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ABSTRACT Squalene synthetase (farnesyl-diphosphate:
farnesyl-diphosphate farnesyltransferase, EC 2.5.1.21) is a
critical branch point enzyme of isoprenoid biosynthesis that is
thought to regulate the flux of isoprene intermediates through
the sterol pathway. The structural gene for this enzyme was
cloned from the yeast Saccharomyces cerevisiae by functional
complementation of a squalene synthetase-deficient erg9 mu-
tant. Identification of thisERG9 clone was confirmed by genetic
linkage analysis in yeast and expression of enzyme activity in
Escherichia coli. The predicted squalene synthetase polypep-
tide of 444 amino acids (Mr, 51,753) lacks significant homology
to known protein sequences, except within a region that may
represent a prenyl diphosphate (substrate) binding site. The
ERG9-encoded protein contains a PEST consensus motif (rich
in proline, glutamic acid, serine, and threonine) present in
many proteins with short cellular half-lives. Modeling of the
protein suggests that it contains at least one, and possibly two,
membrane-spanning domains. Disruption of the chromosomal
squalene synthetase coding region by insertional mutagenesis
indicates thatERG9 is a singie copy gene that is essential for cell
growth in yeast.

An understanding of the regulation of cholesterol synthesis is
essential for assessing the role of this molecule in normal
biological functions and disease states, such as atheroscle-
rosis. Cholesterol and related sterols are produced in the
polyisoprene pathway of eukaryotes from farnesyl diphos-
phate (FDP), an intermediate also used for the synthesis of
dolichols, ubiquinones, hormones, heme A, and some iso-
prenylated proteins. Production of FDP from mevalonate is
primarily regulated by changes in 3-hydroxy-3-methylglu-
taryl coenzyme A reductase enzyme levels. Other regulatory
mechanisms ensure that FDP utilization by competing en-
zymes is proportionate to the needs of the cell for the various
FDP-derived products (1). Studies with mammalian cells
have shown that control of squalene synthetase (famesyl-
diphosphate:farnesyl-diphosphate farnesyltransferase, EC
2.5.1.21), the first committed enzyme of cholesterol biosyn-
thesis, is crucial for balancing the incorporation of FDP into
sterol and nonsterol isoprene synthesis (2).
Squalene synthetase is a microsomal enzyme, which, in the

presence of Mg2' and a reduced pyridine nucleotide, forms
squalene by a two-step reductive condensation of two mol-
ecules of FDP. It has been isolated from many sources and
its reaction mechanism has been investigated in some detail
(3, 4). Squalene synthetase solubilized from membranes of
bakers' yeast, Saccharomyces cerevisiae, has been de-
scribed (4-8) and the purified enzyme was reported to have
a molecular mass of "50 kDa (5-8). Yeast with defects in
squalene synthetase were identified by screening a collection
of mutants blocked in ergosterol biosynthesis (9). Mutants

designated erg9 were unable to convert radiolabeled meval-
onate into squalene but did accumulate farnesol, a break-
down product of FDP. Because these squalene synthetase
mutants were also obligate ergosterol auxotrophs, they were
used in a phenotype complementation approach to clone the
ERG9 gene. In this report, we describe the structure of
squalene synthetase deduced from its primary sequence and
explore the consequences of genomic deletion of this gene in
S. cerevisiae. *

MATERIALS AND METHODS
Strains. The following strains of S. cerevisiae were used in

this study: DC67 (MATa ERG9 leu24 adel lys2 cir,) was
from J. Hicks; W303-1A (MA Ta) and W303-1B (MATa) (both
ERG9 leu2-3,112 ade2-1 ura3-1 trpl-J his3-11,15) were from
R. Rothstein; SGY336 (MATa erg9-1) was from F. Karst;
JRY527 (MATa ERG9 ura3-52 ade2-101 his3-d200 lys2-801
Met-) was from J. Rine; SC14089 (MATa ERG9) was from J.
Tkacz; SGY1161 an ERG9/ERG9 diploid was from a mating
of W303-1A and W303-1B; SGY969 an ERG9/erg9 diploid
was constructed from SGY336 by mating to W303-1B;
SGY1011 (MATa erg9 leu2-3,112 ade2-1 ura3-1 his3-11,15)
was a segregant from SGY969. Standard procedures were
used for mating, sporulation, and tetrad analysis.

