCCCAGCTttgccgatttcggectattg) were
used to generate a 1.5-kilobase (kb) erg27 recombinogenic DNA
fragment containing HIS3 or URA3 as a selectable marker and
using pRS303 or pRS306 (15) vector as template, respectively.
Lowercase bases correspond to conserved regions bordering the
HIS3 and URA3 genes in the pRS303 and pRS306 vectors, respec-
tively, and uppercase bases refer to the ERG27 DNA sequence. The
PCR fragment used to disrupt ERG27 contains a 0.6-kb deletion of
the ERG27-coding region (200 amino acid residues). A third
primer, DGK3 (GCTGCAACAGTTGAACAAGC), 0.32 kb up-
stream of the deletion—substitution, was used in combination with
DGK?2 to verify each disruption. ERG27 cells transformed to erg27
auxotrophs were initially screened as colonies able to grow on
ergosterol but not on lanosterol-supplemented media.

Strain SDG127 (an erg27 strain carrying an integrated version of
ERG27) was made by integrating a 2.1-kb Sacl-Sa/l ERG27 DNA
fragment into the multiple-cloning site of pRS306 (to generate the
plasmid pDG27) linearizing with Stul within the URA3 gene and
transforming SDG110 (erg27). A multicopy plasmid containing the
ERG7 gene was constructed by cleaving pZS11 (obtained from J.
Griffin, Stanford University, Stanford, CA) with Xhol and ligating
the 3.4-kb fragment into the high-copy-number vector YEp24 at the
Sall site. All plasmids were maintained in Escherichia coli DHS«
cultured in LB medium supplemented with ampicillin at 50 pg/ml.
PCR were performed on a Thermocycler apparatus by using the
Promega Tag polymerase Kkit.

Media and Chemicals. Yeast sterol auxotrophs that were upc2 were
grown aerobically or anaerobically at 30°C on YPD medium (1%
yeast extract/2% Bacto peptone /2% glucose) supplemented with
sterol (0.002% wt/vol) dissolved in ethanol/Tween 80 (1:1,
vol/vol). Otherwise, yeast sterol auxotrophs were grown anaero-
bically (7). Transformants were grown on complete synthetic
(CSM)-dropout media containing 0.67% yeast nitrogen base, 2%
glucose, and amino acid and nitrogenous base supplements at 0.8%
(Bio 101).

Ergosta-7,22-dien-3-one and 4,4-dimethyl-cholesta-8,14-dien-
3B-ol were gifts from L. Frye (Rennsalear Polytechnic Institute,
Troy, NY). Cholesta-7-en-3-one and pure lanosterol were gifts from
D. B. Sprinson (Columbia University, New York). All other chem-
icals were purchased from Sigma unless specified otherwise.
Methoxylamine-HCI, used to derivatize sterones, was dissolved in
pyridine at a concentration of 10 mg/ml. All solvents were GC
grade except acetonitrile, which was HPLC grade, and were pur-
chased from Fisher Scientific. Chromerge was purchased from
Matheson Coleman & Bell.

Complementation and Sequencing. Yeast transformations were per-
formed as described in the Bio 101 kit. A genomic library of S.
cerevisiae fragments inserted into the vector YCp50 (16) was used
to complement the erg27 strain (SDG100). The complementing
plasmid was isolated using standard methods (17). DNA sequenc-
ing was performed by the Biochemistry Biotechnology Facility at
the Indiana University School of Medicine by using the Applied
Biosystems model 373 automated DNA sequencer.

Sterol Extraction and Separations. Total lipids were extracted from
freshly grown cells in the presence of washed glass beads according
to the method of Bligh and Dyer (18). The sterol fraction was
isolated, and phospholipids were precipitated at —20°C in the
presence of acetone/chloroform (10:1, vol /vol), followed by cen-
trifugation at 12,300 X g as described in Pleminitas et al. (19).
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Alternatively, the sterol fraction was saponified overnight at room
temperature in 6% (wt/vol) KOH in methanol. 3-Ketosterols
(sterones) were purified by TLC and were derivatized by treatment
with methoxylamine in pyridine (using excess reagent overnight at
room temperature). O-Methoxylimine and acetyl derivatives were
resolved on 60 TLC F»s4 precoated silica gel TLC plates (Merck)
with methylene chloride as the solvent system. Organic compounds
were detected by spraying with a 0.1% ethanolic berberin sulfate
solution after exposure to short-wavelength UV light. Sterols and
sterones were eluted from scraped silica by using methylene chlo-
ride. HPLC (Shimadzu, LC10AD) purification of the epoxy-sterone
was carried out with a Lichrosphere 100 RP18, 5-um reversed-
phase column (250 X 4.6 mm) by elution with acetonitrile (flow rate
at 1 ml/min and monitoring at 210 nm). Oxidation of 4-methyl-
fecosterol to its sterone derivative was accomplished by reacting
sterol with a mixture of Chromerge (CrO3)/10% H,SO4 (1:20
vol/vol) in acetone for 30 min at 0°C.

