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The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase in Drosophila melanogaster
synthesizes mevalonate for the production of nonsterol isoprenoids, which are essential for growth and
differentiation. To understand the regulation and developmental role of HMG CoA reductase, we cloned the
D. melanogaster HMG CoA reductase gene. The nucleotide sequence of the Drosophia HMG CoA reductase
was determined from genomic and cDNA clones. A 2,748-base-pair open reading frame encoded a polypeptide
of 916 amino acids (Mr, 98,165) that was similar to the hamster HMG CoA reductase. The C-terminal region
had 56% identical residues and the N-terminal region had 7 potential transmembrane domains with 32 to 60%
identical residues. In hamster HMG CoA reductase, the membrane regions were essential for posttranslational
regulation. Since the Drosophila enzyme is not regulated by sterols, the strong N-terminal similarity was
surprising. Two HMG CoA reductase mRNA transcripts, -3.2 and 4 kilobases, were differentially expressed
throughout Drosophila development. Mevalonate-fed Schneider cells showed a parallel reduction of both
enzyme activity and abundance of the 4-kilobase mRNA transcript.

Cholesterol is important for structural purposes in the
membranes of vertebrates, but recent studies have also
elucidated its role in regulating the expression of certain
genes (5). The rate-controlling enzyme for cholesterol syn-
thesis, 3-hydroxy-3-methylglutaryl coenzyme A (HMG
CoA) reductase, is regulated by cholesterol in a complex
pattern with both transcriptional (28, 34) and posttransla-
tional (8, 19) mechanisms. As a typical housekeeping gene,
the HMG CoA reductase gene is usually transcriptionally
active. Its steady-state activity is subject to multivalent
feedback suppression (4) by at least two classes of metabolic
products derived from its immediate product, mevalonate.
Cholesterol, the major mevalonate-derived product of mam-
malian cells, suppresses both HMG CoA reductase activity
and its mRNA levels in cultured cells (10) and rat liver (26).
Pretreatment of cells with cholesterol also prevented tran-
scription from the gene in isolated nuclei (28), and the
hamster HMG CoA reductase promoter remained choles-
terol sensitive when transfected into cultured cells (34).
Posttranslational regulation was revealed by the accelerated
degradation of the enzyme in response to exogenous choles-
terol (8). Thus, cholesterol has regulatory effects in both the
nucleus and cytoplasm.
Owing to the rapid and high conversion of mevalonate to

sterols in mammals, it has been difficult to assess the
sterol-independent regulatory pathway of HMG CoA reduc-
tase. Studies of this pathway suggested that the basal regu-
lation was mediated by unidentified nonsterol mevalonate
derivatives (16, 47). These and other life-essential isopre-
noids such as dolichol or ubiquinone may also participate in
processes ranging from growth control (20, 36) to develop-
ment (6).
To characterize the role of HMG CoA reductase in devel-
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opment and to unravel the regulatory mechanisms of this
nonsterol pathway, we chose to study the HMG CoA
reductase ofDrosophila melanogaster as a model system for
several reasons. First, D. melanogaster has a well-charac-
terized pattern of development, and rich molecular and
genetic tools are available. Second, two biochemical aspects
of insect metabolism should aid in these studies: (i) insects
are incapable of sterol synthesis (21), and (ii) the develop-
mentally important juvenile hormones (JH) are isoprenoid
derivatives. Recent studies of insect HMG CoA reductases
have revealed a relatively simple regulation (3) and a role in
the biogenesis of the JH which facilitate vitellogenesis (35)
and possibly spermatogenesis (44). The evidence for poten-
tial HMG CoA reductase regulation ofJH synthesis has been
derived from characterization of isolated corpora allata, the
principal site of JH synthesis, of the tobacco hornworm.
These studies have shown that JH synthesis can be blocked
by mevalonate analogs (37) and competitive inhibitors of
HMG CoA reductase (33) but is stimulated 100-fold by the
addition of a key JH intermediate derived from mevalonate,
farnesenic acid (45). Although the tobacco hornworm evi-
dence suggests that the availability of mevalonate is essential
for JH synthesis, studies in the cockroach corpora allata
suggest that HMG CoA reductase may not be rate limiting
for JH synthesis (18).

Like the mammalian enzyme, the HMG CoA reductase of
cultured Drosophila cells (Kc and Schneider cells) appears
to be a microsomal enzyme whose activity is modulated by
the addition of exogenous mevalonate. In contrast to the
hamster enzyme, exogenous sterols have no effect upon the
Drosophila HMG CoA reductase (3, 32, 43) and thus allow a
clear separation of the sterol and nonsterol regulatory path-
ways. Since insects lack the ability to synthesize sterols and
their HMG CoA reductase is insensitive to sterol regulation,
one might conclude that insects either lost or never acquired
the downstream genes necessary for sterol synthesis and the
associated sterol feedback system. However, with the di-
verse and essential roles that isoprenoids (6, 30) and iso-
prenyl modified proteins (40, 46) play in development, we
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expect to discover common mechanisms underlying the
basal mevalonate regulation of both mammalian and Dro-
sophila HMG CoA reductases. In this report, we describe
the isolation of the Drosophila HMG CoA reductase gene
and characterize its regulation and developmental expression.

