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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 NH,-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 NH,-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
HMGI and HMG?2 (5). Cells containing a mutant allele of
HMGI or HMG?2 have only a subtle growth defect (4).
However, cells containing mutant alleles of both HMG1 and
HMG?2 are inviable (5). Assays of HMG-CoA reductase
activity in extracts from Amgl and hmg2 cells indicate that
HMG]! contributes most of the activity found in wild-type
cells. The deduced amino acid sequences obtained from
partial DN A sequence analysis of HMGI and HMG?2 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 HMGI and HMG?2.
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 (o 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 HMGI 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 ng/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 HMGI, two
restriction fragments from pJR59 (5) were used. The leftward
2.48-kilobase-pair (kbp) EcoRI fragment was inserted into
the EcoRlI site of pEMBL18 (constructed by H. Roiha by
replacing the polylinker of pPEMBLS [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 Smal 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 EcoRlI 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 Xbal and PstI, and nested deletions in
the insert fragment were created as described for HMGI.
Sequence from two HindlIII 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 GALI
promoter, and the URA3 gene as a selectable marker (28).
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To place the expression of coding sequences under the
control of the GALI promoter, the sequences were inserted
into the BamHI site located downstream of the promoter.
The HMG]1 open reading frame was placed under the control
of the GALI promoter as follows. A 1.77-kbp Sphl-HindIIl
fragment from pJRS9, containing the HMGI open reading
frame from the initiating ATG at the Sphl site to an internal
HindIII site, was inserted into the polylinker of pEMBL19
(constructed by H. Roiha by replacing the polylinker of
pEMBLY [17] with that of pUC19 [41]) at the corresponding
sites, generating pJR419. The 28-base-pair (bp) BamHI-Sphl
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 Sphl site. The 1.74-
kbp BamHI-Sst1 fragment of pJR421, containing the 5’ half
of the open reading frame, was ligated to the 9.55-kbp
BamHI-Sst1 fragment of pJR59, containing the 3’ half of the
open reading frame and all vector sequences, generating
pJR429. The 0.60-kbp BamHI-Nrul fragment of pJR168 was
replaced with the 4.12-kbp BamHI-Nrul fragment of pJR429
that contains the complete HMGI open reading frame,
generating pJR435. This procedure places the initiating ATG
of HMGI 16 bp from the BamHI site downstream of the
GALI promoter. A hamster cDNA clone encoding HMG-
CoA reductase was placed under the control of the GALI
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
GALI promoter. This plasmid was designated pJR441. A
human cDNA clone encoding HMG-CoA reductase was
placed under control of the GALI 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 GALI
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 HMGI and HMG2. The strategy for
determining the nucleotide sequence of HMGI and HMG?2 is
shown in Fig. 1. A single continuous open reading frame of
1,054 amino acids was identified in the HMGI 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 HMG?2 are shown in Fig. 2.
The NH,-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 HMGI initiates far upstream of the first methi-
onine codon and since lacZ gene fusions in which the HMGI
promoter is fused to lacZ at either methionine codon are
expressed at similar levels (M. Thorsness and J. Rine,
unpublished results), translation of HMGI 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 HMG?2
are indicated by a thick arrow drawn on the appropriate restriction map. (A) To sequence HMGI, 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 HMGI. The extent of
nucleotide sequence determined from each deletion analyzed is represented by an arrow. The extent of nucleotide sequence determined from
two HindIII 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, EcoRl; H, HindIll; P, Pstl; X, Xbal.

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 HMGI1 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 NH,-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 HMGI1 and
hamster HMG-CoA reductase proteins (Fig. SA and B)
showed that the NH,-terminal region of both proteins was in
general much more hydrophobic than the COOH-terminal
region. Both NH,-terminal regions exhibited the alternating
hydrophobic and hydrophilic regions characteristic of mem-
brane-bound domains containing several transmembrane
helices. Moreover, both NH,-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 B-
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 S, 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 NH,-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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TTTATTAACTTATTTTTTTCTTCTTTCTACCCAATTCTAGTCAGGAAARGACTARGGGCTGGAACATAGTGTATCATTGTCTAATTGTTGATACAAAGTAGATAAATACATAAAACAAGC
GGAATATTTTGTACGAGCAAGTTATAGTAAGACACTTCAGTGAGAARTTAATCTGACTTACT TTTACT TAATTGTGTTCTTTCCAAATTAGTTCAACAAGGTTCCCACATACAACCTCAA

