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ABSTRACT 

The first committed step in isoprenoid biosynthesis is the conversion of 3-

hydroxy-3-methylglutaryl coenzyme A to mevalonate, which is catalyzed by the 

enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR). To begin to 

understand the role of isoprenoid synthesis in maize, the expression of 3-hydroxy-3-

methylglutaryl coenzyme A reductase was examined. This study shows that the 

specific activity of the rate-limiting enzyme, HMGR, is regulated during Zea mays 

development. High levels of activity were correlated with stages of rapid, mitotic 

divisions. During seed development, HMGR specific activity is differentially 

regulated in the embryo versus the endosperm. During the transition from mitotic 

division to cell expansion in the seed, HMGR activity may represent a unique 

biochemical marker. The HMGR activity does not appear to be regulated at the 

levels of mRNA or protein accumulation. 

18 

HMGR specific activity is inversely correlated with endogenous abscisic acid 

levels in Zea mays endosperm. HMGR activity was increased in the endosperm of 

three vivipary mutants, vp2, vp5, and vp7, which are defective in abscisic acid 

biosynthesis by the zygote. Examination of vp8 mutants revealed that high HMGR 

specific activity also was correlated with reductions in endogenous levels of 

maternally-derived abscisic acid. Abscisic acid appears to regulate HMGR throughout 

late embryogenesis and maturation. In addition, the HMGR specific activity was 
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increased in the vpl mutant, which is defective in an abscisic acid response element. 

There was no correlation between HMGR protein levels and specific activity patterns 

in these mutants. Exogenous abscisic acid inhibits HMGR specific activity in maize 

roots. Application of abscisic acid results in decreased HMGR transcript levels, and 

the inhibition of activity is protein kinase-dependent. 

Although abscisic acid is a negative regulator of HMGR, there appear to be 

other signals which set the overall pattern and level of HMGR activity and override 

the influence of the phytohormone. Examination of HMGR specific activity in 

vivipary embryos, demonstrated that signals which set the developmental stage of the 

tissue, also dictate the patterns of enzyme expression. What signals determine the 

developmental expression of HMGR remains to be determined. 



DISSERTATION OVERVIEW 

The first chapter of this dissertation is a literature review of both mammalian 

and plant 3-hydroxy-3-methylglutaryl coenzyme A reductase. 
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The first half of Chapter II, which focuses on the HMGR specific activity 

during wild type seed development, is essentially a reproduction of a paper published 

in Plant Physiology in 1993. The first part of Chapter III is a reproduction of a paper 

published in 1994 in Plant Physiology. The second parts of Chapters II and III 

contain unpublished data which addresses specific mechanisms of HMGR regulation 

during seed development as well as additional activity data. The second part contains 

unpublished experiments concerning the mechanism(s) by which the plant growth 

hormone abscisic acid regulates HMGR. The methods sections of both manuscripts 

have been removed and placed along with all additional materials and methods in 

Chapter VII. 

Chapters IV and V contain unpublished experiments. Each chapter is written 

as a "mini-manuscript" and contains a detailed discussion of the results. Chapter IV 

concerns the effects of abscisic acid during early seed development while Chapter V 

describes experiments testing the effect of developmental signals on HMGR 

expression. 

In Chapters II through V, I refer to figures and tables. The figures described 

in each of the chapters are placed within each chapter after the text page, with each 

figure legend on the page facing the figure it describes. 
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Chapter VI is a General Discussion in which I present a model for the 

regulation of HMGR by ABA which is based on the results of experiments described 

in Chapters III and IV, and in the referenced studies. Included in this chapter are 

ideas for future experiments that would test and expand upon the presented model. 

Chapter VII is a description of the materials and methods used to perform the 

experiments described. This chapter is followed by a Reference section, in which a 

full citation is given for each of the studies referred to in the text. 
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CHAPTER I 

LITERATURE REVIEW 
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PLANT ISOPRENOID BIOSYNTHESIS 

Plants produce a unique array of isoprenoids (Figure 1) which serve vital roles 

in plant growth and development, photosynthesis, pest and pathogen resistance, and 

also have commercial value. There are a number of isoprenoids which are 

ubiquitously required by all eukaryotes: sterols, dolichol, Ubiquinone, and 

isopentylated tRNAs (Goldstein and Brown, 1990). Three of the five major plant 

growth hormones (or regulators), cytokinins, gibberellins, and abscisic acid, are 

isoprenoid derivatives and the brassinolides, which also appear to regulate plant 

growth, are sterol-based structures (Clouse et al., 1992). Isoprenoids required for 

photosynthesis include the tetraterpene carotenoids, which protect the photosynthetic 

apparatus, as well as the phytol side chains of chlorophyll and plastoquinone 

(Goodwin and Mercer, 1983). Isoprenylation of some proteins such as ras in all 

eukaryotes is critical to their function and may be important for signal transduction 

and cell-cycle regulation (Zhu et al., 1993). The steroid glycoalkaloids appear to be 

insect antifeedants and are induced by plant wounding (Kuc, 1984). Sesquiterpenoid 

phytoalexins are antimicrobial compounds which are synthesized in response to 

pathogen attack in several important crop species, potato (rishitin), tobacco (capsidol), 

rice (oryzalexins) and cotton. Alkaloid monoterpenes (strychnine, quinine, 

camptothecin, vinblastine, secolaganin, (Maldonado-Mendoza et al" 1992; Burnett et 

al" 1993) or diterpenes (taxol, Wani et al" 1971) have pharmaceutical value as anti

tumor agents while steroids such as digitonin, and progesterone are plant isoprenoids 
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Figure 1. General scheme of plant isoprenoid biosynthesis. The position of HMGR 

is shown. (modified from Bach, 1987; Gray, 1987) 
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which are widely utilized in animals. Other isoprenoids such as monoterpene fragrant 

oils (Oosterhaven et al., 1993) or rubber have a wide commercial value. 

MAIZE SEED DEVEWPMENT 

The seed requires many different isoprenoid compounds, both for the 

processes of seed development as well as for germination events. For example, large 

amounts of membrane sterols which are required for both cell division and cell 

expansion. Cytokinins, isoprenoid growth regulators, also are important for early 

plant cell division. Other isoprenoids are required to support the high metabolism of 

the seed, for normal cellular processes such as electron transport and tRNA synthesis. 

Abscisic acid, a second isoprenoid growth regulator, is essential for maturation and 

the maintenance of dormancy, and a third class of isoprenoid growth regulators, the 

gibberellins, are necessary for early germination events. It is not understood how the 

synthesis of this variety of compounds is regulated during seed development. 

Maize is an excellent developmental system in which to examine the regulation 

of isoprenoid synthesis. The seed itself consists of two genetically distinct organs, the 

diploid embryo, which will become the plant, and the triploid endosperm, which will 

serve as a nutrient source for the growing seedling until photosynthesis begins. The 

stages of seed development have been characterized morphogenetically along with the 

major developmental events that take place in each stage. The phases of maize seed 

development have been diagrammed in Figure 2 and several of the critical 
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Figure 2. General scheme of maize seed development. Modified from Sheridan and 

Clark, 1987) 
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developmental events that occur in each stage also are shown (Randolph, 1936; 

Kiesselbach, 1949; Sheridan and Clark, 1987; Ober et al., 1991). Embryogenesis is 

characterized by rapid mitotic cell divisions; pattern formation is essentially complete 

by 8 days after pollination (DAP). During maturation, storage metabolites are 

synthesized and deposited for use during germination. Cell expansion in the embryo 

and endosperm and endoreduplication of endosperm DNA (formation of a syncytium) 

also characterize the maturation phase. The onset of dormancy occurs around 25 

DAP and is the beginning of metabolic shutdown and eventual dessication. 

Maize seeds can be harvested in great numbers and the seeds are quite large 

which is advantageous for molecular and biochemical assays during all three phases of 

seed development. The advantages of maize as a genetic system have been well 

established, specifically, mutants exist which block both the synthesis and perception 

of two isoprenoid growth regulators, abscisic acid and gibberellin acid (Kowels and 

Phillips, 1985; Neuffer et al., 1986). 

3-HYDROXY-3-METHYLGLUTARYL COENZYME A REDUCTASE 

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) 

catalyzes the committed step in isoprenoid synthesis, the conversion of HMG-CoA to 

mevalonate (Figure 1). HMGR has been extensively studied in mammals, and it has 

been shown that HMGR is the rate-limiting step in cholesterol biosynthesis (Goldstein 

and Brown, 1990). There also is a growing body of evidence which implicates 
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HMGR as an important control point in plant isoprenoid synthesis. The existence of 

a large number of plant isoprenoids combined with the requirement of these 

compounds at various developmental time periods and in different subcellular 

compartments suggests that the regulation of HMGR activity in plants will be even 

more complex than the highly regulated animal HMGR. The questions concerning 

HMGR regulation in plants may be even more intriguing since cholesterol, which is 

the major regulator of mammalian HMGR, is relatively scarce in plant membranes, 

comprising less than 5% of plant membranes (Gray, 1987). Even though HMGR is 

probably the most extensively studied enzyme of the isoprenoid pathway in plants, in 

comparison to mammalian HMGR, very little is known about how plant HMGR is 

regulated. 

CHARACTERIZATION OF PLANT HMGR 

In contrast to the single copy mammalian HMGR, all plant HMGRs appear to 

be encoded by multi-gene families. Over the past several years, many plant HMGR 

genes have been cloned. The majority of these genes have been cloned from dicots, 

including radish (Vollack et aI., 1994), tomato (Narita and Grussiem, 1989; Park et 

aI., 1992), Hevea brasiliensis (Chye et aI., 1992), Arabidopsis thaliana (Calles et aI., 

1989; Learned and Fink, 1989; Monfar et aI., 1990), Nicotiana sylvestris (Genschik 

et aI., 1992) and potato (Yang et aI., 1991; Choi and Bostock, 1992). HMGR genes 

have been cloned from only two monocots, rice (Nelson et aI., 1994) and wheat 
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(Aoyagi et al., 1993). The number of plant HMGR genes varies depending upon the 

species ranging from two genes in Arabidopsis, radish and rice, three in Hevea, at 

least three in tomato, and even larger families in potato (four to six) and wheat (four). 

Typically, individual gene family members are more related to their counterparts 

across species then to other family members within a species. From analysis of the 

plant HMGR sequences, it appears that the genes are highly conserved, and are very 

similar to other eukaryotic HMGRs. Similarities at the amino acid level range from 

71 %-98% with a average of 86% similarity among plant HMGRs while similarities 

between plant and animal HMGRs range from 55-80%. The sequences are more 

conserved at the carboxy-terminal portion of the protein which contains the catalytic 

domain (Stermer et al., 1994). Among plant HMGRs, the N-terminus is highly 

divergent with sequence identities of 40 to 60% with numerous gaps in alignment. 

Based upon sequence comparisons and hydrophobicity plots (Kyte and 

Doolittle, 1985), plant HMGRs are proposed to be membrane bound as are all other 

eukaryotic HMGR enzymes. Plant HMGRs are thought to consist of two conserved 

membrane-spanning domains separated from the soluble, more conserved region 

which bears the catalytic domain (Figure 3; Caelles et al., 1989; Bach et al., 1991). 

In vitro transcription-translation experiments with two Arabidopsis HMGRs showed a 

co-translational insertion of HMGR protein into ER-derived microsomes (Enjuto et 

al., 1994). Figure 3 shows the basic regions of the mammalian HMGR protein and a 

comparison with a representative plant HMGR protein. The major difference between 



Figure 3. Comparison of mammalian and Arabidopsis thaliana HMGR proteins. 

Gray shaded boxes represent membrane spanning domains, black shaded boxes 

represent the linker domain, and open boxes represent the catalytic domain. 