MATERIALS AND METHODS

Materials. We obtained [-y-32P]ATP from ICN Pharmaceu-
ticals, Inc. (Irvine, Calif.), [a-32P]ATP from Amersham
Corp. (Arlington Heights, Ill.), DL-3-hydroxy-3-methyl-[3-
14C]glutaryl coenzyme A from New England Nuclear Corp.
(Boston, Mass.); T4 DNA polymerase from International
Biotechnology (New Haven, Conn.); T4 polynucleotide ki-
nase, Sequenase, and the Klenow fragment of Escherichia
coli DNA polymerase from US Biochemical (Cleveland,
Ohio); and T4 ligase and restriction enzymes from Pharma-
cia Fine Chemicals (Piscataway, N.J.); Boehringer Mann-
heim Biochemicals (Indianapolis, Ind.), and Bethesda Re-
search Laboratories (Gaithersburg, Md.). Oligonucleotides
were provided by the Biomolecular Resource Center at the
University of California at San Francisco and Elutips were
from Schleicher & Schuell Co. (Keene, N.H.).

Screening of genomic Drosophila library. Replicate nitro-
cellulose filters from a X Charon 4A library (2.4 x 105 phage
or -10 genome equivalents) containing Drosophila DNA
inserts (31) were hybridized with an oligonucleotide probe
derived from a region conserved in both Saccharomyces
cerevisiae and hamster HMG CoA reductases (l)-corre-
sponding to residues 685 through 699 of the hamster se-
quence Asn-Tyr-Cys-Thr-Asp-Lys-Lys-Pro-Ala-Ala-Ile-Asn-
Trp-Ile-Glu. The single most commonly used Drosophila
codons (C. Zucker, [University of California, San Diego],
personal communication) were used to design an antisense
probe, and where a clear preference for one codon was not
evident an inosine residue was inserted (Thr, ACI; Asp,
GAI; Pro, CCI; Ala, GCI) as follows: 5'-CTCGATCCAGT
TGATIGCIGCIGGCTTCTTITCIGTGCAGTAGTT-3'. The
oligonucleotide probe was labeled by incubating 50 nmol of
the purified 45-mer with 1 mCi of [y-32P]ATP and 10 U of T4
polynucleotide kinase in 70 mM Tris hydrochloride (pH 7.5)-
10 mM MgCl2-5 mM dithiothreitol for 1 h at 37°C. The
labeled probe was purified by adsorption to an Elutip column
to a specific activity of -1 x 109 to 2 x 109 cpm/,Lg.

Screening of X gt-10 cDNA libraries. Fragments of a
positive genomic clone were used to isolate cDNA clones
from a X gt-10 cDNA library (obtained from L. Kauvar,
University of California, San Francisco) prepared from late
embryonic mRNA. Hybridization probes were prepared by
the random primer method (17). A radiolabeled 294-base-
pair (bp) HindIII-SacI fragment was used to isolate clones in
a more N-terminal direction, whereas a 290-bp EcoRI-
BamHI fragment was used to isolate clones in the C-terminal
direction. The conditions for screening X gt-10 bacteriophage
have been described (12).
DNA sequencing. Fragments of genomic and cDNA clones

were subcloned into M13mpl8 and M13mpl9 vectors (50). A
family of nested deletions of the p42.1 cDNA was generated
by the method of Dale et al. (11). Sequencing by the
dideoxy-chain termination method (41) with appropriate
DNA primers was performed for both DNA strands on
buffer gradient gels (2) often containing 20 or 40% (vol/vol)
formamide to minimize secondary structure.

Expression of Drosophila HMG CoA reductase in E. coli.
The 775-bp SalI-BamHI fragment of X Dred-2 and the 550-bp
BamHI-Asp718 fragment of p10.2 were cloned into a pGEM4

vector (Promega Biotec Co., Madison, Wis.). The interme-
diate vector, SBA1, was fused to the 321-bp PstI-SalI
fragment of p42.1. The resulting vector, pCA1, contained all
the sequences of the potential catalytic region of the HMG
CoA reductase. A blunt-ended tac promoter (14) was in-
serted into an upstream HindIII site in the vector designated
as pRCA1. An initiator methionine and a proline residue
were attached to the catalytic region as a consequence of the
reading frame established by the polylinker region. This
vector was grown in either JM105 or XL-1 Blue cells and
induced with 100 ,uM isopropyl thiogalactoside.

Cell culture. Schneider cells were seeded at 2 x 105 cells
per 75-cm2 flask in 10% (vol/vol) fetal calf serum in Schnei-
der medium at 22°C. The cells were fed every 3 days until
day 6, when cultures received normal medium or medium
supplemented with 10 mM mevalonate. The following day,
the cells were collected by centrifugation, and RNA was
isolated by a modification of the guanidinium thiocyanate
method (10). Total RNA was denatured with 5 mM methyl
mercury and subjected to electrophoresis as previously
described (10).
Measurement of HMG CoA reductase. HMG CoA reduc-

tase activity from detergent-solubilized cell extracts was
performed as previously described (4). Protein concentration
was measured by a modification of the procedure of Lowry
et al. (27).

RESULTS

Isolation of the Drosophila HMG CoA reductase gene. The
strategy for isolation of the Drosophila HMG CoA reductase
gene was based upon the assumption that an enzyme central
to intermediary metabolism should be conserved in evolu-
tion. Initial attempts at its isolation by cross-hybridization at
reduced stringency with nonoverlapping fragments of the
hamster cDNA (9) resulted in the isolation of several clones
whose identity could not be verified by sequence analysis. In
contrast, a strategy employing a synthetic oligonucleotide
probe (see Materials and Methods) designed from a region
conserved in both S. cerevisiae and hamster HMG CoA
reductase genes was successful. From a screen of a D.
melanogaster genomic library, a single clone, X Dred-2, was
identified by the 45-mer oligonucleotide probe (Fig. 1).
Genomic blots containing Drosophila DNA were hybridized
with the oligonucleotide probe and identified restriction
fragments identical in size to genomic fragments hybridized
with a 1,030-bp BamHI-PstI probe from X Dred-2 (data not
shown). These data confirmed the Drosophila origin of the
clone.

