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Abstract 

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (EC 1.1.1.34) catalyses the 
synthesis of mevalonate, the specific precursor of all isoprenoid compounds present in plants. We have 
characterized two overlapping cDNA clones that encompass the entire transcription unit of an HMG- 
CoA reductase gene from Arabidopsis thaliana. The transcription product has an upstream non-coding 
sequence of 70 nucleotides preceding an open reading frame of 1776 bases and a 3' untranslated region 
in which two alternative polyadenylation sites have been found. The analysis of the nucleotide sequence 
reveals that the cDNA encodes a polypeptide of 592 residues with a molecular mass of 63 605 Da. The 
hydropathy profile of the protein indicates the presence of two highly hydrophobic domains near the 
N-terminus. A sequence of 407 amino acids corresponding to the C-terminal part of the protein (residues 
172-579), which presumably contains the catalytic site, shows a high level of similarity to the region 
containing the catalytic site of the hamster, human, yeast and Drosophila enzymes. The N-terminal domain 
contains two putative membrane-spanning regions, in contrast to the enzyme from other organisms which 
has seven trans-membrane regions. A. thaliana contains two different HMG-CoA reductase genes 
(HMG1 and HMG2), as estimated by gene cloning and Southern blot analysis. Northern blot analysis 
reveals a single transcript of 2.4 kb in leaves and seedlings, which presumably corresponds to the 
expression of the HMG1 gene. 

Introduction 

Higher plants produce a vast array of isoprenoid 
compounds with a great variety of structures and 
functions [ 16]. Many isoprenoid compounds and 
derivatives play vital roles in plant metabolism 

and development. These include growth regula- 
tors (gibberellins and abscisic acid), side chains of 
many biologically active molecules (chlorophylls, 
prenylquinones and ubiquinone), carotenoids, 
dolichols and sterols. Some plants also produce 
and accumulate specific isoprenoid compounds 

The sequence reported in this paper has been deposited in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under 
the accession number X15032. 
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with specific functions, such as phytoalexins for 
defence against microbial infection or fragrances 
that act as insect attractants for pollination. 

Despite their wide diversity of structures and 
functions, all the isoprenoid compounds derive 
from a single common precursor, mevalonic acid. 
The synthesis of mevalonic acid is catalysed by 
the enzyme 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase (EC 
1.1.1.34). The enzyme activity has been described 
for a large number of plants (for recent reviews, 
see ref. [3, 16]) and in all cases the enzyme is 
membrane-bound. The major subcellular location 
of the enzyme appears to be the endoplasmic 
reticulum, but the activity has also been reported 
to be associated with mitochondrial and plastid 
membranes [7, 31]. The occurrence of HMG- 
CoA reductase in different cellular compartments 
is a matter of controversy, and represents a major 
point to be clarified before an understanding of 
the control of isoprenoid metabolism in plants is 
reached. 

HMG-CoA reductase has been extensively 
characterized in mammals in which it catalyses 
the major rate-controlling step in cholesterol 
biosynthesis. This control is achieved through 
complex processes at both transcriptional 
[26, 27] and post-transcriptional levels [9, 15]. 
Recently, cDNA and genomic HMG-CoA reduc- 
tase clones have been isolated from Drosophila 
[14], yeast [5] and sea urchin [36], and from 
these the primary structure of the proteins has 
been deduced. It is now generally assumed that 
HMG-CoA reductase also catalyses the main 
rate-limiting step in plant isoprenoid biosynthesis, 
although more experimental data are needed to 
support this idea [ 16]. Despite the interest and 
relevance of plant HMG-CoA reductase very 
little is known about its structure and properties. 

As a first approach to clone plant HMG-CoA 
reductase we chose Arabidopsis thaliana, since this 
plant provides an ideal model for plant genetics 
and molecular studies. Here we present data con- 
cerning the isolation and characterization of 
cDNA clones encoding A. thaliana HMG-CoA 
reductase. 

Materials and methods 

Plant material 

Seeds of A. thaliana (Heyn), Columbia strain, 
were obtained from J.M. Martinez-Zapater and 
C.R. Somerville (MSU-DOE Plant Research 
Laboratory, Michigan State University, East 
Lansing, MI). Plants were grown under a 16 h 
light/8 h dark illumination regime at 22-24 ° C on 
a perlite : vermiculite : sphagnum (1 : 1 : 1) mixture 
irrigated with mineral nutrients [34]. Axenic cul- 
tures were prepared by surface-sterilizing seeds in 
5~o sodium hypochlorite and germination on 
Petri dishes, containing mineral medium supple- 
mented with 0.5~o sucrose and 0.7~o agar, under 
the conditions of light and temperature used for 
soil cultures. 

Isolation and characterization of genomic and cDNA 
clones 

An A. thaliana subgenomic library containing 10 
to 14 kb Bam HI fragments was constructed in 2 
Charon 35 [23]. An Eco RI genomic library in 
2sep6lac5 was obtained from E. Meyerowitz 
(California Institute of Technology, Pasadena, 
CA). A leaf 2gtl0 cDNA library from 4-5-week- 
old plants (rosette stage) was obtained from the 
laboratory of C.R. Somerville. 

A Charon 35 recombinant clone (2gAT1) 
containing a 12.5 kb Bam HI genomic fragment 
was isolated using as a probe a 2.9 kb Xba I frag- 
ment from the hamster HMG-CoA reductase 
cDNA clone pRed-227 [8] (obtained from J.L. 
Goldstein and M.S. Brown, University of Texas 
Health Science Center, Dallas, TX). Hybridiza- 
tion and washings were performed under low- 
stringency conditions (35 °C below Tin). After 
restriction map analysis, the region responsible 
for hybridization to the hamster clone was located 
on a 2.8 kb Xba I-Bam HI fragment which was 
partially sequenced (Fig. 1). 