(Modified from Liscum et aI., 1985 and Caelles et aI., 1990) 
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plant and animal HMGR protein structure is in the number of membrane spanning 

domains. There are one to two potential transmembrane regions in plants and seven 

or eight in animals and yeast (Liscum et al., 1985; Basson et al., 1988; Roitelman et 

al., 1992) which accounts for the discrepancy in the sizes of mammalian HMGR (97 

kD, Goldstein and Brown, 1990) and plant HMGR (50-65 kD, Vollack et al., 1994). 

Recently Vollack et al. (1994) showed that radish HMGR can complement mevalonate 

auxotrophy in yeast and is localized exclusively to membranes. Thus, the two 

membrane domains in plant HMGRs are sufficient to direct the targeting of radish 

HMGRs into yeast membranes. 

Subcellular Localization of Plant HMGR 

Plant isoprenoid compounds are synthesized and utilized in different 

subcellular compartments during development, allowing for the independent regulation 

of pathways which produce different products (Gray, 1987). For example, 

carotenoids are synthesized and required in the chloroplast. Ubiquinone and sterols 

are synthesized in the mitochondria and cytoplasm, respectively (Goodwin and 

Mercer, 1983). 

The localization of HMGR has important regulatory implications for the 

potential involvement in independent subcellular pathways. HMGR isoforms with 

distinct regulatory properties could be present in separate compartments, but the 

activity of the enzyme might also be affected by the chemical environment of the 
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organelle. There are two views concerning HMGR localization. One hypothesis is 

that there are three separate HMGR enzymes in the chloroplast, mitochondria, and 

cytoplasm, each with its corresponding mevalonate pathway. Alternatively, there is 

one HMGR enzyme located in the cytoplasm and thus all steps prior to isopentenyl 

diphosphate occur cytoplasmically. Isopentenyl diphosphate is then translocated into 

the various subcellular compartments (Kleinig, 1989). Chloroplast and/or 

mitochondrial HMGR enzyme activities have been reported in pea and tomato 

(Brooker and Russell, 1979; Narita and Gruissem, 1989). These activities apparently 

have different kinetic parameters and exhibit differential regulation (Bach et al., 

1990). However, no putative chloroplast or mitochondrial transit signal peptides have 

been identified in any known plant HMGR genes and there have been no in vitro 

studies demonstrating that HMGR protein can be imported into organelles. This 

evidence would seem to rule out translocation of HMGR from the cytoplasm into 

organelles. However, localization of an HMGR isozyme to the outer chloroplast 

envelope, which does not require a transit sequence, cannot be ruled out (Wilson and 

Russell, 1992). Understanding the subcellular localization of HMGR is essential to 

understanding its regulation. Immunolocalization of HMGR protein with isoform

specific probes would provide the definitive evidence of plant HMGR subcellular 

localization. 



REGULATION OF HMGR ACTIVITY 

Development 
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HMGR activity levels have been measured in many different plants systems; 

the activity is dependent not only upon the particular tissue or organ type, but also 

upon the developmental stage of the tissue. High levels of HMGR activity are usually 

associated with the rapidly growing or meristematic regions of plants, such as apical 

buds and roots (Brooker and Russell, 1975; Bach et al., 1980; Ji et al., 1992). 

Reduced activity is found in mature tissues such as leaves (Narita and Gruissem, 

1989). For example, the relative level of microsomal HMGR activity from mature 

leaves of pea seedlings was only 7% of that observed in apical buds (Brooker and 

Russell, 1975). In tomato fruit, HMGR activity was highest in the early stages of 

fruit development when rapid cell divisions are occurring, yet in ripening fruits there 

were low levels of activity in spite of the production of large amounts of carotenoids 

during this time (Narita and Gruissem, 1989). In Nicotiana sylvestris, HMGR is 

expressed at high levels during the transition from GO to G 1 phases and the activity is 

high in actively dividing cell suspension cultures which is consistent with a role in the 

cell cycle (Genschik et al., 1992). The association of high HMGR activity with 

rapidly dividing tissues is not confined to plant tissues. 

In mammals, the HMGR activity is highest in hepatic tissues while in sea 

urchin, the highest levels of activity occur during early embryogenesis, a time of 

rapid mitoses (Woodward et al., 1988). The most likely explanation for increased 
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HMGR activity is the requirement by rapidly dividing cells for specific isoprenoids. 

Proliferation of all cells is known to require at least two products derived from 

mevalonate (reviewed in Goldstein and Brown, 1990). One of these compounds is 

cholesterol (Goldstein and Brown, 1990) and the other is a non-sterol which has not 

been identified. Mevalonate synthesis is also essential for DNA replication (Quesney

Huneeus, 1979). 

Hepatic HMGR activity varies also during mammalian development. Enzyme 

activity is high prior to birth, declines to lower levels during sucking and increases 

during weaning (Levin et al., 1989). These changes are paralleled by changes in the 

requirements for isoprenoid compounds, mainly cholesterol and in the rates of 

incorporation of radiolabelled acetate into sterols (Leoni et al., 1983). In Drosophila, 

the two HMGR genes are differentially expressed throughout development (Gertler et 

al., 1988) and may be correlated with the synthesis of juvenile hormone, an 

isoprenoid derivative (Monger and Law, 1982). 

Environment 

In mammals, HMGR activity exhibits a diurnal rhythm with minimal activity 

during the light phase and peaking near the midpoint of the dark phase (Rodwell et 

al., 1986). The phase of the rhythm can be shifted by adjusting the timing of the 

light-dark periods. This diurnal pattern is paralleled by a rhythm in cholesterol 

synthesis and is proposed to be involved in the natural feeding and fasting cycle. In 
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plants, an analogous situation occurs with the HMGR activity associated with rubber 

latex synthesis (Wititsuwannakul, 1986). The enzyme shows diurnal variation of 

activity during a 24 hour cycle and correlates with the pattern of rubber accumulation. 

Peak activities occur around sunset (6pm). This apparent regulation of the light-dark 

phase is likely associated with photosynthesis and may be similar to the natural cycle 

of feeding and fasting similar to the mammalian enzyme. It is not known whether 

other plant HMGRs exhibit diurnal variation, but plant HMGRs have been shown to 

be subject to other environmental affects. Ji et aI., (1993) demonstrated that there are 

seasonal variations in the HMGR activity of Parthenium argentatum (guayle) as well 

as Hevea which may be due to low temperature stimulation during the fall and winter 

(Hepper and Audley, 1969). 

Light 

There are several aspects of plant HMGR regulation that are not found in yeast 

or animals. In plants, ambient light conditions cause many metabolic changes, 

including changes in the synthesis of isoprenoid compounds. In particular, red light 

affects the biosynthesis and accumulation of carotenoids in both leaves and fruit 

(reviewed in Rau, 1985), monoterpenes (Tanaka et al., 1989), gibberellins (Lovcys 

and Wareing, 1971), and sesquiterpenes in pine (Gleizes et aI., 1980). HMGR 

activity in plants is also modulated by light, consistent with its importance in 

isoprenoid biosynthesis. HMGR activity in pea plastid fractions is twice as high in 
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dark-grown pea seedlings compared to light-grown seedlings (Wong et al., 1982). 

Pea microsomal HMGR activity appears to rapidly decrease in white light and the 

rapid reversal of this effect by far red light suggests mediation via a phytochrome 

signalling pathway (Brooker and Russell, 1979). Phytochrome may also regulate 

radish HMGR activity (Bach and Lichtenthaler, 1984). In potato, the elicitor-induced 

levels of HMGR activity are greatly reduced upon treatment with white light; this 

decrease is associated with a decrease in sesquiterpenoid phytoalexin accumulation 

(Stermer and Bostock, 1987). Ji et al. (1992) showed similar decreases in HMGR 

activity in young maize seedlings treated with white light. The exact mechanisms of 

HMGR regulation by light are not known. 

Infection 

HMGR is hypothesized to play an essential regulatory role in the synthesis of 

both pathogen and wound response compounds. In potato, HMGR activity is 

important for the synthesis of the terpenoid phytoalexins (rishitin, phytuberin and 

lubumin) as well as the steroid glycoalkaloids, which are pathogen and wound 

response compounds (Stermer and Bostock, 1987). Tuber HMGR activity increases 

in response to wounding (Stermer and Bostock, 1987; Yang et al., 1991). This 

activity is further enhanced by inoculation with the pathogen Phytophora infestans or 

by treatment with arachidonic acid, an elicitor of sesquiterpenoid phytoalexins (Oba et 

al., 1985; Stermer and Bostock, 1987). These increases in activity are followed by 
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accumulation of steroid glycoalka1oids or phytoalexins. Wounding and elicitor and 

pathogen challenge result in the differential activation of potato HMGR genes (Yang 

et al., 1991; Choi et al., 1992). Choi et al., (1994) provided further evidence that 

wounding and pathogen response pathways are distinct in relation to HMGR gene 

expression. In tobacco cell cultures, HMGR activity was transiently induced by 

treatment with elicitor, followed by phytoalexin accumulation (Chappell and Nable, 

1987). Mevinolin, an inhibitor of plant HMGR activity, also inhibits elicitor-induced 

phytoalexin accumulation which supports the involvement of HMGR activity in 

phytoalexin biosynthesis (Chappell and Nablem, 1987; Stermer and Bostock, 1987). 

Plants therefore, must have signal transduction pathways that link the detection of 

light, wound or pathogens to mechanisms that control HMGR expression. 

Isoprenoids 

HMGR has been shown to be the rate-limiting enzyme in mammalian sterol 

biosynthesis. The activity of HMGR is controlled primarily through a feedback 

mechanism mediated by cholesterol (reviewed in Brown and Goldstein, 1990). In 

plants there is accumulating evidence that in vivo HMGR activity is also modulated by 

isoprenoid end products. Some sterols, such as cholesterol and stigmasterol will 

reduce HMGR activity when sprayed on pea leaves (Russell and Davidson, 1982). 

Plant growth regulators such as zeatin and gibberellins increase the activity of HMGR 

while abscisic acid may inhibit activity (Russell and Davidson, 1982). Non-
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isoprenoid growth regulators such as auxin and 2,4-D have no effect on pea HMGR, 

but in carrot cells, 2,4-D results in higher HMGR levels (Nishi and Tsuritani, 1983). 

It is not known whether the effect of plant hormones is due to feedback regulation or 

a side effect of their actions as growth regulators. There is an indication that plant 

HMGR may be feedback repressed by isoprenoid compounds, since experiments with 

mevinolin treatment of tissues results in induction of HMGR activity (Maurey et al., 

1986; Stermer, 1994). 

MECHANISMS FOR HMGR REGULATION 

HMGR regulation has been extensively studied in mammals and the enzyme 

has been shown to be regulated at all levels of its synthesis. I have summarized what 

is known from mammals about each level of regulation as well as the appropriate 

corresponding information from plant studies. The plant comparisons are difficult to 

integrate into a coherent picture since so many different model systems have been 

used, at different developmental stages and under different environmental conditions. 