Preliminary sequence analysis of a genomic subclone
identified the conserved region specified by the oligonucle-
otide probe and revealed potential amino acid sequences
flanking this region that were similar to the hamster se-
quence. This finding suggested that we had isolated a portion
of the Drosophila HMG CoA reductase gene. To determine
whether this region encoded a mRNA, a 1,030-bp BamHI-
PstI genomic fragment was hybridized to poly(A)+ mRNA
prepared from various stages of Drosophila development
(Fig. 2). Hybridization was detected in all developmental
stages including the earliest collection point (0- to 2-h
embryos), but this 4-kb mRNA may have been of maternal
origin. The 4-kb transcript increased in relative abundance in
late embryos and was expressed at relatively low levels in
larvae, pupae, and adults as compared with levels of actin
mRNAs. A -3.2-kilobase (kb) mRNA was detected at
relatively low levels in third-instar larvae and increased in
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FIG. 1. Strategy for isolation of a Drosophila HMG CoA reductase clone and sequencing of two cDNA clones and a genomic subclone.
X Dred-2 was isolated from a genomic library by using an oligonucleotide probe representing a conserved region present in both S. cerev'isiae
and hamster HMG CoA reductases. Eight positive phage were found in the primary screen, but only one phage, X Dred-2, survived the tertiary
screen. The solid region in the upper line represents the region of amino acid similarity identified by the oligonucleotide. This region contains
three exons; one of these overlaps the two cDNA clones (p42.1 and p10.2) shown below. The locations of the two introns are indicated by
the inverted triangle above the cDNA map. Arrows between the genomic and cDNA maps indicate sequences from the genomic subclone.
Arrows below the cDNA map indicate sequences from the cDNA clones. The cross-hatched area in the cDNA map corresponds to the open

reading frame of 2,748 bp, and the flanking line represents untranslated regions. The universal M13 primer was used for all sequencing except
for the 45-mer oligonucleotide which led to the isolation of X Dred-2 (0) and a special oligonucleotide primer used to span a gap (*).
Abbreviations: B, BamHl; Bg, BglII; E, EcoRl; H, HindIll; K, Kpnl; P. PstI; RV, EcoRV; S, Sacl; Sal, Sall; Spe, SpeI; X, Xhol; and Xb,
XbaI.

pupae and adults to a level equivalent to that of the 4-kb
transcript. Taken together, the evidence suggests that one or

both poly(A)+ mRNAs are transcribed from a gene that
encodes a functional product.

Sequence of the Drosophila HMG CoA reductase. To deter-
mine the primary structure of the encoded protein, frag-
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FIG. 2. Developmental expression of Drosophila HMG CoA
reductase mRNA transcripts. A blot with poly(A)+ mRNA from
various stages in Drosophila development was hybridized with the
1,030-bp BamHI-PstI fragment of X Dred-2 for 24 h at 42°C in 50%
(vol/vol) deionized formamide-4x SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-10 mM EDTA-0.4% (wt/vol) sodium
dodecyl sulfate-2x BFP-0.1 pLg of sheared and sonicated calf
thymus DNA per ml. (1x BFP is 0.02% [wt/vol] Ficoll, 0.02%
[wt/vol] polyvinylpyrrolidone, and 0.02% [wt/vol] bovine serum

albumin.) The filter was washed in 2x SSC-0.4% sodium dodecyl
sulfate for 10 min at room temperature and at 52°C for 30 min in 0.2 x
SSC-0.4% sodium dodecyl sulfate. After exposure to film for 20 h,
the blot was stripped with 0.05 M NaOH-0.5 M NaCl for 20 min at
20°C, neutralized with 4x SSC, and exposed to film for 2 days to
confirm removal of the first probe. The blot was rehybridized with a

Drosophila actin probe for 20 h, washed and exposed to film for 12
h. Lanes: 1 through 3, embryos at 0 to 2, 3 to 12, and 12 to 24 h,
respectively; 4, first- and second-instar larvae; 5, third-instar larvae;
6, early pupae; 7, late pupae; 8, adults. The positions of 18S and 28S
rRNA and actin bands were used to estimate size.

ments of subcloned genomic DNA were used as hybridiza-
tion probes to isolate clones from a late embryonic
Drosophila cDNA library which, as revealed by Northern
analysis, contained the highest level ofHMG CoA reductase
transcripts. The composite sequence of 3,973 bp from two
cDNA clones and a 1.75-kbp BamHI-SacI genomic fragment
yielded an open reading frame of 2,748 bp that is capable of
encoding a 916-amino-acid protein (Mr, 98,165) flanked by
572 and 653 bp of 5' and 3' untranslated regions, respectively
(Fig. 3). The deduced translational initiator codon was

flanked by sequences that conformed to both the general
eucaryotic consensus sequence CC [G/A] CCATGG (22) and
to the Drosophila consensus sequence ANN[C/A]A[A/C]
[A/C]ATGN (7). The 5' untranslated region had two up-
stream AUG sequences flanked by the first 3 of the 6 in-
frame stop codons (positions -191, -266, -272, -324, -367,
and -386) and 13 stop codons in the other two frames. No
significant similarity between either of the untranslated re-

gions to the corresponding hamster sequences was found. A
canonical polyadenylation site (AAUAAA) 24 bp upstream of
the poly(A)+ region was found (nucleotide 3353, Fig. 3).