Escherichia coli strains used were DH5a [F- A80dlacZ
M15, endAl, recAl, hsdR17, supE44, thi-1, gyrA, relAl,
A(lacZYA-argF)U169] and DH5aMCR (same as DH5a plus
mcrA, mcrB, mrr) from Bethesda Research Laboratories.

Plasmids and Library. YEp351 (10) and YCp5O (11) are high
and low copy number autonomously replicating yeast-E. coli
shuttle vectors that confer ampicillin resistance to E. coli and
either leucine or uracil prototrophy, respectively, to leu2 or
ura3 yeast. pTTQ8 (12) is a bacterial tac promoter plasmid.
pGR61 was made by subcloning the 2.4-kilobase (kb) ERG9
insert of pSM54 into the yeast integrating vector Ylp5 (11).
Plasmid-borne disruptions of the ERG9 gene were con-
structed by replacement of a 1.0-kb EcoRI/Sca I fragment of
pSM52 with either a 2.5-kb EcoRI/EcoRV fragment of the
yeast HIS3 gene from YEp6 (11), to create pET105, or a
2.7-kb EcoRI/Sca I fragment of the yeast LEU2 gene from
YEp13 (11), to create pET106 (see Fig. 1). The yeast genomic
library used in this study was prepared by ligation of DC67
DNA partially digested with Sau3A into the BamHI site of
YEp351; it contained 14,000 clones.
Media, Growth, and Transformation Conditions. Yeast

strains were grown at 28°C in either YPD (13) orYPD-E (YPD
supplemented with 20 ,g of ergosterol per ml) medium to
obtain genomic DNA or to prepare cells for transformation.
Strains harboring vectors that contained the URA3 or LEU2
gene were grown in YM or YM-E (ergosterol-supplemented
YM) synthetic medium lacking either uracil or leucine, re-

Abbreviation: FDP, farnesyl diphosphate.
*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M63979).
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spectively (13). Yeast were grown in YPD or YM aerobically
and in YPD-E or YM-E anaerobically. Transformation of
yeast strains was by the spheroplast method as described (14)
except for erg9 strains, which were transformed by electro-
poration (15) with a Gene Pulser (Bio-Rad) using a modified
procedure. Three sequential pulses of field strength 1.0
kV/cm were delivered to 109 yeast cells in the presence of 30
,ug of library DNA in 0.5 ml of 35% PEG 4000. Leu+
transformants were selected by embedding washed cells in
YM-E regeneration agar (13) and incubating in an anaerobic
chamber at 28°C for 5 days. E. coli cells were grown in LB
broth or M9 medium (16).

Cloning of the ERG9 Gene. A yeast genomic library con-
structed in the vector YEp351 was used to transform the erg9
leu2 strain SGY1011 to leucine prototrophy. Transformants
obtained after anaerobic selection were isolated from the
regeneration top agar by manual disruption. Transformants
were pooled, replated onto YM agar plates, and grown
aerobically to screen for transformants that were ergosterol
prototrophs. DNA from prototrophic colonies was used to
transform E. coli to ampicillin resistance.
DNA Sequencing. The DNA sequence of the ERG9 gene

