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The pathway of sterol biosynthesis is highly conserved in all eucaryotic cells. We demonstrated structural
and functional conservation of the rate-limiting enzyme of the mammalian pathway, 3-hydroxy-3-methyl-
glutaryl coenzyme A reductase (HMG-CoA reductase), between the yeast Saccharomyces cerevisiae and
humans. The amino acid sequence of the two yeast HMG-CoA reductase isozymes was deduced from DNA
sequence analysis of the HMGI and HMG2 genes. Extensive sequence similarity existed between the region of
the mammalian enzyme encoding the active site and the corresponding region of the two yeast isozymes.
Moreover, each of the yeast isozymes, like the mammalian enzyme, contained seven potential membrane-
spanning domains in the NH2-terminal region of the protein. Expression of cDNA clones encoding either
hamster or human HMG-CoA reductase rescued the viability of hmgl hmg2 yeast cells lacking this enzyme.
Thus, mammalian HMG-CoA reductase can provide sufficient catalytic function to replace both yeast isozymes
in vivo. The availability of yeast cells whose growth depends on human HMG-CoA reductase may provide a
microbial screen to identify new drugs that can modulate cholesterol biosynthesis.

Analysis of sterol biosynthesis in the yeast Saccha-
romyces cerevisiae and in mammalian cells (7) led to the
biochemical elucidation of this pathway, which produces all
isoprene-containing compounds, including sterol, ubiqui-
none, dolichol, and isopentenylated adenosine in tRNA. The
enzymatic steps of this pathway are highly conserved be-
tween S. cerevisiae and larger eucaryotes. Although the
regulation of this pathway in yeast cells remains virtually
unexplored, it has been examined extensively in mammalian
cells. These studies have revealed that 3-hydroxy-3-methyl-
glutaryl coenzyme A reductase (HMG-CoA reductase) is the
rate-limiting enzyme of the mammalian pathway.
The rates of synthesis and degradation of mammalian

HMG-CoA reductase are controlled by negative feedback
regulation. Serum cholesterol in the form of low-density
lipoprotein reduces the steady-state level of HMG-CoA
reductase mRNA (14, 32) and also decreases the half-life of
the protein (11, 18). An unidentified nonsterol product of the
pathway provides additional negative feedback regulation (9,
44). The response of HMG-CoA reductase to the diurnal
cycle and to several hormones may be mediated by revers-
ible phosphorylation of the enzyme (6, 55) and by allosteric
effectors (49).
Mammalian HMG-CoA reductase is an integral membrane

glycoprotein of the endoplasmic reticulum (8, 34) and has
also been identified in peroxisomes (29). A structural model
for the endoplasmic reticulum form of hamster HMG-CoA
reductase has been proposed which is based on secondary-
structure predictions from the primary sequence and on
proteolysis experiments (33). The NH2-terminal one-third of
the protein (amino acids 1 to 339) is membrane bound and
contains seven potential membrane-spanning domains and a
single N-linked glycosylation site. The COOH-terminal two-
thirds of the protein (amino acids 340 to 887) extends into the
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cytoplasm and contains the active site. The association of
HMG-CoA reductase with membrane is not required for its
activity, since a soluble COOH-terminal fragment of the
enzyme retains catalytic function in vivo (22). However, the
membrane-bound domain of HMG-CoA reductase is re-
quired for regulation of the half-life of the protein by
low-density lipoprotein (22) and for the proliferation of
smooth endoplasmic reticulum membrane caused by HMG-
CoA reductase overproduction (2, 12, 27).
The mammalian genome contains a single gene encoding

HMG-CoA reductase (35, 46). In contrast, yeast cells con-
tain two genes encoding HMG-CoA reductase, designated
HMGJ and HMG2 (5). Cells containing a mutant allele of
HMGJ or HMG2 have only a subtle growth defect (4).
However, cells containing mutant alleles of both HMGJ and
HMG2 are inviable (5). Assays of HMG-CoA reductase
activity in extracts from hmgl and hmg2 cells indicate that
HMGJ contributes most of the activity found in wild-type
cells. The deduced amino acid sequences obtained from
partial DNA sequence analysis of HMGJ and HMG2 reveal
sequence similarity to a region in the COOH-terminal half of
hamster HMG-CoA reductase. Analysis of the localization
of the HMG1 isozyme by immunoelectron microscopy indi-
cates that, like mammalian HMG-CoA reductase, the yeast
enzyme is membrane bound (R. W. Wright, M. E. Basson,
L. D'Ari, and J. Rine, J. Cell Biol., in press).

In order to assess the extent of structural similarity
between the two yeast HMG-CoA reductase isozymes and
between the yeast and mammalian enzymes, we have de-
duced the complete amino acid sequence of the yeast iso-
zymes from DNA sequence analysis of HMGJ and HMG2.
Since the region of mammalian HMG-CoA reductase re-
quired for intracellular localization and for sterol-mediated
control of enzyme half-life is completely separable from the
region required for catalysis, comparison of the yeast and
mammalian enzymes could indicate the degree of conserva-
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tion of these functions. Furthermore, conservation of cata-
lytic function was examined directly by testing the ability of
mammalian HMG-CoA reductase to function in hmgl hmg2
yeast cells lacking both yeast isozymes.

MATERIALS AND METHODS

Strains, media, and genetic methods. To construct
JRY1597 (ot hmgl::LYS2 hmg2::HIS3 lys2-801 his3A200
ura3-52 ade2-101 met), a rare mating between JRY1159 (a
hmgl::LYS2 HMG2 lys2-801 his3A200 ura3-52 ade2-101
met) and JRY1160 (a HMGJ hmg2::HIS3 lys2-801 his3A200
ura3-52 ade2-101 met) was performed with selection for
His' Lys' diploid cells. The resulting diploid was sporulat-
ed on sporulation medium containing mevalonolactone, and
asci were dissected into tetrads on YM medium containing
mevalonolactone. JRY1597 was obtained as a His' Lys'
segregant and required mevalonolactone for growth. Plas-
mids were introduced into JRY1597 by transformation, with
selection for uracil independence. A 333-mg/ml stock solu-
tion of DL-mevalonolactone (Sigma Chemical Co.) in water
was prepared and used at a concentration of 5 mg/ml. Yeast
minimal medium containing 2% glucose (YM) and sporula-
tion medium were prepared as described previously (3).
Amino acid supplements were added, when needed, at a
concentration of 30 ,ug/ml. Solid medium contained 2% agar.
Standard genetic manipulations were performed as de-
scribed before (39). Yeast cells were transformed by the
method of Hinnen et al. (25), except that spheroplasts were
prepared with lyticase, a gift from the Schekman laboratory.
DNA sequencing. For sequence analysis, recombinant

plasmids were propagated in Escherichia coli DIH101 (con-
structed by D. Ish-Horowicz; provided by S. Mount), and
single-stranded DNA was prepared and sequenced by the
dideoxy-terminator method (51). To sequence HMGJ, two
restriction fragments from pJR59 (5) were used. The leftward
2.48-kilobase-pair (kbp) EcoRI fragment was inserted into
the EcoRI site of pEMBL18 (constructed by H. Roiha by
replacing the polylinker of pEMBL8 [17] with that of pUC18
[41]) in both orientations, generating pJR301 and pJR302.
The rightward 1.71-kbp PstI-EcoRI fragment was treated
with T4 DNA polymerase to make both ends blunt, and the
fragment was then inserted into the SmaI site of pEMBL18
in both orientations, generating pJR307 and pJR362. pJR301,
pJR302, pJR307, and pJR362 were digested with PstI and
BamHI, and nested deletions in the insert fragment were
created by exonuclease III and S1 nuclease treatment as
described before (24). To determine the sequence between
the central EcoRI site and the PstI site, the rightward
1.73-kbp EcoRI fragment was inserted into the EcoRI site of
pEMBL18, generating pJR327. Nucleotide sequence was
also determined by using oligonucleotide primers comple-
mentary to known nucleotide sequences. To sequence
HMG2, a 4.90-kbp EcoRI fragment from pJR322 (5) was
inserted into the EcoRI site of pEMBL18 in both orienta-
tions, generating pJR417 and pJR418. pJR417 and pJR418
were digested with XbaI and PstI, and nested deletions in
the insert fragment were created as described for HMGJ.
Sequence from two HindIII sites and from a BamHI site was
determined by inserting appropriate restriction fragments
into pEMBL18. Nucleotide sequence was also determined
by using oligonucleotide primers complementary to known
nucleotide sequences.