Analysis of the deduced amino acid sequence. The deduced
amino acid sequence predicts an uncleaved leader peptide as

was found in the hamster sequence (9). Analysis of the DNA
sequence specifying the region conserved in both the ham-
ster and S. cerei'isiae enzymes revealed a similar sequence
but with four mismatches (double-underlined sequence, Fig.
3). One of the mismatches resulted from the use of an

alternate codon (Ile: ATC->ATT), whereas the remaining
three mismatches represent divergence from the predicted
amino acid sequence of the conserved region (Tyr-*Phe,
Thr->Cys, and Glu-)Lys).
The methods of Kyte and Doolittle (23) were applied to the

deduced amino acid sequence predicted a structure (see Fig.
5) similar to that of the hamster reductase (9, 25) that
connects a hydrophobic N-terminal region, capable of span-
ning a membrane seven times, with a hydrophilic C-terminal
region. Two potential glycosylation sites (residues 339 and
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-572 GTTTCARTCGAGCA CAGTTTATC=CTCAM TTCACTTGCCGGGGCCGRCRAGAACGTTCCCGTCCAT.TAT cc
-452 GGGCAACTC~CAACA AAACACC^TSCCCCTQrCACAAATaACTAACTAAAaAAAMCTARAGCTCTC(T TGTTTTG >CA &mTT
-332 TAtYCC 'TAAGAGCATACGAMT~ATTCGCGA CA CATGCGCAA CCoTTACTGkAAATGTAAAGCCAACAC ACCAACGA ~~AACTATGT=TTT Ga"TTC
-212 ACAAACTGRGAAGAACTACTGCSG;ACCACAACGACC a:CCA eACTGGACCACTCC;~Ca:CAAAAGGhTCCTCATTAGCATTTC-LL-TGTGTTAAGGCGCCTC ATWSATTGT
-92 CAC GTCCGATCATC^CCTCGTCGRACA=CA GATGAGA CT CGATCT=A ACTGCC=GCC

1 lotIleGlyProdouPh ArgAlaThrGlnlPh*CysAlaS rBSisProTrpGluVall l-ValAlaL~uLeuThrlle*ThrAlaCys~etLeuhsn~ly~ly~lnGluGlnTyr~roGly
1 ATCATAGGACCTTTGTTTCtwa;CG=CGCSTCTGCGCCTCGCATCCCTCGAC TG GGCCCTGCTGACCATTACGGCATGCATGCTCAACGGTGGRCAAGAACRAIRCCCTGGA

41 C~ysGluGlnArqll*GlylllsSerThrAlaS-rAlaAlaAlaAlaGlyS*rGlySerGlyAlaGlyS rGlyAl^S-rGlyThrIl-ProProS-rSerletGly~lyS rAlaThrSer
121 GCGAGCACGGATTTGGlCA CACGCRC =CALGCTGCCGCCGCCGGJTCC=TlvCTGGAGCTGGATCTGACCAGTGGAACAATACCACCATCCTCTATCGGTGGT Ccc

81 SerArq~isArgProqya~isGly~rpS rGlnSerCysAspGlyL u~luAlaClu~yrAsnAlaAlaAspyallleLeaetThrIleVal~rgCysThrAlaValLeTyrCys~yr
241 AGCCGGCACA CGT;CCC:CGGTTGGAGCCGCCTA$CTTwl$CACACGTAATCCTGAT GACCATCGTCG$CCCTGCCGACTCTGCCGTAC

121 TyrGlnPhweCysS rLeuis ArqLeuGlyS-rLysTyrValL uGlylleAlaGlyLeuPhTh-$rValPheSerSerPhellePh-$Thr~hrAlalleIleLyseheLoolyS rAsp
3C1 TACCAGTTCTGCAGCCTCCik=GCCTGGGPTCCAAATATG$GCTGGGCATcvrcT~CssCACGGTc$ CTCCG~CTTCTc~cTCACA~CG=CATcGkAcGTTC OCACGCGACc

1C1 Il S rGluLouLysAspAlaLeuPh Ph-LeuL uLeuVall~le*pL uS-rAsnSer~lyArgLouArgS-rGlyAlal~et~lySerAsnGlnAlaGluVal~hrGlnhsl eAla
481 ATCTCCCJACTGRAGGACGCCoCTTCCTGCT$T$$ T~CATTrGAT;TTcA$AACTTGG~CCAC~CTGChTGcst CTAGGcGGsCATAA scsT~A~lc~i

201 ArgGlyL uGluL uLeuGlyProAlaSl-SerLouAsp~hrIleYalValValLuLeuValGlyValGlyThrLeuSerGlyValGlnArgL u~luValLeuCys~otPheAlaYa1
573 AGGGGhCTCGAGCTCCTGXACAGCCATCTCCCTGGC CAATTTG$CG$OrCTrC=TGGT GCTCCCCGCGGGAACC$GAGGTKCTGTGCASTSTTCCCGG

241 LouSer~alL uValAsnTyrValValPhieatThrPh-TyrProAlaCysL uSerLouIlePho~spLouS-rArgSer~lyValAspHetSerValValArqGluLys~laLysGly
C93 CTCT coxa~ri$T$GCTTCATGACCTTMTrCCGCCCCGCCST$CGCTRATCTTCGAkTCTATCCCG;CTOCGGCTTGATATGCTCTG$CGG:TGAAAAAGrCAAGGGC