Transcription 

One mechanism for the regulation of HMGR activity is transcriptional. In 

animals, the sterol regulatory element (SRE) in the 5' promoter region of the HMGR 

gene, actively represses HMGR transcription in the presence of sterols (Goldstein and 

Brown, 1990). mRNA levels are increased eight-fold after cultured cells are 



39 

incubated with the competitive inhibitors, compactin or lovastatin (Nakanishi et aI., 

1988). The yeast gene, HMGJ, is positively regulated by the presence of heme in an 

interaction with the HAPJ transcriptional regulator (Thorness et al., 1989). The 

activity of HMGR in plants is regulated in part at the level of mRNA. Several studies 

have reported increases in the abundance of HMGR mRNAs which are associated 

with increased HMGR activity (Monfar et al., 1990; Bach et al., 1991; Stermer et al., 

1991; Yang et aI., 1991; Nelson et al., 1994). HMGR genes in potato showed 

increased mRNA levels in response to wounding, treatment with the elicitor 

arachidonic acid, and fungal challenge with Phytophora infestans (Yang et aI. 1991; 

Choi et al., 1992). Arabidopsis HMGR mRNAs accumulate in leaves and light-grown 

seedlings and a second gene accumulates mRNA in roots (Caelles et aI., 1989; Bach 

et aI., 1991). Tomato HMGR mRNA is highest in young tomato fruit, correlating to 

the highest levels of HMGR activity (Narita and Gruissem, 1989). In rice, HMGR 

mRNA is induced by fungaI elicitors (Nelson et al., 1994). 

All of these studies focused on alterations in transcript levels, none of these 

studies distinguished between changes in transcription and mRNA stability. Recent 

work in Camptotheca acuminata described a gene encoding HMGR whose mRNA is 

detected only in young seedlings and not in leaves or stems of older plants (Burnett et 

al., 1993). Expression of translational fusions of the hmgJ promoter with the 13-

glucuronidase (GUS) reporter gene in transgenic tobacco indicated promoter activity 

in the leaves and stems of young seedlings as expected. However, roots also showed 
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high levels of GUS protein expression suggesting that the HMGR mRNA is 

transcribed in roots, but is rapidly degraded. This promoter construct was induced by 

wounding and the induction was suppressed by methyl jasmonate. The potato hmgJ 

transcript also appears to be rapidly degraded (Stermer, 1994). Thus, both alterations 

in transcriptional rates and mRNA stability may be involved in the regulation of 

HMGR expression in plants. 

Post-transcriptional Regulation 

HMGR is also subject to post-transcriptional control at the level of translation. 

In cultured mammalian cells treated with competitive inhibitors, the synthesis of 

mevalonate is blocked, and adaptive reactions are triggered which yield large 

increases in mRNA and HMGR protein (Nakanishi et al., 1988). This increase in 

protein was at least in part due to a fivefold increase in translation rate in these cells. 

When sterols are saturating, HMGR mRNA continues to be transcribed at about one

eighth of the maximal rate. Thus the rate of translation is dictated by the cell's 

demand for non-sterol isoprenoids. When non-sterols were supplied by administration 

of exogenous mevalonate, translation of HMGR mRNA was reduced (Nakanishi et 

al., 1988). The inhibition of HMGR synthesis in avian myoblasts by 25-hydroxy

cholesterol is translationally mediated (Tanaka et al., 1983). Farnesyl acetate and 

ethyl farnesyl ether, two analogues of Farnesyl pyrophosphate, stimulate post

transcriptional down-regulation of HMGR in part by reducing the translation of 



41 

HMGR mRNA (Bradfute and Simoni, 1994). 

Changes in the rate of translation are postulated to be controlled via a complex 

5' untranslated region that has not been sufficiently analyzed. The mammalian 

reductase gene lacks the TATA-sequence box that determines the transcription 

initiation site in most genes and transcription is instead initiated from mUltiple sites. 

Each initiation site uses a different splice donor site for an intron in the 5' 

un translated region, producing mRNAs with different lengths of 5' untranslated 

regions (Reynolds et al., 1985). This differential splicing may produce mRNAs 

whose translation is regulated by a mevalonate-derived substance. There have been 

no reports describing either translational control or alternative splicing of plant 

HMGRs; however, the possibility of regulation at these levels cannot be excluded. 

In Arabidopsis, SI nuclease analysis has revealed some heterogeneity at the 5' end of 

the mRNA (Learned and Fink, 1989). 

Proteolytic degradation 

HMGR activity is also regulated by degradation of pre-existing protein. 

Hamster UT -1 cells when grown in high levels of compactin produce high amounts of 

HMGR protein. In part, this is due to the fact that degradation of HMGR protein, 

which is governed by a hydrophobic domain, is greatly reduced in this cell line 

(Luskey et al., 1983). Evidence now indicates that accelerated degradation of HMGR 

protein requires both a sterol and a non-sterol isoprenoid. Farnesyl pyrophosphate, 
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whose analogues stimulate degradation of HMGR protein in vitro and in vivo, is a 

good candidate for the in vivo non-sterol regulator (Bradfute and Simoni, 1994). This 

mevalonate-regulated degradation is likely to occur in the endoplasmic reticulum and 

involves an essential protein (Chun et al., 1990). When cells need large amounts of 

isoprenoids, the degradation of HMGR is fast, and conversely, when cellular needs 

are low, degradation rates are slowed. Thus, the half life of HMGR in cultured cells 

can vary between 40 minutes and ten hours (Edwards et al., 1983). The NH2-

terminal domain of the protein is not required for catalysis, but is required for the 

regulated degradation of the enzyme (Nakanishi et al., 1988) and of fusion proteins 

that express this region (Chun et al., 1990). 

The two yeast HMGR isoenzymes have different protein stabilities, HmgJ is 

stable while Hmg2 is rapidly degraded with a half-life of 40 to 50 minutes (Hampton 

and Rine, 1994). This degradation appears to be a direct effect and not an effect due 

to altered gene expression and occurs in the endoplasmic reticulum. In addition, 

sterols are not involved in the regulated degradation of Hmg2, but farnesyl transferase 

expression is required. Similar to the mammalian protein, the stability of the yeast 

HMGRs is determined by the transmembrane region of the molecule; Hmg2 fusion 

proteins bearing the transmembrane region of the stable HmgJ were quite stable 

(Hampton and Rine, 1994). The similarities in the regulated degradation of yeast 

and mammalian HMGRs in quite remarkable, since there is a lack of similarity 

between the NH2-termini of these species. It is possible that similar tertiary structures 
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determine the effect of these domains. 

Proteolytic degradation may also serve to help regulate plant HMGR activity 

as it does in animal cells. The primary sequences of plant NH2 sequences reveals 

little conservation in primary sequence. However, plant HMGRs, like the yeast 

enzymes, may be subject to regulated proteolytic degradation. Oosterhaven and 

coworkers (1993) demonstrated that treatment of potato sprouts with S-carvone, a 

monoterpene involved in growth suppression, led to a decrease in HMGR activity. 

This decrease was suggested to be the result of increased HMGR protein degradation 

(Oosterhaven et al., 1993). In pea seedlings, Knight (1982) observed a cofactor

independent HMGR-inactivation enzyme which was active in the presence of 20-25 

mm DTT (Knight, 1982). This enzyme is hypothesized to be a cysteine protease, 

which is consistent with recent reports suggesting that a cysteine protease is involved 

in the mevalonate-accelerated and basal degradation of mammalian HMGR (Inoue et 

al., 1991). Also consistent with the presence of a cysteine protease in plants, 

inclusion of cysteine protease inhibitors (but not other protease inhibitors) increases 

the recovery of HMGR activity from potato lO-fold (Stermer, 1994). The linker 

region of plant HMGR contains a PEST motif similar to the mammalian enzyme. 

This sequence is found in proteins which exhibit rapid turnover rates (Caelles et al., 

1989; Chye et al., 1992). The functional significance of this sequence in plant 

HMGR proteins has not been determined. 



Reversible phosphorylation 

The activity of animal HMGR is regulated by reversible phosphorylation 

(Monger and Law, 1985; Beg et al., 1987), with phosphorylation inactivating the 

enzyme. The present hypothesis is that the phosphorylation/dephosphorylation of 

HMGR allows cells to rapidly adjust the total HMGR activity thereby changing the 

rate of isoprenoid biosynthesis. Many studies have addressed the in vivo 

phosphorylation state of the enzyme by measuring the activity before and after 

dephosphorylation by endogenous or exogenous protein phosphatases. Using these 

phosphatases, increases in the proportion of HMGR in the active state have been 

demonstrated in isolated hepatocytes and rat liver (Easom and Zammit, 1984). 
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Phosphorylation/dephosphorylation of HMGR also occurs in vivo in response 

to specific physiological stimuli. Endocrine signals have been shown to mediate the 

phosphorylation state of HMGR. Insulin acts to signal dephosphorylation of the 

enzyme while glucagon stimulates phosphorylation (Easom and Zammit, 1987). 

Sterols reportedly stimulate the phosphorylation and inactivation of HMGR in animal 

cells (Beg et al., 1984, 1986). Because mevalonate causes both an increase in degree 

of phosphorylation of HMGR and an increased rate of degradation, it has been 

suggested that phosphorylation targets the enzyme towards degradation (Parker et al., 

1989). However, Zammit and Caldwell (1992) have shown that increased 

phosphorylation, is not sufficient to predispose HMGR to enhanced degradation. 

Therefore, although it is apparent that regulation by phosphorylation does occur, the 



mechanism by which increased phosphorylation decreases HMGR activity is still 

unclear. 
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Animal HMGR is phosphorylated and inactivated in vitro by an AMP-activated 

protein kinase which is stimulated by 5'-AMP, and is regulated by reversible 

phosphorylation (Hardie et al., 1989). It is inactivated by dephosphorylation and 

reactivated by a kinase kinase. This enzyme also may be important for coordinate 

regulation of cholesterol metabolism (Hardie et al., 1989). Purified HMGR can be 

phosphorylated and inactivated in vitro by protein kinase C (Beg et al., 1985) and a 

Ca2+/Calmodulin dependent protein kinase (Beg et al., 1987). The HMGR protein is 

phosphorylated at serine 872 by the AMP-activated protein kinase (Clarke and Hardie, 

1990). The phosphorylation site is located at the end of the conserved catalytic 

domain, and is followed by a short C-terminal sequence which is variable. The 

phosphorylated serine residue itself is conserved in all non-plant species from humans 

to bacteria (Beach and Rodwell, 1989). Replacement of the corresponding serine 

residue in hamster HMGR prevents phosphorylation by the AMP-activated kinase and 

blocks the inhibition of sterol synthesis normally associated with this phosphorylation 

(Sato et al., 1993). 

Many aspects of plant growth and metabolism are sensitive to rapid control by 

stimuli such as hormones and environmental factors. A variety of stimuli cause rapid 

inactivation of plant HMGR activity including red light and some isoprenoid 

compounds (Brooker and Russell, 1979; Bach and Lichtenthaler, 1984). There is a 
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growing body of evidence in plants which suggests that HMGR is regulated by 

reversible phosphorylation. Phosphorylation and inactivation of HMGR has been 

described for Hevea brasiliensis in in vitro experiments (Sipat, 1982; Wititsuwannakul 

et al., 1990). The plant enzyme is inactivated by incubation with supernatant 

fractions in the presence of MgCl2 and the fractions can be inactivated by addition of 

phosphatase (Sipat, 1982; Russell et al., 1985). An HMGR-specific kinase has been 

isolated from the supernatant fractions of monocots and dicots which directly 

inactivates HMGR from potato microsomes (Mackintosh et al., 1992). This 

inactivation can be prevented by treatment with specific protein phosphatase 

inhibitors. Recently, it has been shown that plants contain a protein kinase cascade 

similar to the animal HMGR kinase cascade. Plant HMGR kinase can be inactivated 

by mammalian protein phosphatases and then reactivated by mammalian kinase kinase 

(Knight, 1982; Mackintosh et al., 1992). Further studies will be needed to determine 

whether the rapid inactivation of plant HMGR by light or isoprenoids occurs via 

reversible phosphorylation. 
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Calcium 

The importance of calcium in control of HMGR activity has been controversial 

in the mammalian system. Zammit and Caldwell (1990) showed that Ca2+ 

mobilization in isolated rat hepatocytes produces a rapid inhibition of HMGR protein 

synthesis as part of a general inhibition of protein synthesis. Since the rate of HMGR 

degradation is very fast, this has a profound effect on activity. Other studies 

demonstrated that HMGR protein is subject in vitro to proteolysis by the Ca2+

dependent proteinase calpain II (Parker et al., 1983, 1984) and that a Ca2+ -dependent 

proteinase may be responsible for mevalonate-induced degradation of HMGR in vivo 

(Inoue et al., 1991). Many of the studies have been difficult to interpret and thus, the 

specific role of calcium in mammalian HMGR regulation is unclear. 