Plasmid constructions. pJR168 (alias pBM150), obtained
from Mark Johnston, contains ARSI, CEN4, the GAL]
promoter, and the URA3 gene as a selectable marker (28).

To place the expression of coding sequences under the
control of the GAL] promoter, the sequences were inserted
into the BamHI site located downstream of the promoter.
The HMG1 open reading frame was placed under the control
of the GAL] promoter as follows. A 1.77-kbp SphI-HindIII
fragment from pJR59, containing the HMGI open reading
frame from the initiating ATG at the SphI site to an internal
HindIII site, was inserted into the polylinker of pEMBL19
(constructed by H. Roiha by replacing the polylinker of
pEMBL9 [17] with that of pUC19 [41]) at the corresponding
sites, generating pJR419. The 28-base-pair (bp) BamHI-SphI
fragment of pJR419 was replaced with a double-stranded
fragment formed by annealing two oligonucleotides, 5'-
GATCCGTCGACAAGCATG-3' and 5'-CTTGTCGACG-3',
generating pJR421. This fragment contains a 5' overhang at
one end complementary to a BamHI site and a 3' overhang
at the other end complementary to an SphI site. The 1.74-
kbp BamHI-SstI fragment of pJR421, containing the 5' half
of the open reading frame, was ligated to the 9.55-kbp
BamHI-SstI fragment of pJR59, containing the 3' half of the
open reading frame and all vector sequences, generating
pJR429. The 0.60-kbp BamHI-NruI fragment of pJR168 was
replaced with the 4.12-kbp BamHI-NruI fragment of pJR429
that contains the complete HMGJ open reading frame,
generating pJR435. This procedure places the initiating ATG
of HMGI 16 bp from the BamHI site downstream of the
GAL] promoter. A hamster cDNA clone encoding HMG-
CoA reductase was placed under the control of the GALl
promoter as follows. The 4.76-kbp BamHI fragment of
pRed-227 (10) (obtained from M. S. Brown and J. L.
Goldstein) was inserted into the BamHI site of pJR168 so
that the ATG initiating the open reading frame of the cDNA
clone was 24 bp from the BamHI site downstream of the
GALl promoter. This plasmid was designated pJR441. A
human cDNA clone encoding HMG-CoA reductase was
placed under control of the GALl promoter as follows. The
4.3-kbp BamHI fragment of pHred-102 (36) (provided by K.
Luskey) was inserted into the BamHI site of pJR168 so that
the ATG initiating the open reading frame of the cDNA clone
was 24 bp from the BamHI site downstream of the GALl
promoter. This plasmid was designated pJR511. All standard
recombinant DNA methods were performed by procedures
found in Maniatis et al. (37). Escherichia coli DH1 (23) was
used for the propagation of plasmids unless otherwise noted.

RESULTS

DNA sequence of HMG1 and HMG2. The strategy for
determining the nucleotide sequence ofHMGJ and HMG2 is
shown in Fig. 1. A single continuous open reading frame of
1,054 amino acids was identified in the HMGJ sequence,
encoding a protein with a calculated molecular mass of
115,639 daltons. Likewise, a single continuous open reading
frame of 1,045 amino acids was identified in the HMG2
sequence, encoding a protein with a calculated molecular
mass of 115,705 daltons. The nucleotide and deduced amino
acid sequences of HMGI and HMG2 are shown in Fig. 2.
The NH2-terminus of the HMG1 protein is not definitively
assigned, since there are two in-frame methionine codons at
positions 1 and 11 of the amino acid sequence Since tran-
scription of HMGJ initiates far upstream of the first methi-
onine codon and since lacZ gene fusions in which the HMG1
promoter is fused to lacZ at either methionine codon are
expressed at similar levels (M. Thorsness and J. Rine,
unpublished results), translation of HMGJ probably begins
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FIG. 1. Sequencing strategy for HMGI and HMG2. The position and direction of the open reading frames encoding HMGI and HMG2
are indicated by a thick arrow drawn on the appropriate restriction map. (A) To sequence HMGJ, nested deletions were generated as
described in the Materials and Methods section. The extent of nucleotide sequence determined from each deletion analyzed is represented
by an arrow. The extent of nucleotide sequence determined from pJR327 is represented by an arrow drawn with a solid circle. The extent of
nucleotide sequence determined by using oligonucleotide primers complementary to known nucleotide sequence is represented by an arrow
drawn with an asterisk. (B) To sequence HMG2, nested deletions in the insert fragment were created as described for HMGJ. The extent of
nucleotide sequence determined from each deletion analyzed is represented by an arrow. The extent of nucleotide sequence determined from
two Hindlll sites and from a BamHI site is represented by arrows drawn with a solid circle. The extent of nucleotide sequence determined
by using oligonucleotide primers complementary to known nucleotide sequence is represented by arrows drawn with an asterisk. Ba, BamHI;
Bg, Bglll; E, EcoRI; H, HindlIl; P, PstI; X, XbaI.

at the first methionine codon. A comparison of the amino
acid sequences of the HMG1 and HMG2 proteins with each
other and with the COOH-terminal region of human HMG-
CoA reductase (36) is shown in Fig. 3. The sequences of the
three proteins have been aligned to maximize their sequence
similarity.
Model for the secondary structure of the HMG1 protein. To

examine the structural similarities of the HMG1 protein with
mammalian HMG-CoA reductase, we constructed a model
for the secondary structure of the HMG1 protein. The
methods and parameters used are outlined in the legend to
Fig. 4. The secondary structures of the human and hamster
proteins are predicted to be virtually identical, reflecting
their high degree of sequence similarity: only 32 nonconser-
vative amino acid replacements exist between the two pro-
teins (10, 36). In contrast, there were many amino acid
differences between the yeast and mammalian enzymes. The
predicted structure of the NH2-terminal half (amino acids 1
to 529) of the HMG1 protein is presented in Fig. 4A, and the
predicted structure of the COOH-terminal half (amino acids
530 to 1054) is presented in Fig. 4B.
Comparison of hydrophobicity plots of the HMG1 and

hamster HMG-CoA reductase proteins (Fig. 5A and B)
showed that the NH2-terminal region of both proteins was in
general much more hydrophobic than the COOH-terminal
region. Both NH2-terminal regions exhibited the alternating
hydrophobic and hydrophilic regions characteristic of mem-
brane-bound domains containing several transmembrane
helices. Moreover, both NH2-terminal regions met the cri-
teria for the prediction of membrane-bound domains sug-
gested by Eisenberg et al. (19): both had at least one
very hydrophobic stretch of 21 amino acids, which would
highly favor a membrane environment, and both also con-
tained several other moderately hydrophobic stretches
whose hydrophilic groups would cluster on one side of an
a-helix.