281 SarL uProL uLysS rL u~hr~luGluGluGlnLysAlaAsnProValLeu~lnkrgValLysLoulle otThr~hrGlyLeu~ktAlaValHisIle~yrSerArqGluValSor
@13 TCG=TCCCCTCAGTCGCTAACAAGGACAAGCA CAGTG;CTAGCAGTGTTAAGCTTATCATGACCACAGCGCCTGAT CCCCTGCACATTATA CCICTc

321 ProklaAlaThrThkr~tValAspLysThrLouThrProThrLeuSerL-uAsnValS-rAsnAsn;rgThrGluS-rGlyGluIle~laAspI1-IliIleLysTrpLuThrtletSer
933 CCGGahGCGACTACGATGG;TGGnACAAGACGCTGACGCCCACGCTAAGCCTGAATGTGAGCAATAATCGCACGGAATC:GGGTGATCCGCCGACATTATCATCAAATGCTGACCATGAG;T

361 AlaAspHisIl-ValIl*Ser~llValLeuIleAlaLeuValValLysPh-lleCysPh-AspAsnArgAspProLouProAsp~lnLouArqGlnS-rGlyProValA.1aIle~luAla
lOS3 GCCGATCACATAGTAATCTCAATTGiTCTCATCGCCTTGGTAGTTAAATTTATTTGCTTTGACAATCGTGATCCTCTGCCGGATCAGTTGCCTCAATCAGCTCCAGTTGCCATCSRAACCC

401 LysAlaS-rGlnThrThrProIl-AspGluGluRisValGluGlnGluLysAspThrGluAsnS rAlaAlaValkrqThrLeuLouPheThrIleGluAspGlnS-rSerAlaAsnAla
1173 AAGGCTTCACAAACCACACCAATTGATGAAGAGCACGTTGAACAGGAAAAGGATACAGAAATTCAGCTCCAGTCCGCACACTATTATTTACCATTGAAGATCAGAGTTC AGCAAATGCT

441 SorThrGlnThrAspL uLouProLeuhrgHlsArgLeuValGlyProIleLysProProArgProValGlnGluCysL uAspIl-LeuAsnS-rThrGluGluGlySerGlyProkla
1293 TCAACTCAGACGGATCTGCTGCCACTGCGGCACCGACTGGTGGGTCCChTAAAGCCTCCACGCCCAGTTCAGGAATGCCTTGACATCCTTAACTCCACTGAAGAGGGCAGTGGACCAGCG

481 AlaL uSerAspGluGluIleValSorIleVal~isAlaGlyGlyThrHissysProLou~isLysIl GluS-rValL uAspAspProGluArgGlyVaLArgIl Arg~rgGlnIle
2413 GCCTTGAGTGACGNGGAGATTGTCTCTATTGTCCATGCCGGTGGCACTCACTGCCCACTCCACAAAATAGAATCTGTACTAGATGATCCCGAGRGGGGAGTGCGAATCCGCCGACAGRTC

521 Ile~lySerArgAlaLysMotProValGlyArqLeuAspValLeuProTyrGlu~isPheAspTyrArgLysValLeuAsnAlaCysCysGluAsnValLeuGlyTyrValPro~llPro
1S33 ATTGGCAGTCGTGCCAAGATGCCGGTTGGTCGACTGGhTGTCTTGCCTTATGAACACTTTGACTACCGCAAAGTGC ACGCCTGCTGTGAGhACGTTCTGGGCTACGTSOCCATTCCC

SC1 ValGlyTyrAlaGlyProLeuLeuLouAspGlyGluThrTyrTyrValProuletAlaThrThrGluGlyAlaLeuValA1aSerThrAsnArgGlyCysLysAlaLeuSer~al~rgGly
16CS3 GTGCAGCAGGACCCCTG;CTGTTAGACGGAGAGRCCTACTACGTGCCCATGGCAACCACCGR SGT GTGCATCCACGAATCGTGGCTGC sAA IC 1 T= 1

CO1 ValArqSer~al~alGluAspValGlyM~tThrArgAlaProCysValArgPh*ProSerVaLAlaArgAlaAlaGluAlaLysSarTrpillGluAsnikspGluAsnTyrArgValVa1
1773 G- GRsTCTGTCGTGGAGGACICTOGGC^GACCCGTGCTCCGTGSGTAhGATTCCCt AsCG-,TTCCCGCGCOOCCGAAGClAAAATCTTGC^TCGA GAACACTACl;GG

641 LysThrGluPhedspSerlhrSerArgPh*GlyArgL uLysAspCysHisIl AlaMetAspGlyProGlnLouTyrIl ArqPh-ValAla~llThrGlyAspArgm~t~lylithsn
1893 AAAhCTGAATTCGATTCTACQTCCCGCTTTGGCCGTCTCAAGGACTGTCACATTGOCCTGGATGGACCACAGCTGTATATTCGTTTTGTGGCCTTACCGGCGACCGCATGGGCATGRAC

661 MetValS-rLysAlaLouArqTrpProPheAlaGluPh-ThrLeu~isPhoProhspM tGlnIl-Il-SerL-uS-rGlyAsnPheCysCy AppLysLysProhlaAla~llAsnTrp
2013 ATOGTGTCCAAGWCCGTGAGATGGCCCTTCGCCGAATTCACCTTGCACTTTCCCGCA=TGCAGATCATCTCGCTGRGT at-- * z e