A set of 12 independent cDNA clones (2cAT1 
to 2cAT12) was isolated from the A. thaliana leaf 
cDNA library using as a probe the 2.8kb 



XbaI-BamHI fragment from 2gAT1. Inserts 
contained in the recombinant phages were excised 
with Eco RI and subcloned into Bluescript plas- 
mid (Stratagene, La Jolla, CA) for further 
analysis. 

A set of three overlapping 2sep6lac5 recombi- 
nant phages (2gAT3, 2gAT6 and 2gAT10) was 
obtained after screening the genomic library with 
cDNA clone 2cAT1 (Fig. 2) under moderate 
hybridization conditions (25 °C below Tm). The 
cloned region spans over 20 kb of genomic DNA, 
and contains a single transcription unit for 
HMG-CoA reductase (data to be published else- 
where). 

DNA blot hybridization 

Total DNA from 4-5-week-old rosette leaves was 
purified as described [11]. Restriction enzyme 
digestions were performed under the conditions 
recommended by the manufacturers and the re- 
sulting fragments resolved by agarose gel electro- 
phoresis (TAE buffer). Alkaline transfer to Zeta- 
Probe membranes (Bio-Rad, Richmond, CA), 
hybridization with the probe and filter washes 
were performed according to the manufacturer's 
recommendations. 

RNA analysis 

Total RNA from either 4-5-week-old rosette 
leaves or 4-5-day-old seedlings was isolated as 
described [10], with minor modifications. 
Poly(A) + RNA was purified by oligo(dT) cellu- 
lose chromatography according to Aviv and 
Leder [2]. RNA samples were fractionated on 
1 ~o agarose/formaldehyde gels, transferred and 
UV-cross-linked to Zeta-Probe membranes [ 19]. 
Hybridization and washes were done as described 
[19]. The 5' end of the mRNA was mapped by 
primer extension and $1 nuclease analyses [1]. 
For the primer extension analysis, 5 #g of 
of poly(A) + RNA was annealed to a 32p-end- 
labelled synthetic 18-mer oligonucleotide 
(5' CCATTGGAGGGAATGAAT3'), comple- 
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mentary to the sequence comprising positions 
-14  to + 4 of the cDNA sequence shown in 
Fig. 3. For the S 1 nuclease mapping analysis, the 
same 32p-end-labelled primer was annealed to a 
single-stranded template prepared from a recom- 
binant plasmid containing a genomic fragment 
that extended 497 nucleotides upstream from the 
Hae III restriction site (GGCC) located at po- 
sition + 17 (Fig. 3). After elongation of the primer 
by the action of the Klenow fragment of Escheri- 
chia eoli DNA polymerase I, the extended product 
was digested with Rsa I generating a 266 bp probe 
that was purified by alkaline agarose gel electro- 
phoresis. The size of the S 1 and the primer ex- 
tension reaction products was estimated by 
polyacrylamide gel electrophoresis. A ladder of 
fragments generated by the chain-termination 
method (see below) using the same 18-mer primer 
was used as marker. 

DNA sequencing 

For DNA sequencing, the DNA fragments were 
subcloned into appropriate Bluescript plasmids. 
The DNA was sequenced by the dideoxy chain- 
termination method [32] modified by Biggin et al. 
[6] and using Sequenase T M  (USB, Cleveland, 
OH). 

Results 

Isolation and characterization of a genomie 
fragment from A. thaliana showing homology to a 
hamster HMG-CoA reductase eDNA clone 

The presence of DNA sequences in the genome of 
A. thaliana homologous to hamster HMG-CoA 
reductase was first demonstrated by Southern 
blot analysis. For this purpose, a 2.9 kb Xba I 
fragment, containing most of the hamster HMG- 
CoA reductase coding sequence, was isolated 
from the plasmid pRed-227 [8] and hybridized 
under low-stringency conditions (35 °C below 
Tin) to A. thaliana genomic DNA restriction frag- 
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Fig. 1. Sequencehomologycomparisonbetweenasegment oftheproteinencodedbytheA, thaliana genomic clone 2gA T1 (AT) 
and hamster HMG-CoA reductase (HA). The A. thaliana amino acid sequence was deduced from the nucleotide sequence of 
the region responsible for the hybridization to the hamster cDNA clone pRed-227. The hamster amino acid sequence shown 
corresponds to amino acid residues 685-800 of the published sequence [8]. The standard single-letter amino acid code is used. 
Common amino acids are indicated by solid boxes; conservative amino acid substitutions are indicated by stippled boxes. Only 
conservative substitutions having a value of 5 in the structural resemblance and genetic interconvertibility matrix reported by 

Doolittle [12] are considered. 

ments. The results obtained revealed the presence 
of faint, but clearly distinguishable, hybridization 
bands (not shown). To further characterize the 
DNA regions responsible for the hybridization 
signals, the recombinant phage 2gAT 1 containing 
a 12.5 kb Barn HI fragment was isolated from an 
A. thaliana genomic library (see Materials and 
methods). The clone was analysed in detail and 
the region homologous to hamster HMG-CoA 
reductase was located within a 2.8 kb Xba I- 
Bam HI fragment which was partially sequenced. 
The obtained nucleotide sequence showed the 
presence of an open reading frame coding for an 
amino acid sequence that could be aligned to the 
region between residues 685 and 800 of the 
hamster enzyme (Fig. 1). Comparison of the se- 
quences revealed extensive conservation (62~o 
identical residues and 17 ~o conservative changes) 
in a region corresponding to the catalytic site of 
the hamster enzyme [22]. 