was determined by the dideoxynucleotide chain-termination
method (17). Sequencing reactions were performed on re-
striction fragment subclones of a 2.4-kb Xba I/BamHI region
of pSM54 in M13, following the Sequenase (United States
Biochemical) protocol. The sequences of both coding and
noncoding strands were confirmed by using synthetic oligo-
nucleotide primers derived from the initial sequence. Se-
quence data were assembled and analyzed with Intelligenet-
ics and Microgenie software. NBRF/GenBank (release 63.0),
PIR (release 23.0), and Swiss-Prot (release 13.0) data bases
were searched for homologies to the DNA sequence and
protein sequence of squalene synthetase.
DNA-DNA Hybridization Analysis. Yeast genomic DNA

was prepared from wild-type or ERG9 disruption strains and
examined by DNA-DNA hybridization as described (13).
Genomic DNA digested with Xba I was fractionated on a
0.8% agarose gel and transferred to BioTrans membrane
(ICN). The blot was probed with a radiolabeled 1.1-kb Sca
I/Xba I ERG9 fragment prepared by random-primer labeling
(18) and visualized by autoradiography.

Expression of the ERG9 Gene in E. coli Cells. A 1.5-kb Bgl
II PCR fragment that contained the squalene synthetase
coding region and 12 base pairs (bp) of 5' untranslated
sequence was ligated into the BamHI site of pTTQ8 (12) to
form the expression vector pET124. The pET124 fusion gene
should encode an ERG9 protein with nine extra N-terminal
amino acids. Cultures of E. coli DH5a transformed with
either pTTQ8 or pET124 were grown at 37°C in M9 medium
to an OD6w of 0.5 and then switched to growth in LB broth
plus 0.5 mM isopropyl ,8-D-thiogalactopyranoside for induc-
tion. After induction, cells were suspended in breakage buffer
(0.1 M NaH2PO4, pH 7.4/4 mM MgCI2/1 mM EDTA/10 mM
2-mercaptoethanol/1 mM phenylmethylsulfonyl fluoride/2
mM benzamidine/0.1 mM EGTA/1 ,g of leupeptin per ml),
and lysed by three cycles of freeze-thaw. Squalene synthe-
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tase activity was measured in supernatant fractions (4000 x
g) by a radiochemical assay (6).

Yeast Microsomal Extracts and Squalene Synthetase Activ-
ity. Yeast cells harvested and then washed in distilled water
by centrifugation at 8000 x g were disrupted by Vortex
mixing vigorously with 0.45-mm glass beads in the presence
of breakage buffer at 40C. Cell debris was removed from the
lysates at 40C by sequential 10-min centrifugations at 4000
and at 10,000 rpm. The 10,000-rpm supernatant fractions
were centrifuged at 40C for 1 hr at 100,000 x g to produce a
pellet of "microsomal membranes." Pellets were resus-
pended on ice in 0.2 ml of breakage buffer using a glass
homogenizer and were stored frozen at -70'C. Squalene
synthetase activity in microsomes was assayed at 30'C under
N2 using a gas chromatographic assay (19).

RESULTS
Cloning, Complementation Analysis, and Subcloning. DNA

fragments containing the ERG9 gene were isolated from a
yeast genomic library by phenotypic complementation of a
yeast erg9 mutant. A pool of 2 x 105 Leu+ transformants of
the mutant strain SGY1011 was screened to identify recom-
binant plasmids capable ofconverting this strain to ergosterol
prototrophy. From the prototrophs, plasmids designated
pSM51, -52, and -53, which contained yeast DNA inserts
ranging from 2.4 to 5.4 kb, were obtained. Restriction map-
ping demonstrated that the inserts shared a 2-kb region (Fig.
1). Squalene synthetase assays showed that erg9 cells bearing
either pSM51 or pSM52 possessed approximately wild-type
levels of enzyme, whereas cells bearing pSM53 contained
only 5% of wild-type levels (Table 1). These findings sug-
gested that pSM51 and pSM52 carried an intact ERG9 gene
but that pSM53 contained a truncated copy. Subclones of
pSM51 constructed by insertion ofa 2.4-kb Xba I fragment in
alternate orientations in the centromere-containing vector,
YCp5O (11), were tested in the erg9 mutant. Both of the
resulting low copy number plasmids, pSM54 and pSM55 (Fig.
1), converted the strain to ergosterol prototrophy and ex-
pressed wild-type levels of squalene synthetase.