721 IleLys~lyArqGlyLysArgValValThrGluCysThrIleSerAlaAlaThrLeuArgSerValLeuLysThrAspAlaLysThrLeuValGluCysAsnLysLouLyzAsnds tGly
2133 ATZxNecGACGTGGCAAGCGGGTGGTCACCGAGTGTACCATTTCGGCAGCAACACTGCGTTCCGTGCTGRAGACAGATGCCAAGACACTGGTCGAATGTAACAAGCTGAAGAATATGGGA

761 GlySerA1&MetAlaClySerIleGlyGlyAsnAsnAlaHisAlaAlaAsrn4etValThrAlaValPheLeuAlaThrGlyGlnAspProAlaGlnAsnValThrSerSerAsnqysSer
2253 GGCAGCGCGATGGCCGGTAGCATTGGTGG.AACAATGCTCATGCCGCCCAATATGGTGACTGCCGTCTTTTTGGCCACGGC CTCCCGCCCAGAATGTCACCTCGAGTAATTGCTCC

801 ThrAla~etGluCysTrpAlaGluAsnSerGluAspLeuTyrMstThrCysThrMetProSerLouGluValGlyThrValGlyGly~lyThrGlyLouProGlyGlnSerAlaCys~eu
2373 ACTCAGATCGGCGGAGAACAGCGAGGTCTTSAA TGQCCTGCACAATGCCTTCGCTGGAGGTGGGAACTGTGGCGCGCGGAACCGGGTTGCCCGGCCAGAGCGCATGCCTG

841 GluM tL uGlyValArgGlyAlaHisAlaThrArqProGlyAspAsnAlaLysLysLeuAlaGlnIleValCy AlaThrValMktAlaGly~luLeuSerLeuXetAlablaLeuVa1
2493 GAAARTGCTCGGAGTCCGCCGAGTCAQCGCCACsGCGG=GGAGACAATGCCAAGAGCTcGOCACAGATCGTCTGCGCCAeCGTTATGCGCCG~GAATTGAGCCTGATGGCGGC=rGGTC

$91 AsnSerAspLeuValLysS rHlisMtArq~isAsnArqS rSer~llAlaValAsnSerAlaAsnAsnProLouAsnValThrValS rSerCysSerThrll-Ser
2613 AATAGCGATCTAGTCAAGAGTCATATGCGGCACAATCGATCCTCCATCGCAGTGAACAGCGCCAACAATCCTCTCAACGTGACCGTGTCCAGCTGCAGCACCATCAGCTAAGATTGGGCG

2733 CTGCGGCCCCGACTSCSACCCTTTTGTACATA GAGCTCTTTGAACGTGCAGGCCAGGCGTTGCAACTCATTTCTTTAGGTGTTACCTTGTAGTTGRATGTrTCACA6AATTTT TT
2853 TTTGCTTGATAGATATCCTGATTGGCCTGGCCAGGGTACCGTACAGCCAGCGTCCTCCACATCGGCAAATCGCTCCAAGCCAATGCTGAGGGCATAGGATGGGTTGATATCCGQTATCCA
2973 CTCCTGCTGCTACTTCCACTTAGATTGTACTTTTCGTCGTAACGCTATTTTTTTCTACCAATAC=ATAACTGAATACTGAGTGATGATCCGCTGGQATCCACRCCAGATGCCAGTCAGTGG
3093 AGCTATGACCbAGGhCTAGTGCTAGCGCTGAAACTTGTAAAATTATTTCTAAGCGAAAAGTAGTACATAGGGTTTGTATAGTGQTTAAATTAAAACTTTSAATTAGAGCGSGTACGASCGA
3213 TATCGATATCTTAATTTCGGTTsTTCATTTTTAACAAAAAATTATAAACAkCAAAGCGTAATGGATAAATGTCTTTTGTCGACGCTGCTCACGGGTTTACAAATCAGCACTTCATTTATTTT
3333 ATSSTATATATASTASSAATAAATTASTATAATTAATST M

FIG. 3. Nucleotide sequence and deduced amino acid sequence of the Drosophila HMG CoA reductase. Numbers at left of the lines
indicate nucleotide position or amino acid residue number as indicated. The methionine at beginning at nucleotide 1 was assigned as residue
1 due to the presence of stop codons in alternate reading frames, the similarity of flanking sequences to translation start site consensus
sequences (7, 26), and the extensive similarity between the Drosophila and hamster sequences (see Fig. 4). The double-underlined sequence
indicates the region corresponding to the 45-mer oligonucleotide used to isolate the genomic clone. Potential sites for N-linked glycosylation
(Asn-X-Ser/Thr) are underlined.
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FIG. 4. Alignment of HMG CoA reductase sequences. The deduced amino acid sequence of the D. inelanogaster HMG CoA reductase
sequence was aligned with the Chinese hamster ovary HMG CoA reductase (9) initially by the dFastp program (48). Gaps were inserted to
maximize conservative substitutions according to the Dayhoff et al. relative mutability tables (13). Potential membrane-spanning regions of
the hamster enzyme are overlined, and those of the Drosophila enzyme are underlined. Potential glycosylation sites in the loop between the
sixth and seventh membrane regions are circled. Boxed residues indicate conserved and identical residues (shaded). The single-letter
designation for amino acids is used: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine;
I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P. proline; Q, glutamine; R, arginine; S. serine; T, threonine; V, valine;
W, tryptophane; and Y, tyrosine. The numbers at left of the sequences indicate residue numbers.