Isolation and nucleotide sequence of A. thaliana 
cDNA HMG-CoA reductase clones 

A leaf cDNA library from 4-5-week-old plants 
was screened using the 2.8 kb Xba I-Bam HI frag- 
ment from the genomic clone 2gAT 1 as a probe. 
Several positive clones were obtained and charac- 
terized by restriction enzyme mapping. Figure 2A 
shows the composite restriction map for two 
overlapping clones (2cAT1 and 2cAT12) span- 
ning 2373 bp. This value is in close agreement to 

Fig. 2. A. Composite restriction map of the two overlapping 
A. thaliana HMG-CoA reductase cDNA clones 2cAT1 and 
)LcAT12. The boxed region indicates the coding sequence. 
B. Northern blot-hybridization of A. thaliana total RNA 
(3/~g/lane) from 4-5-week-old rosette leaves (lane 1) and 
4-5-day-old seedlings (lane 2). The probe used was the 
2cAT1 cDNA insert. Mobility of molecular size markers is 

indicated. The scale on top is in bp. 
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-70 ATCACGCCACCTCACCACCTCTCTCCTCTCTCCTCTCTCTCCCCCCTGGAGAGATTATTCATTCCCTCCA 

1 ATGGATCTCCGTCGGAGGCCTCCTAAACCACCGGTTACCAACAACAACAACTCCAACGGATCTTTCCGTTCTTATCAGCCTCGCACTTCC 
MetAspLeuArgArgArgPr•Pr•LysPr•Pr•Va•ThrAsnAsnAsnAsnSerA•nG•ySer•heArgSerTyrGlnPr•ArgThr•er 

I0 t ~ 20 30 
91 GATGACGATCATCGTCGCCGGGCTACAACAATTGCT•CTCCACCGAAAGCATCCGACGCGCTTCCTCTTCCGTTATATCTCACAAACGCC 

AspAspAspHisAr•ArgArgA•aThrThrIleA•aPr•Pr•Pr•LysA•aSerAspA•aLeuPr•LeuPr•LeuTyrLeuThrAsnA•a 
40 50 60 

181 GTTTTCTTCACGCTCTTCTTCTCCGTCGCGTATTACCTCCTCCACCGGTGGCGTGACAAGATCCGTTACAATACGCCTCTTCACGTCGTC 
Va••hePheThrLeuPhePheSerValA•aT•rTyrLeuLeuHisArgTrpArgAspLy•I•eArgTyrA•nThrPr•LeuHisVa•Va• 

70 8O 90 
271 ACTATCACAGAACTCGGCGCCATTATTGCTCTCATCGCTTCGTTTATCTATCTCCTAGGGTTTTTTGGTATTGACTTTGTTCAGTCATTT 

ThrI•eThrG•uLeuG•yA•aI•eI•eA•aLeuI•eA•aSerPheI•eT•rLeuLeuG•yPhePheG•yI•eAspPheVa•G•nSerPhe 
I00 ii0 120 

361 ATCTCACGTGCCTCTGGTGATGCTTGGGATCTCGCCGATACGATCGATGATGATGACCACCGCCTTGTCACGTGCTCTCCACCGACTCCG 
I•eSerArgA•aSerG••AspA•aTrpAspLeuA•aAspThr••eAspAspAspAsPHisArgLeuVa•ThrCysSerPr•Pr•ThrPr• 

130 140 150 
451 ATCGTTTC~GTTGCTAAATTA~TAATCCGGAACCTATTGTTACCGAAT~GCTTCcTGAGGAAGACGAGGAGATTGTGAAATCGGTTATC 

I•eVa•SerVa•A•aLysLeuPr•AsnPr•G•uPr•I•eVa•ThrG•uSerLeuPr•G•uG•uAspG•uG•uI•eVa•LysSerVa•••e 
160 170 180 

541 GA•GGAGTTATT•cATCGTACT•GCTTGAATCTCGT•TCGGTGATTGCAAAAGAGCGG•GT•GATTCGTCGTGAGGCGTTGCAGAGAGTC 
AspG•y•a•I•ePr•SerTyrSerLeuG•uSerArgLeuG•yAspCysLysArgA•aA•aSerIleArgArgG•uA•aLeuG•nAr•Va• 

190 200 210 
631 ACCGGGAGATCGATTGAAGGGTTACCGTTGGATGGATTTGATTATGAATCGATTTTGGGGCAATGCTGTGAGATGCCTGTTGGATACATT 

ThrG~yArgSerI~eG~uG~yLeuPr~LeuAspG~yPheAspTyrG~uSerI~eLeuG~yG~nC~sCysG~uMetPr~a~G~yTyrI~e 
220 230 240 

721 CAGATTCCTGTTGGGATTGCTGGTCCATTGTTGCTTGATGGTTATGAGTACTCTGTT•CTATGGCTACAACCGAAGGTTGTTTGGTTGCT 
G•n••ePr•Va•G•yI•eA•aG•yPr•LeuLeuLeuAspG•yTyrG•uTyrSerVa•Pr•MetALaThrThrG•uG•yCysLeuVa•A•a 

250 260 270 
811 AGCA•TAACAGAGGCTGCAAGGCTATGTTTATCTCTGGTGGCGCCACCAGTACCGTTCTTAAGGACGGTATGACCCGAGCACCTGTTGTT 

SerThrA•nArgG•yCysLysA•aMetPhe•leSerG•yG•yA•aThrSerThrVa•LeuL•sAspG•yMetThrArgA•aPr•Va•Va• 
280 290 300 