Genetic Confirmation of ERG9. To verify the identity of
ERG9 clones, the ability of insert DNA to target integration
to the ERG9 locus in the yeast genome was determined. After
integration of the ERG9-containing plasmid pGR61 (URA3)
into strain JRY527 (ERG9 ura3-52) and mating of Ura+
integrants to strain SGY1011 (erg9 ura3-1), diploids were
sporulated and tetrads were dissected. All 23 tetrads exam-
ined displayed 2+/2- segregation for ERG9 and for URA3
and cosegregation of Erg' and Ura+ phenotypes, indicating
that plasmid integration had occurred at the ERG9 locus.
ERG9 DNA Sequence. An open reading frame of 1065 bp

detected on pSM53 was extended to 1332 bp by sequencing
of 5' contiguous DNA from pSM51. Starting from the first
methionine codon, the pSM51 ORF predicted a protein of444
amino acids with a Mr of 51,753 (Fig. 2). This figure was in
good agreement with the size estimated for yeast squalene
synthetase by denaturing gel electrophoresis (5). The ERG9

FIG. 1. Restriction map of the ERG9 chromosomal
locus and plasmid subclones. Cloned DNA fragments

+ of 4.5, 5.4, and 2.4 kb isolated on the YEp351 plasmids
pSM51, pSM52, and pSM53, respectively, are shown.

H + Plasmids pSM54 and pSM55 are subclones ofpSM51 in
+ YCp5O (11). The location of the ERG9 open reading

frame is denoted by an arrow. An internal region of
+ ERG9 replaced with either a HIS3 fragment or a LEU2

fragment is indicated by an open box for plasmids
- pET105 and pET106, respectively. The ability of plas-
- mids to complement the erg9 mutation is indicated by

+ and-. A, Acc I; C, ClaI; E, EcoRI; N, Nsi l; R,
EcoRV; S, Sca I; T, Sst I; V, SnaBI; X, Xba I.
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Table 1. Squalene synthetase activity in complemented
erg9 yeast

Sp. act.,
Strain Genotype Plasmid nmol min-l mg-1 Rel. act.

JRY527 ERG9 None 0.45 1.0
SC14089 ERG9 None 0.48 1.0
SGY1011 erg9 None ND <0.01
SGY1011 erg9 pSM51 (ERG9) 1.27 2.8
SGY1011 erg9 pSM52 (ERG9) 0.59 1.3
SGY1011 erg9 pSM53 (ERG9) 0.022 0.05
Microsomal membranes prepared from disrupted yeast strains

were assayed for squalene synthetase activity in duplicate assays. A
specific activity (Sp. act.) of 0.46 found in wild-type (i.e., ERG9)
strains was assigned a relative activity (Rel. act.) of 1.0. ND, activity
not detectable within the limit of the assay (-0.003 nmol of squalene
per min per mg of protein).

gene of pSM53 was thus missing all 5' upstream and the first
167 bp of its translated sequences. A 5' Xba I site used for
construction of pSM54 and pSM55 was located 370 bp
upstream of the first ERG9 ATG codon, indicating that
efficient expression of this gene requires only these se-