Eight potential membrane-spanning helices were identified
in the hydrophobicity plot of the putative membrane-bound

domain of the HMG1 isozyme. As shown in Table 1, these
potential helices were evaluated in terms of overall hydro-
phobicity, amphipathicity, membrane propensity, and length
(30, 45). We applied a predictive algorithm based on the
length and membrane propensity of each of the putative
membrane-spanning domains, as suggested by Rao and
Argos (45). This algorithm has been shown to be fairly
effective in distinguishing membrane-spanning helices from
hydrophobic regions in soluble proteins (45), and it distin-
guished the seven long hydrophobic stretches in the mem-
brane-bound domain from the predicted hydrophobic I-
barrels of hamster HMG-CoA reductase. However, a very
hydrophobic 20-residue stretch at the COOH-termini of both
hamster HMG-CoA reductase and the HMG1 isozyme was
strongly predicted to be a membrane-spanning region by this
algorithm and all other criteria we considered, even though
this stretch is part of a domain which appears to be soluble
after proteolysis (33).
The six most hydrophobic of the eight potential mem-

brane-spanning helices of the HMG1 isozyme, the regions
labeled 1, 2, 4, 6, 7, and 8 in Fig. 4A, were strongly predicted
to span the membrane. Regions 3 and 5, in contrast, had
overall hydrophobicities at the lower end of the range
observed for membrane-spanning helices, and both had large
hydrophobic moments more characteristic of helices in
globular proteins (Table 1) (19). Region three comprised the
29 amino acids between predicted membrane-spanning re-
gions 2 and 4 and contained several moderately hydrophilic
residues, such as serine, and two charged residues. This
region was rather short for forming a membrane-spanning
helix and two spacer regions and was therefore tentatively
represented as a spacer region between helices 2 and 4. The
COOH-terminal half of region 5 was very hydrophobic, but
the NH2-terminal half contained five charged residues which
would lie on one side of the helix. It would therefore be
rejected as a membrane-spanning helix by the rules of Rao
and Argos (45). However, a clustering of charged residues
on the cytoplasmic side of membrane-spanning helices has
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MG1 -120 CATTGTCTATCGT TGATACAAAGrAGATAAATACATAAAACAAGC
BMW -120 GAGAAAA TTAAT TCTTTCCAAATTAG TA ATCCACATACAACCTCAA

HlGGl 1 ATGCGCCGCTTCAAGGACGAAACAGT_GATGAAAGACAATTCATATAA=CTTTCTCTAATCATATCCGCATTCGCT
MetProProLeuPheLysGlyLeuLysGl nMetAlaLysProIleAlaTyrVa lSerArgPheSerAlaLysArgProI leHisIleIleLeuPheSerLeuI leIleSerAlaPheAla

MfG2 1 ATGTCACTCCTTAAAAACGATAGTACATTTGGTAAAGCCTTTCTTGCACTGrCTAGG;TTTA x;TGcGAGATACCcAATCCACGTC ATTG lwallAlGuc
MetSerLeuProLeuLy.sThrIleVal1HisLeuValLy3ProPheAlaCy.sThrAlaArgPheSerAlaAregTyrProI leHisVal1IleValValAlaValLeuLeuSerAlaAlaAla

121 TATCTATCCGTCATTCAGTAVTTACTTCAATGGTrGCATAGTTAATG-1TxGAATGTCAAATAAAGACTCCACA^CTSCT=ATTCAATGTTCCCATTACTACAGA
TyrLeuSerValI leGInTyrTyrPheAsnGlyTrpGlnLeuAspSerAsnSerValPheGluThrAlaProAsnLy3sApSerAsnThrLeuPhet;lnGluCysSerHisTyrTyrArg

121 TATCTATC_ .. CGTTCATCTAGCATAAGCGTATTTTAAAGACCCATT_
TyrLeuSerValThrGlnSerTyrLeuAsnGluTrpLysLeuA.spSerAsn ..GlnTyrSerThrTyrLeuSerI leLysProAspGluLeuPheGluLysCysThrHli3TyrTyrArg

241

238

361 GAAG TCTCAGTGTC
ProGluLeuAla3snThrValPheGluLy58AsnThrLysTyrIleLeuGlnGluAspLeuSerValSerLy3GluIleSerSerThrAspGlyThrLy3TrpArgLeuArgSerAsp

358 CCTTCCCTTGATGACv CAAC_ _A_C _ ceGTCTG ACGAGAAGAATGGACA
ProSerLeuAspAspVal IleTyrSerValA3pHi3ThrArgTyrleuLeuSerGluGluProLys IleProThrGluLeuValSerGluAsnGlyThrLy3TrpArgLeuArgA3nA3n

481

478

40

40

80

79

AspSerSerLeuAspGlyTrpValSerI leThrAlaHisGluAlaSerGluLeuProAlaProHisHisTyrTyrLeuLeuA,snLeuAsnPheABnSerProA.snGluThrAspSerIle 120
ITCTCCTGGCTGTACTG ATATCAGCTCTAAGA GI CCCGTmTCamTTAlCAAGlATCAGs
SerProValSerAspThrTrpLysLeuLeuSerSerLysGluAlaAlaAspI leTyrThrProPheHisTyrTyrLeuSerThrIleSerPheGlnSerLysAspA.snSerThrThrLeu 119

160

159

M4et 200
L1TT
rLeu 199

601 TTCTAC
PheTyi

598 TTTTA'
PheTyz

721 TGTATI
CysIle

718 AGTTI'

240

239

280

279

841

838

961 AT GAATTGATTrTAACTAA TATCTTA GCGCTTAGACTGGAA
MetTyrAlaHisGlnLeuLysThrLeuThrAsnPheCysIleLeuSerAlaPheIleLeuIlePheGluLeuI leLeuThrProThrPheTyrSerAlaIleLeuAlaLeuArgLeuGlu

958 ATATGCTAGACATCTCC
IleTyrAlaArgHilsLeuProGlyLeuVa lAsnPheCysIleLeuSerThrPhedoetLeuValPheA,spLeuLeuLeuSerAlaThrPheTyrSerAlaI leLeuSerMetLysLeuGlu

1081 ATGAATGTTAT GrATCTTCTTTCTTAAAT
MetA8nValIleHisArgSerThrIleIleLysGlnThrLeuGluGluAspGlyValValProSerThrAlaArgIleIleSerLy3AlaGluLyaLysSerValSerSerPheLeuAsn

1078 ATTACAC_ __TCACAGATCAACCCGACCACATTTTTGAGA

1201

1198

1321

1318

1441

1438

320

319

360

359

400

399

440

439

GluArgValSerLeuProAspPheIleThrSerA3nAlaSerGluA,snPheLyaGluGlnAlaIleValSerValThrProLeuLeuTyrTyrLy3ProIleLysSerTyrGlnArgIle 480ffi _ _ _ _ s _ v u ~~~~~~~GTTGCCAQCATATTATACTCCGTAAAAA=ACACGTC
ThrIleTyrSerLeuProAsnPheIleAsnTyrLysAspIleGlyAsnLeuSerAsnGlnValIleIleSerValLeuProLysGl nTyrTyrThrProLeuLysLysTyrH i3sGnI le 47 9