ATGCCGCCGCTATTCAAGGGACTGAAACAGATGGCAAAGCCAATTGCCTATGTTTCAAGATT TTCGGCGAAACGACCAATTCATATAATACT TTTTTCTCTAATCATATCOGCATTCGCT
Met ProProlLeuPheLysGlyLeulysGlnMetAlaLysProIleAlaTyrValSerArgPheSerAlaLysArgProIleHisIleIleLeuPheSerLeullelleSerAlaPheAla
ATGTCACTTCCCTTAAAAACGATAGTACATTTGGTAAAGCCCTTTGCTTGCACTGCTAGGTTTAGTGCGAGATACCCAATCCACGTCATTGTTGT TGCTGTTTTA'

Met SerLeuProLeuLysThrIleValHisLeuValLysProPheAlaCysThrAlaArgPheSerAlaArgTyrProlleHisVallleValValAlaValLeuleuSerAlaAlaAla

TATCTATCOGTCATTCAGTATTACTTCAATGGTTGGCAACTAGATTCAAATAGTGTTTTTGAAACTGCTCCAAATAAAGACTCCAACACTCTATTTCAAGAATGTTCCCATTACTACAGA
TyrLeuSerVallleGlnTyrTyrPheAsnGlyTrpGlnLeuAspSerAsnSerValPheGluThrAlaProAsnLysAspSerAsnThrLeuPheGlnGluCysSerHisTyrTyrArg
TATCTATCCGTGACACAATCTTACCTTAACGAATGGAAGCTGGACTCTAAT. . . CAGTATTCTACATACTTAAGCATAAAGOCGGATGAGTTGTTTGAAAAATGCACACACTACTATAGG
TyrLeuSerValThrGlnSerTyrLeuAsnGluTrpLysLeuAspSerAsn. . .GlnTyrSerThrTyrLeuSerIleLysProAspGluLeuPheGluLysCysThrHisTyrTyrArg

GATTCCTCTCTAGATGGTTGGGTATCAATCACCGCGCATGAAGCTAGTGAGT TACCAGOCCCCACACCATTACTATCTATTAAACCTGAACT TCAATAGTCCTAATGAAACTGACTCCATT
AspSerSerLeuAspGlyTrpValSerIleThrAlaHisGluAlaSerGluLeuProAlaProHisHisTyrTyrLeuLeuAsnLeuAsnPheA ProAsnGluThrAspSerIle
TCTCCTGTGTCTGATACATGGAAGTTACTCAGCTCTAAAGAAGCCGCCGATATTTATACCCCTTTTCATTATTATT TGTCTACCATAAGTTTTCAAAGTAAGGACAATTCAACGACTTTG
SerProValSerAspThrTrpLysLeuleuSerSerLysGluAlaAlaAsplleTyrThrProPheHisTyrTyrLeuSerThrIleSerPheGlnSerLysAspAsnSerThrThrLeu

CCAGAACTAGCTAACACGGTTTTTGAGAAAGATAATACAAAATATATTCTGCAAGAAGATCTCAGTGTTTCCAAAGAAATTTCTTCTACTGATGGARCGAAATGGAGGTTAAGAAGTGAC
ProGluLeuAlaAsnThrValPheGluLysAspAsnThrLysTyrIleLeuGlnGluAspLeuSerValSerLysGlulleSerSerThrAspGlyThrLysTrpArgLeuArgSerAsp
CCTTCCCTTGATGACGTTATTTACAGTGTTGACCATACCAGGTACTTATTAAGTGAAGAGCCAAAGATACCAACTGAACTAGTGTCTGAAAACGGAACGAAATGGAGATTGAGAAACAAC
ProSerLeuAspAspValIleTyrSerValAspHisThrArgTyrLeuLeuSerGluGluProLysIleProThrGluLeuValSerGluAsnGlyThrLysTrpArgLeuArgAsnAsn

AGAAAAAGTCTTTTCGACGTAAAGACGTTAGCATATTCTCTCTACGATGTATTTTCAGAAAATGTAACCCAAGCAGACCCGTTTGACGTCCTTATTATGGTTACTGCCTACCTAATGATG
ArgLysSerLeuPheAspValLysThrLeuAlaTyrSerLeuTyrAspValPheSerGluAsnValThrGlnAlaAspProPheAspValLeulleMetValThrAlaTyrLeuMetMet
AGCAATTTTATTTTGGACCTGCATAATATTTACCGAAATATGGTGAAGCAATTTTCTAACAAAACGAGOGAAT T TGATCAGTTCGAT TTGT TTATCATCCTAGCTGCTTACCTTACTCTT
SerAsnPhellelLeuAspLeulisAsnIleTyrArgAsnMetValLysGlnPheSerAsnLysThrSerGluPheAspGlnPheAspLeuPheIlelleLeuAlaAlaTyrLeuThrLeu