Sterol Analyses. GC Analysis of sterols and sterones was conducted
on an HP5890 series I GC, by using 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°C to 300°C (195°C
for 3 min, 5.5°C/min to 300°C, then held for 10 min). GC/MS
analyses were performed with an HP5890 GC coupled to a HP5972
mass selective detector. Electron impact GC/MS (70 eV, scanning
from 40 to 700 or 650 amu, at 1-sec intervals) was performed by
using the following conditions: (i) DB-5MS column (20 m X 0.18
mm i.d., 0.18-um film thickness), He as carrier gas (30 cm/sec),
detector temperature 180°C, column temperature 100-300°C
(100°C for 1 min, 10°C/min to 300°C, then held for 15 min); and
(@) DB-5 (10 m X 0.25 mm i.d., 0.25-um film thickness), He as
carrier gas (50 cm/sec), column temperature 40-300°C (40°C for
1 min, 30°C/min to 300°C, then held for 4 min). All injections were
run in splitless mode.

NMR Analyses. '"H NMR measurements (24°C) were made at 500
MHz on a Varian INOVA-500 NMR spectrometer equipped with
a high-stability variable-temperature controller and triple-
resonance, z-axis pulsed-field gradient probe. Samples consisted of
1-2 mM sterol in CDCl; and were referenced to the residual
protonated chloroform resonance at 7.24 ppm. Correlation spec-
troscopy spectra were acquired as 256 increments of 8 transients,
with 3,800-Hz spectral width in each dimension, a 2-ms trim pulse,
and 60-ms spin lock at one-fourth the power level of the standard
90° observe pulse. Correlation spectroscopy spectra were processed
by double Fourier transformation with a 0.062-Hz Gaussian filter
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Fig. 2.

on the directly detected dimension and a 0.019 Hz Gaussian filter
on the zero-filled indirectly detected dimension.

Results and Discussion

Isolation and Identification of a 3-Keto Sterol Reductase Mutant. CP3, a
sterol epoxidase auxotroph, ergl::URA3, was previously used to
isolate a C-4 sterol methyl oxidase mutant by screening mu-
tagenized cells for the ability to grow on ergosterol-supplemented
medium but unable to grow on lanosterol-supplemented medium.
CP3 is able to efficiently take up and convert sterol intermediates
to ergosterol. In this investigation, we mutagenized CP3 cells with
UV light (97% kill) and screened for colonies that grew slowly on
a YPD medium supplemented with ergosta-7,22-dien-3-one /cho-
lesterol (9:1) and 20 wg/ml nystatin. Our reasoning was that
efficient conversion of the ergosta-3-one to ergosterol would render
the cells sensitive to nystatin, and inefficient conversion to ergos-
terol would render cells somewhat resistant to nystatin, which
targets ergosterol in the cell membrane. Cholesterol was added to
ensure that some growth would occur if little or no conversion of
ergosta-7,22-dien-3-one (3-ketoergostadiene) occurred. A similar
protocol was implemented by Karst and Lacroute (20), who ob-
tained some of the first temperature-sensitive ergosterol mutants.
Eight resistant colonies were obtained, and GC analysis indicated
decreased ability to convert the 3-ketoergostadiene to ergosterol.
CP3/26 grew very poorly on 3-ketoergostadiene and converted
only 18% of this sterone to ergosterol, relative to the parent CP3
strain. CP3 /26 was crossed to a wild-type strain, WA®6, to isolate the
erg27 mutation free of ergl. An erg27 segregant (SDG100) was then
used to clone the ERG27 gene by complementation.