520

519

1561 GTACAAAAGGCTTCTACACCAGTT A TAAACAGTC
AlaAlaArgI leHisThrSerTyrThrAlaAspGlnLeuValLy3ThrGl uValThrLy3Ly3SerPheThrAlaProValGlnLysAlaSerThrProValLeuThrA.snLysThrVaI 560

1558 GCT GATTAG GTTCAG ATGCCTGCT
AlaAlaLy3 leHisThrGlyTyrMetAsnPheGlnProGlnSerA.snLy3I leAspA.spLeuValValGlnGlnLy,sSerAlaThrIleGluPheSerGluThrArgSerMetPraAla 559

1681

1678
Pro 600
AAT
Asn 599

1801 TTAGAAGAATTAGAAGCATTATTAAGTAGTGGAAATACAAAACAATTGAAGAACAAAGAGGTCGCTGCCTTGGTTATTCACGGTAAGTTACCTTTGTACGCTTTGGAGAAAAAATTAGGT
LeuGluGluLeuGluAlaLeuLeuSerSerGlyAsnThrLysGlnLeuLysAsnLyaGluValAlaAl aLeuVallIleHis*GlyLy*LeuProLeuTyrAlaLeuGluLy sLys*LeuGly

1798 TTAGTGGQACTTATGGAGAAAGAACAATTAAAGAACATGAAT. AATACTGAGGTTTCGAATCTTGTCGTCAACGGTAAACTGCCATTATATTCCTTAGAGAAAAAATTAGAG
LeuValGluLeuMetGluLysGluGlnLeuLysAsnMetAsn. AsnThrGluValSerAsnLeuValValAsnGlyLysLeuProLeuTyrSerLeuGluLysLysLeuGlu

640

636

AspThrThrArgAlaValAlaValArgArgLysAlaLeuSerI leLeuAlaGluAlaProValLeuAlaSerAspArqLeuProTyrLysAsnTyrAspTyrAspArgValPheGlyAla 680

GACACAACTCGTGCGGTTTTAGTTAGGAGAAAGGCACTTTCAACTTTGGCTGAATCGCCAATTTTAGTTTCCGAAAAATTGCCCTTCAGAAATTATGATTATGATCGCGTTTTTGGAGCT
AspThrThrArgAl aValLeuValArgArq LysAlaLeuSerThrLeuAlaCluSerProIl1eLeuValSerGluLys LeuProPheArgAsnTyrAspTyrAspArgValPheGlyAl a 676

3800

1921

1909

C,ATTCCTCTCTAGATGGTTGGGTATCAATCACCGCGCATGAAGCTAGTGAGTTACCAGCCCCACACCATTACTATCTATTAAACCTGAACTTCAATAGTCCTAATGAAACTGACTCCATT

'Al
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2041
CysCysGluAsnVal Il1eGlyTyrMetProL uProValGlyVal IleGlyProLeuVal 1leAspGlyThrSerTyrHis* Il1eProMetAlaThrThrGluGlyCysLeuValAlaSer 720

2029 TGCTGTGAAAATGTCATCGGCTATATGCCAATACCAGTTGGTGTAATTGGTCCATTAATTATTGATGGAACATCTTATCACATACCAATGGCAACCACGGAAGGTTGTTTAGTGGCTTCA
CysCysGluAsnValI leGlyTyrMetProIleProValGlyVal I leGlyProL u IleIl1eBAspGlyThrSerTyrHisl* 1eProMetAl aThrThrGluGlyCys LeuValAlaSer 7176

2161 GCCATGCGTGGCTGTAAGGCAATCAATGCTGGCGGTGGTGCAACAACTGTTAACTAAGGATGGTATGACAAGAGGCCCAGTAGTCCGTTTCCCAACTTTGAAAAGATCTGGTGCCTGT
AlaMetArgGlyCysLysAlaI leAsnAlaGlyGlyGlyAlaThrThrValLeuThrLysAspGlyMetThrArgGlyProValValArgPheProThrLeuLysArqSerGlyAl aCys 760

2149 GCTATGCGTGGTTGCAAAGCCATCAATGCTGGTGGTGCTGCAACAACTGTTTTAACCAAAGATGGTATQCTAGAGGCCCAGTCGTTCGTCCCTACTTTAATAAGTCTGGTGCCTGC
AlaMetArgGlyCysLysAlaI leAsnAlaGlyGlyGlyAlaThrThrValLeuThrLy*AspGlyMetThrArgGlyProValValArgPheProThrLeuIleArqSerGlyAlaCys 756

2281 AAGATATGGTTAGACTQGAAGAGGGACAAAACA=TM= AAAACTTTAACTCTACATCAAGATTTGCACGTCTGCAACATATTQAACTTGTCTAGCAGGAGATTTACTCTTCATG
Lys IleTrpLeuAspSerGluGluGlyGlnAsnAl aIleLysLy AlaPheAsnSerThrSerArgPheAlaArqLeuGlnH1 slI eGlnThrCysLeuAlaGlyAspLeuLeuPheMet 800

2269 AAGATATGGTTAGACTCGGAAGAGGGACAAAATTCAATTAAAAAAGCTTTTAATTCTAQTCAAGCTTTGCACGTTTGCAAQTATTQAACCTGTCTAGQGGCGATTTGCTTTTTATG
leL ysLyAlaPheAsnSerThrSerArqPheAlaArqLeuGInHisIleGlnThrCy*LeuAlaGlyAspLeuLeuPheMet 796

2401 AGATTTAGAACAACTACTGGTGACGCAATGGGTATGAATATGATTTCTAAAGGTGTCGAATACTCATTAAGAATGGTAGAAGAGTATGGCTGGGAAGATATGGAGGTTGTCTCCGTT
ArqPheArqThrThrThrGlyAspAlaMetGlyMetAsnMetIleSerLysGlyValGluTyrSerLeuLysGlnMetValGluGluTyrGlyTrpGluAspMetGluValValSerVal 840

2389 AGATTTCGGACAACTACCGGTGACGQATGGGTATGAACATGATATCGAAAGGTGTCGAATACTCTTTGAAACAAATGGTAGAAGAATATGGTTGGGAAGATATGGAAGTTGTCTCCGTA
ArqPheArgThrThrThrGlyAspAlaMetGlyMetAsnl4etI leSerLysGlyValGluTyrSerLeuLysGlnMetValGluGluTyrGlyTrpGluAspMetGluValValSerVal 836

2521
880

2 509 TCTGGTAACTATTGTACTGATAAGAAACCTGCCGCAATCAATTGrATTGAAGGTCGTGGTAAAAGTGTCGTAGCTGAAGCTACTATTCCTGGTGATGTCGTAAAAAGTGTTTTAAAGAGC
SerGlyAsnTyrCysThrAspLysLysProAlaAl aIleAsnTrpI leGluGlyArgGlyLysSerValValAlaGluAlaThr IleProGlyAspValValLysSerVal1LeuLysSer 87 6

2 641 GATGTTTCCGCATTGGTTGAGTTGAACATTGCTAAGAATTTGGTTGGATCTGCAATGGCTGGGTCTGTTGGTGGATTTAACGCACATGCAGCTAATTTAGTGACAGCTGTTTTCTTGGCA
AspValSerAlaLeuValGluLeuAsnIleAl2aLyAsnLeuValGlySerAla6etAlaGlySerValGlyGlyPheAsnAlaHlsAlaAlaAsnLeuValThrAlaValPheLeuAla