In plants, the role of calcium on HMGR regulation has been equally difficult 

to interpret. Witisuwannakul and coworkers (1990) reported that purified calmodulin 

from Hevea brasiliensis increased HMGR activity 2.5-fold. This activation was 

inhibited by the calmodulin antagonist trifluorperazine and required Ca2+. It was 

postulated to indirectly activate HMGR via the reversible phosphorylation pathway 

(Witisuwannakul et al., 1990). In contrast, Russell et al. (1985) demonstrated that 

nanomolar levels of free Ca2+ inhibited pea microsomal HMGR activity. This effect 

was reversible, did not require any cofactors, and was not affected by calmodulin 

antagonists. Consistent with these results, addition of Ca2+ with or without 

calmodulin had no effect on HMGR kinase activity in pea, carrot, cauliflower, or 
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rapeseed or on the purified enzyme (Mackintosh et al., 1992). It is possible that the 

preparations of the HMGR enzyme varied among these experiments, thus leading to 

the differing results. Alternatively, there may be variations in the developmental 

stages of the plants or among plant species. Another possibility is that Ca2+ may be a 

component of multiple pathways which regulate plant HMGR. It is clear that further 

investigation is necessary to resolve the role of calcium and calmodulin in HMGR 

regulation. 

Gene families 

Unlike its mammalian counterpart, different isoforms of HMGR are encoded 

by a family of genes in plants. Differential expression of HMGR genes would make 

differential regulation of HMGR activity possible. Differential regulation of HMGR 

genes may explain in part why HMGR enzyme activities in plants change following so 

many different treatments. Several groups have reported differential expression of 

plant HMGR genes (Yang et al., 1991; Stermer et aI, 1991; Choi et al., 1992; Chye 

et al., 1992; Aoyagi et al., 1993; Burnett et al., 1993). For example in potato, hmgJ 

is induced by wounding while hmg2 is induced by fungal elicitors and pathogen 

challenge (Yang et al., 1991). HmgJ is activated during the biosynthesis of sterols 

while hmg2 and hmg3 are induced during the biosynthesis of sesquiterpenoid 

phytoalexins (Choi et al., 1992). The response of these HMGR family members at 

the level of mRNA abundance correlates with the activation and suppression of other 
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pathway enzymes that also occur and these changes are postulated to account for the 

changes in sterol (sterol glycoalka1oid) and sesquiterpene levels (Choi et al., 1994). 

The different isoforms of plant HMGR are likely to perform different functions, with 

hmgJ functioning within a sterol regulatory pathway while hmg2 may be associated 

with a pathway leading to sesquiterpenoid phytoalexin synthesis. 

The three Hevea brasiliensis HMGR genes also are differentially expressed. 

Expression of the hmgJ gene is cell-type specific; it is expressed solely in the lactifer 

tissues (Chye et al., 1992). Since the lactifers are the sites of rubber biosynthesis, 

Chye et al. (1992) have proposed that hmgJ is the HMGR gene which is responsible 

for catalyzing the rate-limiting step in rubber biosynthesis (Sipat et al., 1982). 

Consistent with this hypothesis, only hmgJ expression is inducible by ethylene, which 

induces rubber synthesis in Hevea (Chye et al., 1992). In contrast, hmg3 is proposed 

to be involved in isoprenoid synthesis of a housekeeping nature since it is 

constitutively expressed in all cells investigated (Chye et al., 1992). Hmg3 lacks a 

TAT A box, a characteristic of housekeeping genes, including hamster and human 

HMG genes (Reynolds et al., 1984; Luskey 1987). Additionally, the HMGR isoforms 

themselves may be kinetically distinct (Bach et al., 1990). It is unclear whether the 

differential expression of HMGR isoforms represents a strategy to meet the diverse 

mevalonate requirements in plants. The presence of differentially regulated isoforms 

would accommodate the changing needs of the plant for a diverse number of 

isoprenoids that are not only required during growth and development, but during 
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environmental stresses. Taken together, the evidence for differential HMGR gene 

expression in plant species is consistent with assumptions about the presence of 

discrete isoprenoid pathways which may be cell, compartment, or developmental stage 

specific. 
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PRESENT STUDY OBJECTIVES 

There have been numerous studies examining the regulation of HMGR activity 

in plants, yet it has been difficult to integrate the results from these studies into a 

general model for the regulation of plant HMGR. In part, this is because many of 

these studies have focused on examining HMGR activity in specialized plant tissues, 

for example, the lactifers of Hevea (Chye et al., 1992) or potato tuber disks (Kondo 

and aba, 1986). Other studies have focused on specialized developmental processes 

such as tomato fruit development (Narita and Gruissem, 1989). What has been 

lacking is an examination of HMGR expression during a developmental process 

common to all plants. 

Seed development is a universal aspect of plant development. It is clear that 

the products and intermediates of essential biosynthetic pathways such as isoprenoid 

biosynthesis can directly influence the process as well as the extent of development. 

Yet, with the exception of seed storage protein synthesis, the regulation of metabolic 

pathways which function during seed development is not understood. It is likely that 

HMGR plays a fundamental role in the regulation of seed development by modulating 

isoprene end-product synthesis. This research has focused on the role of HMGR 

during early maize development. By focusing on seed development and the regulation 

of HMGR expression, a framework has been established to assess how basic isoprene 

metabolism is controlled during a general plant developmental process. 
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INTRODUCTION 

Based upon morphology and regulation of seed storage protein synthesis 

(Randolph, 1936; Kiesselbach, 1949; Jones and Brenner, 1987; Kriz, 1989; Ober et 

aI., 1991), seed development in maize (Zea mays) can be divided into 3 phases 

During embryogenesis, crucial morphological events occur along with rapid cell 

growth, mitotic division, and differentiation. During seed maturation, the embryo 

and endosperm enlarge through cell expansion, and storage metabolites are 

synthesized and deposited (Randolph, 1936; Burr and Burr, 1976; Bewley and 

Marcus, 1990; Wallace et aI., 1990; Ober et aI., 1991). The onset of dormancy 

occurs at approximately 25 days after pollination (DAP). During this phase the 

activities of most metabolic pathways decrease and the seed undergoes desiccation. 
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Isoprenoid compounds are necessary during seed development. Isoprenoids, 

including membrane sterols and growth regulators, function to regulate specific 

developmental processes (Gage et aI., 1989; Hole et aI., 1989; Belefont and Fong, 

1991). In addition, synthesis of other isoprenoids which are stored and are necessary 

for initial germination may also occur during seed development (Bewley and Marcus, 

1990; Belefont and Fong, 1991). In spite of these isoprenoid requirements, there has 

been little investigation into how the synthesis of these compounds is regulated during 

seed development, maturation and early seedling emergence. 
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The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) 

catalyzes the conversion of 3-hydroxy-3-methylglutaryl coenzyme A to mevalonate, 

the precursor of all isoprenoids. Isoprenoids play critical roles in metabolism, 

growth and development at specific times and in specific plant tissues (Bach, 1987; 

Gray, 1987; Stermer and Bostock, 1987; Bach et al., 1990). It follows that the 

regulated synthesis of isoprenoids and thus, the regulation of HMGR, is also vital to 

plant development. While HMGR activity has been investigated in a variety of 

specialized plant tissues (Brooker and Russell, 1975; Russell, 1985; Bach, 1987; 

Stermer and Bostock, 1987; Narita and Gruissem, 1989; Bach et al., 1990; Ji et al., 

1992), there has been no report on HMGR activity during a developmental phase 

common to all plants. In order to begin to understand the role of the regulation of 

isoprenoid synthesis during plant development, I have addressed whether HMGR 

expression is regulated during normal maize seed development and germination. I 

have examined microsomal HMGR specific activity in maize embryos and endosperm 

during seed development, and during subsequent seedling emergence. In addition, the 

steady state mRNA and total HMGR protein levels have been determined during seed 

development. 
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RESULTS 

Growth of embryos and endosperm during seed development 

Growth rate of corn (Zea mays, var. FunkF G4343) embryos during seed 

development is characteristically exponential as shown by the gain in both fresh and 

dry weight (Figure 4; Table I). The greatest deviation between fresh and dry weights 

occurs in the 10 DAP embryo while the period of most rapid growth occurs between 

14 and 30 DAP, during the maturation phase. This increase in dry weight is reflected 

in the increase in total protein content of the embryo during seed development (Table 

I). Increases in wet and dry weight of the endosperm are exponential during seed 

development. 

Expression of microsomal HMGR activity during seed development 

HMGR activity was examined in embryos during specific stages of seed 

development. Figure 5 shows HMGR activity from embryos isolated at selected 

OAP, measured in units of nmoles MV A h-I mg protein-I. In the embryos harvested in 

June-July 1991 (from field-grown plants, Tucson, AZ), HMGR activity peaks sharply 

at 12 OAP to 141.2 + 9.8 units (Table II). This peak is followed by a decline at 13 

OAP to 31.8 + 1.6 units. HMGR activity then increases at 14 OAP to one-half the 

maximal activity, and remains relatively level throughout seed maturation before 

slowly decreasing throughout desiccation. HMGR activity finally declines to a basal 
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Figure 4. Growth rate of FunkF embryos during seed development. • Fresh weight 

• Dry weight. Values represent the mean + SE of measurements from five to 

twenty embryos. 
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Table I. Growth of FunkF embryos and embryo protein accumulation during seed 
development 

Embryos were excised from FunkF seeds during seed development and the fresh weight 
was determined. Embryos were quick frozen in liquid nitrogen and vacuum desiccated 
to obtain dry weights. Values represent a mean +SE of measurements for five to 20 
embryos. Total protein was extracted from single maize embryos harvested at various 
OAP according to the method of Kriz (1989). Protein determinations were performed 
as described by Ghosh et al. (1988). Each value is the mean of two determinations. 

Age of Seed Fresh WT OryWT Total protein/embryo 

OAP mg mg mg 

10 0.3 + 0.1 0.01 + 0.0 
12 0.7 + 0.1 0.3 ± 0.1 0.02 
14 1.5 + 0.8 0.7 + 0.4 0.1 
16 5.4 + 0.6 1.9 + 0.3 0.2 
20 11.8 + 1.1 8.3 + 0.6 0.4 
25 28.3 + 2.6 13.6 ± 1.0 1.2 
30 44.5 ± 4.2 22.8 + 2.3 3.0 
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Figure 5. Embryo microsomal HMGR specific activity during seed development. 

Enzyme activity of embryos excised from FunkF seeds during seed development was 

determined as described. Values from two crops are shown. (-) Spring 1991. (0) 

Fall 1991. Each value is the mean + SE of three to six determinations from a 

representative experiment. Standard error ranged from 0.05 % to 12 % with an 

average standard error of 6 % • 
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Table II. Embryo HMGR specific activity 

Enzyme activity of embryos excised from FunkF seeds during seed development was 
determined as described in Methods. Values are from a representative experiment and 
each is the mean +SE of three to six determinations. Standard error ranged from 0.05 
to 12%. 

