
The Plant Cell, Vol. 7, 2163-2174, December 1995 © 1995 American Society of Plant Physiologists 

Targeting and Topology in the Membrane of Plant 
3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase 

Narciso Campos 1 and Albert Boronat 

Departament de Bioquimica i Biologia Molecular, Facultat de Quimica, Universitat de Barcelona, Cl Marti i Franques 1, 
08028 Barcelona, Spain 

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) catalyzes the synthesis of mevalonate. This is 
the first committed step of isoprenoid biosynthesis. A common feature of all known plant HMGR isoforms is the presence 
of two highly conserved hydrophobic sequences in the N-terminal quarter of the protein. Using an in vitro system, we 
showed that the two hydrophobic sequences of Arabidopsis HMGR1S function as internal signal sequences. Specific 
recognition of these sequences by the signal recognition particle mediates the targeting of the protein to microsomes 
derived from the endoplasmic reticulum. Arabidopsis HMGR is inserted into the microsomal membrane, and the two 
hydrophobic sequences become membrane-spanning segments. The N-terminal end and the C-terminal catalytic do­
main of Arabidopsis HMGR are positioned on the cytosolic side of the membrane, whereas only a short hydrophilic sequence 
is exposed to the lumen. Our results suggest that the plant HMGR isoforms known to date are primarily targeted to the 
endoplasmic reticulum and have the same topology in the membrane. This reinforces the hypothesis that mevalonate 
is synthesized only in the cytosol. The possibility that plant HMGRs might be located in different regions of the endomem­
brane system is discussed. 

INTRODUCTION 

Higher plants have developed a complex multibranched meta­
bolic pathway for isoprenoid biosynthesis (Gray, 1987; Chappell, 
1995b; McGarvey and Croteau, 1995). The first committed step 
of the pathway is the synthesis of mevalonic acid, which is 
catalyzed by the enzyme 3-hydroxy-3-methylglutaryl coenzyme 
A reductase (HMGR; EC 1.1.1.34). The subsequent reactions 
allow the synthesis of isopentenyl diphosphate (IPP). This 
metabolite may be viewed as a basic building block in the 
biosynthetic pathway. A series of prenyl transfer reactions, in­
volving IPP and other prenyl diphosphates, mediates the 
synthesis of prenyl diphosphates of increasing size, which are 
the starting points for the multiple ramifications that lead to 
the final isoprenoid products. This biosynthetic strategy allows 
the synthesis of an astonishing variety of plant isoprenoids that 
play many different roles (Conolly and Hill, 1992; Chappell, 
1995b; McGarvey and Croteau, 1995). The isoprenoid pathway 
is fundamental in plants not only because it provides com­
pounds that are essential for particular functions (for example, 
carotenoids and the side chain of chlorophylls for photosynthe­
sis, the side chain of ubiquinone for respiration, sterols for 
membrane architecture, and phytoalexins for defense), but also 
because some of the products synthesized (gibberellins, ab­
scisic acid, and the side chain of cytokinins) play a role in the 
control of various physiological processes and contribute to 
the establishment of the developmental pattern of the plant. 

1 To whom correspondence should be addressed. 

Despite the importance of isoprenoid biosynthesis for plant 
growth and development, some essential aspects, mainly 
concerning the subcellular location and the control of the path­
way, still await clarification. A major point of controversy is the 
subcellular location of IPP biosynthesis. At least three sub­
cellular compartments, the cytosol, plastids, and mitochondria, 
are involved in the synthesis of isoprenoid compounds. T.W. 
Goodwin's group proposed that the synthesis of IPP occurs 
in these three compartments (Rogers et al., 1966). This pro­
posal is known as the segregation hypothesis. On the other 
hand, H. Kleinig's group suggested that IPP is synthesized 
exclusively in the cytosol and that this compound is subse­
quently translocated to the organelles to allow the synthesis 
of the specific isoprenoid end _products (Kreuz and Kleinig, 
1984; Lutkebrinkhaus et al., 1984). Evidence in favor of or 
against these two hypotheses has been discussed in recent 
reviews (Gray, 1987; Kleinig, 1989; Bach et al., 1990). The ob­
servation that the competence for IPP biosynthesis changes 
during chloroplast development in barley is interesting and 
might be a clue to reconciling the two opposite theories (Heintze 
et al., 1990). 

The study of plant HMGR is particularly valuable in this con­
text and has received considerable attention. After subcellular 
fractionation, HMGR activity has been detected in membrane 
fractions derived from the endoplasmic reticulum (ER), in 
plastids, and in mitochondria (for review, see Bach et al., 1990). 
In addition, it has been observed in different plant systems 
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that treatment with mevinolin, a specific inhibitor of HMGR 
activity, prevents sterol biosynthesis but has very little effect on 
the synthesis of plastidic isoprenoids (Bach and Lichtenthaler, 
1983). These results have been considered as evidence in fa­
vor of the segregation hypothesis (Bach et al., 1990). However, 
it has been argued that the cell fractionation studies cited above 
are not conclusive and that the results of inhibition with mevino­
lin cannot be interpreted properly until precise knowledge of 
the enzymatic activities and the flow of metabolites through 
the pathway is available (Gray, 1987). 

In all plant species studied so far, HMGR is encoded by a 
multigene family. The number of genes composing each mul­
tigene family varies in different plants (Stermer et al., 1994; 
Chappell, 1995b). The HMGR mRNAs of a given species dif­
fer in their expression pattern, indicating that the encoded 
enzymes might be involved in the synthesis of specific iso­
prenoids (Dean et al., 1991; Narita et al., 1991; Yang et al., 1991; 
Choi et al., 1992, 1994; Chye et al., 1992; Cramer et al., 1993; 
Enjuto et al., 1994, 1995; Lumbreras et al., 1995). It has been 
suggested that the functional diversity of these enzymes could 
correlate with differences in subcellular location (Choi et al., 
1992; Chappell, 1995a, 1995b). Of particular interest are 
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the studies carried out with Arabidopsis. In this plant, two 
differentially expressed genes (HMG1 and HMG2) encode three 
different HMGR isoforms: HMGR1S, HMGR1L, and HMGR2. 
The HMGR1S and HMGR1L isoforms derive from the HMG1 
gene (Lumbreras et al., 1995). These proteins are identical in 
sequence, but HMGR1L is extended at its N terminus by an 
additional region of 50 amino acids. Arabidopsis HMGR2 
shows a remarkable divergence in sequence with regard to 
Arabidopsis HMGR1S and to the other plant HMGRs charac­
terized so far (Enjuto et al., 1994). In spite of the differences 
observed, the three Arabidopsis HMGR isoforms insert into 
ER-derived membranes (Enjuto et al.,.1994; Lumbreras et al. 
1995). 

Comparative studies have shown that all plant HMGR iso­
forms known to date have a similar structural organization, 
reflecting a common evolutionary origin. Four regions have 
been defined in the primary structure of this protein: the N-ter­
minal region, the membrane domain, the linker region, and 
the catalytic domain (Figure 1; Monfar et al., 1990). The mem­
brane and the catalytic domains are well conserved among 
plant HMGRs, whereas the N-terminal and the linker regions 
are highly divergent both in length and in amino acid sequence. 

Catalytic 
domain 

,-, r-,r-----------~ 
Number of 

residues 

H1 LS H2 

HMGR1S 592 

HMGR1S-GUS 774 

HMGR1S-Asn 625 

HMGR1L 642 

HMGR1S-a1 569 

HMGR1S-a2 572 

HMGR1S-a1,2 529 

Figure 1. Schematic Representation of the Proteins Synthesized in the in Vitro Translation Experiments. 