TTCTACACCATATTCGGCCTCTTCAATGACATGAGGAAGACCGGGTCAAATT TTTGGTTGAGCGCCTCTACAGTGGTCAAT TCTGCATCATCACT TTTCTTAGCATTGTATGTCACCCAA
PheTyrThrllePheGlyLeuPheAsnAspMetArgLysThrGlySerAsnPheTrpLeuSerAlaSerThrValValAsnSerAlaSerSerLeuPheLeuAlaLleuTyrValThrGln
TTTTATACTCTCTGTTGCCTGTTTAATGACATGAGGAAAATCGGATCAAAGT TTTGGTTAAGCTT TTCTGCTCTTTCAAACTCTGCATGCGCATTATATTTATCGCTGTACACAACTCAC
PheTyrThrLeuCysCysLeuPheAsnAspMetArgLysIleGlySerLysPheTrpLeuSerPheSerAlaLeuSerAsnSerAlaCysAlaLeuTyrLeuSerLeuTyrThrThrHis

TGTATTCTAGGCAAAGAAGTTTCCGCATTAACTCTTTTTGAAGGTTTGCCTT TCATTGTAGT TGTTGT TGGTTTCAAGCACAAAATCAAGATTGCCCAGTATGCCCTGGAGAAATTTGAA
CysIleLeuGlyLysGluValSerAlaLeuThrLeuPheGluGlyLeuProPheIleValValValValGlyPheLysHisLysIleLysIleAlaGlnTyrAlaLeuGluLysPheGlu
AGTTTATTGAAGAAACOGGCTTCCTTATTAAGTT TGGTCATTGGACTACCATTTATCGTAGTAATTATTGGCTTTAAGCATAAAGTTCGACTTGCGGCATTCTCGCTACAAAAATTCCAC
SerLeuLeulysLysProAlaSerLeuLeuSerLeuValIleGlyLeuProPhelleValValIleIleGlyPheLysHisLysValArgLeuAlaAlaPheSerLeuGlnLysPheHis

AGAGTOGGTTTATCTAAAAGGATTACTACCGATGAAATCGT TTT TGAATCOGTGAGCGAAGAGGGTGGTCGTTTGATTCAAGACCATTTGCTTTGTATT TTTGCCTT TATCGGATGCTCT
ArgValGlyLeuSerLysArgIleThrThrAspGlulleValPheGluSerValSerGluGluGlyGlyArgLeulleGlnAspHisLeuLeuCysIlePheAlaPhelleGlyCysSer
AGAATTAGTATTGACAAGAAAATAACGGTAAGCAACATTATTTATGAGGCTATGTTTCAAGAAGGTGCCTACTTAATCCGCGACTACTTAT TTTATATTAGCTCCTTCATTGGATGTGCT
ArgIleSerIleAspLysLysIleThrValSerAsnIleIleTyrGluAlaMetPheGlnGluGlyAlaTyrLeulleArgAspTyrLeuPheTyrIleSerSerPhelleGlyCysAla

ATGTATGCTCACCAATTGAAGACTTTGACAAACTTCTGCATATTATCAGCATTTATCCTAATTTTTGAATTGATTT TAACTCCTACATT TTATTCTGCTATCTTAGCGCTTAGACTGGAA
MetTyrAlaHisGlnLeuLysThrLeuThrAsnPheCysIleLeuSerAlaPhelleLeullePheGluLeulleLeuThrProThrPheTyrSerAlalleLeuAlaLeuArgLeuGlu
ATTTATGCTAGACATCTTOCCGGATTGGTCAATTTCTGTAT TTTGTCTACAT TTATGCTAGT TTTCGACTTGCTTTTGTCTGCTACT TTTTATTCTGCCATTTTATCAATGAAGCTGGAA
IleTyrAlaArgHisLeuProGlyleuValAsnPheCysIleLeuSerThrPheMet LeuValPheAspLeuLeuLeuSerAlaThrPheTyrSerAlalleLeuSerMetLysLeuGlu

ATGAATGTTATCCACAGATCTACTATTATCAAGCAARACATTAGAAGAAGACGGTGTTGTTCCATCTACAGCAAGAATCATT TCTAAAGCAGAAAAGAAATCCGTATCTTCTTTCTTAAAT
MetAsnVallleHisArgSerThrIlelleLysGlnThrLeuGluGluAspGlyValValProSerThrAlaArgIleIleSerLysAlaGluLysLysSerValSerSerPheLeuAsn
ATTAACATCATTCACAGATCAACCGTCATCAGACAGACT TTGGAAGAGGACGGAGTTGTCCCAACTACAGCAGATATTATATATAAGGATGAAACTGCCTCAGAACCACATTTTTTGAGA
IleAsnIlelleHisArgSerThrVallleArgGlnThrLeuGluGluAspGlyValValProThrThrAlaAspIleIleTyrLysAspGluThrAlaSerGluProHisPheleuArg