Age of Seed 

DAP 

10 
11 
12 
13 
14 
15 
16 
20 
25 
30 

Units of Specific Activity 

nmol mevalonate h-t mg-t of protein 

Spring 1991 

141.2 ± 9.8 
31.8 + 1.6 
77.1 + 0.3 

78.8 + 0.8 
85.2 + 2.6 
54.4 + 7.0 
38.5 + 2.3 

Fall 1991 

140.2 + 0.1 
103.8 + 6.2 
122.5 + 9.8 
30.5 + 3.0 
72.3 + 8.6 
65.6 + 3.3 
51.2 ± 4.0 
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level of 2.1 + 0.0 units in the desiccated seed (Table II). The HMGR activity of the 

embryo does not follow the exponential curve of embryo growth, but changes during 

the different phases of seed development. 

In order to examine HMGR activity earlier in seed development, HMGR 

activity was measured in embryos isolated from an independent field planting of 

FunkF seeds (Fall 1991). In this independent field trial, the timing of embryo 

development did not differ from the previous field trial (Figure 5, Spring 1991, filled 

squares). HMGR activity is elevated from 10 to 12 OAP with a mean of 121.7 + 

18.5 units (Figure 5, open squares, Table II). Embryo HMGR activity then remains 

high until 13 OAP where the activity decreases sharply to 30.5 + 3.0 units, similar to 

the decrease in HMGR activity observed in 13 OAP embryos from the Spring 1991 

planting. HMGR activity then increases at 14 OAP and remains level until 16 OAP 

varying only by + 10 units (Figure 4, 5, Table II). HMGR embryo activity exhibited 

the same temporal pattern in a third independent experiment examining 12 through 30 

OAP (data not shown). 

The activity of HMGR was examined during endosperm development to 

determine if the endosperm HMGR activity profile was the same as the embryo 

profile. Figure 6 shows HMGR activity for endosperm excised during development. 

Endosperm HMGR activity shows a pattern different from that observed in the 

developing embryo (Figures 5, 6, Table III). The HMGR activity in endosperm was 

found to be highest at 10 OAP (216.0 + 4.3 units), then declines after 12 OAP to 
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Figure 6. Endosperm microsomal HMGR specific activity (-) and CCR activity (0) 

during seed development. HMGR activity of endosperm excised from FunkF seeds 

was measured as described previously. Each HMGR value is the mean + SE of three 

to six determinations from a representative experiment. Standard error ranged from 

2% to 10% with an average error of 6% standard error. Each CCR value is the 

mean + SE of two determinations. 
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Table ill. Endosperm HMGR specific activity 

Enzyme activity of endosperm excised from FunkF seeds during seed development was 
measured as described previously. Values are from a representative experiment and each 
is the mean +SE of three to six determinations. Standard error ranged from 2 to 10%. 

Age of Seed 

DAP 

10 
13 
14 
16 
20 
25 
30 

Units of Specific Activity 

nmol mevalonate h-I mg-I of protein 

216.1 + 4.3 
64.0 + 6.4 
24.2 + 0.7 
40.0 + 4.8 
29.0 + 0.9 
18.2 + 1.8 
30.1 ± 6.0 
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63.9 + 6.4 units and remains at a basal level ranging only from 63.9 + 6.4 to 18.2 

+ 1.8 units throughout the remainder of seed development. 

Composition of Microsomal Fraction 

During endosperm development, it is known that zeins, the major seed storage 

proteins of maize, are synthesized on membrane-bound polysomes and are assembled 

into protein bodies in the ER (Burr and Burr, 1976). These proteins are synthesized 

from 10 to 30 DAP and constitute approximately 50% of the total protein in the 

mature seed (Wilson, 1983; Marks et al., 1985). Therefore, significant zein 

contamination of microsomal samples might effectively mask changes in or lower the 

measured endosperm HMGR activity. 

The possibility that microsomal fractions from endosperm samples were 

contaminated with zein proteins was investigated. First, a second ER-localized 

enzyme, CCR, was measured in the endosperm microsomal samples. If zeins are 

contaminating microsomal fractions, one might predict that CCR activity should 

parallel HMGR activity. Instead, the CCR specific activity remains constant 

throughout seed development, indicating little zein contamination of the microsomal 

fraction (Figure 7). Second, in order to estimate zein contamination in staged 

endosperm microsomal preparations, immunoblot analysis using antiserum against ex

zein was performed and levels of ex-zein were quantitated using a laser densitometer 

and normalized to total microsomal protein. Samples from all isolation steps were 
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Figure 7. Expression of a-zein protein in microsomes isolated from FunkF 

endosperm during seed development. Microsomal proteins were separated on 12.5% 

SDS polyacrylamide gels. Lanes 1-7 represent immunoblot analysis using a 

polyclonal antibody that was raised against maize a-zein as a probe (Gift of Dr. Brian 

Larkins, University of Arizona). Lane 1. 12 DAP; Lane 2. 13 DAP; Lane 3. 14 

DAP; Lane 4,. 16 DAP; Lane 5.20 DAP; Lane 6.25 DAP; Lane 7. 30 DAP. For 

visualization the chemiluminescence technique was used as described in Chapter VII. 
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also examined for a-zein cross-reactivity. Zeins were detected in very low quantities 

in endosperm microsomal samples with the maximum contamination occurring in 14, 

16, and 20 DAP endosperm (Figure 7). Finally, total zeins were isolated from both 

the microsomal pellet and the pellet from the low speed spin that removes 

mitochondria before microsomes are isolated (Russell, 1985; Wallace et al., 1990). 

Since zein proteins isolated from the microsomal samples represent only 2-5% of total 

zeins isolated, it is likely that the low speed spin also removes zein-containing protein 

bodies. This degree of zein contamination in microsomal pellets does not 

significantly change the specific activity of endosperm HMGR. Additionally, to 

assess whether there were obvious differences in microsomal protein profiles from the 

staged endosperm, Coomassie staining of microsomal proteins on SDS-PAGE gels 

was performed. These gels show no major qualitative differences throughout seed 

development (Figure 8). Therefore, the measured HMGR activity is likely a true 

reflection of the activity found in the endosperm microsomal fraction. 
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Figure 8. Coomassie-stained 12.5 % SDS gel of embryo microsomal proteins during 

seed development. Lane 1. BIORAD low molecular weight markers; Lane 2. 12 

DAP; Lane 3. 13 DAP; Lane 4,. 14 DAP; Lane 5. 16 DAP; Lane 6. 20 DAP; Lane 

7. 25 DAP; Lane 8. 30 DAP. 



97 Kd 
68 Kd 

43 Kd 

29 Kd 

66 

DAP 

12 13 14 16 20 25 30 

12345678 



Expression of microsomal HMGR activity during germination and seedling 

emergence 
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Embryos of imbibed seeds were examined to determine whether the HMGR 

activity increases during germination and seedling emergence. In the preparations 

from the dried seed, at 0 hours of imbibition, there is a low (2.0 + 0.0 units) level of 

HMGR activity; 10 fold lower than the lowest activity detected in the embryo or 

endosperm during seed development (Figure 9, Table IV). HMGR activity remains at 

this basal level until 48 hours. At 48 hours, the emerging root and shoot have begun 

to emerge, and by 72 hours the root and shoot can be dissected out and the individual 

tissues assayed for HMGR activity. Between 48 and 72 hours of imbibition, HMGR 

activity begins to significantly increase in both the emerging shoots and roots. 

Separate measurements of light-grown root and shoot activity show that the root 

HMGR activity continues to increase at 96 hours to 102.4 + 8.2 units and then 

declines at 120 hours to 42.5 + 0.8 units (Figure 10, Table V). In contrast, the 

shoot HMGR activity remains relatively constant between 72 and 120 hours at 19.8 + 

0.7 units. The contribution of plastid HMGR to total shoot HMGR activity could not 

be sufficiently determined since only a basa11evel of activity of 2.0 + 0.0 units could 

be detected in isolated maize chloroplasts (Data not shown). 

The effect of light on the in vivo microsomal HMGR activity was measured 

by comparing the activities in roots and shoots from etiolated versus light-grown 

seedlings over a three day period. Exposure of maize seedlings to white light reduces 
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Figure 9. Microsomal HMGR specific activity in light-grown FunkF seedlings. 

Seeds were imbibed and embryos were removed at various intervals. Each value is 

the mean + SE of three determinations. Standard error ranged from 0.05 to 6.0%. 
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Table IV. HMGR specific activity in light-grown FunkF seedlings 

Embryos were excised from FunkF seeds after various periods of imbibition. Values 
are the mean +SE of three determinations. Standard error ranged from 0.05 to 6%. 

Time of Imbibition 

h 

o 
2 
4 
6 
8 

10 
12 
24 
36 
48 

Units of Specific Activity 

nmol MV A h- I mg protein-I 

2.0 + 0.0 
2.6 + 0.1 
2.3 + 0.0 
2.6 + 0.2 
2.8 + 0.0 
3.7 + 0.1 
2.3 + 0.1 
3.3+0.1 
4.5 + 0.1 
5.1 + 0.0 
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Figure 10. Effect of light on root and shoot microsomal HMGR specific activity 

after 72, 96 and 120 hours of imbibition/germination. - Etiolated roots • Light

grown shoots T Etiolated shoots ~ Light-grown shoots. Values are the mean + SE 

of two to six determinations. Standard error ranged from 1 to 8 % • 



240~--------------------------------~ 

~ 220 
> C 200 
~ 'ij 180 
()~ 

« ~ 160 
~ iC\ 140 
~ ... E 120 
::c k 100 
l.&..:c( 
o ~ 80 
(f) - 60 
.... 0 
- E 40 Z c 
::J -- 20 

• 
~,-----------~ ~ 

O+-~-+--~~-+~--+-~~--~~-+~~ 

70 

60 70 80 90 100 , '0 1 20 1 30 

TIME OF IMBIBITION (h) 



71 

Table V. HMGR specific activity in roots and shoots from 3, 4, and 5 day old light
and dark-grown FunkF plants 

Enzyme activity of roots and shoots excised from FunkF seeds after 72, 96, and 120 
hours of imbibition/germination. Values are from a representative experiment and each 
is the mean +SE of two to six determinations. Standard error ranged from 1 to 8 %. 

Time of 
Imbibition 

h 

72 

96 

120 

Units of Specific Activity 

Roots Shoots 

Light-grown Etiolated Light-grown Etiolated 

nmol MV A h-I mg-I of protein 

51.0 + 2.0 151.9 + 2.5 

102.4 + 8.2 123.6 + 9.0 

42.5 + 0.8 210.0 + 6.3 

20.7 + 1.9 82.2 + 6.1 

19.6 + 0.2 106.4 + 7.5 

19.2 + 0.8 85.1 + 1.2 
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HMGR activity one to two fold in roots, and four to five fold in shoots relative to the 

activity found in the etiolated tissues (Figure 10, Table V). In agreement with Ii et 

al. (1992), the HMGR activities of isolated microsomal fractions were not inhibited 

by light exposure (Data not shown). 

Cloning of HMGR and Southern Blot Analysis 

A maize genomic library was screened using a 500 bp fragment of a tomato 

HMGR cDNA, containing a highly conserved region of the HMGR gene. Seven 

genomic clones were isolated which hybridized to the 500 bp tomato cDNA (Kl-l, 

KI-2, KS-l, KS-2, KS-3, KI2-1, K12-2). The clones were mapped using over 20 

restriction enzymes. There are few usable six base-pair restriction sites within the 20-

23 Kb genomic clones. Several restriction fragments from genomic clone KS-3, a 7.5 

Kb AvaI fragment, a 5.5 Kb EcoRV and a 3.S Kb XbaI fragment were subcloned into 

pBluescript vectors (Stratagene); however, these clones were not stable and were not 

ideal for Southern hybridizations or fusion protein synthesis. 

eDNA Synthesis and PCR 

First strand cDNA was made from total RNA from maize seed as described in 

Chapter VII. A partial HMGR cDNA was amplified using the polymerase chain 

reaction (PCR) from either a mixture of maize root and shoot cDNAs or the Kl-l 

maize genomic HMGR clone using 2000-fold degenerate primers designed to a 
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conserved region of the HMGR protein (See Chapter VII). This region is in the C

terminus of the protein and contains a portion of the catalytic domain. Only a single 

PCR product was amplified from the 20-23 Kb genomic clones. 