The four regions defined in the primary structure of plant HMGR are indicated on the top. The H1, H2, and LS sequences of the membrane 
domain are also depicted. The numbers inside the boxes representing the proteins correspond to the number of amino acid residues of the differ­
ent sequences. HMGR1S is the short Arabidopsis HMGR isoform encoded by the HMG_1 gene (Caelles et al., 1989); HMGR1S-GUS is the chimeric 
protein resulting from the fusion of the N-terminal part of HMGR1S (residues 1 to 167) and GUS (Jefferson et al., 1987); HMGR1S-Asn is the 
derivative of HMGR1S carrying an N-glycosylation site in the LS sequence; HMGR1L is the long Arabidopsis HMGR isoform encoded by the 
HMG1 gene (Lumbreras et al., 1995). HMGR1L is identical to HMGR1S, but it is extended at the N terminus by an additional region of 50 amino 
acids. HMGR1S-~ 1 is the mutated variant of HMGR1S in which the first hydrophobic sequence (H1, residues 52 to 74) has been deleted; HMGR1S-~2 
is the mutated variant of HMGR1S in which the second hydrophobic sequence (H2, residues 95 to 114) has been deleted; and HMGR1S-~1,2 
is the mutated variant of HMGR1S in which the whole membrane domain (H1, LS, and H2 sequences, residues 52 to 114) has been deleted. 
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Figure 2. Analysis of Arabidopsis HMGR1S Inserted in Microsomal 
Membranes. 

In vitro- synthesized mRNA coding for HMGR1S was translated using 
L-3,4,5(n)-3H-leucine as labeled precursor. Translations were per­
formed in the presence (+)or absence( - ) of ER-derived microsomes 
from dog pancreas (MIC) as indicated on the top. Post-translational 
treatments of the samples were performed in the following order: (1) 
digestion with proteinase K (PK); (2) disruption of the microsomes with 
1% Triton X-100 (TRITON); and (3) fractionation by centrifugation at 
51 ,700g (GENTA). Before the addition o!Triton X-100, proteinase K was 
inactivated by adding phenylmethylsulfonyl fluoride. Samples were 
separated in an SDS- 16% polyacrylamide gel (Schaegger and von 
Jagow, 1987). The fluorographed gel was exposed for 14 hr. Bands 
corresponding to the protein fragments generated by digestion with 
proteinase K are indicated by arrowheads. The positions of the mo­
lecular mass markers are indicated at right. + , sample subjected to 
the indicated treatment; - , sample not subjected to the indicated treat­
ment; T, total translation products; P, pellet; and S, supernatant. 

The membrane domain is characterized by the presence of 
two hydrophobic sequences separated by a short hydrophilic 
one. It has been suggested that this hydrophobic domain might 
be involved in anchoring the protein to cellular membranes 
(Caelles et al., 1989; Learned and Fink, 1989). Accordingly, 
this region was named the membrane domain (Monfar et al. , 
1990). In particular, it was proposed that Arabidopsis HMGR1S 
might span cellular membranes once (Learned and Fink, 1989) 
or twice (Caelles et al. , 1989). In spite of these considerations, 
no direct demonstration of a structural or functional involve­
ment of the membrane domain in the insertion of the protein 
into membranes has been reported so far. In this work, we 
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define the topology of plant HMGR in the membrane. Our data 
show that the two hydrophobic sequences of Arabidopsis 
HMGR1S are membrane-spanning segments. In addition , we 
demonstrate that these sequences function as internal signal 
sequences. They interact specifically with the signal recogni­
tion particle (SAP) and mediate the targeting of the protein 
to ER-derived membranes. Because these topogenic se­
quences are well conserved in all plant HMGR isoforms known 
to date, our results suggest that these proteins are primarily 
targeted to the ER and have the same topology in the 
membrane. 

RESULTS 

Catalytic Domain of Arabidopsis HMGR1S Is Positioned 
on the Cytosolic Side of ER-Derived Membranes 

To study the topology of plant HMGR in the membrane, we 
used an in vitro system in which the appropriate transcripts 
were translated in the presence of ER-derived microsomes from 
dog pancreas. As a first approach, translation products de­
rived from the Arabidopsis HMGA1S transcript were digested 
with proteinase K and/or fractionated by centrifugation . The 
results are shown in Figure 2. As expected from previous results 
(Enjuto et al., 1994), Arabidopsis HMAG1S was inserted into 
microsomal membranes. This protein cosedimented with the 
vesicles and was found in the pellet after centrifugation (lane 
4). However, no processing of HMGR1S occurred upon inser­
tion, as indicated by the coincidence in electrophoretic mobility 
of the protein synthesized in the absence of microsomes (lane 
1) and the protein inserted in the microsomal membrane (lane 
4). Post-translational digestion with proteinase K yielded no 
protected fragment if translation had been performed in the 
absence of microsomes (lane 2) and two major fragments of 
9 to 10 kD and a few smaller fragments if translation had been 
performed in the presence of microsomes (lane 6). This re­
sult indicates that one or several small regions of the inserted 
protein were buried in the lipid bilayer or exposed to the lu­
men of the vesicles. To confirm that the protected fragments 
were bound to the membranes, we fractionated the digested 
sample by centrifugation. As expected, the protected fragments 
sedimented with the microsomes (compare lanes 7 and 8) , 
but if the microsomal membranes were disrupted with Triton 
X-100 before centrifugation , they were found in the superna­
tant (compare lanes 10 and 11). 

The appearance of several protected fragments in the diges­
tion assays shown in Figure 2 might be due to the insertion 
of separate regions of HMGR1S in the membrane. Alternatively, 
the protected fragments might derive from a single inserted 
sequence if this region had been digested at several preferen­
tial sites by proteinase K. To confirm that none of the protected 
fragments was derived from the C-terminal catalytic domain 
of HMGA1S, we prepared an expression plasmid encoding the 
chimeric protein HMGA1S-GUS, in which the catalytic domain 
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of HMGR1S (residues 168 to 592) was replaced by 13-glu­
curonidase (GUS; Figure 1). The results shown in Figure 3A 
demonstrate that the HMGR1S-GUS protein synthesized in vitro 
inserts into the microsomal membrane and behaves as an in­
tegral membrane protein. Post-translational isolation of the 
microsomes, followed by extraction of the lumenal content with 
Na2CO3, pH 11.0, and subsequent centrifugation , showed that 
this protein was tightly associated with the pelleted open mem­
brane fragments (lane 4). In the same conditions, the processed 
lgG light chain , which is known to translocate into the lumen 
of the microsomes, was released and recovered as a soluble 
protein (lane 3) . It can be concluded that the N-terminal part 
of Arabidopsis HMGR1S (residues 1 to 167) is sufficient for 
insertion into the microsomal membrane. When the HMGR1S 
and the HMGR1S-GUS proteins synthesized in the presence 
of microsomes were digested with proteinase K, the same pat­
tern of protected fragments was obtained (compare lanes 2 
and 4 of Figure 3B). This indicates that the protected peptides 
derived exclusively from sequences located in the N-terminal 
part of the proteins and that the corresponding C-terminal cata­
lytic domains were fully exposed to the cytosolic side of the 
membrane. 

A 
T 

HMGR15-GUS-+ - -

l~r~ A " 
S1 R 

Na,co, pH 11.0 

51 ,700g 
45 min 

pli-+ 
Li -+-

Arabidopsis HMGR1S Spans the Microsomal 
Membrane Twice 

Three different arrangements of HMGR1S in the membrane 
could be proposed, considering the presence of two hydro­
phobic segments in the N-terminal part of the sequence (Figure 
1) and the cytosolic location of the catalytic domain. Arabidopsis 
HMGR1S might span the lipid bilayer once or twice. If the pro­
tein spans the membrane once, either the first (H1) or the 
second (H2) hydrophobic sequence might be the membrane­
spanning segment. 

To discern whether the hydrophilic region between H1 and 
H2 is translocated to the lumen or remains on the cytosolic 
side of the membrane, we engineered a high-mannose-type 
glycosylation site in this region . A sequence coding for the 
glycosylation site of the maize Zm-ERabp1 protein, together 
with 30 surrounding amino acids, was inserted in the HMGR1S 
cDNA (see Methods for details). The resulting protein was 
named HMGR1S-Asn (Figure 1). As shown in Figure 4A, a 
single translation product (Hm) was generated from the 
HMGR1S-Asn transcript in the absence of microsomes (lane 
1). In the presence of microsomes, an additional protein with 
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Figure 3. Cytosolic Location of the Catalytic Domain of Arabidopsis HMGR1S. 