CTCAGTGTGGTTGTCATTATCATGAAACTCTCTGTCATACTGTTGTTTGTCT TCATCAACTT TTATAACT TTGGTGCAAAT TGGGTCAATGATGCCTTCAATTCATTGTACTTCGATAAG
LeuSerValvValvValllelleMetLysLeuSerVallleLeuLeuPheValPhelleAsnPheTyrAsnPheGlyAlaAsnTrpValAsnAspAlaPheAsnSerLeuTyrPheAspLys
TCTAACGTGGCTATCATTCTGGGAAAAGCATCAGTTATTGGTCT TTTGCTTCTGATCAACCT TTATGT TT TCACAGATAAGTTAAATGCTACAATACTAAACACGGTATATTTTGACTCT
SerAsnValAlallelleLeuGlyLysAlaSerVallleGlylLeuLeuLeuleulleAsnLeuTyrValPheThrAspLysLeuAsnAlaThrIleLeuAsnThrValTyrPheAspSer

GAACGTGTTTCTCTACCAGATTTTATTACCTCGAATGOCTCTGAAAACT TTAAAGAGCAAGCTAT TGTTAGTGTCACCCCATTATTATATTACAAACCCATTAAGTCCTACCAACGCATT
GluArgValSerLeuProAspPhelleThrSerAsnAlaSerGluAsnPhelysGluGlnAlaIleValSerValThrProLeuleuTyrTyrLysProlleLysSerTyrGlnArgIle
ACAATTTACTCGTTACCAAATTTTATCAATTATAAAGATATTGGCAATCTCAGCAATCAAGTGATCATTTCOGTGT TGCCAAAGCAATATTATACTCCGCTGAAAAAATACCATCAGATC
ThrIleTyrSerLeuProAsnPheIleAsnTyrLysAspIleGlyAsnLeuSerAsnGlnValIleIleSerValLeuProLysGlnTyrTyrThrProLeuLysLysTyrHisGlnIle

GAGGATATGGTTCTTCTATTGCTTCGTAATGTCAGTGTTGCCATTCGTGATAGGT TCGTCAGTAAATTAGT TCT TTOCGCCTTAGTATGCAGTGCTGTCATCAATGTGTATT TATTGAAT
GluAspMetValLeuLeuleuLleuArgAsnValSerValAlalleArgAspArgPheValSerLysLeuValleuSerAlaleuValCysSerAlavVallleAsnValTyrLeuLeuAsn
GAAGATTCTGTTCTACTTATCATTGATTCCGTTAGCAATGCTAT TCGGGACCAAT TTATCAGCAAGTTACT TT TTTTTGCATTTGCAGT TAGTATTTOCATCAATGTCTACTTACTGAAT
GluAspSerValLeuLeulleIleAspSerValSerAsnAlaIleArgAspGlnPheIleSerLysLeuLeuPhePheAlaPheAlaValSerIleSerIleAsnValTyrLeuLeuAsn

GCTGCTAGAATTCATACCAGTTATACTGCAGACCAATTGGTGAAAACTGAAGTCACCAAGAAGTCTTTTACTGCTCCTGTACAAAAGGCTTCTACACCAGTTTTAACCAATAARACAGTC
AlaAlaArgIleHisThrSerTyrThrAlaAspGlnLeuValLysThrGluValThrLysLysSerPheThrAlaProvalGlnLysAlaSerThrProValLeuThrAsnLysThrVal
GCTGCAAAAATTCACACAGGATACATGAACTTCCAACCACAATCAAATAAGATCGATGATCT TGT TGTTCAGCAAAAATCGGCAACGATTGAGTTTTCAGAAACTOGAAGTATGCCTGCT
AlaAlaLysIleHisThrGlyTyrMetAsnPheGlnProGlnSerAsnLysIleAspAspLeuValValGlnGlnLysSerAlaThrIleGluPheSerGluThrArgSerMetProAla

ATTTCTGGATCGAAAGTCAAAAGTTTATCATCTGCGCAATCGAGCTCATCAGGACCTTCATCATCTAGTGAGGAAGATGATTCCCGCGATATTGAAAGCT TGGATAAGAAAATACGTCCT
IleSerGlySerLysVallLysSerLeuSerSerAlaGlnSerSerSerSerGlyProSerSerSerSerGluGluAspAspSerArgAsplleGluSerLeuAspLysLysIleArgPro
TCTTCTGGCCTAGAAACTCCAGTGACCGCGAAAGATATAAT TATCTCTGAAGAAATCCAGAATAACGAATGCGTCTATGCTTTGAGT TCCCAGGACGAGCCTATCCGTCCTTTATCGAAT
SerSerGlyLeuGluThrProValThrAlaLysAspIlellelleSerGluGlulleGlnAsnAsnGluCysValTyrAlaLeuSerSerGlnAspGluProlleArgProLeuSerAsn