2 629 GATGTTTCCGCTTTAGTTGAATTAAATATATCCAAGAACTTGGTTGGATCCGCAATGGCTGGATCTGTTGGTGGTTTCAACGCGCACGCAGCTAATTTGGTCACTGCACTTTTCTTGGcA_._
- _ ._ , - s - - -- -1- .._ h. __Z is_-..^_ a o.-XIoAs_I -Sr--T - s_s.v17-1_MLII- ..n__..T -_I

920

916

2761 TTAGGCAGATCCTGCACAAATGTTGAAAGTTCCAACTGTATAATTGATGAAAGAAGTGGAC GTGATTTGTGTATCCATCCATCCTCGAAGTAGGTCTGGT
LeuGlyGlnAsp-PrvAlaGlnAsnValGluSerSerAsnCysIleThrLeuetLysGuValAspGlyAspLeuArgIleSerValSerMetProSerI leGluValGlyThrIleGly 960

2749 TTAGGCCAAGATCCTGCGCAGAACGTCGAAAGTTCCAACTGTATAACTTTGATGAAGGAAGTTGATGGTGATTTAAGGATCTCTGTTTCCATGCCATCTATTGAAGTTGGTACGATTGGC
LeuGlyGlnAspProAlaGlnAsnValGluS.rSerAsnCy*IleThrLeuMetLysGluValAspGlyAspLeuArgI llSerValS.rM4tProSerIleGluValGlyThrIleGly 956

2881 GGTGGTACTGTTCTAGAACCCAAGGTGCCATGTTGGACTTATTAGGTGTAAGAGGCCCGCATGCTACCGCTCCTGGTACCAACGCACGTCAATTAGCAGAATAGrTGCCTGTGCCGTC
GlyGlyThrValLeuGluProGInGlyAlalOetLeuAspLeuL-uGlyValArgGlyProHi sAlaThrAlaProGlyThrAsnAlaArgGlnLeuAlaArg IleValAlaCysAlaVal 1000

2869 GGGGGTACTGTTCTGGAGCCTCAGGGCGCCATGCTTGATCTTCTCGGCGTTCGTGGTCCTCACCCCACTGAACCTGGAGCAATGCTAGGCAATTAGCTAGAATAATCGCGTGTGCTGTC
GlyGlyThrValLeuGluProGlnGlyAlaMetLeuAspL-uLeuGlyValArqGlyProHisProThrGluProGlyAlaAsnAlaArgGlnLeuAlaArg I leIleAlaCysAlaVal 9996

3001 TTGGCAGGTGAATTATCCTTATGTGCTGCCCTAGCAGCCGGtCCATTTGGTTCAAAGTCATATGACCCACAACAGGAAACCTGCTGAACCAACAAAACCTAACAATTTGGACGCCACTGAT
LeuAlaGlyGluLeuSerLeuCysAlaAlaLeuAlaAl aGlyHisLeuValGlnSerHisMetThrHi AsnArgLysProAlaGluProThrLysP?roAsnAsnLeuAspAl aThrAsp 1040

2989
1036

3121 ATAAATCGTTTGAAAGATGGGTCCGTCACCTGCATTAAATCCTAAACTTAGTCATACGTCATTGGTATTCTCTTGAAAGAAGCACAACAGCACCATGTGTTACGTAAAATATTTACTT
IleAsnArgLeuLysAspGlySerValThrCysIleLysSer . 1054

3109 CCCCCCTGTAAAACCTCAGCATTATTATAACTCTTGTAGTTTACATGGTGTACTTTATATCTTTGTATTGTCTAGCTATTCTAAATCATCTGCTGTAATAAGhAGTTGATCAAAATGA
ProProCysLysThrSerAlaLeuLeu . 1045

FIG. 2. Nucleotide and deduced amino acid sequence ofHMGI and HMG2. The ATG that initiates each open reading frame is numbered
+1. The two sequences have been aligned to maximize similarity.

been observed in the reaction center complex from the
purple photosynthetic bacterium Rhodopseudomonas viridis
(38). We have therefore tentatively represented region 5 as a
membrane-spanning region.
The hydrophobicity plot of the HMG2 protein (Fig. SC)

was very similar to that of the HMG1 protein. Moreover, the
predicted secondary structure of the NH2-terminal half of
the HMG2 protein contained seven membrane-spanning
domains arranged in nearly identical positions as they are in
the HMG1 protein and with similar characteristics (Table 1).
Inspection of the sequence similarity between the NH2-
terminal halves of the HMG1 and HMG2 proteins revealed
that the potential membrane-spanning domains were in gen-
eral more conserved than the spacer regions between them
(Fig. 6). However, individual spacer regions can differ
markedly in the extent of their conservation. For example,
the long spacer region between membrane-spanning domains
1 and 2 was weakly conserved, whereas the spacer region
between membrane-spanning domains 5 and 6 was highly
conserved (Table 2).

If it is assumed that the catalytic domain of yeast HMG-
CoA reductase, like that of the hamster enzyme to which it
is very similar, lies on the cytoplasmic side of the membrane,
then the spacer region between the last two membrane-
spanning domains can be reliably predicted to lie on the
luminal side of the membrane. In this spacer region in both

the HMG1 and HMG2 isozymes, two consensus sequences
for N-linked glycosylation sites were found, although these
sites were not conserved between the two proteins (amino
acids 452 and 490 and amino acids 428 and 455 of the HMG1
and HMG2 proteins, respectively). Likewise, the single
glycosylation site of the human and hamster enzymes also
lay between the last two predicted membrane-spanning
regions. Several other potential N-linked glycosylation sites
were found in the membrane-bound domains of the HMG1
and HMG2 isozymes, as shown in Fig. 3.
Although the NH2-termini of both the yeast and human

proteins were predicted to contain seven membrane-span-
ning regions, no primary sequence similarity was observed
in this region between either of the yeast proteins and the
human protein. However, the predicted membrane-spanning
domains of the yeast and human proteins were similar in that
they contained amino acids that are usually charged. As
noted previously (33), these charged residues might allow
ion pairing within or between packed helices. Another
similarity between the yeast and human NH2-terminal re-
gions was that, in both proteins, the spacer regions between
the membrane-spanning domains were predicted to contain
amphipathic helices which could associate with the lipid
bilayer so that the hydrophobic face would be embedded in
the interior of the bilayer and the hydrophilic face would

TGTTGTGAAAATGTTATAGGTTACATGCCTTTGCCCGTTGGTGTTATAGGCCCCTTGGTTATCGATGGTACATCTTATCATATACCAATGGCAACTACikGAGGGTTGTTTGGTAGCTTCT

TCTGGTAACTACTGTACCGACAAAAAACCAGCTGCCATCAACTGGATCGAAGGTCGTGGTAAGAGTGTCGTCGCAGAAGCTACTATTCCTGGTGATGTTGTCAGAAAAGTGTTAAAAAGT
SorGlyAsnTyrCysThrAspLysLysProAlaAlallaAanTrpIleGluGlyArqGlyLysSerValValAlaGluAlaThrIleProGlyAspValValArgLysValLeuLysSer

TTGGCTGGTGA6ACTGTCTCTGTGCTCCGCACTTGCTGCCGGTCACCTGGTACAAAGCCATATGIkCTCACAACCGTAAAACAAACAAAGCCAATGAACTGCCIkCAACCAAGTAACAAAGGG
LouAlaGlyGluLeuSerLeuCysSerAlaLeuAlaAlaGlyHisLeuValGlnSerHist4etThrHisAsnArgLysThrAsnLysAlaAsnGluLeuProGlnProSerAsnLyaGly
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HMG1 1PIESLKM NKDSIVFED N DDSST
HMG2 1 LP ILDS CQY LSIKPD SPVSt