ACTGACCCTGCGAGCGTGTCCCGGTGGGTTCTGGGAGCTCTAACTCCGCAGGAACTA(
Xbal

GTGAACCTGCTGCCTGGCGTGCTCTGACTCAGTACATTTCATAGCCCATCTTCAACAACAJ

TTTGCTTTGCCWTTTTTCTTTTCCACTGCACTTTGCATCGGAAGGCGTTATCGGTTTTGG(

Accl
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quences. A consensus TATA transcriptional regulatory ele-
ment (TATAAA) was present 100 nucleotides upstream of
the start codon but no significant direct or inverted repeats,
often associated with upstream activator sequence elements,
were identified downstream of the Xba I site. A sequence
similar to a canonical polyadenylylation signal (AATAAA)
was identified 183 nucleotides downstream of the squalene
synthetase stop codon (Fig. 2).
ERG9 Transcript. No TACTAAC box, associated with all

intron-containing genes of S. cerevisiae (20), was present in
the coding region, indicating that the ERG9 transcript is
unspliced. To determine the size of the ERG9 transcript, a
Northern blot analysis was performed on mRNA from a
wild-type (ERG9) yeast strain and a single transcript of 1.8
kb was detected by using a radiolabeled ERG9-specific DNA
probe (data not shown).

Expression of the ERG9 Gene in E. coli Cells. To establish
that ERG9 encodes squalene synthetase, expression of the
gene was evaluated in an organism (E. coli) that lacks this
enzyme. Under growth conditions known to induce expres-
sion from the bacterial tac promoter (LB broth + isopropyl
,B-D-thiogalactopyranoside), E. coli cells containing the
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FIG. 2. ERG9 nucleotide se-
quence and deduced squalene
synthetase amino acid se-
quence. The translated se-
quence is shown in single-letter
code below the ERG9 nucleo-
tide sequence. Potential mem-
brane-spanning domains are un-
derlined and a single PEST se-
quence is double-underlined.
Potential N-linked glycosylation
sites are bracketed and a puta-
tive prenyl substrate motif is un-
derlined with a dashed line. In
ERG9 5' and 3' untranslated re-
gions, a TATA transcriptional
regulatory element and a possi-
ble polyadenylylation signal are
boxed. Restriction sites are la-
beled and underlined.

ACGAAGAGCAGAAGCGGAAAACCITATACACGTCACATATCACACACACACAATGGGAAAGCTATTACAATTGGCATTGC
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Table 2. Squalene synthetase activity in E. coli transformants
IPTG induction, Specific activity,

Plasmid hr nmol min-' mg1
pTTQ8 0 ND

3 ND
6 ND

pET124 0 0.006
3 0.195
6 0.446

Supernatant fractions (4000 x g) prepared from E. coli transform-
ants were assayed for squalene synthetase activity in duplicate. ND,
activity not detectable within the limit of the assay (-0.003 nmol of
squalene per min per mg of protein).

ERG9 overexpression plasmid pET124 had squalene synthe-
tase activity levels comparable to those of wild-type yeast
(Table 2). Cells bearing the parent plasmid pTTQ8 failed to
produce measurable enzyme.

Squalene Synthetase Protein Sequence. The IFIND and
FASTDB search algorithms did not reveal significant homol-
ogies between the predicted squalene synthetase amino acid
sequence and any entry in the PIR or the Swiss-Prot protein
sequence data bases. Several proteins that use prenyl sub-
strates similar to those of squalene synthetase contain aspar-
tate-rich consensus sequences proposed to be binding sites
for the charged head group of these substrates (Fig. 3) (21).
No perfect match to these sequence motifs was found in
squalene synthetase, but a related sequence that may serve
a similar role was identified extending from residue 214 to 236
(Figs. 2 and 3). No consensus dinucleotide (NADPH) binding
motif (22) or endoplasmic reticulum membrane-retention
motif (23) was found in the ERG9 peptide sequence.
Squalene synthetase is an integral membrane protein, so its

primary structure was examined for possible membrane
transit peptides or transmembrane domains. No region within
the N-terminal 100 amino acids was found that resembled a
typical signal sequence (24). A hydrophobicity plot (25)
revealed four very hydrophobic regions in the protein (Figs.
2 and 4) that met the criteria of Eisenberg et al. (26) for the
prediction of membrane-associated helices. However, a hy-
drophobic moment plot classified only the third as a trans-
membrane sequence and the others as membrane-proximal
sequences. By contrast, the algorithm of Rao and Argos (27)
identified both the third and fourth domains as transmem-
brane sequences. A candidate PEST sequence (28), YDDEL-
VPTQQEEEY (Fig. 2, residues 406-419), was identified just
proximal to the fourth hydrophobic domain.