901 CGGTTCGCTT~GGCGAGACGAGCTTCGGAGCTT.~G~CTTGGAG~TCCAGAG~CTTTGATACTTTGGCAGTAGT~TTCAACAGG 
ArgPheA•aSerA•aArgArgA•aSerG•uLeuLysPhePheLeuG•uAsn•r•G•uAsnPheAspThrLeuA•aValVa•PheAsnArg 

310 320 ~ 330 
991 TCGAGTAGATTTGCAAGACTGCAAAGTGTTAAATGCACAATCGCGGGGAAGAATGCTTATGTAAGGTTCTGTTGTAGTACTGGTGATGCT 

SerSerArgPheA1aArgLeuG•nSerValLys•ysThrI•eA•aG•yLysAsnA•aTyrVa•ArgPheCysCysSerThrG•yAspAla 
340 350 360 

1081 ATGGGGATGAATATGGTTT~TAAAGGTGTGCAGAATGTTCTTGAGTATCTTACCGATGATTTCCCTGACATGGATGTGATTGGAATCTCT 
MetG~MetAsmMetVa~SerLysG~yVa~G~nAsnVa~LeuG~uTyrLeuThrAspAspPhePr~AspMetAspVa~I~eG~yI~eSer 

370 380 390 
1171 GGTAACTTCTGTTCGGACAAGAAACCTGCTGCTGTGAACTGGATTGAGGGACGTGGTAAATCAGTTGTTTGCGAGGCTGTAATCAGAGGA 

G•yAsnPheCysSerAspLysLysPr•A•aA•aVa•AsnTrpI•eG•uG•yArgG•yLysSerVa•Va•CysG•uA•aValI•eArgG•y 
400 410 420 

1261 GAGATCGTGAACAAGGTCTTGAAAACGAGCGTGG~TGCTTTAGTCGAGcTCAACATGCTCAAGAA~CTAGCTGGCTCTGCTGTTGCAGGC 
G•uI•eVa•AsnLysVa•LeuLysThrSerVa•A•aA•aLeuVa•G•uLeuAsnMetLeuLysAsnLeuA•aG•ySerA•aVa•A•aG•y 

430 440 450 
1351 TCTCTAGGTGGATTCAACGCTCATGcCAGTAACATAGTGTCTGCTGTATTCATAGCTACTGGCCAAGATCCAGCT•AAAACGTGGAGAGT 

SerLeuG•yG•yPheAsnA•aHisA•a•erAsnI•e•a••erA•a•a•PheI•eA•aThrG•yG•nAs•Pr•A•aG•nAsnVa•G•uSer 
460 470 480 

1441 T•TCAATGCATCACCATGATGGAAGCTATTAATGACGGCAAAGATATCCATATCTCAGTCACTATGCCATCTATCGAGGTGGGGACAGTG 
SerG•n•ysI•eThrMetMetG•uAlaI•eAsnAspG•yLysAspI•eHisI•eSerVa•ThrMetPr•SerI•eG•uVa•G•yThrVa• 

490 500 510 
1531 GGAGGAGGAACACAGCTTGCATCTCAATCAGCGTGTTTAAACCTGCTCGGAGTTAAAGGAGCAAGCACAGAGTCGCCGGGAATGAACGCA 

G•yG•yG•yThrG•nLeuA•aSerGln•erA•acysLeuAsnLeuLeuG•yVa•L•sG•yA•aSerThrG•uSer•r•G••MetAsnA•a 
520 530 540 

1621 AGGAGGCTAGCGACGATCGTAGCCGGAGCAGTTTTAGcTGGAGAGTTAT•TTTAATGTcAGCAATTGCAGCTGGAcAGCTTGTGAGAAGT 
ArgArgLeuA•aThrI•eVa•A•aG•yA•aVa•LeuA•aG•yG•uLeuSerLeuMetSerA•aI•eA•aA•aG•yG•nLeu•a•ArgSer 

550 560 570 
1711 CACATGAAATACAATAGATCCAGCCGAGACATCTCTGGAGCAACGACAACGACAACAACAACAACATGATCTGAATCTGAATCATCATCC 

HisMetLysTyrAsnArgSerSerArgAspIleSerGlyAlaThrThrThrThrThrThrThrThrEnd 
f 5 8 0  590 

~ 8 o ~  Tc~c~`.~GAAGG~Tcc~`u.c~GGGcA~G~TT,n`TAc~GcATTcAcTc~u.AcT~cT~GTGG~cAGAT~TTAGccAT~TG 
1891 CGTATGCGTTTGCCCTTTTGTT~T.a~AA~J~CTATTTGTTTTGTTT~TTTGACTTGATATCTTTTTTTGGGATTGAGG~TTG~GAGAG 
1981 ~T~GAG~G~TTTT~C~ACTTTCTCT~TTTCTCTCTTTCTCTCTTTCTC~TGG~T~ATTCGTGTCTCTTTG~TTTGTCTA~GGTTTGTCT 
2071 TTGTTTGTTAGGAAGTGGTCTATATGAACGAAAAATTTGTGTATGGTGCAGTTGCGT~TGGGGACATTTTTGAGATTTTTTCTCTGTTTT 
2161 GTTTC~TCTCTTCGTTTTTATTGTTTGTTA~ATATAAAATATTTCTCTGTATGTTGGAACATCTCTCTCTCTTTAG~GTTGTTGGTkAA 
2251 AGATACGGATCTTCTTTCCTCCAGAAGAATCCATCTATATAATATTACCATCTATGTGTTCTACTAAAAAAAA~ 