TTAGAAGAATTAGAAGCATTATTAAGTAGTGGAAATACAAAACAAT TGAAGAACAAAGAGGTCGCTGCCTTGGTTATTCACGGTAAGT TACCTTTGTACGCT TTGGAGAAAAAATTAGGT
LeuGluGluLeuGluAlaLeuLeuSerSerGlyAsnThrLysGlnLeuLysAsnLysGluValAlaAlaLeuVallleHisGlyLysLeuProLeuTyrAlaLeuGluLysLysLeuGly
TTAGTGGAACTTATGGAGAAAGAACAATTAAAGAACATGAAT. ... ..... AATACTGAGGTTTCGAATCTTGTCGTCAACGGTAAACTGCCATTATATTCCTTAGAGAAAAAATTAGAG
LeuValGluLeuMetGluLysGluGlnLeuLysAsnMetAsn......... AsnThrGluValSerAsnLeuValValAsnGlylysLeuProLeuTyrSerLeuGluLysLysLeuGlu

GATACTACGAGAGCGGT TGCGGTACGTAGGAAGGCTCT TTCAAT TT TGGCAGAAGCTCCTGTAT TAGCATCTGATCGTTTACCATATAAAAATTATGACTACGACCGCGTATTTGGCGCT
AspThrThrArgAlaValAlaValArgArgLysAlaLeuSerIleLeuAlaGluAlaProValLeuAlaSerAspArgLeuProTyrLysAsnTyrAspTyrAspArgValPheGlyAla
GACACAACTCGTGCGGTTTTAGTTAGGAGAAAGGCACT TTCAACTT TGGCTGAATCGCCAAT TTTAGTTTCCGAAAAATTGCCCTTCAGAAATTATGATTATGATCGCGTTTTTGGAGCT
AspThrThrArgAlavValleuValArgArglysAlaLeuSerThrLeuAlaGluSerProlleLeuValSerGluLysLeuProPheArgAsnTyrAspTyrAspArgValPheGlyAla
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TGTTGTGAAAATGTTATAGGT TACATGCCTTTGCCCGT TGGTGTTATAGGCCCCTTGGTTATCGATGGTACATCT TATCATATACCAATGGCAACTACAGAGGGTTGTTTGGTAGCTTCT
CysCysGluAsnVallleGlyTyrMetProleuProValGlyVallleGlyProLeuVallleAspGlyThrSerTyrHisIleProMetAlaThrThrGluGlyCysLeuValAlaSer
TGCTGTGAAAATGTCATCGGCTATATGCCAATACCAGT TGGTGTAATTGGTCCATTAATTAT TGATGGAACATCT TATCACATACCAATGGCAACCACGGAAGGTTGTTTAGTGGCTTCA
CysCysGluAsnVallleGlyTyrMetProlleProValGlyVallleGlyProLeullelleAspGlyThrSerTyrHisIleProMetAlaThrThrGluGlyCysLeuValAlaSer

GCCATGCGTGGCTGTAAGGCAATCAATGCTGGCGGTGGTGCAACAACTGTT T TAACTAAGGATGGTATGACAAGAGGCCCAGTAGTCCGTT TCCCAACT TTGAAAAGATCTGGTGCCTGT
AlaMetArgGlyCysLysAlalIleAsnAlaGlyGlyGlyAlaThrThrValLeuThrLysAspGlyMetThrArgGlyProvValValArgPheProThrLeuLysArgSerGlyAlaCys
GCTATGCGTGGTTGCAAAGCCATCAATGCTGGTGGTGGTGCAACAACTGTTTTAACCAAAGATGGTATGACTAGAGGCCCAGTCGTTCGTTTCCCTACTTTAATAAGATCTGGTGCCTGC
AlaMetArgGlyCysLysAlalleAsnAlaGlyGlyGlyAlaThrThrValLeuThrLysAspGlyMetThrArgGlyProValValArgPheProThrLeulleArgSerGlyAlaCys