Deletion/Disruption of the ERG9 Gene. To produce ERG9
gene disruptions, a segment of the coding region on pSM52
was replaced with sequences that contained either the HIS3
gene or the LEU2 gene. The gene constructs designated
pET105 and pET106 (Fig. 1) were then used to replace
chromosomal alleles in diploid yeast by the one-step gene
disruption method of Rothstein (29). Transformants of the
homozygous strain SGY1161 (ERG9/ERG9) or the hetero-

H
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FIG. 4. Hydrophobicity plot of the amino acid sequence of yeast
squalene synthetase. The hydrophobicity (H) of each residue, cal-
culated with the SOAP program of Microgenie using a Kyte and
Doolittle algorithm (25) and a window size of 15 amino acids, is
plotted as a function of residue number. Hydrophobic regions that
are predicted to be membrane associated (26) are labeled 1-4 and
denote the sequences underlined in Fig. 2. A hydrophilic region
containing a PEST sequence is double-underlined.

zygous strain SGY969 (ERG9/erg9) were selected as histi-
dine or leucine prototrophs and screened for those bearing
ERG9 disruptions by probing chromosomal DNA with a
radiolabeled ERG9 restriction fragment. Five transformants
yielded the pattern ofXba I restriction fragments expected to
arise from integration of either the HIS3 or the LEU2 gene
into an ERG9 allele. Hybridization to chromosomal DNA of
an undisrupted diploid gave only a single band, indicating that
ERG9 is present at just a single location in the S. cerevisiae
genome (data not shown).
To examine the consequences of ERG9 gene disruption,

His' and Leu+ transformants of diploid strain SGY1161 were
sporulated to obtain haploids bearing these disruptions. Tet-
rad dissection on YPD medium yielded only two viable
spores from each four-spored ascus. However, if dissection
was done on YPD-E medium and tetrads were incubated
anaerobically to promote sterol uptake (30), the disrupted
diploids yielded predominantly tetrads with four viable
spores. For 11 tetrads derived from a diploid bearing a H153
disruption, the 2 His+/2 His- pattern expected for segrega-
tion of a heterozygous marker was seen. Significantly, er-
gosterol auxotrophy segregated 2+/2- and all the Erg-
spores were His', showing that the Erg- phenotype was
linked to the ERG9: :HIS3 disruption. Analogous results were
obtained with 22 tetrads from a diploid bearing a LEU2
disruption. As a control, 22 tetrads dissected from the
wild-type parent diploid all gave four spores that were
prototrophic for ergosterol but auxotrophic for both leucine
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FIG. 3. Alignment of a peptide do-
main in squalene synthetase (ERG9) to a
proposed allylic prenyl diphosphate bind-
ing motif (21). A consensus motif derived
from the sequences of yeast hexaprenyl
diphosphate synthetase (Y-HDS); farne-
syl diphosphate synthetases from yeast
(Y-FDS), rat (R-FDS), and human (H-
FDS); and yeast tRNA isopentenyltrans-
ferase (MOD5) is shown. Numbers indi-
cate residue positions in the primary se-
quences (cited in ref. 21).
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and histidine. DNA-DNA blot hybridization using tetrad
DNA derived from a diploid bearing ERG9::HIS3 verified
that disrupted and wild-type ERG9 alleles segregated 2:2
(data not shown). Biochemical assay of cell-free extracts
prepared from two sets of tetrads also showed that only the
His' spores lacked squalene synthetase activity. Finally,
RNA blot analysis ofmRNA from a His' haploid showed that
a normal ERG9 transcript was missing in this strain (data not
shown).