Cloning and Sequencing of peR Products 

The 363 bp amplified fragment (predicted size 360 bp) was cloned into the TA 

cloning vector (Novagen). To confirm the identity of HMGR candidate clones, the 

clones were hybridized with a 500 bp HMGR cDNA probe from tomato HMGR (gift 

of Carol Cramer, Virginia Tech, Blacksburg VA). For further confirmation, several 

maize HMGR clone were then sequenced (Figure 11; Sanger, 1975). The 363 bp 

clone was used for Southern and northern analysis as well as for generation of a 

maize HMGR fusion protein. 

Since the 363 bp PCR product was amplified from both maize genomic clones 

and maize cDNA, this indicates that this region does not contain intronic sequences. 

Southern blot analysis was performed using 5 restriction enzymes which do not cut 

within the HMGR genomic clones. In all cases, the 363 bp probe hybridizes to three 

bands in several different maize inbred lines indicating at least three HMGR genes in 

maize. Southern analysis using a probe from genomic AvaI sub clones of KS-3 shows 

the same results. An example of the Southern analysis is shown in Figure 12. 
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Figure 11. Nucleotide and deduced amino acid sequences of the 363 bp maize 

HMGR PCR product. (A). Nucleotide sequence. (B). Deduced amino acid sequence 

with PCR primers underlined. 
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A. 

1 ggggatgcga tggggatgaa catggtgtcc aaaggtgtac aaaatgttct 

51 tgattacctt cagaatgaat atcccgacat ggacgtcatc ggtatatctg 

101 ggaacttttg ctcggacaag aagccagcag cagcagttgg atcgaggcag 

151 aggaagtctg tagttgctgg caaggttatc acagaagagg tggtgaagaa 

201 agttttgaaa actgaggttg ctggtcttgt ggagctgaac atgcttaaaa 

251 atcttactgg ctctgccatg gctggtgccc ttggcggttt caatgcccag 

301 gccagcaata tcgtctcagc tgtgtttata gccacaggtc aggaccccgc 

351 ccaaaacgtg gag 

B. 

1 GDAMGMNMVS KGVQNVLDYL QNEYPDMDVI GISGNFCSDK KPAAAVGSRQ 

51 RKSVVAGKVI TEEVVKKVLK TEVAGLVELN MLKNLTGSAM AGALGGFNAQ 

101 ASNIVSAVFI ATGODPAONV E 
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Figure 12. Southern blot analysis of maize DNA. Maize DNA from two distinct 

inbred lines was restricted with EcoRI, transferred to nylon membrane and hybridized 

to a 7.5 Kb AvaI fragment of the HMGR genomic clone which also contains the 363 

bp conserved domain. Lane 1. C064; Lane 2. W22. 
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Analysis of Nucleotide Sequence and Predicted Amino Acid Sequence 

The deduced protein and nucleotide sequence of the maize HMGR PCR partial 

cDNA shares greatest similarity with plant HMGR sequences (Table VI). The 

nucleotide identity ranges from 70.0 to 93.3%; maize HMGR is most similar to the 

tomato hmg2 and potato hmg2 genes. At the protein level, although maize HMGR 

shares the greatest similarity to tomato and potato hmg2 genes (96.7%), the overall 

level of similarity is much higher, ranging from 78.3 to 96.7% with an average of 

91.8%. An example alignment between the deduced amino acid sequences of 

Arabidopsis thaliana hmgl and the maize PCR product is shown in Figure 13. 

Interestingly, maize HMGR shows less similarity to another monocot HMGR, than to 

tomato or potato hmg2. As expected, maize HMGR also shares sequence similarity 

with non-plant HMGRs. The protein sequences (which encode a portion catalytic 

domain, Figure 13) are again more conserved than the nucleotide sequences. Protein 

similarities range from 78.3% in Xenopus laevis to 83.3% for the hmgJ gene of 

Saccharomyces cerevisiae. Nucleotide identity is much lower ranging from 59.8% for 

Xenopus to 63.0% for the hmgJ gene of Saccharomyces cerevisiae. 
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Table VI. Sequence similarities and identities between the maize HMGR 363 bp 
fragment and HMGRs from other species. 

Percent similarity and identity were obtained through BlastX or Gap Programs using 
default parameters (Genetics Computer Group, Wisconsin). 

Organism Amino Acid Nucleic Acid 

Similarity (%) Identity (%) Identity (%) 

Arabidopsis thaliana 91.6 80.8 70.0 
Hevea brasiliensis 

hmgJ 78.3 56.6 74.4 
hmg2 92.0 78.2 72.7 
hmg3 92.5 77.5 77.0 

Human 80.0 55.8 62.8 
Nicotiana sylvestris 93.0 89.0 90.0 
Potato 

hmgJ 95.0 87.5 84.3 
hmg2 96.7 89.2 92.0 
hmg3 94.1 83.3 84.8 

Radish 
hmgJ 92.0 80.8 74.3 
hmg2 90.8 79.1 74.6 

Rice 89.1 74.0 72.2 
Saccharomyces cerevisiae 

hmgJ 83.3 64.1 63.0 
hmg2 82.5 63.3 62.0 

Tomato 
hmg2 96.7 90.0 93.3 
Xenopus laevis 78.3 56.6 59.8 
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Figure 13. Comparison of the deduced amino acid sequences of Arabidopsis thaliana 

hmgl and the maize HMGR PCR product. Sequences were aligned using the 

PILEUP program from the Genetics Computer Group (Madison, WI). 
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1 50 
A.thal MDLRRRPPKP PVTNNNNSNG SFRSYQPRTS DDDHRRRATT IAPPPKASDA 

m363 · ......... · ......... · ......... · ......... · ......... 
51 100 

A.thal LPLPLYLTNA VFFTLFFSVA YYLLHRWRDK IRYNTPLHVV TITELGAIIA 
m363 · ......... · ......... · ......... · ......... · ......... 

101 150 
A.thal LIASFIYLLG FFGIDFVQSF ISRASGDAWD LADTIDDDDH RLVTCSPPTP 

m363 · ......... · ......... · ......... · ......... · ......... 
151 200 

A.thal IVSVAKLPNP EPIVTESLPE EDEEIVKSVI DGVIPSYSLE SRLGDCKRAA 
m363 · ......... · ......... · ......... · ......... · ......... 

201 250 
A.thal SIRREALQRV TGRSIEGLPL DGFDYESILG QCCEMPVGYI QIPVGIAGPL 

m363 · ......... · ......... · ......... · ......... · ......... 
251 300 

A.thal LLDGYEYSVP MATTEGCLVA STNRGCKAMF ISGGATSTVL KDGMTRAPVV 
m363 · ......... · ......... · ......... · ......... · ......... 

301 350 
A.thal RFASARRASE LKFFLENPEN FDTLAVVFNR SSRFARLQSV KCTIAGKNAY 

m363 · ......... · ......... · ......... · ......... · ......... 
351 400 

A.thal VRFCCSTGDA MGMNMVSKGV QNVLEYLTDD FPDMDVIGIS GNFCSDKKPA 
m363 ••••••• GDA MGMNMVSKGV QNVLDYLQNE YPDMDVIGIS GNFCSDKKPA 

401 450 
A.thal AVNWIEGRG. KSVVCEAVIR GEIVNKVLKT SVAALVELNM LKNLAGSAVA 

m363 AA •• VGSRQR KSVVAGKVIT EEVVKKVLKT EVAGLVELNM LKNLTGSAMA 
451 500 

A.thal GSLGGFNAHA SNIVSAVFIA TGQDPAQNVE SSQCITMMEA INDGKDIHIS 
m363 GALGGFNAQA SNIVSAVFIA TGQDPAQNVE · ......... · ......... 

501 550 
A.thal VTMPSIEVGT VGGGTQLASQ SACLNLLGVK GASTESPGMN ARRLATIVAG 

m363 · ......... · ......... · ......... · ......... · ......... 
551 593 

A.thal AVLAGELSLM SAlAAGQLVR SHMKYNRSSR DISGATTTTT TTT 
m363 · ......... · ......... · ......... · ......... 
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Northern Analysis 

The 363 bp HMGR PCR product was used as a probe for Northern analysis of 

the expression of maize HMGR. In leaf, roots, shoots and tassels, the HMGR probe 

detected two transcripts, a 1.6-1.7 Kb transcript and a larger 2.4-2.5 Kb transcript 

(Figure 14). The 2.4 Kb transcript appears to be most highly expressed in dark

grown shoots. The shorter transcript is most highly expressed in leaf and shoots. 

The maize probe was also used to probe northern blots of total RNA isolated 

at various times of seed development. The probe detected two transcripts in embryo, 

the 1.6-1.7 Kb and 2.4-2.5 Kb transcripts (Figure 15). The steady state levels of the 

transcripts appeared to be constant during seed development. 

Analysis of HMGR Total Protein 

In order to examine the levels of HMGR protein during seed development, 

the 363 bp HMGR product was cloned into an E. coli expression vector, in frame 

clones were determined by dideoxy sequencing, and used to generate an HMGR 

fusion protein. This fusion protein was identified by SDS-PAGE (Figure 16). 

This protein was isolated as described in Chapter VII, and used to generate anti

HMGR antibodies in chickens. The resulting antiserum reacted to the HMGR fusion 

protein, which is not detected by the preimmune serum (Figure 17). 
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Figure 14. Northern blot analysis of maize total RNA from leaves, shoots, tassels, 

and roots. Equivalent amounts (20 p.g) of total RNA were electrophoresed in 1.2% 

agarose gels, transferred to nylon membranes and hybridized with the 363 bp maize 

HMGR fragment. Equal loading of lanes was confirmed by analysis of maize 18S 

rRNA (not shown). Lane 1. Tassels; Lane 2. 2 week old leaf; Lane 3. 5 day old 

etiolated shoots; Lane 4. 3 day old etiolated roots. 
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Figure 15. Northern blot analysis of maize total RNA from embryos harvested in the 

summer of 1993. Lane 1. 12 DAP; Lane 2. 13 DAP; Lane 3. 14 DAP; Lane 4. 15 

DAP; Lane 5. 16 DAP; Lane 6. 16 DAP; Lane 7. 18 DAP; Lane 8. 20 DAP; Lane 

9.22 DAP; Lane 10. 25 DAP; Lane 11. 27 DAP. 
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Figure 16. Isolation and immunoreactivity of maize HMGR fusion protein. (A). 

IPTG-induced expression of HMGR fusion protein in BL21 cells. Lane 1. Induced 

BL21 cells containing pET22b vector; Lane 2. Induced BL21 cells containing HMGR 

fusion construct; Lane 3. Isolated 24 kD HMGR fusion protein. (B). Analysis of 

HMGR fusion protein using the polyclonal antibody raised against the HMGR fusion 

protein. For visualization the chemiluminescence technique was used. Lanes 1,2,3. 

5, 10 and 15 J.tl of total cell proteins from IPTG-induced BL21 cells containing the 

pET22b vector alone; Lanes 4,5, and 6. 5, 10 and 15 J.tl of total cell proteins from 

IPTG-induced BL21 cells containing the HMGR fusion construct. Lanes 1 and 4, 2 

and 5, and 3 and 6 do not contain equal amounts of protein. 
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Figure 17. Immunoblot of purified fusion protein. The HMGR fusion protein was 

purified and subjected to SDS-polyacrylamide gel electrophoresis. Lanes 1-5: 

Immunoblot analysis using the polyclonal antibody raised against the HMGR fusion 

protein. Lane 1. 0.5 p.g protein; Lane 2. 1.0 p.g protein; Lane 3. 2.0 p.g protein; 

Lane 4. 5.0 p.g protein; Lane 5. 10 p.g protein. Lanes 6-8: Western blot analysis 

using pre-immune serum. Lane 6. 2.0 p.g protein; Lane 7. 5.0 p.g protein; Lane 8. 