Cloning and Disruption of the ERG27 3-Keto Reductase Gene. A centro-
meric genomic libary, RB239, was transformed into SDG100, and
~11,800 transformants were obtained on CSM —ura+-ergosterol
medium incubated anaerobically. Five complementing clones, able
to grow on CSM—ura, were investigated further, and four con-
tained the same 7-kb insert (pDG100). DNA sequencing of a 1.2-kb
HindlIlI fragment inserted into centromeric vector, pRS316, indi-
cated that the complementing DNA was from chromosome X. The
entire insert contained several ORFs, among which was YLR 100w,
which encodes polypeptides similar to mammalian steroid dehy-
drogenases. Indeed, the complementing clone was YLR100w, and
a 2.1-kb Sacl-Sall fragment from pDG100 was subcloned into
pRS316 to generate pDG101. YLR100w overlaps a questionable
ORF, YLR101c, which does not complement erg27 strains (data not
shown). Fig. 1 shows the YLR100w DNA and derived protein
sequence (39.7 kDa). Disruption of the ERG27 gene was accom-
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Growth responses on YPD media supplemented with various end-product sterols (ergosterol or cholesterol), 3-ketosterols (ergosta-7,22-dien-3-one,

cholesta-3-one, cholesta-7-en-3-one), and 4,4-dimethylsterols (4,4-dimethyl-cholesta-8,24-dien-3g-ol and lanosterol). Cells were pregrown on YPD+ergosterol
medium anaerobically and serially transferred two to three times onto the indicated sterol- or sterone-supplemented media. Erg, ergosterol; lano, lanosterol;
dmg, 4,4-dimethyl-cholesta-8,24-dien-33-ol; 3-k-erg, ergosta-7,22-dien-3-one; chol, cholesterol; 3-k-chol, cholesta-3-one; 3-k-A7-chol, cholesta-7-en-3-one.
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4-methyl-24,25-epoxy-
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(sterone X)

Fig 3. Chemical structures of the five sterone intermediates that accumulate
in erg27 strains.

plished and verified as described in Methods. Fig. 2 shows the
growth responses of ergl (CP3-2), erglerg27 (SDG110), and erg27
(SDGL115) strains grown on YPD + various sterols and sterones. All
strains grew on ergosterol and cholesterol, but only erg/ grew on the
two C-4 dimethylsterols: lanosterol and 4,4-dimethyl-cholesta-8,14-
dien-3B-ol. The ergl mutant also grew on the three 3-keto sterones:
ergosta-7,22-dien-3-one, cholesta-3-one, and cholesta-7-en-3-one.

Table 2. Sterols and sterones accumulated in various erg27 genetic

The erg27-disrupted strains grew on ergosterol and cholesterol but
showed no growth or marginal growth on C-4 dimethylsterols. We
also observed either no growth or very marginal growth on 3-ke-
tosterols, suggesting an inability to demethylate at C-4 and, in
particular, an inability to reduce the 3-keto double bond at C-3.
None of the erg27 strains grew on YPD medium without sterol
supplementation. The integration of the ERG27 wild-type allele
(strain SDG127) restored growth on all media, including sterol-
unsupplemented YPD media.

Characterization of Sterol Intermediates in erg27 Mutants. Surprisingly,
the sterol profile of erg27 strains did not indicate accumulation of
3-ketosterols. In erglerg27upc2 (SDG105), erg27upc2 (SDG110),
and erg27 (SDG115) grown with cholesterol supplementation, only
cholesterol and very small amounts of lanosterol accumulated
(Table 2). The upc2 mutation allows sterol uptake to occur aero-
bically even when cells are heme-competent (21). The accumulation
of sterols in these strains is similar to the sterol profile seen in
erglupc2, which is blocked in the conversion of squalene to its
epoxide. Rather, SDG110 and SDGI115 appear to accumulate
squalene and squalene oxides (the epoxide and dioxide). To
observe accumulation of 3-ketosterols (sterones), we added to erg27
strains SDG105, SDG110, and SDG115 a mixture of lanosterol and
cholesterol (10:0.5 ug/ml) and grew all strains anaerobically. In the
presence of excess lanosterol, we observed the accumulation of five
different sterones in SDG110 and SDG115 and four in SDG105,
albeit in small amounts. GC/MS analysis indicated that 3-hydrox-
ysterols showed loss of 33 amu consistent with a loss of water and
a methyl radical, but four of these 3-sterones failed to show loss of
33 amu. However, derivatization of the purified compounds with
methoxylamine to give the methyloxime derivatives supported the
premise that all five were 3-sterones. Finally, none of these com-
pounds could be acetylated, again suggesting absence of a free
hydroxyl group. Table 3 lists the MS parent and fragment ion
masses of the free sterones and the methyloxime derivatives, as well
as the TLC Ry values and GC relative retention times of each of the
purified compounds. The proposed structures of the accumulated
sterones are indicated in Fig. 3. One of the accumulated sterones,
called sterone X, has a very low R value of 0.08 relative to the other