86 SITA1EELP f L NETDSI TVFE 9DLSVS*I4T DRKSLvTL
85 KLLSSWEykDIYVTI¶ DNSTT PKIPLNGEKWNSNFIR LHNI

** *

171AYSYYDOEIVTND FiT
170 YRNMVK NKTSE ILCqAYI.WSLC

256 LPFI GFLHIKI QYA rDirDEj#V3 iw
255 LPFIIEV RIFS I CIL

341 rTFYSAI IHRSIQTLEEDGVV IsS 1NL I
340 TFYSAI IIHRS QTLEEDGVV IPVfTsL

* *I

426 ANWVNDAFW F4ERiqFTSNAS IKDWlRfFLFdI SQ WE4kDL R4VaatVnLSVC
425 DKLNATIIY NYKDI

S IHVIQ L H g IFFAV
**

511 A LVKTEVTKKSFTAPVQKASTPVLTNKTVI SKVKSLSSAQSSiSGPSSSSEEDDSRDIESLD
510 WIS HVYLLNAREsNF1SPQSNKIDDLVVQQKSATIEFSETRSMPAS LETPVTAKDIII EEIQNNECVYALSSQDEPI

Human 512

HMG1 596 KLSs KQ DYDRVF
HMG2 595 RPLS KEQLI14N... ELDYDERK

526 CCENVIGYMPIPV P KEF MATSEDCMTA
681 CCENVIGYM[VGVIGP IDGTSYHIPMATTEGCLVASAMRGCKAINAGGGATTVLTKDGMTRGPVVRFPT SGACKIWL
677 CCENVIGYMPIPVGVIGP I IDGTSYHIPMATTEGCLVASAMRGCKAINAGGGATTVLTKDGMTRGPVVRFPT SGACKIWL

611 T RFARLQHIQtCNLKEEYFPEDMEI SGNYCTDKK

766 EEGQ KKAFNSTSRFARLQHIQTCLAGDLLFMRFRTTTGDAMGMNMISKGVEYSLKQMVEEYGWEDMEVVSVSGNYCTDKK
762 SEEGQ;SIKKAFNSTSRFARLQHIQTCLAGDLLFMRFRTTTGDAMGMNMISKGVEYSLKQMVEEYGWEDMEVVSVSGNYCTDKKP

694 AAINWIEGRGKSVqgN T §iR E
851 AAINWIEGRGKSVVAEATIPGD SDVSALVELN LVGSAMAGSVGGFNAHAANLVT LALGQDPAQNVESSNCI
847 AAINWIEGRGKSVVAEATIPGD ViKSDVSALVELN LVGSAMAGSVGGFNAHAANLVT LALGQDPAQNVESSNCI

779 IDVL LAPEI CA ELSLCA LAAGHLV
936 TLM... KEVDGDLRISVSMPSIEVGTIGGGTVLEPQGAMLDLLGVRGP ARQLARIVACAVLAGELSLCAALAAGHLV
932 TM ...KEVDGDLRISVSMPSIEVGTIGGGTVLEPQGAMLDLLGVRGP LA=LLLGLLL
864 KINLQEfQQGAC¶[KTA

1018 QSHMTHN AEPTKPNNLDATDINRLKDGSVTCIKS
1014 QSHMTH NKAN4QPS*GPPCKTSALL

FIG. 3. Comparison of the HMG1, HMG2, and human HMG-CoA reductase proteins. No detectable sequence similarity between the
human protein with either yeast protein was observed before amino acid 512 in the human protein. Identical residues are boxed. Bars above
the sequence indicate predicted membrane-spanning domains. Asterisks indicate potential N-linked glycosylation sites in the membrane-
bound region of the HMG1 and HMG2 proteins.

interact with the charged phospholipid head groups of the
bilayer. No other structural similarity between the putative
membrane-bound domains of the yeast and hamster HMG-
CoA reductase proteins was revealed by our analysis. No
correlation was observed, for example, between the relative
hydrophobicities of the seven predicted membrane-spanning
regions in the yeast and hamster proteins.
The region of the mammalian protein between the NH2-

terminal membrane-bound domain and the COOH-terminal
cytoplasmic domain is termed the linker region. This region
contained the greatest amount of sequence divergence be-
tween the hamster and human proteins, suggesting that this
region of the protein is under the lowest selective pressure.
The linker regions of the HMG1 and HMG2 proteins are
defined as the regions between the last predicted membrane-

spanning domain and the start of primary sequence identity
between the two proteins (amino acids 525 to 617 and amino
acids 524 to 613 in the HMG1 and HMG2 proteins, respec-
tively). The linker regions of the two yeast proteins exhibited
no significant sequence similarity to human HMG-CoA
reductase. Except for the first few amino acids at the
junction of the membrane-spanning and linker regions, there
was also no detectable sequence similarity between the
linker regions of the two yeast proteins. The linker region of
the HMG1 protein was rich in serine residues (20 of 93 amino
acids), and the linker regions of both the HMG1 and HMG2
proteins, like that of the mammalian protein, contained a

large number of charged residues (25 of 93 amino acids in the
HMG1 protein and 21 of 90 amino acids in the HMG2
protein). Many of these charged residues are predicted to lie
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FIG. 4. Model of the predicted secondary structure of the HMG1 protein. Hydrophobic stretches of amino acids that could form
membrane-spanning domains were located by the method of Kyte and Doolittle (31). A Fourier transform analysis designed to detect
periodicities in hydrophobicity that suggest the presence of amphipathic a-helix or p-pleated sheet structure was used to identify regions of
secondary structure (20). The algorithm of Gamier et al. (21), based on the frequency with which amino acids form different secondary
structures in X-ray crystal structures, was also used. Charged amino acids are indicated by + or -. Cysteine residues are indicated by S,
glycine residues by G, and proline residues by P. (A) Amino acids 1 to 529. The initial methionine is indicated by M. The boundaries of the
lipid bilayer are drawn on either side of the predicted membrane-spanning domains. Regions 1, 2, 4, 6, 7, and 8 are strongly predicted to span
the membrane. However, the secondary structures of regions 3 and 5 (indicated by bold lines) are less clearly predicted. Asterisks indicate
potential N-linked glycosylation sites. (B) Amino acids 530 to 1054. Secondary structure drawn with dashed lines indicates regions with weak
sequence similarity to hamster HMG-CoA reductase. As in the corresponding region of the hamster protein, amino acids 672 to 742 and 892
to 985, enclosed by dashed lines, each contain 8- to 11-amino-acid stretches of extended structure and are rich in cysteine, glycine, and proline
residues.
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FIG. 5. Hydrophobicity plots of the amino acid sequences of

hamster HMG-CoA reductase and the HMG1 and HMG2 proteins.
The hydrophobicity of each residue, averaged over a window of 21
amino acids by the method of Kyte and Doolittle (31), is plotted as
a function of residue number. (A) Hamster HMG-CoA reductase,
redrawn from Liscum et al. (33). The seven predicted membrane-
spanning domains are labeled 1 to 7. The regions labeled bl and b2
are predicted to have a-structure and contain hydrophobic
stretches. The corresponding regions of the HMG1 and HMG2
proteins predicted to have the same structure are similarly labeled
(see Fig. 4). (B) HMG1 protein. Of the eight peaks of hydrophobicity
(labeled 1 to 8), all except peak 3 are predicted to span the
membrane (see Fig. 4). (C) HMG2 protein.