343) were found in the segment separating the sixth and
seventh potential transmembrane domains of the Drosophila
HMG CoA reductase; these positions are near the hamster
protein's glycosylation site (residue 281, Fig. 4). Other
potential glycosylation sites (residues 439, 471, 793, 798.
892, and 906) are located in a region analogous to the
catalytic domain of the hamster enzyme, which had unused
glycosylation sites owing to its cytoplasmic location (24). In
analogy to the hamster HMG CoA reductase sequence, the
linker region (residues 381 through 516) joining the N- and
C-terminal regions of the Drosophila HMG CoA reductase
included "PEST" sequences found in many proteins with
rapid turnover times (39). Residues 403 through 411 (SQTT
PIDEE) are enriched in Pro, Glu, Ser, and Thr residues. This
segment was also flanked by charged residues and contains
the sequence PXE/D, which is often present in short-lived
proteins (39).
Comparison to hamster HMG CoA reductase. Similarities

between the hamster and Drosophila HMG CoA reductases
were apparent after inserting gaps to optimize the sequence

alignment (Fig. 4), which was initially determined by the
dFastp program (48). Due to the evolutionary distance
between D. melanogaster and rodents, the probability of
acceptable mutation tables of Dayhoff et al. (13) for related
proteins were used to assign probable conservative substi-
tutions. The similarity between the Drosophila and hamster
enzymes ranged from 32 to 60% identical and 23 to 40%
conserved amino acids for the seven potential transmem-

brane domains of 22 to 33 residues in length. The hydrophilic
loops joining five of seven adjacent transmembrane regions

(Fig. 4 and 5) were also similar. When the probability of
acceptable mutation (13) values of the hamster and Drosoph-
ila HMG CoA reductases were averaged over 15 residues,
the structural conservation of membrane regions 1, 2, 3, 5,
and 6 identified by the hydrophobicity plot was apparent
(Fig. 5). Similarly, the C-terminal region had 57% identical
and 19% conserved amino acids in a region that corre-
sponded to the hamster enzyme's catalytic (residues 495
through 825) domain (9, 24, 25). A weak similarity to the
catalytic region of the hamster enzyme was found at the
nucleotide sequence level, but no significant similarities in
the nucleotide sequence of the N-terminal region were found
(data not shown). The most divergent region was the linker
segment separating the N- and C-terminal regions (Fig. 5).
Residues 381 through 516 had 16% identical and 23% con-
served amino acids when compared with residues 340
through 494 of the hamster enzyme.

Validation of the putative Drosophila HMG CoA reductase.
To confirm the identity of the putative Drosophila HMG
CoA reductase gene, we fused the predicted catalytic do-
main (residues 424 through 916) to the tac promoter (14) in a
bacterial expression vector. HMG CoA reductase activity
was induced 3- to 150-fold by isopropyl thiogalactoside in
five experiments. Fractionation studies often revealed more
activity in the derived fractions than the levels present in
total (lanes 9, 10, and 11, Fig. 6), suggesting that interfering
inhibitors may have been present. In contrast to noninduced
cells, a large proportion of enzyme activity was insoluble in
induced cells fractionated by centrifugation at a low speed or
at 100,000 x g (data not shown). Neither low- nor high-speed
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FIG. 5. Hydropathy index and Dayhoff similarity analysis. The hydropathy index of the predicted Drosophila HMG CoA reductase amino
acid sequence was calculated over an average of 15 residues by the method of Kyte and Doolittle (23). Values of >0 indicate hydrophobic
regions. Overlined bars indicate probable membrane spanning regions. A running average of similarity over 15 residues was calculated by
using the probability of acceptable mutation (PAM) values of Dayhoff (13). Values of >0 indicate sequence conservation, whereas values of
<0 indicate divergence.

pellets could be solubilized with detergents (unpublished
observations). Since none of the potential membrane regions
identified by the hydropathicity plot were included in this
construct, the insoluble activity may have resulted from
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FIG. 6. Expression of Drosophila HMG CoA reductase in E.

coli. The catalytic region of the Drosophila HMG CoA reductase
was placed under the control of the tac promoter (see Materials and
Methods) and expressed in pRCA1 cells. Logarithmically growing
cells were induced with 100 ,uM isopropyl thiogalactoside for 5 h.
"E" represents a D. melanogaster embryonic extract. p11-1 cells
contain a plasmid encoding a chimeric P-galactosidase-HMG CoA
reductase protein without HMG CoA reductase activity. Fraction-
ation studies of the bacteria were performed in cells induced for 2 h
by freeze-thaw, sonication, and centrifugation at 15,000 x g for 15
min. Samples of the homogenate (H), pellet (P), and supernatant (S)
were assayed in duplicate for HMG CoA reductase activity. Total
proteins in cell fractions were 3.95, 1.69, 2.1, 4.4, 1.82, and 2.06 mg,
respectively, for lanes 6 through 11. No activity was found in
bacteria lacking plasmids or in cells containing the vector without an
insert (data not shown).

nonspecific aggregation of aberrantly folded proteins (49).
Alternatively, there may be other regions capable of inter-
acting with membranes not predicted by the hydropathy
plot.

Since the activities of both Drosophila and hamster HMG
CoA reductases were suppressed by exogenous mevalonate
(10), we asked whether the insect mRNA was down regu-
lated by mevalonate in a manner analogous to the mamma-
lian mRNA (10). Thus, Schneider cells were grown in the
absence or presence of 10 mM mevalonate, and mRNA was
prepared for hybridization analysis. Growth in the presence
of mevalonate resulted in the reduced abundance, ninefold
as determined by densitometry, of a specific 4-kb HMG CoA
reductase transcript (Fig. 7). These values matched the
eightfold suppression of HMG CoA reductase activity. In
four experiments, the fold suppression of mRNA levels
varied from two- to ninefold with a five- to ninefold suppres-
sion of enzyme activity. The source of this variability is still
under investigation. Taken together, the evidence strongly
suggests that we have indeed isolated the Drosophila HMG
CoA reductase gene.