(A) In vitro- synthesized mRNA coding for HMGR1S-GUS was translated in the presence of ER-derived microsomes from dog pancreas, using 
L-35S-methionine as the labeled precursor. The system was also supplemented with control mRNA coding for the lgG light chain . Translation 
products were fractionated by two sequential centrifugations as indicated in the diagram (see Methods for details). Samples were separated in 
an SDS- 10% polyacrylamide gel (Laemmli , 1970). The fluorographed gel was exposed for 8 hr. T, total translation products; S, , supernatant of 
the first centrifugation; P,, pellet of the first centrifugation ; S2, supernatant of the second centrifugation ; P2 , pellet of the second centrifugation . 
(B) In vitro- synthesized mRNAs coding for HMGR1S (lanes 1 and 2) and HMGR1S-GUS (lanes 3 and 4) were translated in the presence of ER­
derived microsomes from dog pancreas using L-3,4,5(n)-3H-leucine as labeled precursor. Post-translational treatment with proteinase K (PK) was 
performed as indicated: +, sample treated; -, sample not treated. Samples were separated in an SDS-15% polyacrylamide gel (Schaegger 
and von Jagow, 1987). The fluorographed gel was exposed for 18 hr. The positions of molecular mass markers are indicated on the right. Bands 
corresponding to HMGR1S, HMGR1S-GUS, the processed lgG light chain (Li) , and the unprocessed lgG light chain (pli) are indicated. Bands 
corresponding to the protein fragments generated by digestion with proteinase K are indicated by arrowheads. 
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Figure 4. Lumenal Location of the LS Sequence of Arabidopsis HMGA1S. 

(A) In vitro-synthesized mRNA coding for HMGR1S-Asn was translated in the presence(+) or absence(-) of ER-derived microsomes from dog 
pancreas (MIC), using L-35S-methionine as the labeled precursor. The translation mixture was also supplemented with mRNA coding for the lgG 
light chain . Post-translational treatments were performed in the following order: (1) digestion with glycosidase F (GLYCO-F), and (2) fractionation 
by two sequential centrifugations (CENTR) as depicted in Figure 3A. Samples were separated in an SDS-10 to 15% gradient polyacrylamide 
gel (Laemmli, 1970). The fluorographed gel was exposed tor 7 hr. 
(B) In vitro- synthesized mRNAs coding for HMGR1S and HMGR1S-Asn were translated in the presence(+) or absence(-) of ER-derived micro­
sames from dog pancreas (MIC), using L-3,4,5(n)-3H-leucine as labeled precursor. Post-translational treatments were performed in the following 
order: (1) digestion with proteinase K (PK); (2) digestion with glycosidase F (GLYCO-F); and (3) fractionation by two sequential centrifugations 
(CENTR) as depicted in Figure 3A. Samples were separated in an SDS-14.4% polyacrylamide gel (Schaegger and van Jagow, 1987). The fluorographed 
gel was exposed for 22 hr. 
The abbreviations used to refer to the post-translational treatments are as follows: + , sample subjected to the indicated treatment; - , sample 
not subjected to the indicated treatment. The T, S,, S2, and P2 abbreviations are explained in the legend to Figure 3A. The positions of the mo­
lecular mass markers are indicated on the right of (A) and (B). Bands corresponding to the unglycosylated HMGR1S-Asn (Hm), the glycosylated 
HMGR1S-Asn (gHm), the processed lgG light chain (Li), and the unprocessed lgG light chain (pli) are indicated. 

slightly lower electrophoretic mobility (gHm) was synthesized 
(lane 2). The gHm protein was converted to the Hm protein 
by glycosidase F treatment (compare lanes 2 and 3). This 
demonstrates that gHm was the glycosylated form of HMGR1S­
Asn . When a sample equivalent to the one loaded on lane 2 
was subjected to fractionation by centrifugation and Na2C03 

treatment, the glycosylated protein (gHm) was found in the P2 

fraction (lane 6) . Neither form of lgG light chain (processed, 
Li , or unprocessed, pli) was affected during glycosidase F 
treatment, and both fractionated correctly upon centrifugation 
(lanes 2 to 5). It can be concluded that the HMGR1S-Asn protein 
was inserted into the microsomal membrane and glycosylated. 

To confirm that the region between the two hydrophobic se­
quences of the inserted HMGR1S-Asn protein was located in 
the lumenal side of the membrane, we performed post­
translational assays of digestion with proteinase K. The results 
are shown in Figure 48. When translation of the HMGR1S-Asn 

transcript was performed in the absence of microsomes, no 

peptide was protected against proteinase K digestion (lane 2). 
When translation of the HMGR1S-Asn transcript was performed 
in the presence of microsomes, the treatment with proteinase 
K yielded a protected fragment of "'16 kD (lane 4). Treatment 
with gfycosidase F after digestion with proteinase K yielded 
two fragments of "'12 and 13 kD (lane 5). The removal of one 
oligosaccharide side chain from a protein backbone causes 

a decrease of "'3 kD in the apparent molecular mass of the 
peptide (Lipp et al. , 1989). This is consistent with the ap­
pearance of a 13-kD peptide in the sample of lane 5. The 
additional 12-kD fragment might have been generated by par­
tial proteolysis occurring during glycosidase F treatment. The 
deglycosylated fragments derived from the HMGR1S-Asn pro­
tein (lane 5) were "'3.5 kD larger than the protected fragments 
derived from the HMGR1S protein (lane 12), as might be ex­
pected, considering the differences between the corresponding 
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Figure 5. Cytosolic Location of the N~erminal Region of Arabidopsis 
HMGR lsoforms. 

In vitro-synthesized mRNAs coding for Arabidopsis HMGR1S, 
HMGR1L, and HMGR2 were translated in the presence of ER-derived 
microsomes from dog pancreas, using L·35S-methionine (lanes 1 to 
6) or L·3.4,5(n)-3H-leucine (lanes 7 to 12) as the labeled precursor. As 
expected from previous results (Lumbreras et al. , 1995), two different 
translation products, corresponding to HMGR1S and HMGR1L, were 
generated from the HMGR1L transcript in the in vitro system. Diges­
tion with proteinase K (PK) was performed post-translationally as 
indicated: +, sample treated ; - , sample not treated . Samples were 
separated in an SDS- 15% polyacrylamide gel (Schaegger and 
von Jagow, 1987). Time of exposure of the fluorographed gel was 4 hr 
for lanes 1 to 6 and 13 hr for lanes 7 to 12. The positions of the molecu· 
lar mass markers are indicated at right. The transcripts used are 
indicated on the top: 1L, HMGR1L mRNA; 1S, HMGR1S mRNA; and 
2, HMGR2 mRNA. Bands corresponding to the proteins synthesized 
are indicated at left and right. 

sequences. The glycosylated protected fragment derived from 
the HMGR1S-Asn protein (lane 4) was tightly bound to the mem• 

brane, as shown by centrifugation and Na2CO3 treatment 
(lanes 6 to 8) . It can be concluded that the hydrophilic region 
located between the two hydrophobic sequences was posi• 
tioned on the lumenal side of the microsomal membrane, upon 
insertion of the protein . Thereafter, this hydrophilic region was 

named LS or lumenal sequence. 
To determine whether the N-terminal region of plant HMGR 

was positioned on the lumenal or the cytosolic side of the mem­
brane, we synthesized Arabidopsis HMGR1S, HMGR1L, and 
HMGR2 in vitro, in the presence of microsomes, and compared 
the electrophoretic patterns of the protected peptides obtained 
by digestion with proteinase K. The results are shown in Fig• 
ure 5. When the translation assays were performed in the pres• 
ence of L-35S-methionine, the three Arabidopsis HMGR 
isoforms were labeled (lanes 1, 3, and 5), but no labeled frag­

ment was protected from digestion (lanes 2, 4, and 6) . The 

membrane domain of the Arabidopsis HMGR isoforms con• 
tains no methionine, and the N-terminal region of these proteins 
contains one (HMGR1S and HMGR2) or two (HMGR1L) methio­
nines. The absence of labeling in the digestion products, even 
after long exposures, suggested that the N-terminal region of 
the HMGR proteins was positioned on the cytosolic side of 
the membrane. When in vitro translation was performed in the 
presence of L-3,4,5(n)-3H-leucine as labeled precursor, detect• 
able digestion products were derived from the three proteins 
(Figure 5, lanes 8, 10, and 12). This confirmed that the absence 
of digestion products labeled with L·35S-methionine in the 
previous experimental conditions was not due to the absence 
of protected fragments but to the absence of labeling in the 
protected fragments. 