in amphipathic helices in the linker regions of both the yeast
and mammalian proteins.
The COOH-terminal regions of the HMG1 and HMG2

proteins were highly conserved with respect to both mam-
malian HMG-CoA reductase and each other. Amino acids
667 to 1025 of the HMG1 protein were 65% identical and 25%
conserved with amino acids 512 to 871 of human HMG-CoA
reductase. Amino acids 618 to 1026 of the HMG1 protein
were 93% identical and 3% conserved with amino acids 614

TABLE 1. Parameters for evaluation of putative
membrane-spanning helices of the HMG1, HMG2, and hamster

HMG-CoA reductase protein

Peak
Protein Regiona Hb Heightd Lengthe

(residues)

Yeast HMG1 1 0.73 0.34 1.33 18
2 0.73 0.23 1.29 18
3 0.53 0.41 1.24 23
4 0.57 0.27 1.23 17
5 0.44 0.53 1.32 13
6 0.74 0.26 1.34 29
7 0.79 0.30 1.33 25
8 0.58 0.29 1.25 17

Yeast HMG2 1 0.60 0.20 1.32 16
2 0.72 0.29 1.30 18
3 0.45 0.30 1.17 19
4 0.73 0.40 1.29 17
5 0.47 0.47 1.22 13
6 0.63 0.34 1.30 30
7 0.72 0.13 1.28 20
8 0.67 0.27 1.33 18

Hamster HMG-CoA 1 0.57 0.28 1.26 17
reductase 2 0.55 0.47 1.19 17

3 0.79 0.37 1.31 22
4 0.46 0.41 1.23 20
5 0.62 0.27 1.21 25
6 0.65 0.28 1.28 28
7 0.54 0.30 1.30 13

a Regions for the HMG1 and HMG2 proteins are numbered as in Fig. 4A.
The predicted membrane-spanning helices of hamster HMG-CoA reductase
are described in Liscum et al. (33).

b Average hydrophobicity over most-hydrophobic 21-residue stretch calcu-
lated with the normalized consensus hydrophobicity scale of Eisenberg et al.
(19).

c Hydrophobic moment over the 11-residue stretch with the most pro-
nounced helical periodicity, calculated as described in Eisenberg et al. (19).

d Height of peak in buried-helix-parameter plot described by Rao and Argos
(45).

e Width of peak in buried-helix-parameter plot at baseline of 1.05 (45).

to 1022 of the HMG2 protein. The COOH-terminal region of
these three proteins was the most conserved of any region
within the protein. This strong sequence similarity suggests
that the catalytic domain of the yeast isozymes, like that of
the mammalian enzyme, is contained within this COOH-
terminal region.
The predicted secondary structure of the COOH-terminal

region of the HMG1 protein (Fig. 4B) closely resembled that
of the hamster protein. This region was predicted to consist
largely of amphipathic helices flanking extended p-pleated
sheet structure. As noted previously (33), it seems likely that
residues from the putative p-domains form at least part of
the active site. Regions of weak sequence similarity between
the HMG1 and hamster proteins, indicated by dashed lines
in Fig. 4B, fell in loops adjacent to p-strands or in amphipa-
thic helices, as would be expected if the domains from the
two proteins had similar tertiary structures. Thus, the pre-
dicted amphipathic helical structure is strongly conserved
even when primary sequence is only weakly conserved.
The reaction by which HMG-CoA reductase catalyzes the

conversion of HMG-CoA to mevalonate may involve the
transient protonation of a histidine residue (47). Of the seven
histidines conserved between the COOH-terminal regions of
the two yeast proteins, four were also conserved with human
HMG-CoA reductase at residues 909, 1015, 1020, and 1023
of the HMG1 protein.

In contrast to the general sequence similarity in the

A

H

B

H

C
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FIG. 6. Sequence conservation between the membrane-bound
regions of the HMG1 and HMG2 proteins. Sequences are aligned as
in Fig. 3. Identical amino acids are indicated by solid circles,
conserved amino acids by hatched circles, and nonconserved amino
acids by open circles. The criteria for conserved residues are given
in Table 2, footnote a.

COOH-terminal regions of the two yeast isozymes to each
other and to the human enzyme, no obvious sequence
similarity existed between the final 28 residues of the HMG1
protein with either the HMG2 or human protein. Although
the significance of this sequence divergence is unclear, we
note that the sequences located at the COOH-terminus of
both of the yeast enzymes as well as the hamster and human
enzymes contained cysteine residues that could be used as
sites for posttranslational fatty acid acylation (53), as is the
case for several other integral membrane proteins, such as
the G protein of vesicular stomatitis virus (50), the transfer-
rin receptor (26), and rhodopsin (42).
Mammalian HMG-CoA reductase rescued yeast cells lack-

ing this function. The similarities between yeast and mam-
malian HMG-CoA reductase strongly suggested functional
conservation between these enzymes. We tested and con-
firmed this suggestion in vivo by rescuing otherwise inviable
mutant yeast cells with the enzyme encoded by a mammalian
gene.
Doubly mutant hmgl hmg2 yeast cells, lacking both

HMG-CoA reductase isozymes, are inviable in standard
minimal or rich yeast medium. However, as described in the
Materials and Methods section, their growth can be rescued
by supplementing either medium with a high concentration
of mevalonate, the product of the reaction catalyzed by
HMG-CoA reductase. As described in the Materials and
Methods section, plasmids were constructed in which the
inducible yeast GAL] promoter (28) was fused to the HMGJ

TABLE 2. Conservation between the membrane-bound domains
of the HMG1 and HMG2 proteinsa

b Transmembrane No. of t % IdenticalAmino acids .. . . +Sdomainc amino acids Identical csvconserved

1-26 26 38 73
27-53 1 27 52 85
54-186 133 32 59
187-211 2 25 56 88
212-241 30 60 77
242-266 3 25 60 88
267-299 33 36 66
300-324 4 25 52 72
325-331 7 43 43
332-357 5 26 65 92
358-397 40 65 83
398-422 6 25 48 92
423-498 76 43 61
499-524 7 26 62 93

a Two amino acids are considered conserved if they are found together in
one of the following classes: (i) alanine, valine, leucine, isoleucine, proline,
phenylalanine, tryptophan, methionine, glycine, cysteine; (ii) serine, threo-
nine, cysteine, tryosine, asparagine, glutamine; (iii) aspartic acid, glutamic
acid; (iv) lysine, arginine, histidine; (v) phenylalanine, tyrosine, tryptophan;
(vi) histidine, tryptophan (15, 16, 40).

b Amino acids are numbered as for the HMG1 protein. The alignment of the
HMG1 and HMG2 proteins is shown in Fig. 3.

c Transmembrane domains are numbered sequentially. Note that trans-
membrane domains 3 through 7 correspond to regions 4 through 8 in Fig. 4
and 5.