backgrounds

Strains and genotypes

SDG127 SDG116
SDG105 erg27 upc2 erg27
CP3 erglerg27 SDG110 pDG27 upc2/pDG7 SDG115
Nonsaponifiable erglupc2 upc2 erg27 upc2 (ERG27) (ERG7)* erg27
accumulation products, %' C L/C C L/C C L/C C L/C C L/C C L/C
Cholesterol 3 1 1 2.5 63 3 29 — 51 — 18 1.5
Ergosterol 0 9 0 0 0 0 69 — 0 — 0 0
Lanosterol 0 tr 0 0.8 0 1 0 — 7 — 1 1.5
Squalene 97 920 99 90 0 0 0 — 8 — 46 30
Squalene epoxide 0 0 0 0 4 16 0 — 23 — 34 45
Squalene diepoxide 0 0 0 0 33 62 0 — 7 — 1 13
Zymosterone 0 0 0 0.4 0 1 0 — 0 — tr 1
Ergosta-7,24(28)-dien-3-one 0 0 0 1.2 0 4 0 — 0 — tr 1
4a-methyl-zymosterone 0 0 0 2.5 0 3.5 0 — 4 — tr 4.5
4a-methyl-fecosterone 0 0 0 1.2 0 4 0 — 0 — tr 2
4a-methyl-24,25-epoxy- 0 0 0 0 0 5.5 0 — 1 — 0 0.5

Cholesta-7-en-3-one
(sterone X)

All strains with the exception of SDG116 were grown onto YPD media anaerobically for 48 hours with cholesterol at 10 ug/ml (C) or lanosterol/cholesterol
at 10:0.5 ug/ml (L/C). SDG116 was grown on CSM—ura medium anaerobically to ensure plasmid maintenance.
*pDG27 is an integrated plasmid whereas pDG7 is a high-copy-number autonomous plasmid.
Sterols were extracted by using the glass beads method followed by overnight precipitation with acetone or saponification at room temperature.
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Table 3. Chromatographic properties of 3-keto compounds accumulated in SDG 110 (erg27 upc2) growing on YPD medium

supplemented with lanosterol and cholesterol

Nonderivatized

Methyloxime derivatives

TLC, GC, TLC, GC,
Sterol compound R RRT MS (m/z mass fragment) R¢ RRT MS (m/z mass fragment)
Zymosterone 0.28 1.06  382(M™), 367(-Me), 0.32 1.092*  411(M™), 396(-Me), 381(-O=CH>),
271(-SC), 269(-SC-2H), 380(-OMe), 300(-SC), 298(-SC-2H),
229(-SC-42) 1.10* 258(-SC-42), 228(-SC-42-0=CH,)
Ergosta-7, 24(28)-diene-3-one 0.28 1.12 396(M™), 381(-Me), 0.32 1.153*  425(M™), 410(-Me), 395(-0O=CH>),
312(-CgH12), 271(-SC) 394(-OMe), 314(-CgH12), 326(-
269(-SC-2H), 229(-SC-42) CgH12-Me), 300(-SC), 298(-SC-2H),
1.159t  268(-SC-O=CH,-2H), 258(-5C-42)
4-Methyl- 0.35 1.09 396(M™), 381(-Me), 0.56  1.127 425(M+), 410(-Me), 395(-0=CH,),
zymosterone 285(-SC), 283(-SC-2H), 394(-OMe), 314(-SC), 312(-SC-2H),
243(-SC-42) 272(-SC-42)
4-Methyl-fecosterone 0.35 1.13  410(M™), 395(-Me), 0.56 1.162 439(M™), 424(-Me), 409(-O=CH>),
326(-CgH12), 311 (-CgH12-Me), 408(-OMe), 341 (-C7H14), 314(-SQ),
285(-SC), 283(-SC-2H), 243(-SC-42) 312(-SC-2H), 272(-SC-42)
4-methyl-24,25-epoxy-cholesta- 0.08 1.19 412(M™), 379(-33), 285(-SQ), 0.16 1.22 441(M™), 426(-Me), 411(-O=CH>),

7-en-3-one (sterone X)

283(-SC-2H), 243(-SC-42)

410(-OMe), 314(-SC), 312(-SC-2H),
272(-SC-42)

TLC plates were developed in methylene chloride. RRT, retention time relative to cholesterol on a DB5 capillary column; SC, side chain.