The coincidence of the patterns of protected fragments de• 
rived from HMGA1S and HMGA1L (compare lanes 8 and 10) 

is additional evidence of the cytosolic location of the N-terminal 
region of these proteins. As mentioned above, HMGR1S and 
HMGR1L are identical in sequence, but the HMGR1L isoform 
is extended at the N terminus by an additional region of 50 
amino acids. If the N-terminal regions of these proteins were 
positioned on the lumenal side of the membrane, clear differ­

ences in the size of the protected fragments ("-'5.7 kD) would 
have been observed. The pattern of protected fragments de• 
rived from HMGR2 is different from the pattern of protected 
fragments derived from HMGR1S or HMGR1L (compare lane 
12 with lanes 8 and 10), as might be expected considering the 
differences between the protein sequences. 
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Figure 6. Topological Model Proposed for Plant HMGR in the ER 
Membrane. 

For simplicity, the different regions of HMGR are not drawn to scale. 
H1 and H2, highly conserved membrane-spanning sequences; LS, 
highly conserved lumenal sequence. 



-SRP +SRP 

T S, S2 P2 T S, S2 P2 
- ------ -

HMGR1S -- --•-- -- _ - 66 

pLi -- ~---•• u--

2 34567 8 

- 45 

-36 

- 29 

- 24 

Figure 7. SAP-Mediated Insertion of Arabidopsis HMGR1S in the Mem­
brane of ER-Derived Microsomes. 

In vitro-synthesized mRNA coding for HMGA1S was translated in the 
presence of ER-derived microsomes from dog pancreas, using L-35S. 
methionine as labeled precursor. Canine SAP was present (+SAP) 
or absent (-SAP) in the translation mixture, as indicated at the top. 
The system was also supplemented with control mRNA coding for the 
lgG light chain. Translation products were fractionated by two sequential 
centrifugations, as depicted in Figure 3A. The nomenclature of the 
fractions obtained, T, S,, S2, and P2, is defined in the legend of Fig­
ure 3A. Samples were separated in an SDS- 12.5% polyacrylamide 
gel (Laemmli, 1970). The fluorographed gel was exposed for 9 hr. The 
positions of molecular mass markers are indicated at right. Bands cor­
responding to HMGA1S, the processed lgG light (Li) chain, and the 
unprocessed lgG light chain (pli) are indicated. 

Only one of the above-mentioned topological models is con­
sistent with the data presented. This model is shown in Figure 
6. Plant HMGR spans the microsomal membrane twice. The 
N-terminal region and the catalytic domain are located on the 
cytosolic side of the membrane. The hydrophilic LS sequence 
is the only part of the protein exposed to the lumen. 

Targeting of Arabidopsis HMGR1S to the ER-Derived 
Membranes Is Mediated by the Specific Interaction of 
SAP with the H1 and H2 Hydrophobic Sequences 

According to the above-mentioned results, the H1 and H2 
sequences of Arabidopsis HMGR are membrane-spanning 
segments. We asked whether the H1 and H2 sequences are 
not only structurally but functionally involved in the insertion 
process. In particular, we attempted to determine if these hy­
drophobic regions are signal sequences that mediate the 
insertion of the protein in the membrane. Targeting of proteins 
to the ER is mediated by the SAP (Walter and Johnson, 1994). 
The SAP recognizes the hydrophobic N-terminal or internal 
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signal sequences at the time they emerge from the ribosome 
and transfers these sequences to the translocation machinery 
in the membrane, which initiates the translocation process 
(Gilmore, 1993). During this process, the internal signal se­
quences and the stop transfer signals are transferred to the 
lipid bilayer in a definite orientation and become membrane­
spanning segments (Wickner and Lod ish , 1985). In vitro, the 
specific interaction of SAP with signal sequences can be de­
tected in two ways. In the presence of ER-derived membranes, 
SAP mediates translocation or insertion of the synthesized 
proteins. In the absence of ER-derived microsomes, SAP spe­
cifically inhibits the synthesis of proteins that contain one or 
several signal sequences (Walter and Johnson, 1994). 

As a first step toward studying the role of H1 and H2 se­
quences in the insertion of Arabidopsis HMGR, we analyzed 
the insertion process lo determine if ii is SAP dependent. Tran­
scripts coding for Arabidopsis HMGR1S and for murine lgG 
light chain, used as a control , were translated in the presence 
of SAP-depleted microsomes and either in the presence or 
absence of SAP. Post-translationally, the samples were frac­
tionated by centrifugation, and the microsomes present in the 
sediment were extracted with Na2C03, pH 11 .0. The results 
are shown in Figure 7. Arabidopsis HMGR1S was recovered 
in the fraction containing the open microsomal membranes 
only when translation was performed in the presence of SAP 
(lanes 4 and 8) . As expected, translocation and processing 
of the control protein occurred only in the presence of SAP 
(lanes 5 to 7). It can be concluded that SAP is required for 
insertion of Arabidopsis HMGR1S in the microsomal 
membrane. 

To ascertain whether SAP initiates the insertion process 
upon interaction with H1 or H2, we prepared expression plas­
mids encoding deleted versions of the HMGR1S protein . The 
H1 sequence was missing in the HMGR1S-6 1 protein , the H2 
sequence was missing in the HMGR1S-6 2 protein, and the 
whole membrane domain (H1 , LS, and H2 sequences) was 
missing in the HMGR1S-61,2 protein (Figure 1). In vitro trans­
lation experiments showed that none of the modified proteins 
was inserted into ER-derived microsomal membranes (data 
not shown) . It is clear from these results that both hydropho­
bic sequences are required for the insertion process. However, 
the evidence obtained does not determine which hydropho­
bic sequence is recognized by SAP, as was originally intended. 
In an alternative approach, we performed in vitro translation 
experiments in the presence of several concentrations of SAP 
and in the absence of microsomal membranes. The results 
are shown in Figure 8. The presence of SAP inhibited the syn­
thesis of HMGR1S, which was used as a reference in this 
experiment. This inhibitory effect was proportional to the 
SAP concentration. SAP also inhibited the synthesis of the 
HMGR1S-61 protein , in which only the second hydrophobic 
sequence was present. The same effect was observed for the 
HMGR1S-62 protein that contained only the first hydrophobic 
sequence. However, SAP had no effect on the synthesis of 
the HMGR1S-6 1,2 protein, in which both hydrophobic se­
quences were missing. These results demonstrate that the two 
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Figure 8. Effect of SAP on the Synthesis of the HMGA1S-Deleted 
Derivatives. 

In vitro-synthesized mANAs coding for HMGA1S, HMGA1S-t.1. 
HMGA1S-t.2, and HMGA1S-t.1 ,2 were translated in the absence of 
microsomes, using L-35S-methionine as the labeled precursor. The 
concentration of canine SAP present in the translation mixtures is in­
dicated in arbitrary units above the gel. Samples were separated in 
an SDS-12.50/o polyacrylamide gel (Laemmli, 1970). The fluorographed 
gel was exposed for 2 hr. Protein bands were excised from the gel, 
and the radioactivity incorporated was quantified as described in 
Methods. The radioactive incorporation corresponding to each pro­
tein is represented against the SAP concentration . The incorporation 
values are expressed as percentages of the incorporation obtained 
in the absence of SAP. The radioactive incorporations obtained in the 
absence of SAP were as follows: HMGR1S, 30,663 counts per min (cpm); 
HMGR1S-t.1 , 107,164 cpm; HMGA1S-t.2, 79,081 cpm; and HMGRlS­
t.1 ,2, 87,751 cpm. 

hydrophobic sequences, H1 and H2, can interact with SAP 
and indicate that no other functional signal sequence is pres­
ent in this protein . We conclude that the H1 and H2 sequences 
of Arabidopsis HMGR1S play a key role both in targeting the 
protein to the ER-derived microsomes and in anchoring this 
polypeptide in the membrane. 

DISCUSSION 

One of the major open questions concerning isoprenoid bio­
synthesis in plants is the subcellular location of the enzymes 
involved in the synthesis of IPP. Unraveling this problem is fun­
damental if we are to understand the organization and control 
of the isoprenoid pathway. The subcellular location of HMGR 
is particularly significant in this context because this enzyme 

catalyzes the synthesis of mevalonic acid, the first committed 
precursor of isoprenoids. In the present study, we focused on 
two particular aspects of this issue: the targeting of plant HMGR 
and the topology of this protein in the membrane. 