DISCUSSION
Comparison of the deduced amino acid sequence of squalene
synthetase and the sequences of other cloned enzymes
known to bind FDP or related substrates reveals no overall
sequence conservation. However, weak homology was noted
between a domain of squalene synthetase and a highly
conserved sequence that is thought to comprise an allylic
prenyl diphosphate binding site of polyprenyl synthetases
(21). If this domain of squalene synthetase functions in prenyl
substrate (FDP) binding,-its dissimilarity may reflect a unique
feature of the enzyme-namely, the catalysis of a head-to-
head (1'-1) condensation reaction rather than the head-to-tail
(1'-4) isoprene condensations catalyzed by many other pre-
nyltransferases. Mevalonate pulse-labeling experiments with
mammalian cells have suggested that squalene synthetase
also has a lower affinity for FDP than do' some of the other
FDP-utilizing enzymes (1, 2). It is therefore possible that a
divergent prenyl substrate binding site in squalene synthetase
could have evolved, in part, to assist cells in maintaining
steady ubiquinone and dolichol synthesis in the face of a
variable requirement for intracellular sterol synthesis.
Modeling of the squalene synthetase secondary structure

shows that this protein has four hydrophobic a-helical do-
mains, one (the third) or two (the third and fourth) of which
are predicted to constitute transmembrane domains. Inter-
estingly, the most C-terminal domain (the fourth) has all the
characteristics of a "simple" eukaryotic transmembrane
domain (24), present in many proteins with a single mem-
brane-spanning sequence. Such sequences are located within
40 residues of the C terminus; lack asparagine, glutamine,
histidine, tryptophan, proline, and charged amino acids; and
are immediately followed by multiple positively charged
residues. Based on this, we speculate that only the fourth
domain of squalene synthetase may be used as a transmem-
brane tether and that the rest of the protein projects from the
surface of the endoplasmic reticulum membrane. In this
topological model, the other hydrophobic domains could
serve as pockets for binding the isoprene moieties of two FDP
molecules.
Of potential significance for the regulation of squalene

synthetase is the presence of a strong PEST sequence located
just proximal to the fourth hydrophobic domain of the
protein. PEST sequences are present in many proteins that
experience rapid intracellular turnover and typically contain
potential sites for serine/threonine phosphorylation, which
may be used' to regulate specific degradation by proteases
such as calpains (28). Two consensus sites for casein kinase
II phosphorylation are located near the ERG9 PEST se-
quence (Ser-404 and Thr-413), as well as at other positions
within the protein. 3-Hydroxy-3-methylglutaryl CoA reduc-
tase has PEST sequences within the linker region between its
membrane-spanning domains and its catalytic domain (31). If
the proposed topological model for squalene synthetase is
correct, the ERG9 PEST sequence may also be located within
such a linker region, suggesting a similar architecture and
turnover mechanism for both enzymes.
The deletion/disruption results demonstrate that squalene

synthetase is a single-copy gene that is essential for vegeta-
tive growth of haploid yeast. Deletion of the structural genes

for either of two enzymes that follow squalene synthetase in
the sterol pathway, squalene epoxidase (ERG)) or lanosterol
demethylase (ERG16), leads to similar ergosterol auxotrophy
in yeast (J. Tkacz and M. Kurtz, personal communication;
ref. 32). Because squalene synthetase is a branchpoint and
likely regulatory enzyme in polyisoprene biosynthesis, the
availability ofERG9 null mutants and the cloned gene should
prove valuable for future investigations of FDP and sterol
regulation.

Note Added in Proof. The putative substrate-binding domain ofERG9
is highly homologous to ones present in CrtB proteins from R.
sphaeroides and E. herbicola. CrtB protein, like squalene synthe-
tase, catalyzes a head-to-head condensation of two identical prenyl
substrates but uses geranylgeranyl (C20) instead of farnesyl (C15)
diphosphates (33).
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