Fig. 3. Combined nucleotide and predicted amino acid sequences of cDNA clones 2cAT1 and AcAT12 corresponding to 
A. tha~ana HMG-CoA reductase. Both sequences are numbered with respect to the putative initiating methionine. The double- 
underlined sequence at the 5' end was obtained from the corresponding genomic clone together with primer extension and S1 
nuclease analyses data. The two putative alternative polyadenylation signals are underlined. The polyadenylation site in 2eAT12 

is indicated by a filled circle. Four potential N-linked glycosylation sites are marked with arrows. 

the transcript size of  2.4 kb estimated by Nor- 
thern blot analysis (Fig. 2B). The nucleotide se- 
quence of this HMG-CoA reductase c D N A  and 
the predicted amino acid sequence of the protein 
are shown in Fig. 3. The complete nucleotide se- 
quence of the upstream non-coding sequence was 
obtained by sequencing the corresponding region 

in the genomic clone 2gAT3, together with data 
from S 1 mapping and primer extension analyses 
(Fig. 4). The transcript contains a 70 bp upstream 
non-coding sequence, preceding the first A U G  
codon starting an open reading frame of 1776 
bases, The assignment of the initiating methionine 
was from the general observation that translation 
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Fig. 4. Mapping of the 5' end of A. thaliana HMG-CoA 
reductase. A. Primer extension. The 32p-end-labelled 18-mer 
oligonucleotide described in Material and methods was 
hybridized to 5 #g of poly(A) ÷ RNA and extended with 
reverse transcriptase (lane 2). No extended products were 
detected when the primer extension was performed in the 
presence of 5/~g of calf liver tRNA (lane 1). B. S 1 nuclease 
protection. The 266 bp end-labelled probe described in 
Material and methods was hybridized to 5 #g of poly(A) + 
RNA and treated with S1 nuclease (lane 1). No protected 
fragments were detected in a control experiment performed 
in the presence of 5 #g of calf liver tRNA (lane 2). In both 
primer extension and S1 nuclease protection assays the 
reaction products were fractionated on a 10% poly- 
acrylamide gel containing 8 M urea. The sequence ladder was 
obtained by using the 18-mer oligonucleotide as a DNA- 
sequencing primer on the appropriate template. The se- 
quence surrounding the transcription start site is shown, and 
the location of the primer-extended and nuclease-protected 

products is indicated (solid and dotted lines). 

confirmed that the differences detected in the 
length of the 3' end are the result of poly- 
adenylation at different sites instead of an artefac- 
tual recombination event. The significance of the 
heterogeneity in the 3' untranslated region has not 
been further pursued. 

A. thaliana HMG-CoA reductase mRNA en- 
codes a protein of 592 amino acids with a molecu- 
lar weight of 63 605 Da. The hydropathy profile of 
the protein, deduced by the algorithm of Kyte & 
Doolittle [21], shows the presence of two hydro- 
phobic regions located within the first 117 
residues (residues 47-69 and 83-117), each of 
which is long enough to span a membrane bilayer 
(regions 1 and 2 in Fig. 5). These hydrophobic 
regions are separated and flanked by hydrophilic 
sequences rich in charged residues. Since it is well 
known that plant H M G - C o A  reductase is a 
membrane-bound protein [3, 16], it is reasonable 
to postulate that these N-terminal hydrophobic 
regions could correspond to trans-membrane 
domains. 

The protein contains four potential asparagine- 
linked glycosylation sites (Asn-X-Ser/Thr) at 
positions 16, 19, 329 and 575. Nevertheless, no 
data are presently available on the glycosylation 
of plant HMG-CoA reductase. The linker region 
joining the N- and C-terminal regions (see below) 
contains a typical 'PEST' sequence (residues 
156-177) described to be present in proteins 
having rapid turnover rates [29]. 

of most eukaryotic mRNAs begins at the 5' proxi- 
mal A U G  codon [20]. Furthermore, the sequence 
surrounding this A U G  codon fits the consensus 
sequence (AACAAUGGC)  reported for the ini- 
tiation codon in plants [25]. Two alternative 
polyadenylation sites have been detected in the 3' 
untranslated region, at positions +2218 and 
+2316, which are preceded by two putative 

polyadenylation signals at positions +2193 
(TATAAA) and + 2287 (ATATAA) respectively. 
This is in agreement with the consensus poly- 
adenylation sequence (A/GAATAAPu) describ- 
ed in plants [18]. The sequencing of the 
homologous region in the genomic clone 2gAT3 

Comparison of A. thaliana HMG-CoA reductase to 
the enzyme from other organisms 

At present, the primary sequence of H M G - C o A  
reductase is known from a variety of organisms 
including hamster [8, 33], man [24], Drosophila 
[14] and yeast [5]. The partial amino acid se- 
quence of the enzyme from sea urchin has also 
been reported [36]. From these data it becomes 
evident that all H M G - C o A  reductases character- 
ized so far share a high level of similarity in the 
C-terminal region, that contains the catalytic site. 
In this respect, the C-terminal part of the 
A. thaliana enzyme (residues 172-579) also 
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Fig. 5. Hydropathy index plot of the predicted A. thaliana (A) and hamster (B) HMG-CoA reductase. The algorithm of Kyte 
and Doolittle [21] was used with a window size of 9 residues. Positive values indicate hydrophobic regions. Bars 1 and 2 (A) 

and 1 to 7 (B) indicate probable membrane-spanning regions. 

shows a high level of similarity to the previously 
reported HMG-CoA reductase sequences 
(Fig. 6), with values ranging from 56 to 58 ~o iden- 
tical and 12 to 14~o conserved residues. In ad- 
dition, the alignment shown in Fig. 6 reveals that 
40~o of the amino acids are identical and 16~o of 
the changes are conservative in all proteins. 
Those amino acids located in identical position 
are of special interest since they can reveal inter- 
esting features concerning the functional and 
structural properties of the enzyme. In this re- 
spect, only two histidine and five cysteine residues 
(marked in Fig. 6) are common to all HMG-CoA 
reductases. In addition, all the enzymes compared 
share a strikingly high proportion of glycine 
residues located in the region containing the cata- 

lytic site. Their possible functional and structural 
implications will be discussed below. 