AAGATATGGTTAGACTCAGAAGAGGGACAAAACGCAATTAAAAAAGCT TTTAACTCTACATCAAGATTTGCACGTCTGCAACATATTCAAACTTGTCTAGCAGGAGATTTACTCTTCATG
LysIleTrpLeuAspSerGluGluGlyGlnAsnAlalleLysLysAlaPheAsnSerThrSerArgPheAlaArgLeuGlnHisIleGlnThrCysLeuAlaGlyAspLeuLeuPheMet
AAGATATGGTTAGACTCGGAAGAGGGACAAAATTCAATTAAAAAAGCTTTTAATTCTACATCAAGGT TTGCACGTTTGCAACATATTCAAACCTGTCTAGCAGGCGATTTGCTTTTTATG
LysIleTrpLeuAspSerGluGluGlyGlnAsnSerIleLysLysAlaPheAsnSerThrSerArgPheAlaArgLeuGlnHislleGlnThrCysLeuAlaGlyAspLeuLeuPheMet

AGATTTAGAACAACTACTGGTGACGCAATGGGTATGAATATGATTTCTAAAGGTGTCGAATACTCATTAAAGCAAATGGTAGAAGAGTATGGCTGGGAAGATATGGAGGTTGTCTCCGTT
ArgPheArgThrThrThrGlyAspAlaMetGlyMetAsnMetIleSerLysGlyValGluTyrSerLeulysGlnMetValGluGluTyrGlyTrpGluAspMetGluvalvValServal
AGATTTCGGACAACTACCGGTGACGCAATGGGTATGAACATGATATCGAAAGGTGTCGAATACTCTTTGAAACAAATGGTAGAAGAATATGGTTGGGAAGATATGGAAGT TGTCTCCGTA
ArgPheArgThrThrThrGlyAspAlaMet GlyMetAsnMetIleSerLysGlyValGluTyrSerLeuLysGlnMetValGluGluTyrGlyTrpGluAspMetGluValvValSerVal

TCTGGTAACTACTGTACCGACAAAAAACCAGCTGCCATCAACTGGATCGAAGGTCGTGGTAAGAGTGTCGTCGCAGAAGCTACTATTCCTGGTGATGTTGTCAGAAAAGTGTTAAAAAGT
SerGlyAsnTyrCysThrAspLysLysProAlaAlalleAsnTrplleGluGlyArgGlyLysSerValValAlaGluAlaThrileProGlyAspValValArgLysValLeulysSer
TCTGGTAACTATTGTACTGATAAGAAACCTGCCGCAATCAATTGGATTGAAGGTCGTGGTAAAAGTGTCGTAGCTGAAGCTACTATTCCTGGTGATGTCGTAAAAAGTGTTTTAAAGAGC
SerGlyAsnTyrCysThrAspLysLysProAlaAlalleAsnTrplleGluGlyArgGlyLysSerValValAlaGluAlaThrIleProGlyAspValVallysSerValleulysSer

GATGTTTCCGCATTGGTTGAGT TGAACATTGCTAAGAATT TGGTTGGATCTGCAATGGCTGGGTCTGTTGGTGGATTTAACGCACATGCAGCTAATT TAGTGACAGCTGTTTTCTTGGCA
AspValSerAlaleuValGluLeuAsnIleAlaLysAsnLeuValGlySerAlaMetAlaGlySerValGlyGlyPheAsnAlaHisAlaAlaAsnLeuValThrAlaValPheleuAla
GATGTTTCCGCTTTAGTTGAATTAAATATATCCAAGAACTTGGT TGGATCCGCAATGGCTGGATCTGT TGGTGGT TTCAACGCGCACGCAGCTAATTTGGTCACTGCACTTTTCTTGGCA
AspValSerAlaLeuValGluLeuAsnlleSerLysAsnLeuValGlySerAlaMetAlaGlySerValGlyGlyPheAsnAlaHisAlaAlaAsnLeuValThrAlaLeuPheLeuAla

TTAGGACAAGATCCTGCACAAAATGTTGAAAGTTCCAACTGTATAACATTGATGAAAGAAGTGGACGGTGATTTGAGAATTTCCGTATCCATGCCATCCATCGAAGTAGGTACCATCGGT
LeuGlyGlnAspProAlaGlnAsnValGluSerSerAsnCysIleThrLeuMetLysGluValAspGlyAspLeuArgIlleSerValSerMetProSerIleGluValGlyThrlleGly
TTAGGCCAAGATCCTGCGCAGAACGTCGAAAGTTCCAACTGTATAACT TTGATGAAGGAAGTTGATGGTGAT TTAAGGATCTCTGT TTCCATGCCATCTATTGAAGT TGGTACGATTGGC
LeuGlyGlnAspProAlaGlnAsnValGluSerSerAsnCysIleThrLeuMetLysGluValAspGlyAspLeuArglleSerValSerMetProSerIleGluvValGlyThrlleGly