Our data show that the region of Arabidopsis HMGR1S ex­
tending from residues 1 to 167 is sufficient for insertion into 
microsomal membranes of dog pancreas. The targeting to the 
ER-derived membranes is mediated by the specific interac­
tion of SAP with the two hydrophobic sequences present in 
this region (H1 and H2}. No processing of the protein is pro­
duced upon insertion. After insertion, Arabidopsis HMGR1S 
spans the membrane twice. The catalytic domain and the 
N-terminal region are positioned on the cytosolic side of the 
membrane, whereas only the short hydrophilic region (LS) lo­
cated between the two hydrophobic sequences is exposed to 
the lumen (Figure 6) . It can be concluded that H1 and H2 of 
Arabidopsis HMGR1S function as internal signal sequences 
and topogenic sequences in the in vitro system. Because the 

insertion of proteins in the ER membrane requires the specific 
interaction of the targeting sequences with different compo­
nents of the translocation machinery (Rapoport, 1992), and 
because this machinery is highly conserved in evolution (Prehn 
et al. , 1987; Ng and Walter, 1994; Wolin , 1994), our results 
strongly suggest that Arabidopsis HMGR1S is primarily tar­
geted to and inserted into the ER membrane in vivo. 

A large number of full-length sequences corresponding to 
HMGR isoforms from different plant species have been re­
ported: three from Arabidopsis (Enjuto et al., 1994; Lumbreras 
et al. , 1995), two from radish (Vollack et al. , 1994) and Hevea 
brasiliensis (Chye et al. , 1991 , 1992), and one from potato (Choi 

et al. , 1992), tomato (Park et al. , 1992), tobacco (Genschik et 
al. , 1992), periwinkle (Maldonado-Mendoza et al. , 1992), Camp­
totheca acuminata (Burnett et al. , 1993), pea (Monfar, 1990), 
and rice (Nelson et al. , 1994). All of these HMGR isoforms have 
a similar structural organization. In particular, all known plant 
HMGRs possess the structural motif formed by two highly con­
served hydrophobic sequences (H1 and H2) separated by a 
highly conserved hydrophilic one (LS). As mentioned above, 
in Arabidopsis HMGR1S, this motif is sufficient for targeting 
to ER-derived microsomes and insertion into the membrane. 
Therefore, our results suggest that the plant HMGR isoforms 
known to date are competent for insertion into microsomal 
membranes and have the same topology in the membrane. 
This has been confirmed experimentally in the case of the 
three Arabidopsis HMGR isoforms (HMGR1S, HMGR1L, and 
HMGR2), tomato HMGR1 and HMGR2 (Denbow et al. , 1995), 
and pea HMGR1 (N . Campos and A. Boronat, unpublished 
results} . These HMGR isoforms insert into ER-derived mi­
crosomal membranes. In all cases, the results obtained after 
post-translational analysis of the inserted protein agree with 
the topological model shown in Figure 6. It is worth noting that 
pea HMGR1 has the most divergent hydrophobic domain 
among the known HMGR isoforms from dicotyledonous plants 
(M. Monfar, N. Campos, and A. Boronat, unpublished results}. 
The finding that the catalytic domain of plant HMGR is posi­
tioned on the cytosolic side of ER-derived membranes is 



consistent with the observation that the cytosol is the major 
subcellular location for plant HMGR activity (Gray, 1987; Bach 
et al., 1990). 

No transit peptide typical of proteins targeted to chloroplasts 
or mitochondria (von Heijne, 1986; Baker and Schatz, 1987; 
von Heijne et al., 1989) has been identified by inspection of 
the plant HMGR sequences. Taking into account this obser­
vation and the above-mentioned results, targeting the known 
plant HMGR isoforms to plastids or mitochondria seems un­
likely. The work carried out in Arabidopsis is particularly 
suggestive. The fact that the three Arabidopsis HMGR isoforms 
insert into ER-derived microsomal membranes reinforces the 
hypothesis that the ER is the only cell compartment for the 
primary targeting of Arabidopsis HMGR (Enjuto et al., 1994; 
Lumbreras et al., 1995). In principle, this kind of reasoning can­
not be applied to other plant species, because not all the 
corresponding HMGR genes have been characterized. 
Nevertheless, the cumulative evidence obtained in different 
plant systems also points to the hypothesis that the ER is the 
major, or perhaps the only, primary targeting site for plant 
HMGR. Despite the large number of plant HMGR isoforms 
characterized so far, the diversity of physiological conditions 
in which mRNAs have been isolated for cDNA preparation, 
the variety of expression patterns of the corresponding genes, 

and the functional specialization indicated for the HMGRs of 
some species, all the known plant HMGR isoforms possess 
the highly conserved H1/LS/H2 motif, which suggests target­
ing to the ER. However, at present, the possibility that plant 
HMGR is targeted to plastids or mitochondria, either primar­
ily or after insertion in the ER membrane, cannot be ruled out. 

Another interesting possibility is the transport of plant HMGR 
down the endomembrane system. The inspection of the N-ter­
minal sequence of plant HMGRs is very suggestive in this 
respect. Most of the known plant HMGR isoforms share the 
conserved motif MetAspXArgArgArg (X can be Val, lie, Leu, 
or Ser) at their N-terminal end. The conserved sequence is 

located in an otherwise highly divergent region, suggesting 
that it has a definite function. A recent report shows that a mo­
tif consisting of a pair of arginine residues located at positions 
2 and 3, 3 and 4, 4 and 5, 2 and 4, or 3 and 5 of the N-terminal 
end is sufficient for the retention of type II membrane proteins 
in the ER (Schutze et al., 1994). The conserved N-terminal 
sequence of plant HMGRs fits this consensus and is positioned 
on the cytosolic side of ER-derived membranes, which is the 
location expected for this kind of retention signal (Schutze et 
al., 1994). It is tempting to speculate whether the MetAsp­
XArgArgArg N-terminal sequence might be involved in retaining 
plant HMGR in the ER. Other plant HMGR isoforms with differ­
ent N-terminal sequences might have alternative locations in 
the endomembrane system. Physical segregation of different 
HMGR isoforms in the ER membrane and cytosolic sub­
compartmentalization of mevalonate production have been 
proposed in yeast (Wright et al., 1988; Casey et al., 1992). More 
recently, these have also been suggested in plants (Chappell, 
1995a, 1995b). Subcompartmentalization of plant HMGR in 
the endomembrane system appears to be a very exciting 
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hypothesis. Confirmation or refutation of this hypothesis would 
certainly provide important clues to understanding the orga­
nization of the isoprenoid biosynthetic pathway in plant cells. 

METHODS 

Enzymes and Chemicals 

Restriction enzymes, the Kienow fragment of DNA polymerase I, T4 
DNA ligase, and Taq DNA polymerase were obtained from Promega. 
Deoxynucleotides, dideoxynucleotides, proteinase K, and glycosidase 
F from Flavobacterium meningosepticum were supplied by Boehringer 
Mannheim. The Escherichia coli RNA polymerase and the T7 DNA 
polymerase were purchased from Pharmacia. All enzymes were used 
as indicated by the manufacturer. Primers used for DNA sequencing 
and for polymerase chain reaction (PCR) were synthesized by Oligos 
Etc Inc. (Wilsonville, OR). 35S-dATPaS and L-35S-methionine were 
provided by Amersham International. L-3,4,5(n)-3H-leucine was ob­
tained from DuPont-New England Nuclear. 

DNA Constructs 

The DNA coding sequences used in the transcription-translation ex­
periments (Figure 1) were cloned in the expression plasmid pDS6 
(Bujard et al., 1987). The pDS6-derived plasmids coding for the 
Arabidopsis HMGR1S, HMGR1L, and HMGR2 and for the chimeric 
protein HMGR1S-GUS were constructed by conventional subcloning 
procedures (Ausubel et al., 1989; Sambrook et al., 1989). The detailed 
description of the strategy and the steps involved in the generation 
of these plasmids are available on request. The methods used to pre­
pare the other pDS6-derived plasmids are described below. Mutations 
generated in the DNA constructs were confirmed by sequencing using 
the dideoxy chain termination method (Sanger et al., 1977). 