One of the most intriguing differences between 
A. thaliana HMG-CoA reductase and the enzyme 
from other organisms is found in the N-terminal 
part of the protein. A. thaliana HMG-CoA reduc- 
tase shows a remarkable different structure, with 
only two potential trans-membrane domains, in 
contrast with the structure of the equivalent 
region of the enzyme from mammals [8, 24, 33], 
Drosophila [14] and yeast [5], described to 
contain seven potential membrane-spanning 
domains. Moreover, the N-terminal region of the 
plant enzyme is much shorter and shows no 
significant homology to the membrane domain of 
the other HMG-CoA reductases. 
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AT 172 ~ K  S[T-~D[~-- V[r-~sIY S L E SIR[L--~-D]C K[R--~A[-Sf--R-~E~-~Q - 
HA 463 LIV]N A K - HII P]A[Y[~L E~-L M E T H E]RIG V[S I R R]Q LLLJS T 
DM 484 ~_~E ~ IIV~A~]G T H'C]PIL--HK'I]E--~V[~']D~]P EIR[G V R[I R RIQ I I G S 
YI 618 N K]EIV A A K L]P]L['Y[.~-L- E[-K-KIL'G-D]T T]RA]V A--~R RIK[A-~S I 
Y2 614 N r~v s N L . - K LL~LIY S L ~J~ KL~L~r r RL%_~v L v SL~_~K AM__~s r 

D ~  • • V~I i ~ AT 209 ~]V - - " T~--~-~I~]G[L-~L D G E S I~--~Q[~'~]M P 

HA 501 ~! P E.2__S_~JL Q Y,L P,Y R S K V LL~_~AIC C E,N V L V pP 
DM 524 K M V ~ L  D VIL PIY E 
YI 656 EE A P V L AISi- D RIL PIY K N Y~DD Yy~D R V FIG]Ale C EIN V I M 
Y2 652 S P I L vL_~j-F'~K LLL__~F R N D R V FLGJAIC C EIN V I M 

AT 246 I,A ~ P L L L D ~,- -~E--~S,V P M A T T E ~ e L v A S T N R G ~ K A'M F I i~ E EGC VA S TNRG C~]A[I G L RG 
HA 539 VIA G L['d]L D GIK -~LEY{Q[V P A T T G~]L V A S T N R G C K AIL S V 
DM S63 YL~G L L L D GIE TL~J-IYI-LLP ~ 
Y1 695 "IIG~LR~DGI TS IYIH~IHMA~TEOCL"~S~GC~ 
Y2 691 V fIG P LII I DLD_. ~ - T S -L_YJH IIP M A T T E G C L V A S R G C K A I N A 

AT 284 [G A T S T V L'-[K D ~ M I RAP V v ]G ~T~ R R F 1 A~--~] H[~ '~  S ['E] L ~ F  F' L E N P 1~ N F'D L V A H A 577 A S['R]V L~- A-'~G M R [ . ~ P V V  P RIA]C D S AIEI W[_~E[~.~E~JA 
DM 601 - v ~ slvlvL%- D_~G K T ;~_~A PLaY R F P[~A[~---~A[~A S W ~ D I E ~ Y  R 
Y1 vn IGAT-ITV'qTIKD~"TSlGIHVVRr HTLKI~ISGAC ~WI'.IDSEIEIGON 
Y2 729 A -IT V LIT[K D G M T RIGIH V V R H T L I RLRJS G A C I W[_L/D S E[_~JG Q N 

I' °! v . G 
KT G T S R R L K L H V~T~M~A GIR N~JLIY]IIR FIQ S D A M HA 616 V I K D A S A 

DM 639 V V K T EI~L.DS T S R ~['Gl~ L D C H I A M~GIP Q LL~II~ ~IV A I T G D~]M 
YI 772 A I KA~__~S TSHFAR L H I Q T C LIA GID L L F MIR FIR I T T G D A M 
Y2 768 S I K KA S T S R F A R L Q]H I Q T C L A[_A__~D L L F M~R F~R TT GDAM 

1M ,I, ' N F ~,S.D K K P A, 
AT 363 M HA ~5~ ~ ~ v s K G ~  ~vFq F~YFC~-DFV~--~o~sG 

M[I'] S K.~T Q K AL~-LK~L~Q E -IV P~E~MIQ I L A V S G N[~]C T D K K P A 1 
DM 679 M N M V S K~A L R W PFALEJ- FL~J- [ H FLF .~DMIQ I.~[~$ L S G N F C~CID K K H A  I 

[~ V S N~]C T D K K HA] YI 812 N M S K G VIE Y SILIK Q M V E E Y G W EID MIEIVIV S G 
V S G K Y2 808 N M S K G VIE Y S[_LJ K Q M V E E Y G W E_W .~_D_~E V[VJV S N]YIC TID K PA[ 

SU 1 T M[F PIN i E I M S L S G N~YL~JT D K KFVq~J 

AT 401 I E ~ R R ~KSVV C EAV I,R~]E~---~N~K V L K T,SF'~A,A L V E L N,M['L'] 
HA 694 I N W I E G K V V C E A V IIP A K V~V~R EIV L K TIT T E[AIM I D V]N]I N 
DM 717 I N W I['~G R G K V V E I S A A T L S S]V L KT]D A K ~ N I K [ ~  
Y1 852 I N W I E G R G K S V E I PIeD V~R~V L K~-D[Q]S~-L V E-L-N I A 
Y2 848 I N W I E G R G K S V E A]T[~JP~JD~JVIK S~V L K]S D~V~SIA L V E L N I S 
SU 23 I NW I E G R G K SV E AJT V P A H I~.__~Q Q 