*syn isomer.
fanti isomer.

four sterones, as well as a longer GC retention time. The mass
spectrum of sterone X showed a molecular ion at m/z 412, and both
this compound and its corresponding methyloxime derivative had
fragmentation patterns indicative of a steroidal structure. The
presence of m /z 243, which is likely due to loss of the side chain and
D ring, also suggested unsaturation within the steroid nucleus,
although its exact location remained ambiguous. Based on the
structural assignments made for the other four sterones isolated
from SDGI127, we initially identified sterone X as 4,24-
dimethylcholesta-8-en-3-one. However, neither the compound’s R¢
nor its MS (22) or 'H NMR spectra (see below) was entirely
consistent with this structural assignment.

NMR Analysis of Sterone X. To further elucidate the structure of
sterone X, its 500-MHz '"H NMR spectrum was obtained and
compared with that of 4a-methyl-fecosterone, which was
prepared by oxidation of the corresponding alcohol by using a
CrO3/H,S0y solution. From two-dimensional NMR analysis,
the C-2 and C-4 hydrogen and the C-4 methyl chemical shifts

could be assigned, and because they were coincident in the two
spectra, we confirmed the stereochemistry of sterone X to be
4a- methyl and not 4B. Although the 'H NMR spectra of
sterone X and 4a-methyl-fecosterone were similar and pro-
vided strong evidence that the former was a 4a-methyl-3-keto-
steroid, there were also several differences (Table 4). As might
be expected for a 24-methyl-cholestane side chain, resonances
absent in the NMR spectrum of sterone X included those of
the C-24 exo-methylene and the H-25 methine. However, also
absent was the predicted resonance at 0.77 ppm for the C-24
methyl group (23). Instead, additional shifts at 5.32 (broad s),
2.67 (t), and 2.33 (t) were present, and the C-26 and C-27
methyl signals were shifted to 1.2 and 1.3 ppm. Thus, it
appeared that the side chain of sterone X was not the same as
that of 4-methyl-ergosta-8-en-3-one (fully saturated in the side
chain) and that unsaturation was A7-® and not A%°. The fact that
both the C-26 and C-27 methyl resonances had been shifted
downfield and that there was a triplet at 2.38 ppm was also
consistent with the presence of a 24,25-epoxy-cholestane side

Table 4. Comparison of '"H NMR spectra data (5, CDCls) of sterone X and 4a-methyl-fecosterone

Chemical shift

4a-Methyl-24,25-epoxy-cholesta-7-

Assignment en-3-one (sterone X) 4a-Methyl-fecosterone
H-2«a 2.45 (ddd, J = 13.97, 13.97, 6.62 Hz) 2.45 (ddd, J = 14.71, 14.71, 6.62 Hz)
H-28 2.35 (unresolved ddd) 2.34 (ddd, J = 14.71, 5.15, 2.2 Hz2)
H-43 2.30 (unresolved dq) 2.29 (unresolved dq)

C-4a-CH3 1.00(d, J = 6.62 Hz) 1.01(d, J = 7.36 Hz)

H-7 5.32 (m) —

H-9 2.67 (dd, J = 6.62, 6.62 Hz) —

H-19 1.17 (s) 1.18 (s)

H-18 0.62 (s) 0.62 (s)

H-21 0.94 (d, J = 6.62 Hz) 0.94 (d, J = 6.62 Hz)

H-24 2.33(t,J = 7.35Hz) —

C-24-exo-methylene — 4.67,4.64(d,J = 1.5H2)

H-25 — 2.21 (septet, J = 7.35 Hz)

H-26, H-27 1.29 (s), 1.25 (s) 1.00(d, J = 6.62 Hz)
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Fig.4. Proposed reactions leading to the biosynthesis of zymosterone from
4,4-dimethylzymosterol in an erg27 strain. See text for details.