gene or to cDNA clones encoding either hamster or human
HMG-CoA reductase. The GAL) promoter was inactive
when cells were grown in glucose-containing medium, but
active when cells were grown in galactose-containing me-
dium. These plasmids were introduced separately into an
hmgl hmg2 strain by transformation and tested for their
ability to alleviate the mevalonate auxotrophy of this strain
in galactose-containing medium.
As shown in Fig. 7, hmgl hmg2 cells harboring the GAL)

promoter plasmid vector lacking HMG-CoA reductase cod-
ing sequences were inviable on galactose-containing solid
medium lacking mevalonate. hmgl hmg2 cells harboring

pJR1 68pJR435

GAL l::HMG1

pJ R441

GALl ::hamster c

I GALl promoter

pJR511

GALI ::human cDNA

FIG. 7. Functional conservation between yeast and mammalian
HMG-CoA reductase. JRY1597 (hmgl hmg2) harboring pJR168
(containing the GAL] promoter without HMG-CoA reductase cod-
ing sequences), pJR435 (containing the GAL) promoter fused to the
HMGI open reading frame), pJR441 (containing the GAL] promoter
fused to a hamster HMG-CoA reductase cDNA clone), or pJRS11
(containing the GAL) promoter fused to a human HMG-CoA
reductase cDNA clone) was propagated on minimal glucose medium
containing mevalonolactone and then streaked onto the plate shown
containing minimal medium with 2% galactose and lacking mevalo-
nolactone.
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plasmids containing GAL] promoter fusions to either
HMGJ, the hamster HMG-CoA reductase cDNA, or the
human HMG-CoA reductase cDNA were viable on this
medium. The growth rate of cells containing mammalian
HMG-CoA reductase was not readily distinguishable from
that of cells containing the HMG1 protein. Therefore, ham-
ster or human HMG-CoA reductase can function in yeast
cells to meet their requirements for all essential products
derived from mevalonate.

DISCUSSION

Evolution of HMG-CoA reductase. The mammalian ge-
nome apparently contains a single gene encoding HMG-CoA
reductase (35, 46). No pseudogenes have been identified.
The observation that yeast cells contain two genes encoding
HMG-CoA reductase suggests that these two genes arose
from the duplication of a single gene after the divergence of
S. cerevisiae and mammals. We can make a minimum
estimate of the time since this duplication event took place
by considering the sequence divergence between the linker
regions of the HMG1 and HMG2 proteins. As no similarity
between these two regions was detected, we estimate that
these regions have diverged by at least 90%. Assuming a
divergence rate of 0.7 million years for each percent se-
quence divergence for sequences not under selection (54),
then 90% sequence divergence would occur over 63 million
years. However, it seems likely that the linker region is
under some selective pressure. Comparison of the linker
regions of human and hamster HMG-CoA reductase (36)
indicates a divergence rate of 2.2 million years for each
percent sequence divergence. This estimate of the rate of
divergence of the linker regions would require that the
duplication event generating HMGJ and HMG2 occurred at
least 198 million years ago.
The ancient divergence of yeasts and mammals has al-

lowed sequences not under stringent selective pressure to
diverge completely. The only sequence similarity shared
between yeast and mammalian HMG-CoA reductase occurs
in the region of the protein expected to be under the most
stringent selection, the catalytic domain. One explanation
for the lack of sequence similarity observed between the
membrane-bound domains of the yeast and mammalian
enzymes is that the selective pressure maintaining the pri-
mary sequence of this domain has not been sufficient to
prevent complete sequence divergence from a common
ancestral gene. Alternatively, HMG-CoA reductase may
first have evolved as a soluble enzyme that acquired mem-
brane-bound NH2-termini of roughly the same structure
independently in yeasts and mammals after their divergence.
Although the COOH-terminal region, containing the cata-

lytic domain, is generally conserved between the yeast and
mammalian proteins, no sequence similarity is observed in
the final amino acids of these proteins. Intriguingly, the
position of an intron in the hamster gene marks the boundary
of similarity between the yeast and hamster proteins. Intron
19 splits the codon for amino acid 870 of the hamster protein
(46). This residue is the last to have sequence similarity with
the yeast proteins, 29 amino acids from the end of the HMG1
protein and 24 amino acids from the end of the HMG2
protein. Thus the final exon of the hamster gene, encoding 16
amino acids, completely lacks sequence similarity with the
yeast proteins. This observation suggests that the final amino
acids of the yeast and mammalian proteins may have been
added after the divergence of yeasts and mammals. In no
other case was a correspondence between intron position in

the hamster gene and sequence identity between the yeast
and hamster proteins observed. The linker region of the
HMG1 protein, like that of hamster HMG-CoA reductase, is
rich in amino acids characteristic of PEST sequences. The
linker region of the HMG2 protein is less highly enriched in
these sequences. PEST sequences are present in many
short-lived proteins (48). It has not yet been determined
whether yeast HMG-CoA reductase has a short half-life, as
does the mammalian enzyme.

Role of the membrane attachment of HMG-CoA reductase.
The predicted membrane-bound domains of hamster and
human HMG-CoA reductase are much more highly con-
served than those of proteins with a single membrane-
spanning domain (36). This high degree of conservation
suggests that the complex architecture of the membrane-
bound domain of mammalian HMG-CoA reductase not only
serves as a membrane anchor but also has additional func-
tions that are under selective pressure. Such functions may
include regulation of the half-life of the protein (22) and a
role in controlling the amount and type of internal mem-
branes in the cell (27). The predicted structural similarities
between the membrane-bound domains of yeast and mam-
malian HMG-CoA reductase suggest that the membrane-
bound domains of the yeast proteins may also provide such
functions. In support of this hypothesis, overexpression of
the HMG1 protein leads to a proliferation of internal mem-
branes that resembles the membrane proliferation observed
at early times after overexpression of hamster HMG-CoA
reductase (43, Wright et al., in press).
The membrane-bound domains of the HMG1 and HMG2

proteins differ from each other much more than do the
membrane-bound domains of the human and hamster HMG-
CoA reductase proteins. This increased sequence diver-
gence may result simply from the much longer time during
which the two yeast proteins are estimated to have had the
opportunity to diverge compared with the human and ham-
ster proteins. However, proteins serving duplicated func-
tions in S. cerevisiae generally exhibit a very high degree of
sequence similarity (1, 13, 52). Alternatively, the observed
sequence divergence between the membrane-bound domains
of the two yeast proteins may have resulted from selective
pressure to allow their membrane attachment to serve spe-
cialized functions.

Functional conservation between yeast and mammalian
HMG-CoA reductase. Expression of either human or ham-
ster HMG-CoA reductase in yeast complemented the growth
defect of an hmgl hmg2 double mutant. Since it is known
that a soluble COOH-terminal fragment of the mammalian
protein containing only the catalytic domain can function in
mammalian cells, it is possible that the complementation
observed in yeast cells is due to expression of not the intact
mammalian protein, but rather the soluble catalytic domain.
However, expression of the hamster or human genes from
the strong GAL] promoter leads to a proliferation of internal
membranes that appears identical to the membrane prolifer-
ation resulting from expression of the HMGJ gene from the
same promoter (R. Wright, personal communication). Since,
in mammalian cells, the membrane-bound domain of mam-
malian HMG-CoA reductase is required for membrane pro-
liferation, and since membrane proliferation is induced by
expression of the mammalian gene in yeast cells, it seems
likely that the intact mammalian protein is produced in yeast
cells under these conditions.
The functional conservation between yeast and human

HMG-CoA reductase may allow the use of yeast cells in
identifying drugs with therapeutic value in the treatment of
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hypercholesterolemia. hmgl hmg2 cells growing by virtue of
expressing the human enzyme provide a simple microbial
screen for specific inhibitors of human HMG-CoA reduc-
tase. Furthermore, we have recently found that the yeast
enzyme is sensitive to feedback repression from products
made later in the pathway (M. Thorsness and J. Rine,
unpublished results). In light of the structural and functional
conservation between the yeast and mammalian enzymes,
the molecules that mediate feedback repression of yeast and
mammalian HMG-CoA reductase may prove to be similar.
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