HA 734 M SlinG G N A H A A]NIVITIA[I--Y' l l  A[-CIG D[-~A Q N, 
DM 757 M G MIA O Sling G N A H A AIN[M]VIT A v F]L~A T G Q D P A Q N v S 
Y1 892 M]A G S]V]G G F N A H A]A]NILIVlT[A V FILIA[-£']G Q D H A O N v E S 
Y2 888 MIA G S]VIG G F N A H AJA N~JL~JT A~-~_[JL~JLIG ~ D H A Q N V E S 

[~ Q ~ M [ - - ~  i NT[~sN M~ILL H' I S V T M E  L~.~C, ' S I E ~V~]i T V ~ ~ ~ T'Q[L]A :~ T V G G G T,N,L,L AT 481 - I Ly. __TMH S I E HA 774 S G 
D~ 79v A I ~ c w A  
Y1 932 LIM[K E - V .- - R M S I E T G G G T V[L]E 
Y2 928 Li_~K E - v R M P s I E T G G G T V[_~E 

AT 520 N ~ - - ' ~ - ' ~ K [ ~ S  T ~ H]H GIEIN A RIQ[L AIR I V~I~-~VNA G HA S1~ Q MIL G VlQIO AIC K 
DM 837 EMIL G VIR[G A~H A I R[H G~D[N A~K KIL AIQ I V C[~A T TJV M[M./A i M 
Y1 969 DILL G V[R[G]P H A A,P G,TIN A R]Q[L AIR'I V A,CIA V L A G EE LL S S L C 
Y~ 9~  ~[L ~ s vl.[_~H H H • E ~[Z_~JAIH n .JQ L[kAJ~ ~[!9-]AJclA v ~ A ~ E ~ S 

HA 854 A L AL~H L v R S H M]V 
DM 887 L ~ D  L V[~]S H MIR 
YI 1009 L]A A GIH~L VtQIS H M[T 
Y2 1005 LIA A GIH LLL_y.JQIS H MIT H NL.N__~K T 

Fig. 6. Homology comparison of the predicted C-terminal amino acid sequence ofA. thaliana HMG-CoA reductase (AT) with 
those from hamster (HA), Drosophila (DM), yeast HMG1 (Y1), yeast HMG2 (Y2) and sea urchin (SU). Gaps (hyphens) were 
introduced to optimize aligments. Only residues identical to the A. thaliana enzyme are boxed. Histidine (*), cysteine ( ~ )  and 
glycine (11) residues which are conserved in all proteins are marked (see text). Amino acids are shown in the single-letter code 
and numbered (with the only exception of sea urchin) from the N-terminal methionine of each protein. The region extending 
over the/~-domains bl  and b2, reported to contain the catalytic site of the hamster enzyme [23], corresponds to residues 223 

and 294 and 441 to 531 respectively in the A. thaliana enzyme. 

The linker region, defined as the region between 
the last predicted membrane-spanning domain 
and the start of the sequence conserved among 
the different enzymes (residues 118-171, Fig. 3), 
is much shorter than the equivalent linker region 

of the enzyme from other organisms. No detect- 
able sequence similarity has been found in the 
linker region of the different HMG-CoA reduc- 
tases. 



Arabidopsis thaliana contains two genes coding for 
HMG-CoA reductase 

After sequencing of the cDNA clones isolated 
from the leaf cDNA library, it was clear that the 
primary sequence of the encoded protein was 
different from that first deduced from the genomic 
clone )~gAT1 (Fig. 1). After restriction enzyme 
mapping of 12 independent cDNA clones obtain- 
ed from this library, it was concluded that none of 
them were coded by the genomic clone 2gAT1 
first isolated, thus indicating that these cDNA 
clones corresponded to the product of a different 
gene. Recent data from our laboratory have con- 
firmed that these cDNAs correspond to tran- 
scripts encoded by the gene present in the over- 
lapping clones 2gAT3 and 2gAT6 (unpublished 
results). 

The existence of two different genomic se- 

Fig. 7. Genomic DNA blot-hybridization analysis. A. 
thaliana DNA (1/~g/lane) was digested with Barn HI (lanes 
1), Eco RI (lanes 2), Hind III (lanes 3) and Yba I (lanes 4). 
Fragments were electrophoretically fractionated, bound on a 
Zeta-Probe filter and hybridized with a 32P-labeled probe 
bearing either the 2cAT1 cDNA clone (A) or the 2gAT1 
genomic clone (B). Probes were, for the 2cAT1 clone, the 
complete cDNA insert and, for the )~gAT1 clone, the 2.8 kb 
Xba I-Barn HI fragment. DNA molecular size markers are 

indicated at the left. 
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quences in Arabidopsis coding for HMG-CoA re- 
ductase was confirmed by Southern blot analysis, 
using either the genomic clone 2gAT1 or the 
cDNA clone 2cAT1 as a probe. The pattern 
found clearly indicates that each probe identifies 
a different set of genomic fragments when the 
hybridizations are performed under moderate 
stringency conditions (Fig. 7). Under low-strin- 
gency hybridization conditions, or after long auto- 
radiographic exposures, a mutually complemen- 
tary pattern of bands can be observed, thus con- 
firming that both genomic sequences are closely 
related (not shown). 