chain (24). Hence, sterone X was assigned the structure of
4a-methyl-24,25-epoxy-cholesta-7-en-3-one. Because large
quantities of squalene 2,3;22,23-dioxide were found to accu-
mulate in SDG110 and SDG127, 4a-methyl-24,25-epoxy-
cholesta-7-en-3-one may form by incorporation of the diep-
oxide into the sterol metabolic pathway. The ability of
squalene dioxide to function as a substrate for oxidosqualene
cyclase and to be converted to 24,25-epoxy-lanosterol or
24,25-epoxy-cholesterol is known in both animals and fungi
(25-28). Finally, the epoxy-sterone is not found in an extract
from an erglerg27 (SDG105) strain in which the squalene
epoxidase has been disrupted (Table 2).

Decreased Lanosterol Synthesis in erg27 Strains. Although little is
known as to how the various sterol proteins interact, this study
indeed suggests an interaction between the Erg7 and Erg27 gene
products. Loss of 3-ketoreductase enzyme activity results in a
marked loss of all sterols. This is surprising, given that lesions in
virtually all other genes in the postsqualene pathway give rise to the
accumulation of immediate precursors or even downstream sterol
products. The accumulation of sterones could only be observed
when sterol substrates such as lanosterol were added to the growth
medium. Instead of accumulating sterone intermediates, cells
grown on ergosterol or cholesterol accumulated squalene and
squalene oxides, suggesting that the cyclization of squalene epoxide
was compromised. There are several lines of evidence to indicate
that loss of the ERG27 gene product results in a marked decrease
of squalene epoxide cyclization to lanosterol and that a separate
erg7 lesion does not exist in our strains. (/) The disruption of ERG27
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in several different genetic backgrounds gave rise to mutants that
accumulated sterones and were severely compromised in the con-
version of squalene epoxide to lanosterol (Table 2, compare strains
SDG110 and SDG115). Genetic analysis of 30 tetrads obtained
from the diploid WA1/6 made heterozygous for erg27 indicated
single-gene segregation for sterol auxotrophy. (if) Integration of a
plasmid containing ERG27 into SDG110 restores a wild-type sterol
profile (SDG127) and also the ability to grow without exogenous
sterol. (iif) Overproduction of ERG?7 plasmid by transforming into
SDG110with pDGT7 (strain SDG116), although increasing the level
of accumulating lanosterol, still resulted in a marked accumulation
of squalene, squalene epoxide, and squalene diepoxide, indicating
that conversion to lanosterol was still compromised even when the
enzyme responsible for this conversion was overexpressed.

Another interesting observation arising from this study is that
desmethyl sterols can accumulate even in the absence of 3-ketore-
ductase enzyme activity. In yeast, the two C-4 methyl groups are
sequentially removed by the C-4 methyloxidase, the C-3 dehydro-
genase, and the 3-ketoreductase. It is commonly assumed that
interruption of the last step would prevent the second round of
demethylation, and only 4 methyl-3-ketosterols would accumulate.
Clearly, although such sterols were observed, two desmethyl ste-
rones also accumulated. Reduction of the 3-keto sterols is, there-
fore, not required for removal of the second C-4 methyl group. In
a scheme consistent with the above results (Fig. 4) in the erg27
mutant strain, dimethylzymosterol is converted to a B-methyl-a-
carboxylic acid sterol (structure I; see ref. 19). Dehydrogenation of
I results in decarboxylation with inversion of configuration at C-4,
as in 6-phosphogluconate dehydrogenase (29), to produce 4a-
methyl sterols (structure II, Tables 3 and 4). Another cycle of
methyl oxidation and decarboxylation leads to zymosterone. The
facile spontaneous decarboxylation of 3-keto-4-carboxysterols was
reported by Bloch and collaborators (30). The isolation of a
3-ketoreductase mutant in yeast and the cloning of the wild-type
gene represents the complete elucidation of a sterol pathway in a
eukaryotic organism; however, this does not imply that structural
proteins that contribute to sterol biosynthesis will not be found, such
as proteins required for the functioning and maintenance of the
sterol multienzyme complex. Now that all of the biosynthetic steps
appear to be accounted for, the nature of the multienzyme complex
and its component interactions are more amenable to biochemical
characterization.
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