GGTGGTACTGTTCTAGAACCACAAGGTGCCATGTTGGACT TATTAGGTGTAAGAGGCCCGCATGCTACCGCTCCTGGTACCAACGCACGTCAATTAGCAAGAATAGTTGCCTGTGCCGTC
GlyGlyThrValLeuGluProGlnGlyAlaMet LeuAspLeuLeuGlyValArgGlyProHisAlaThrAlaProGlyThrAsnAlaArgGlnLeuAlaArgIleValAlaCysAlaVal
GGGGGTACTGTTCTGGAGCCTCAGGGCGCCATGCTTGATCT TCTCGGCGTTCGTGGTCCTCACCCCACTGAACCTGGAGCAAATGCTAGGCAATTAGCTAGAATAATCGCGTGTGCTGTC
GlyGlyThrValLeuGluProGlnGlyAlaMet LeuAspLeuLeuGlyValArgGlyProHisProThrGluProGlyAlaAsnAlaArgGlnLeuAlaArgIleIleAlaCysAlaval

TTGGCAGGTGAATTATCCTTATGTGCTGCCCTAGCAGCCGGCCATTTGGTTCAAAGTCATATGACCCACAACAGGAAACCTGCTGAACCAACAAAACCTAACAATTTGGACGCCACTGAT
LeuAlaGlyGluLeuSerLeuCysAlaAlaLeuAlaAlaGlyHisLeuValGlnSerHisMetThriHisAsnArgLysProAlaGluProThrLysProAsnAsnLeuAspAlaThrAsp
TTGGCTGGTGAACTGTCTCTGTGCTCCGCACTTGCTGCCGGTCACCTGGTACAAAGCCATATGACTCACAACCGTAAAACAAACAAAGCCAATGAACTGCCACAACCAAGTAACAAAGGG
LeuAlaGlyGluLeuSerLeuCysSerAlaLeuAlaAlaGlyHisLeuValGlnSerHi sMetThriisAsnArgLysThrAsnLysAlaAsnGluLeuProGlnProSerAsnLysGly

ATAAATCGTTTGAAAGATGGGTCCGTCACCTGCATTAAATCCTAAACT TAGTCATACGTCATTGGTATTCTCTTGAAAAAGAAGCACAACAGCACCATGTGTTACGTAAAATATTTACTT
IleAsnArgLeulysAspGlySerValThrCysIleLysSer .

CCCCCCTGTAAAACCTCAGCATTATTATAACTCTTGTAGT TTACATGGTGATACTTTATATCTTTGTATTGTCTAGCTATTCTAAATCATCTGCATGTAATAAGAAGT TGATCAAAATGA
ProProCysLysThrSerAlaLeuleu .
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FIG. 2. Nucleotide and deduced amino acid sequence of HMGI 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. 5C)
was very similar to that of the HMG1 protein. Moreover, the
predicted secondary structure of the NH,-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 NH,-
terminal halves of the HMG1 and HMG?2 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 HMG?2 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 HMG?2 isozymes, as shown in Fig. 3.

Although the NH,-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 NH,-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



3802 BASSON ET AL.

1 MPP LKQ S IH
1 MSLP IVHL S. IH

HMG1
HMG2

T SLII
AVL.

MoL. CELL. BioL.

SR e

YLS
YLS

SVF' NKDS
SN|. QY LSIKP

LNL
STI

86 SIT ELP L
85 LLSS! I L

DNSTT
*

*
NETDSI TVFE
DVIYS

I

DLSVS
EPKIP

ISqT! DRKSLFIQVKTL
LVSE! SNF'I
* *

LHNI
e —————————

*
171 AYSLYDVFEENVT
170 YRNMVKQFSNKTSE I
*
GFKHKIKIROY. GLSKRIT
or TV TGE VAT ISTOHKIT

256
255

g

341 FYSAI THRST]

IIIKOTLEEDGVV

340 SAI IHRST

QTLEEDGVV]

*
TSNAS
NYKDI

426 ANWVND. R

425 DKL!;IATI STI
e

512

¥

511

510 d

QPOSNKIDDLVVQOKSAT

Human

QLVKTEVTKKSFTAPVQKASTPVLTNKTVI

VLSALVC
FFAFAV

GPSSSSEEDDSRDIESLD
EIQNNECVYALSSQDEPI

SKVKSLSSAQSSSS
LETPVTAKDIII

IEFSETRSMPAS

HMG1
HMG2

596 KKI
595 RPLS

LSS
KEQ

KQ IHGKLPL KK
oo KLPLY|[SLEKK

DTTRA
DTTRAV

VRRKAL:
VRRKAL.