Discussion 

The strategy devised for cloning a plant HMG- 
CoA reductase gene was based upon the assump- 
tion that enzymes that catalyse key reactions in 
intermediary metabolism may be conserved 
during evolution. In the case of HMG-CoA re- 
ductase this hypothesis was supported by the re- 
sults of Basson et al. [4], who reported that the 
enzymes from two distantly related organisms, 
such as hamster and yeast, were very similar in the 
region containing the catalytic site. From recent 
characterization of cDNA and genomic clones, it 
is now clear that the catalytic domain of HMG- 
CoA reductase is highly conserved between dis- 
tantly related organisms such as Drosophila [ 14], 
yeast [5], sea urchin [36] and mammals [8, 24, 
33]. 

As a first approach to clone plant HMG-CoA 
reductase, we tried to detect the presence of se- 
quences homologous to hamster HMG-CoA re- 
ductase in the genome of A. thaliana. DNA blots 
clearly demonstrated the existence in the plant of 
sequences homologous to the hamster HMG- 
CoA reductase cDNA clone pRed-227 [8]. This 
was the starting point for the isolation of an 
A. thaliana genomic clone, which in turn was used 
as a probe to further isolate the cDNA clones 
characterized in the present work. 

The amino acid sequence deduced from the 
nucleotide sequence of the cDNA clones (Fig. 2) 
reveals some interesting differential features of the 
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plant enzyme with respect to the other HMG- 
CoA reductases characterized so far. The most 
striking difference is its short N-terminal domain, 
with only two potential membrane-spanning 
regions. This is in contrast with the general occur- 
rence of seven membrane-spanning regions in the 
rest of the organisms studied. Furthermore, no 
significant sequence similarity is detected between 
the membrane spanning domains of the 
A. thaliana enzyme and those of the enzyme from 
other organisms. This trans-membrane region is 
partially conserved between the hamster and the 
Drosophila enzyme, but not between hamster and 
yeast. At present, it is difficult to assess if the 
cloned enzyme represents the endoplasmic reticu- 
lum form as in plants the enzyme activity has also 
been reported to be associated to mitochondrial 
and plastid membranes [7, 31]. Although no clear 
consensus sequences have yet been defined for 
the transit peptides of plant mitochondrial and 
chloroplast proteins [35], some features of the 
N-terminal part of the protein, rich in charged and 
hydroxylated residues, suggest that the cloned en- 
zyme could correspond to the plastid form. 
Nevertheless, further experiments are needed to 
clarify the intracellular location of the enzyme. 

All HMG-CoA reductases, including the 
A. thaliana enzyme, share a great level of conser- 
vation of their C-terminal region (Fig. 6). This 
observation suggests that this domain probably 
contains the catalytic site of the plant enzyme, as 
postulated for the hamster enzyme [22], and that 
its structural conservation reflects its essential 
function. The alignment in Fig. 6 shows that 40 ~o 
of the amino acid residues in the C-terminal 
domain are identical in all the enzymes, thus sug- 
gesting a strong evolutionary pressure to maintain 
these specific amino aclus at defined positions. 
Some of these amino acids may play important 
roles in the structural conformation and/or in the 
catalytic properties of the enzyme. In particular, 
the most conserved region among the different 
HMG-CoA reductases lies in the fl-domains (bl 
and b2) that have been postulated to be part of the 
active site for the hamster HMG-CoA reductase 
[22]. This region is specially rich in cysteine and 
glycine residues. The conserved glycine residues 

may be important in the maintenance of the 
correct structure of the fl-domains bl  and b2. 
Since it is also known that HMG-CoA reductase 
requires a high concentration of thiol-reducing 
agents for its activity [30], the conserved cysteine 
residues in this region (Fig. 6) may reflect their 
importance, not only for the appropriate confor- 
mation of the catalytic site of the enzyme, but also 
for its active role in the catalytic process as de- 
scribed by Dugan and Katiyar [13]. Out of the 
two conserved histidine residues, the one con- 
tained within domain b2 (Fig. 6) is the most likely 
to participate in the transient protonation re- 
ported to occur during the catalytic process [28]. 
It is also interesting to note the great similarity in 
the hydropathy profiles of the conserved C-termi- 
nal regions when analysed under the same 
parameters (not shown), indicating that the differ- 
ences existing in the primary sequence of the pro- 
teins probably would not affect the overall struc- 
ture of the catalytic domain. 

Our results indicate that A. thaliana contains at 
least two different genes coding for HMG-CoA 
reductase. One of these genes, designated HMG1 
according to the genetic nomenclature recently 
recommended for Arabidopsis [ 17], codes for the 
enzyme described in this paper. This gene is ac- 
tively expressed in leaves and light-grown 
seedlings where it seems to represent the major, if 
not the unique, HMG-CoA reductase transcript. 
This conclusion is supported by the results of 
Northern blot experiments using the probes corre- 
sponding to HMG1 and HMG2 that were also 
used in the Southern blot experiments reported 
above (Fig. 7). In Northern blot analysis per- 
formed under moderate hybridization conditions 
(25 °C below Tin) both probes detect a single 
transcript of 2.4 kb. Nevertheless, under high- 
stringency conditions (10 °C below Tin) the 
transcript is only detected when the HMG 1 probe 
is used (data not shown). Since under high- 
stringency hybridization conditions the probes 
behave as specific for each gene (shown in Fig. 7), 
we can conclude that HMG2 gene is probably not 
expressed in leaves and light-grown seedlings. 
However, further studies are needed to establish 
the relative pattern of expression of these genes 



during plant  development .  It  would also be 
interesting to know if the two genes code for 

different i soenzymes serving specific functions 

and having different intracellular locations. 
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