HMGR1S-Asn 

To introduce a high-mannose-type glycosylation site in the Arabidop­
sis HMGR1S protein, the corresponding cDNA (Caelles et al., 1989), 
cloned in a pBluescript KS+ plasmid, was modified by site-directed 
mutagenesis (Kunkel et al., 1987). A unique Mlul restriction site was 
generated at positions 253 to 258 of this cDNA using the primer 5'-TTA­
CAATACGCGTCTTCACG-3'. The DNA fragment coding for the 
glycosylation site and a surrounding sequence of 30 amino acids was 
taken from the maize Zm-ERabp1 cDNA (Hesse et al., 1989). The 
Zm-ERabp1 protein was previously shown to be glycosylated in vivo 
and in vitro (Hesse et al., 1989; Campos et al., 1994). With this strategy, 
we intended to position the glycosylation site of the HMGR1S-Asn pro­
tein not only in an appropriate context for glycosylation but also at 
enough distance from the hydrophobic sequences to permit accessi­
bility to the catalytic center of the glycosyl transferase (Wessels and 
Spiess, 1988). The 95-bp Alul-EcoRI restriction fragment of the 
Zm-ERabp1 cDNA was subcloned in the above-mentioned Mlul site. 
Both the Alul-EcoRI fragment and the Mlul-digested plasmid had been 
blunted with the Kienow enzyme to allow an in-frame fusion of the 
two coding sequences. The final inserted sequence was IRYNTRSL­
KYPGQPQEI PFFQNTTFSIPVN DPHQVWNSR-LHVVT (the regions 
of the original HMGR1S protein flanking the inserted sequence are 
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underscored; the glycosylation site is shown in boldface). The chimeric 
construct, coding tor the HMGR1S-Asn protein, was transferred to the 
pDS6 plasmid. 

HMGR1S-A1, HMGR1S-&2, and HMGR1S-a1,2 

DNA sequences coding for the HMGR1S•deleted derivatives (Figure 
1) were obtained by PCR following modification of the protocols de­
scribed by Imai et al. (1991) and Ponce and Micol (1992). In these assays, 
a pBluescript KS+ plasmid, containing the Arabidopsis HMGR1S cDNA 
(Caelles et al., 1989), was used as a template. Primers were designed 
in inverted tail-to-tail direction to amplify the cloning vector together 
with the cDNA sequence. The primers used were as follows: D1, 
5'-AAGCGCGTCGGATGCTTTCGG-3'; D2, 5'-CACCGGTGGCGTGAC· 
AAGATC-3'; D3, 5'-TTCTGmATAGTGACGACGTGAAG-3'; and D4, 
5'-GACTTTGTTCAGTCATTTATCTCACG-3'. To obtain a DNA construct 
coding for HMGR1S-A1, primers D1 and D2 were used. Likewise, 
primers D3 and D4 were used to obtain the DNA construct coding for 
HMGR1S-A2, and primers D1 and D4 were used to obtain the DNA 
construct coding for HMGR1S-& 1,2. Reaction mixtures for PCR were 
prepared in a final volume of 50 µL containing 100 ng of template, 200 
µM of each deoxynucleotide triphosphate, 1 µM of each primer, 30 
mM Tricine, pH 8.4, 2 mM MgCl2, 5 mM 2-mercaptoethanol, 0.01% 
gelatin, and 0.1% Triton X-100. The samples were covered with mineral 
oil, incubated at 94°C for 3 min, and cooled to 80°C. Taq DNA poly­
merase (2.5 units) was added, and the samples were incubated for 
15 cycles consisting of 1 min at 94°C, 1 min at the appropriate anneal­
ing temperature, and 5 min at 7'2:'C. The annealing temperature was 
67°C for the reaction mixture containing primers D1 and D2 and 63°C 
tor the other reaction mixtures. Amplified DNA fragments were puri­
fied by agarose gel electrophoresis, treated with the Kienow enzyme 
to remove possible 5' overhanging nucleotides, and self-ligated. The 
samples of ligation were used to transform competent XL 1 blue or DH5a 
E. coll cells. Mutations were confirmed by DNA sequencing. Appro­
priate restriction fragments containing the deletion sites were used 
to replace equivalent regions of a pDS6-HMGR1S plasmid not derived 
from PCR, to ensure the absence of additional mutations in· the 
HMGR1S coding sequence. 

In Vitro Transcription and Translation 

The coding sequences of the p0S6-derived plasmids were transcribed 
in vitro using E. coli RNA polymerase, and the mRNAs generated were 
translated in a wheat-germ cell-free system, as described by Campos 
et al. (1988). The translation mixture contained SRPs and endoplas­
mic reticulum (ER)-derived microsomes from dog pancreas, unless 
stated otherwise. Wheat germ extract was prepared essentially accord­
ing to Roberts and Patterson (1973). Microsomes were isolated, depleted 
of SAP, and treated with staphylococcal nuclease as described by Walter 
and Blobel (1983a, 1983b). SAP was purified according to Walter and 
Blobel (1983b). Control mRNA coding for lgG light chain was purified 
from murine MOCP-41 tumors (Blobel and Dobberstein, 1975). 

Protelnase K Treatment 

Aliquots of the translation reactions were incubated in the presence 
of 0.11 ·mg/mL of proteinase Kat 4°C for 30 min. Digestion was stopped 

by addition of phenylmethylsulfonyl fluoride at a final concentration 
of 0.5 mg/mL (Figures 2 and 4B) or 2 mg/mL (Figures 38 and 5). 

Post-Translational Fractionation 

Samples were fractionated by two sequential centritugations as de­
scribed by Enjuto et al. (1994). Briefly, after the first centrifugation, 
the supernatant containing the proteins not associated to microsomes 
was recovered (supernatant S,), and the pellet was resuspended in 
0.1 M N~03, pH 11.0, to release the lumenal content o1 the micro­
somes. A second centrifugation of the resuspended sample separated 
the former lumenal proteins (supernatant S2) from the proteins in­
tegrated in the open microsomal membranes (pellet P2), Proteins 
present in the supernatant fractions were precipitated with trichloro­
acetic acid, and the corresponding pellets were washed with deionized 
water. Pellet samples were analyzed by SOS-PAGE. 

Glycosidase F Treatment 

Aliquots of the translation samples (9 to 18 µL) were heated at 100°c 
for 3 min, in the presence of 1% SOS, to denature proteins. After cool­
ing at room temperature, samples were diluted to 200 µL with the 
appropriate buffer to bring the final solution to 250 mM Tris-HCI, pH 
7.5, 10 mM EIJTA, 0.7% Triton X-100, and 0.1% 2-mercaptoethanol. 
Glycosidase F from F. meningosepticum (EC 3.2.2.18) (0.6 units) was 
added, and the samples were incubated at :Y"C for 5 hr. Digestion 
was stopped by trichloroacetic acid precipitation. After centrifugation, 
the pellets were washed with acetone and analyzed by SOS-PAGE. 

Gel Electrophoresis 

Samples were dissolved in buffer containing 50 mM Tris-HCI, pH 6.8, 
5% glycerol, 2% SOS, 200/o 2-mercaptoethanol, 100 mM IJTT, and 0.01% 
bromophenol blue, and separated by SOS-PAGE, according to Laemmli 
(1970) or to Schaegger and von Jagow (1987). After electrophoresis, 
gels were prepared for fluorography as described by Skinner and 
Griswold (1983). To quantify radiolabeled proteins of the fluorographed 
gels, the corresponding bands were cut out, and the radioactivity was 
determined by liquid scintillation counting. 

ACKNOWLEDGMENTS 

We are grateful to Dr. Victoria Lumbreras tor constructing the pDS6· 
derived plasmids coding for HMGR1L and HMGR18-GUS. We thank 
Dr. Klaus Palme tor the cDNA clone encoding the maize Zm-ERabp1. 
We are indebted to Robin Rycroft for editorial help and to Alfredo 
Vazquez for his assistance in preparing the figures. Critical reading 
of the manuscript by Ors. Maria Dolors Ludevid and Albert Ferrer is 
also appreciated. This work was supported by Grant No. PB93-0753 
from the Spanish Direcci6n General de lnvestigaci6n Cientifica y Tec­
nica and Grant No. GRQ94-1034 from the Comissi6 lnterdepartamentel 
de Recerca i lnnovaci6 Tecnologica de la Generalitat de Catalunya 
toA.B. 

Received June 5, 1995; 9ccepted October 3, 1995. 