DISCUSSION

Comparison of the mammalian (9, 29), partial S. cerevisiae
sequence (1), and Drosophila HMG CoA reductases reveals
extensive conservation in the C-terminal regions. Since this
domain encodes the probable catalytic site, the structural
conservation of this domain reflects its essential function.
However, it is not clear why the membrane-spanning regions
of both the mammalian and Drosophila HMG CoA reductase
are so similar. In the case of the hamster HMG CoA
reductase, turnover of the enzyme in response to sterols

MOL. CELL. BIOL.



REGULATION OF DROSOPHILA HMG CoA REDUCTASE

1 2

6.5-

4.3-

+ I Mevalonate
FIG. 7. Effect of mevalonate upon HMG CoA reductase mRNA

abundance in Schneider cells. Schneider cells were grown for 20 h in
the absence or presence of 10 mM mevalonate, and RNA was

prepared from the cells as described in Materials and Methods. The
RNA was transferred to Zetaprobe membranes and hybridized with
32P-labeled p42.1. Lanes: 1, no mevalonate, 240 ,ug of RNA; 2, 10
mM mevalonate, 220 ,ug of RNA. X DNA digested with HindIll was

similarly denatured and run in a lane for size markers. The HMG
CoA reductase values were 640 and 82 pmol/h per mg, respectively,
for cells grown in the absence and presence of 10 mM mevalonate.

required the presence of these membrane-spanning regions
(residues 10 through 342) (19). What possible role can the
conserved hydrophobic regions present in the Drosophila
enzyme play? Like all arthropods, D. inelanogaster cannot
synthesize sterols (21); hence it is unlikely that this struc-
tural similarity was maintained to provide sensitivity to
cholesterol-mediated degradation of the Drosophila HMG
CoA reductase. Previous work (3, 43) confirmed by our
studies (unpublished observations) has shown that exoge-
nous sterols fail to suppress the HMG CoA reductase
activity of cultured Drosophila cells. Alternatively, the
conserved N-terminal regions of Drosophila, hamster (9),
and human (29) HMG CoA reductases may instead reflect
structural features for targeting the enzyme into the smooth
endoplasmic reticulum, the primary location of the hamster
HMG CoA reductase. Expression ofHMG CoA reductase in
heterologous cell lines may allow a functional test of this
structural conservation.
An interesting possibility for the role of these conserved

hydrophobic domains can be inferred from several hormone
receptors which also have seven transmembrane domains
that may interact with small molecules in a functional
manner (15). Similarly, the seven membrane-spanning re-
gions of the hamster enzyme (19) were required for sterol-
triggered degradation. Thus, the seven conserved transmem-
brane HMG CoA reductase regions of the Drosophila
enzyme may be essential for recognizing specific mevalonate
derivatives or their binding proteins.
We do not know the extent of sequence identity between

the 3.2-kb mRNA and the 4-kb mRNA whose sequence is
reported. The difference in size may result from shorter 3'
untranslated regions, alternate splicing of 5' untranslated
regions, or even alternate exon usage. Primer extension
studies and primer-extended cDNAs suggest at least two
alternate transcription initiation sites (unpublished observa-
tions). We have not ruled out the presence of multiple
promoters, but the two mRNAs are likely to be transcribed
from a single Drosophila HMG CoA reductase gene, since (i)
a single hybridization site was found on the third chromo-

some at 95A and (ii) hybridization of genomic DNA blots
with cDNA fragments has revealed a simple set of bands
(unpublished observations). By comparison, the hamster
HMG CoA reductase also exhibited two transcripts derived
from a single gene which had multiple polyadenylation sites
(9) and a complex pattern of alternate splicing in the 5'
untranslated region (38).
On the basis of studies performed on the tobacco horn-

worm, it has been suggested that HMG CoA reductase might
be the control point for the synthesis of JH (33), which vary
over 1,000-fold throughout Drosophila development (44).
HMG CoA reductase mRNA expression was not enhanced
in postfeeding larvae and adults-during periods of high JH
expression (44). If HMG CoA reductase expression in the
corpora allata accounted for less than 0.1% of the total, then
a 1,000-fold induction in HMG CoA reductase could still
elude detection. Our results are consistent with recent
observations (18) suggesting that HMG CoA reductase was
not rate limiting for JH expression. However, the Drosoph-
ila HMG CoA reductase is amenable to mevalonate suppres-
sion (3), whereas the cockroach enzyme is not (18). This
difference in feedback regulation might account for the lack
of correlation of JH levels and HMG CoA reductase activity
in the latter organism. Consequently, the role of HMG CoA
reductase in the modulation of Drosophila JH synthesis
remains to be elucidated.
The abundant HMG CoA reductase mRNA expression

found in 12- to 24-h embryos may reflect an even larger
metabolic demand for isoprenyl derivatives other than JH.
Since several polypeptides have been found posttranslation-
ally modified by mevalonate-derived isoprenes (40, 42, 46), it
is tempting to speculate that some of these polypeptides are
responsible for mediating mevalonate-dependent effects
upon cell growth (20, 36), cellular differentiation (30), or the
direction of gastrulation (6). We hope that the physiological
role(s) and identities of these compounds may be elucidated
by studying flies with aberrant or constitutive HMG CoA
reductase expression.
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