LP YROYINYISLVMGA|
DRLPYYNYDYDRVFGRA
EHLBFIRNYDYDRVEFGZ

526 [CCENVIGYMPIPVGVRGPIICLBEKEFQWPMATTEGCLVA

SR GMTRGP

681
677

611
766
762

v
T

CCENVIG VGVIGPL
CCENVIGYMPIPVGVIGP

T \Y
EEGQ
EEGQ

C
IDGTSYHIPMATTEGCLVASAMRGCKAINAGGGATTVLTKDGMTRGPVVRFPT SGACKIWL
IDGTSYHIPMATTEGCLVASAMRGCKAINAGGGATTVLTKDGMTRGPVVRFPTLIRSGACKIWL

i TSREF, SRYGDAMGMNMI SK KLHH. . YFPEMQI1LAVSGNYCTDKKH

IKKAFNSTSRFARLOHIQTCLAGDLLFMRFRTTTGDAMGMNMI SKGVEY SLKQMVEEYGWEDMEVVSVSGNYCTDKKP
KKAFNSTSRFARLOHIQTCLAGDLLFMRFRTTTGDAMGMNMI SKGVEYSLKQMVEEYGWEDMEVVSVSGNYCTDKKP

694
851
847

INWIEGRGKS

A

TTHAMI] LVGSAMAGSIGAYN TYI oNWdsSNCT]
INWIEGRGKSVVAEATIPGD SDVSALVELNIAKNLVGSAMAGSVGGFNAHAANLVTAVFLALGODPAQONVESSNCI
AATNWIEGRGKSVVAEATIPGD SDVSALVELNISKNLVGSAMAGSVGGFNAHAANLVTALFLALGQDPAQNVESSNCT

779
936
932

TLM. . .KEVDGDLRISVSMPSIEVGTIGGGTVLEPQGAMLDLLGVRGP HPTEPGP

QLARTVCGTMMAGELSIMAALAAGHL

ARQLARIVACAVLAGELSLCAALAAGHL
ARQLARIACAVLAGELSLCSALAAGHLV

‘o'e"- CKDNPGH]|

]
AP T

A

864
1018
1014

SKINLOOTOGACTHKTA
AEPTKPNNLDATDINRLKDGSVTCIKS

QSHMTH
NKANHIPOPSNHGPPCKTSALL

QSHMTH

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 HMG?2 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 NH,-
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
HMG] 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 HMGI1 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 B-pleated sheet structure was used to identify regions of
secondary structure (20). The algorithm of Garnier 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 HMG?2 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 PB-structure and contain hydrophobic
stretches. The corresponding regions of the HMG1 and HMG?2
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 HMG] protein
were 93% identical and 3% conserved with amino acids 614

MotL. CELL. BioL.

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

Peak
Protein Region®  H® < - Length®
Height* (residgltles)

Yeast HMG1 1 0.73 0.34 1.33 18
2 0.73 0.23 1.29 18

3 0.53 041 1.24 23

4 0.57 0.27 1.23 17

S 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

5 047 047 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 0.55 047 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 0.54 030 1.30 13

2 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).

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

< Hydrophobic moment over the 1l-residue stretch with the most pro-
nounced helical periodicity, calculated as described in Eisenberg et al. (19).

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

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

to 1022 of the HMG?2 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 B-pleated
sheet structure. As noted previously (33), it seems likely that
residues from the putative B-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 B-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
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FIG. 6. Sequence conservation between the membrane-bound
regions of the HMG1 and HMG?2 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 GALI promoter (28) was fused to the HMGI/
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TABLE 2. Conservation between the membrane-bound domains
of the HMG1 and HMG?2 proteins”

% Identical
. .. » Transmembrane No. of %

Amino acids domain® amino acids  Identical conZe?v ed
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
423498 76 43 61
499-524 7 26 62 93

“ 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).

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

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

gene or to cDNA clones encoding either hamster or human
HMG-CoA reductase. The GALI 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 GALI
promoter plasmid vector lacking HMG-CoA reductase cod-
ing sequences were inviable on galactose-containing solid
medium lacking mevalonate. hmgl hmg2 cells harboring

pJR435 pJR168
GAL1:HMG1 GAL1 promoter
pJR441 pJR511

GALT :-hamster cDNA GAL1 ::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 GALI promoter fused to the
HMG] open reading frame), pJR441 (containing the GALI 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 GALI promoter fusions to either
HMGI, 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 HMG]1 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 HMG?2 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 HMGI and HMG?2 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 NH,-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 HMG?2
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

MoL. CELL. BioL.

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 HMG?2 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 GALI promoter leads to a proliferation of internal
membranes that appears identical to the membrane prolifer-
ation resulting from expression of the HMGI 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 hmg?2 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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