REFERENCES 

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, 0.0., Seidman, 
J.G., Smith, J.A., and Struhl, K., eds (1989). Current Protocols in 
Molecular Biology. (New York: John Wiley and Sons). 

Bach, T.J., and Llchtenthaler, H.K. (1983). Inhibition by mevinolin 
of plant-growth, sterol formation and pigment accumulation. Phys­
iol. Plant. 59, 50-60. 

Bach, T.J., Weber, T., and Motel, A. (1990). Some properties of en­
zymes involved in the biosynthesis and metabolism of 3-hydroxy-
3-methylglutaryl-CoA in plants. In Biochemistry of the Mevalonic Acid 
Pathway to Terpenoids, Recent Advances in Phytochemistry, Vol. 
24, G.H.N. Towers and H.A. Stafford, eds (New York: Plenum Press), 
pp. 1-82. 

Baker, A., and Schatz, G. (1987). Sequences from a prokaryotic ge­
nome or the mouse dihydrofolate reductase gene can restore the 
import of a truncated precursor protein into yeast mitochondria. Proc. 
Natl. Acad. Sci. USA 84, 3117-3121. 

Blobel, G., and Dobberstein, B. (1975). Transfer of proteins across 
membranes. Presence of proteolytically processed and unprocessed 
nascent immunoglobulin light chains on membrane-bound ribo­
somes of murine myeloma. J. Cell Biol. 67, 835-851. 

Bujard, H., Gentz, R., Lanzer, M., Stueber, D., Mueller, M., lbrahimi, 
I., Haeuptle, M.T., and Dobberstein, B. (1987). A T5 promoter-based 
transcription translation system for the analysis of proteins in vitro 
and in vivo. Methods Enzymol. 155, 416-433. 

Burnett, R.J., Maldonado-Mendoza, I.E., Mcknight, T.D., and 
Nessler, C.L. (1993). Expression of a 3-hydroxy-3-methylglutaryl 
coenzyme-A reductase gene from Camptotheca acuminata is dif­
ferentially regulated by wounding and methyl jasmonate. Plant 
Physiol. 103, 41-48. 

Caelles, c., Ferrer, A., Baleens, L, Hegardt, F.G., and Boronat, A. 
(1989). Isolation and structural characterization of a cDNA encod­
ing Arabidopsis thaliana 3-hydroxy-3-methylglutaryl coem:yme-A 
reductase. Plant Mol. Biol. 13, 627-638. 

Campos, N., Palau, J., Torrent, M., and Ludevid, D. (1988). Signal 
recognition-like particles are present in maize. J. Biol. Chem. 263, 
9646-9659. 

Campos, N., Schell, J., and Palme, K. (1994). In vitro uptake and 
processing of maize auxin binding proteins by ER-derived micro­
somes. Plant Cell Physiol. 35, 153-161. 

Casey, W.M., Keesler, G.A., and Parks, L.W. (1992). Regulation of 
partitioned sterol biosynthesis in Saccharomyces cerevisiae. J. Bac­
teriol. 174, 7283-7288. 

Chappell, J. (1995a). The biochemistry and molecular biology of iso­
prenoid metabolism. Plant Physiol. 107, 1-6. 

Chappell, J. (1995b). Biochemistry and molecular biology of the iso­
prenoid biosynthetic pathway in plants. Annu. Rev. Plant Physiol. 
Plant Mol. Biol. 46, 521-547. 

Choi, D., Ward, B.L., and Bostock, R.M. (1992). Differential induction 
and suppression of potato 3-hydroxy-3-methylglutaryl coenzyme-A 
reductase genes in response to Phytophthora infestans and to its 
elicitor arachidonic acid. Plant Cell 4, 1333-1344. 

Chol, 0., Bostock, R.M., Avdiushko, S., and HIidebrand, D.F. (1994). 
Lipid-derived signals that discriminate wound-responsive and 
pathogen-responsive isoprenoid pathways in plants: Methyl jas­
monate and the fungal elicitor arachidonic acid induce different 
3-hydroxy-3-methylglutaryl-coenzyme A reductase genes and anti-

Targeting and Topology of Plant HMGR 2173 

microbial isoprenoids in Sotanum tuberosum L. Proc. Natl. Acad. 
Sci. USA 91, 2329-2333. 

Chye, M.L., Kush, A., Tan, C.T., and Chua, N.-H. (1991). Charac­
terization of cDNA and genomic clones encoding 3-hydroxy-
3-methylglutaryl coenzyme A reductase from Hevea brasiliensis. Plant 
Mol. Biol. 16, 567-577. 

Chye, M.L., Tan, C.T., and Chua, N.-H. (1992). Three genes encode 
3-hydroxy-3-methylglutaryl coenzyme A reductase in Hevea brasifien­
sis. hmg1 and hmg3 are differentially expressed. Plant Mol. Biol. 
19, 473-484. 

Conolly, J.D., and Hill, R.A., eds (1992). Dictionary of Terpenoids. 
(New York: Chapman and Hall). 

Cramer, C.L., Weissenborn, O., Cottingham, C.K., Denbow, C.J., 
Eisenback, J.D., Radin, D.N., and Yu, X. (1993). Regulation of 
defense-related gene expression during plant-pathogen interactions. 
J. Nematol. 25, 507-518. 

Dean, S.M., Mano, Y., Narlta, J., and Gruissem, W. (1991). The tomato 
HMGR gene family is differentially expressed in developing fruit and 
seedlings. J. Cell. Biochem. 15A (suppl.), 92. 

Denbow, C.J., Lang, S., and Cramer, C.L. (1995). Targeting and mem­
brane orientation of tomato 3-hydroxy-3-methylglutaryl coenzyme 
A reductase. Plant Physiol. 108 (suppl.), 144. 

Enjuto, M., Balcells, L., Campos, N., Caelles, C., Arr6, M., and 
Boronat, A. (1994). Arabidopsis tha/iana contains two differentially 
expressed 3-hydroxy-3-methylglutaryl CoA reductase genes, which 
encode microsomal forms of the enzyme. Proc. Natl. Acad. Sci. USA 
91, 927-931. 

Enjuto, M., Lumbreras, V., Marin, C., and Boronat, A. (1995). 
Expression of the Arabidopsis HMG2 gene, encoding 3-hydroxy-
3-methylglutaryl coenzyme A reductase, is restricted to meristematic 
and floral tissues. Plant Cell 7, 517-527. 

Genschlk, P., Criqui, M.C., Parmentier, Y., Marbach, J., Durr, A,, 
Fleck, J., and Jamet, E. (1992). Isolation and characterization of 
a cDNA encoding a 3-hydroxy-3-methylglutaryl coenzyme A reduc­
tase from Nicotiana sylvestris. Plant Mol. Biol. 20, 337-341. 

GIimore, R. (1993). Protein translocation across the endoplasmic retic­
ulum: A tunnel with toll booths at entry and exit. Cell 75, 589-592. 

Gray, J.C. (1987). Control of isoprenoid biosynthesis in higher plants. 
Adv. Bot. Res. 14, 25-91. 

Helntze, A., Gorlach, J., Leuschner, c., Hoppe, P., Hagelstein, P., 
Schulze-Siebert, D., and Schultz, G. (1990). Plastidic isoprenoid 
synthesis during chloroplast development. Change from metabolic 
autonomy to a division of labor stage. Plant Physiol. 93, 1121-1127. 

Hesse, T., Schell, J., Puype, M., Palme, K., Vandekerckhove, J., 
Feldwisch, J., Klambt, D., Bauw, G., Balshusemann, D., and 
Lobler, M. (1989). Molecular cloning and structural analysis of a 
gene from Zea mays (L.) coding for a putative receptor for the plant 
hormone auxin. EMBO J. 8, 2453-2461. 

Imai, Y., Matsushima, Y., Suglmura, T., and Terada, M. (1991). A 

simple and rapid method for generating a deletion by PCR. Nucleic 
Acids Res. 19, 2785. 

Jefferson, R.A., Kavanagh, T.A., and Bevan, M.W. (1987). GUS fu­
sions: ~-Glucuronidase as a sensitive and versatile gene fusion 
marker in higher plants. EMBO J. 6, 3901-3907. 

Kleinig, H. (1989). The role of plastids in isoprenoid biosynthesis. Annu. 
Rev. Plant Physiol. Plant Mol. Biol. 40, 39-59. 