10 p.g protein. 
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Since the fusion protein contained amino acids from both E. coli and maize 

HMGR, I decided to confirm that the antibody recognized HMGR protein. The 

fusion protein was further purified as described in Chapter VII and used to construct 

an antigen column. The immunoreactive IGY fraction was purified over this column 

and used to probe a protein blot containing tomato hmg2 protein (gift of Carol 

Cramer, Virginia Tech, Blacksburg, VA) overexpressed in E. coli. The tomato hmg2 

and maize 363 bp fragment are very similar at the AA level, and thus the maize 

antibody might be expected to react to the tomato protein. This tomato fusion 

protein, which is 36 kD, contains the HMGR active site, and has been shown to be 

catalytically active in E. coli (Carol Cramer, personal communication). The anti

HMGR antibody reacted to the 36 kD tomato HMGR band, but not to the lanes 

containing E. coli proteins and vector only (Figure 18). These results indicate that the 

isolated antibody recognizes not only the fusion protein from which it was generated, 

but also the catalytic domain of plant HMGR. 

To determine the size of the HMGR protein in maize tissues, immunoblots of 

total microsomal fractions from either roots or seed tissues were reacted with the anti

HMGR antibody. The antibody detected a 55-56 kD protein in microsomal fractions 

(Figure 19). The antibody does not detect specific proteins in total protein samples 

from root tissue (data not shown). Plastid fractions were not tested. 
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Figure 18. Maize immunoreactivity to 36 kD tomato hmg2 fusion protein. The 

tomato fusion protein was expressed in BL21 E. coli cells and subjected to SDS

polyacrylamide gel electrophoresis. Immunoblot analysis was done using the 

immunoaffinity-purified maize HMGR antibody. Lanes 1-3: Total cell protein from 

IPTG-induced BL21 cells containing only the vector pT7-7. Lane 1. 5 ",1 of total cell 

protein; Lane 2. 10 ",1 of total cell protein; Lane 3. 15 ",1 of total cell protein. Lanes 

4-6: Total cell protein from IPTG-induced BL21 cells containing the tomato hmg2 

fusion construct. Lane 4. 5 ",1 of total cell protein; Lane 5. 10 ",1 of total cell 

protein; Lane 6. 15 ",1 of total cell protein. 
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Figure 19. Immunoblot from maize microsomes from WT and vp7 endosperm. 

Microsomal fractions were subjected to SDS-polyacrylamide gel electrophoresis and 

immunoblot analysis was performed as described previously. Lane 1. 14 DAP 

(vplvplvp); Lane 2. 14 DAP (+1-1-). 
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Immunoblot analysis also was performed on microsomal fractions isolated 

from embryo and endosperm isolated at different days after pollination. The steady 

state levels of protein were found to increase exponentially in both the embryo and 

endosperm over the course of seed development when quantitated by either laser 

densitometer or [3SS]-Streptavidin (Figure 20). 
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Figure 20. Immunoblot of maize microsomes from FunkF embryos and endosperm 

during seed development. 10 Itg of microsomal protein was subjected to SOS

polyacrylamide gel electrophoresis and immunoblot analysis was performed as 

described previously. (A). Embryo microsomes. Lane 1. 12 OAP; Lane 2. 130AP; 

Lane 3. 14 OAP; Lane 4. 16 OAP; Lane 5. 20 OAP; Lane 6. 25 OAP; Lane 7. 30 

OAP. (B). Endosperm microsomes. Lane 1. 10 OAP; Lane 2. 11 OAP; Lane 3. 12 

OAP; Lane 4. 13 OAP; Lane 5. 14 OAP; Lane 6. 16 OAP; Lane 7. 20 OAP; Lane 

8. 25 OAP; Lane 9. 300AP. 
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DISCUSSION 

Embryo: 

A high level of embryo HMGR activity was observed during the late 

embryogenesis phase of seed development (10-12 DAP), a time period during which 

rapid cell divisions occur. The high levels of HMGR activity correlate with the 

requirements in dividing cells for isoprenoid compounds such as membrane sterols 

and electron transport chain components. High levels of HMGR activity in early seed 

development as well as the drop in activity at 13 DAP have been confirmed in 

embryos from two independent field plantings. These similar patterns of HMGR 

activity indicate that HMGR expression is regulated in the embryo during early seed 

development when rapid cell divisions and differentiation are occurring (Randolph, 

1936; Kiesselbach, 1949). Additionally, these high levels of embryo HMGR activity 

indicate that HMGR is critical for eukaryotic cell division and cell growth, in 

agreement with data from yeast (Basson et aI., 1986), mammals (Quesney-Huneeus et 

aI., 1979) and other plants (Ji et aI., 1992), This may reflect the need for sterols 

which are believed to be essential for cell division (Grossman, et aI., 1985; Haughan, 

et aI., 1987; Haughan, et aI., 1988). HMGR from other eukaryotic systems has 

already been shown to be under developmental control. For example, in sea urchin, 

HMGR activity increases 200-fold in the embryo during a period of extensive cell 

proliferation and membrane modifications (Woodward et aI., 1988). Our data are 
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consistent with these previous studies in demonstrating that HMGR activity is elevated 

in the maize embryo during late embryogenesis coinciding with high mitotic activity. 

Endospenn: 

As predicted, the level of HMGR activity is high in the endosperm during 

periods when rapid cell divisions occur. This high level of activity precedes 

maximum zein protein accumulation (Burr and Burr, 1976; Wilson, 1983; Marks et 

aI., 1985; Bewley and Marcus, 1990; Ober et aI., 1991). The mitotic activity in the 

central region of the endosperm peaks at about 8 to 10 DAP, rapidly declines at 12 to 

13 DAP and then ceases, while kernel development continues (Kowels and Phillips, 

1985). HMGR activity is very high in 10 DAP and 12 DAP endosperm in parallel 

with the late phase of mitotic activity. At 13 DAP, HMGR activity declines sharply, 

possibly marking the transition from cell division to differentiation. It is probable 

that the similar drop observed in embryo HMGR activity at 13 DAP (Figure 3) 

marks a similar phase change. Thus, HMGR activity represents a measurable 

biochemical marker for the embryogenesis to maturation phase change during maize 

seed development. 
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HMGR Activity Differs Between Embryo and Endosperm During Maturation 

During seed maturation, both endosperm and embryo are undergoing cell 

expansion. Clearly, membrane sterols would be required for this expansion and thus 

HMGR activity might be expected to remain high. However, while embryo HMGR 

activity increases at 14 DAP, by >40 units, endosperm activity remains unchanged 

and low throughout maturation and dormancy. This behavior in the endosperm is in 

sharp contrast to the activities of enzymes involved in starch synthesis, such as 

sucrose synthase, which shows a rapid increase between 11 to 15 DAP (Ober et al., 

1991). If I assume that the basal amount of HMGR activity in the endosperm is 

sufficient to fulfill a housekeeping role, providing substrates for cell expansion, the 

increase in the embryo could serve a different purpose. This activity increase in the 

embryo could reflect a requirement for increased mevalonate as a precursor to other 

isoprenoid compounds such as abscisic acid. The fact that both embryo and 

endosperm HMGR activities are much higher than the activity detected within the first 

48 hours of germination and seedling emergence underscores the importance of this 

enzyme, in particular, during early seed development. 

Although many isoprenoid compounds are required during seed development, 

little is known about the specific isoprenoids required for seed development. It is 

known, that the isoprenoid, ABA, is absolutely required in maize seeds in order to 

control or maintain aspects of seed dormancy, germination and water relations 

(Robichaud et al., 1980; Jones and Brenner, 1987; Gage et al., 1989; 
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Belefont and Fong, 1991). Jones and Brenner (1987) demonstrated that maize 

embryos and endosperm have distinctive patterns of ABA accumulation during seed 

development. Embryo ABA content peaks during grain filling just prior to the onset 

of dormancy. Gage et al. (1989) have established that isolated maize embryos are 

capable of synthesizing ABA. Taken together, these findings suggest that ABA is 

synthesized in the seed, probably in the embryo. 

I have found an increase in embryo HMGR activity at 14 DAP prior to the 

predicted ABA peak, at which time the endosperm HMGR activity remains low. This 

pattern has been observed in three independent field experiments. ABA is one of 

many end products of the isoprenoid biosynthetic pathway, requiring mevalonate as a 

specific precursor (Bach, 1987). The fact that HMGR activity appears to be 

differentially regulated during seed development in the embryo and endosperm 

supports the hypothesis that synthesis of some isoprenoid compounds, such as ABA, 

may also be compartmentalized. ABA levels may be inversely correlated with 

HMGR activity, based on reports indicating in vivo inhibition of microsomal HMGR 

activity by ABA in apical pea buds (Russell and Davidson, 1982). It will be 

interesting to examine the relationship between ABA and HMGR expression and 

activity in the maize seed. 
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HMGR Activity During Germination and Seedling Emergence 

Low levels of HMGR activity for the first 48 hours of imbibition suggest that 

all isoprenoid-derived compounds needed by the plantlet during this period are present 

in the quiescent seed. Between 48 and 72 hours, HMGR activity increases in both the 

root and shoot of light-grown plants. This increase may be due to the depletion of 

existing pools of intermediates or may reflect the changing needs of the growing plant 

for the wide variety of isoprenoid compounds required during germination and cell 

and leaf expansion (Le. sterols, gibberellic acid, carotenoids or side chains of 

chlorophylls necessary for photosynthesis). Interestingly, shoot HMGR activity in 

both light and dark grown seedlings is lower than root activity. Since both the root 

and shoot are actively developing tissues, it is unclear why the activities are 

significantly different. 

There are several possibilities which might account for the differences between 

root and shoot activity. First, the lower activity may not reflect the total HMGR 

activity of the shoot tissue. It is possible that there exists a maize shoot plastid 

HMGR activity that would account for differences in activity levels and would not be 

detectable under these assay conditions. Such plastid activity has been reported in pea 

and tomato (Brooker and Russell, 1979; Narita and Gruissem, 1989). Only a basal 

HMGR activity could be detected in maize chloroplasts (data not shown). This 

activity alone does not account for the large observed differences. Similar results 

with maize plastid activity were reported by Ji et aI. (1992). These findings 
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emphasize that maize HMGR activity appears to be exclusively associated with 

microsomal membranes. There is a controversy regarding the subcellular location of 

plant HMGR activities (Kleinig, 1989; Bach et al., 1990), and this awaits further 

study. Second, since the activity is expressed on a total microsomal protein basis, the 

lower shoot activity may simply be artificially lowered by co-purification of 

contaminating plastids. No obvious quantitative differences in total protein between 

light grown roots and shoots were detected in Coo massie-stained SDS-PAGE gels of 

microsomal proteins (data not shown). Additionally, differences between root and 

shoot HMGR activity are apparent in the dark grown seedlings (Figure 10, Table V). 

There is no significant effect of light on total membrane protein per unit fresh weight 

tissue (data not shown). Based. on these results, the observed lower shoot activity is 

likely due to decreased HMGR activity rather than due to an increase in other 

membrane proteins. There may be real differences in the HMGR activity on a per 

cell basis, reflecting the changing needs of each tissue for certain isoprenoid 

compounds. 