Kreuz, K., and Kleinlg, H. (1984). Synthesis of prenyl lipids in cells 
of spinach leaf. Compartmentation of enzymes for formation of 
isopentenyl diphosphate. Eur. J. Biochem. 141, 531-535. 



2174 The Plant Cell 

Kunkel, T.A., Roberts, J.D., and Zakour, R.A. (1987). Rapid and effi­
cient site-specific mutagenesis without phenotypic selection. 
Methods Enzymol. 154, 367-382. 

Laemmll, U.K. (1970). Cleavage of structural proteins during the as­
sembly of bacteriophage T4. Nature 227, 680-685. 

Learned, R.M., and Fink, G.R. (1989). 3-Hydroxy-3-methylglutaryl 
coenzyme A reductase from Arabidopsis thaliana is structurally dis­
tinct from the yeast and animal enzymes. Proc. Natl. Acad. Sci. USA 
86, 2779-2783. 

Lipp, J., Flint, N., Haeuptle, M.T., and Dobberstein, B. (1989). Struc­
tural requirements for membrane assembly of proteins spanning 
the membrane several times. J. Cell Biol. 109, 2013-2022. 

Lumbreras, V., Campos, N., and Boronat, A. (1995). The use of an 
alternative promoter in the Arabidopsis thaliana HMG1 gene gener­
ates an mRNA that encodes a novel 3-hydroxy-3-methylglutaryl 
coenzyme A reductase isoform with an extended N-terminal region. 
Plant J., 8, 541-549. 

Lutkebrinkhaus, F., Kleinig, H., and Lledvogel, B. (1984). On the 
biosynthesis of ubiquinones in plant mitochondria. Eur. J. Biochem. 
141, 537-541. 

Maldonado-Mendoza, I.E., Burnett, R.J., and Nessler, C.L. (1992). 
Nucleotide sequence of a cDNA encoding 3-hydroxy-3-methylglutaryl 
coenzyme A reductase from Catharanthus roseus. Plant Physiol. 100, 
1613-1614. 

McGarvey, D.J., and Croteau, R. (1995). Terpenoid metabolism. Plant 
Cell 7, 1015-1026. 

Monfar, M. (1990). Analisi molecular de l'HMG-CoA reductasa de peso! 
(Pisum sativum). PhD Dissertation (Barcelona, Spain: Universitat 
de Barcelona). 

Monfar, M., Caelles, C., Balcells, L., Ferrer, A., Hegardt, F.G., and 
Boronat, A. (1990). Molecular cloning and characterization of plant 
3-hydroxy-3-methylglutaryl coenzyme A reductase. In Biochemis­
try of the Mevalonic Acid Pathway to Terpenoids, Recent Advances 
in Phytochemistry, Vol. 24, G.H.N. Towers and H.A. Stafford, eds 
(New York: Plenum Press), pp. 83-97. 

Narlta, J.O., Cui, X., Kim, G.S., and Gruissem, W. (1991). Differential 
expression of specific members of the tomato HMG CoA reductase 
gene family is correlated with developmental and organ-specific func­
tions. J. Cell. Biochem. 15A (suppl.), 102. 

Nelson, A.J., Doerner, P.W., Zhu, a., and Lamb, C.J. (1994). Isola­
tion of a monocot 3-hydroxy-3-methylglutaryl coenzyme A reductase 
gene that is elicitor inducible. Plant Mol. Biol. 25, 401-412. 

Ng, D.T., and Walter, P. (1994). Protein translocation across the en­
doplasmic reticulum. Curr. Opin. Cell Biol. 6, 510-516. 

Park, H., Denbow, C.J., and Cramer, C.L. (1992). Structure and nucleo­
tide sequence of tomato HMG2 encoding 3-hydroxy-3-methylglutaryl 
coenzyme A reductase. Plant Mol. Biol. 20, 327-331. 

Ponce, M.R., and Mlcol, J.L. (1992). PCR amplification of long DNA 
fragments. Nucleic Acids Res. 20, 623. 

Prehn, S., Wiedmann, M., Rapoport, T.A., and ZWieb, C. (1987). 
Protein translocation across wheat germ microsomal membranes 
requires an SAP-like component. EMBO J. 6, 2093-2097. 

Rapoport, T.A. (1992). Transport of proteins across the endoplasmic 
reticulum membrane. Science 258, 931-936. 

Roberts, B.E., and Patterson, B.M. (1973). Efficient translation of 
tobacco mosaic virus RNA and rabbit globin 9S RNA in a cell-free 
system from commercial wheat germ. Proc. Natl. Acad. Sci. USA 
70, 2330-2334. 

Rogers, L.J., Shah, S.P.J., and Goodwin, T.W. (1966). Intracellular 
localization of mevalonate-activating enzymes in plant cells. Bio­
chem. J. 99, 381-388. 

Sambrook, J., Fritsch, E.F., and Maniatis, T., eds (1989). Molecular 
Cloning: A Laboratory Manual, 2nd ed. (Cold Spring Harbor, NY: 
Cold Spring Harbor Laboratory Press). 

Sanger, F., Nlcklen, S., and Coulson, A.R. (1977). DNA sequencing 
with chain terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 
5463-5467. 

Schaegger, H., and von Jagow, G. (1987). Tricine sodium dodecyl 
sulfate polyacrylamide gel electrophoresis for the separation of pro­
teins in the range from 1-kDa to 100-kDa. Anal. Biochem. 166, 
368-379. 

Schutze, M.P., Peterson, P.A., and Jackson, M.R. (1994). An N-ter­
minal double arginine motif maintains type-II membrane proteins 
in the endoplasmic reticulum. EMBO J. 13, 1696-1705. 

Skinner, M.-K., and Griswold, M.D. (1983). Fluorographic detection 
of radioactivity in polyacrylamide gels with 2,5-diphenyloxazole in 
acetic acid and its comparison with existing procedures. Biochem. 
J. 209, 281-284. 

Stermer, B.A., Bianchini, G.M., and Korth, K.L. (1994). Regulation 
of HMG-CoA reductase activity in plants. J. Lipid Res. 35, 1133-1140. 

Vollack, K.U., Dittrich, B., Ferrer, A., Boronat, A., and Bach, T.J. 
(1994). Two radish genes for 3-hydroxy-3-methylglutaryl CoA reduc­
tase isozymes complement mevalonate auxotrophy in a yeast mutant 
and yield membrane bound active enzyme. J. Plant Physiol. 143, 
479-487. 

von Heljne, G. (1986). Mitochondrial targeting sequences may form 
amphiphilic helices. EMBO J. 5, 1335-1342. 

von Heijne, G., Steppuhn, J., and Herrmann, R.G. (1989). Domain 
structure of mitochondrial and chloroplast targeting peptides. Eur. 
J. Biochem. 180, 535-545. 

Walter, P., and Blobel, G. (1983a). Preparation of microsomal mem­
branes for cotranslational protein translocation. Methods Enzymol. 
96, 84-93. 

Walter, P., and Blobel, G. (1983b). Signal recognition particle. A ribo­
nucleoprotein required for cotranslational translocation of proteins: 
Isolation and properties. Methods Enzymol. 96, 682-691. 

Walter, P., and Johnson, A.E. (1994). Signal sequence recognition 
and protein targeting to the endoplasmic reticulum membrane. Annu. 
Rev. Cell Biol. 10, 87-119. 

Wessels, H.P., and Spiess, M. (1988). Insertion of a multispanning 
membrane protein occurs sequentially and requires only one sig­
nal sequence. Cell 55, 61-70. 

Wlckner, W.T., and Lodlsh, H.F. (1985). Multiple mechanisms of pro­
tein insertion into and across membranes. Science 230, 400-407. 

Wolin, S.L. (1994). From the elephant to E. coli: SAP.dependent pro­
tein targeting. Cell n, 787-790. 

Wright, R., Basson, M., Dari, L., and Rine, J. (1988). Increased 
amounts of HMG-CoA reductase induce karmellae. A proliferation 
of stacked membrane pairs surrounding the yeast nucleus. J. Cell 
Biol. 107, 101-114. 

Yang, Z., Park, H., Lacy, G.H., and Cramer, C.L. (1991). Differential 
activation of potato 3-hydroxy-3-methylglutaryl coenzyme A reduc­
tase genes by wounding and pathogen challenge. Plant Cell 3, 
397-405. 