In vivo activity of HMGR has been shown to be light regulated in maize leaf 

tips, pea apical buds, radish and potato tuber tissue (Brooker and Russell, 1979; 

Bach, 1987; Gray, 1987; Stermer and Bostock, 1987; Ji et al., 1992). In agreement 

with previous observations, my data demonstrate a two to four-fold increase in 

activity in etiolated shoots indicating a light-dependent inhibition of HMGR activity. 

Results from this study show that maize microsomal HMGR activity is also lower in 



roots grown under light conditions. The mechanism for this observed inhibition of 

HMGR activity by light is unknown, but has been postulated to occur by a post

translational mechanism (Stermer et al., 1994). 

Expression of HMGR 
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Examination of HMGR activity during seed development indicated that the 

activity was both spatially and temporally regulated. It is apparent from both plant 

and animal studies, that HMGR activity can be subject to complex regulation. As an 

initial attempt to determine the level of regulation of maize HMGR, I examined the 

expression of maize HMGR at the DNA, RNA and protein levels. 

Southern blot analysis of maize inbred lines, indicates that HMGR exists as a 

gene family of approximately 3 genes. This was expected since all known plant 

HMGRs exist as mUlti-gene families. The size of the HMGR gene family varies from 

that seen in other monocots; diploid rice has two HMGR genes (Nelson et al., 1994) 

and hexaploid wheat may have four (Aoyagi et al., 1993). Based on sequence 

comparisons, the maize HMGR 363 bp peR product is likely to encode a portion of 

the maize hmg2 gene. Typically, members of the HMGR sub-families are more 

similar to their counterparts in other species than to the other HMGRs within the 

species. 
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It is likely that the maize HMGR genes are differentially expressed, allowing 

the differential regulation of HMGR activity. Several groups have reported 

differential expression of plant HMGR genes (Yang et al., 1991; Stermer et al, 1991; 

Choi et al., 1992; Chye et al., 1992; Aoyagi et al., 1993; Burnett et al., 1993). 

One hypothesis is that the different isoforms of HMGR may perform different 

functions with separate pathways leading to different isoprenoid end product synthesis. 

A complete analysis of gene-specific regulation of maize HMGR will require the 

isolation of full length cDNAs for the three genes and generation of gene-specific 

probes. To determine whether maize hmg2 transcript levels correlated in any way 

with the enzyme activity of maize tissues, I performed northern analysis. 

The maize hmg2 probe detects two transcripts in all tissues tested indicating 

expression of a minimum of two out of the three maize HMGR genes. Since the 

region of the HMGR gene used as a probe is so highly conserved among plants (70-

93%), it is likely that the probe is detecting two genes. The observed 2.4-2.5 Kb 

transcript is similar in size to the transcripts that have been reported for Hevea 

brasiliensis (Chye et al., 1992) and potato (Yang et al., 1991), but is smaller than the 

transcripts reported for tomato and Arabidopsis (Narita and Grussiem, 1989; Monfar 

et al., 1990). The second transcript, which is most highly expressed in roots, is 1.6-

1.7 Kb. This size is somewhat smaller than the 2.3-3.0 Kb transcripts reported for 

most dicot HMGR genes (Stermer et al., 1994). However, a 1.9 Kb transcript has 

been reported for rice (Nelson et al., 1994), and a 1.4 Kb transcript has been reported 
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for the Hevea brasilinesis hmg2 gene (Chye et al., 1992). The size difference may be 

due to truncation of the 5' end of the maize gene, similar to the mammalian HMGR 

(Nakanishi et al., 1988); it is also possible that differences in the 3' untranslated 

region, or RNA processing events contribute to the smaller transcript size. Isolation 

of the full length maize HMGR genes will be necessary to test these hypotheses. 

The differential expression of two maize HMGR genes is indicated by the 

differential expression of the two transcripts in various maize tissues, but transcript 

levels do not appear to correlate with levels of HMGR activity. For example, high 

transcript levels were observed in 2 week old leaf tissue where the enzyme activity is 

the lowest. The two transcripts also appear to be strongly but equally expressed in 

light-grown shoot tissue where the activity is moderate (Table V). 

To determine if steady state mRNA levels correlated to enzyme activity 

patterns in embryos or endosperm, northern blots of total embryo RNA were 

analyzed. The two transcripts were detected at all tested time points. The mRNA 

levels appear to be low, constitutive, and do not correlate with the observed activity 

patterns (Figures 5,6). There are several explanations for the apparent lack of 

correlation between mRNA levels and enzyme activities. The simplest explanation is 

that maize HMGR is not regulated at the level of mRNA. To test this further, run-on 

transcription and/or stability experiments could be performed. Alternatively, since 

there are three maize HMGR genes detected by Southern blot analysis, it is possible 

that the third gene is regulated at the mRNA level and is responsible for the regulated 



98 

activity observed in the seed tissues. This third gene may either encode the same size 

transcript as one of the observed transcripts or is not detected by this probe. In either 

case, further analysis will require additional gene-specific probes. It would also be 

interesting to examine further potential differences in specific transcript levels 

between light and dark-grown roots and shoots to test the hypothesis that the 

suppression of HMGR activity in the light is post-translational. 

The observed HMGR protein size, 55 kD, determined by western analysis 

corresponds to the predicted protein size from a 1.6-1.7 Kb transcripts detected by 

northern analysis. The protein size is similar in size to the apparent molecular mass 

(59 kD) of Hevea brasiliensis HMGR (Chye et al., 1991) and the purified potato 

HMGR (55 kD) (Kondo and Oba, 1986) and radish (63 kD) (Bach et al., 1986). 

Bach and coworkers have estimated the molecular mass of purified radish HMGR to 

be 180 kD with subunits of 40-60 kD (Bach et al., 1991). As predicted, this protein 

size is smaller than the yeast or mammalian enzyme which is approximately 270 kD 

(Qureshi et al., 1976). The catalytic fragment of the mammalian enzyme, however, 

has been shown to be 52-55 kD (Rogers et al., 1983). It is possible that the 

difference in size between the plant and animal proteins is a result of the increased 

number of membrane-spanning domains in the mammalian protein. The true size of 

functional plant HMGR in situ has not been determined. 

Only one protein band was detected in microsomal fractions with western 

analysis. Due to the high degree of conservation between the catalytic domains of 
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HMGR proteins, the polyclonal antibodies likely recognize all three maize isozymes. 

Radish antibodies generated against the similar domain recognize both radish isozymes 

(Vollack et al., 1994). Thus, these antibodies are likely detecting the total levels of 

HMGR protein present in the microsomal fractions. No specific proteins could be 

seen in total protein samples. 

If the enzyme is regulated at the levels of transcription/translation, one 

prediction would be that the levels of HMGR protein should correlate with the 

enzyme activity. The levels of HMGR protein in the embryo and endosperm 

increased exponentially during seed development. The protein pattern does not 

correlate with either the steady state mRNA levels or the patterns of HMGR activity. 

It is possible that HMGR activity is not regulated at the protein level, and that the 

seed continues to increase HMGR synthesis throughout development, perhaps in 

preparation for germination events which will require large amounts of mevalonate 

and various isoprenoid products. In this case, the differential activity observed in the 

two seed tissues might be the result of post-translational control. The most obviolls 

candidate for such control is the inactivation of the enzyme by phosphorylation (Beg 

et al., 1986; Stermer et al., 1994). Regulation by reversible phosphorylation has 

been shown to be critical for mammalian HMGR (Goldstein and Brown, 1990). 

Another possibility for post-translational regulation is proteolytic degradation of the 

enzyme. There is evidence from mammalian systems that the cysteine protease is 

involved in the mevalonate-accelerated and basal degradation of HMGR (Inoue et al., 
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1991}. Alternatively, since the antibody is likely to recognize multiple HMGR 

isoforms, while the overall level of HMGR protein is increasing, one or more of the 

isozymes may have a protein pattern that correlates with activity pattern but that is 

masked by the other isozymes. Since isoform-specific antibodies do not exist at this 

time, these two possibilities cannot be tested. 
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SUMMARY 

In these studies, I have shown that high microsomal HMGR activity is 

correlated with stages of rapid mitotic division in the two components of the seed 

during early seed development and in meristematic tissues of the young seedling. 

During seed development, HMGR activity may represent a unique biochemical 

marker for the transition from mitotic division to cell expansion in both embryo and 

endosperm. Maize HMGR activity appears to be developmentally controlled both in 

the genetically distinct embryo and endosperm and in the emerging root and shoot. 

There may be a correlation between HMGR activity and ABA levels in the seed. 

Whether elevated HMGR activity is necessary prior to increases in ABA levels in the 

seed remains to be proven. Steady state mRNA and protein levels do not correlate 

with observed patterns of HMGR activity. This is either due to differential 

expression of the HMGR gene family and/or post-translational control of HMGR 

activity during seed development. 
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INTRODUCTION 

The isoprenoid biosynthetic pathway produces a number of compounds in plants 

that are essential for growth, development, photosynthesis, and disease resistance (Bach, 

1987; Bach et al., 1990). A variety of isoprenoids appear to be required for seed 

development (Bewley and Marcus, 1990; Belefont and Fong, 1991), but little is known 

about the specific isoprenoid requirements of seeds or how their biosynthesis is regulated 

(Moore and Oishi, 1993). During seed development, sterols are thought to be the major 

isoprenoid compound required for both rapid cell divisions and extensive membrane 

biosynthesis (Randolph, 1936; Kowels and Phillips, 1985; Haughan et al., 1988; 

Horbowitz and Obenhorf, 1992). In seeds of Zea mays (maize) an additional isoprenoid, 

ABA, is required (Robichaud et al., 1980; Koornneef et al., 1989). There are two 

sources of ABA in the developing seed: ABA synthesized by the maternal tissue and 

imported via the phloem (Karssen et al., 1983) and ABA synthesized by the zygotic 

tissue of the seed (Karssen et al., 1983; Jones and Brenner, 1987; Koornneef et al., 

1989; Belefont and Fong, 1991). ABA produced by the zygotic tissue in maize seeds 

maintains or controls aspects of maturation, dormancy, and water relations (Robichaud 

etal., 1980; Jones and Brenner, 1987; Neilletal., 1987; Gage et al., 1989; Belefontand 

Fong, 1991). 
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The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) is a key 

enzyme controlling the isoprenoid pathway in both plants and animals (Gray, 1987; Bach 

et al., 1990; Goldstein and Brown, 1990; Gondet et al., 1992). Plant microsomal 

HMGR has been shown to be regulated by light (Brooker and Russell, 1979; Ji et al., 

1992; Moore and Oishi, 1993), phytohormones (Brooker and Russell, 1979; Russell and 

Davidson, 1982), wounding, fungal infection, and fungal elicitors (Stermer and Bostock, 

1987). Results from our studies of HMGR activity during seed development suggest that 

this enzyme and its regulation are important during seed development. We have shown 

that HMGR activity is regulated during maize seed development, both temporally and 

spatially in the embryo and endosperm (Moore and Oishi, 1993). ABA levels in wild 

type (WT) FunkF embryos during seed development are shown in Figure 21. Our 

studies suggest an inverse correlation between ABA levels and HMGR activity (Figure 

5; Moore and Oishi, 1993). Examination of WT seeds revealed that endosperm HMGR 

activity remains low and relatively constant during the increase of zygotic ABA, from 

14-30 days after pollination (DAP). The hypothesis that ABA may regulate HMGR 

activity was initially suggested by Russell and Davidson (1982), who demonstrated that 

exogenous ABA decreases HMGR activity in apical pea buds. 

Maize represents an ideal system in which to study the effect of ABA on HMGR 

expression during seed development. Seed development in maize is well defined both 

morphologically and genetically (Randolph, 1936; Kiesselbach, 1949; Kowels and 

Phillips, 1985; Neuffer et al., 1986). Further useful is the characterization of maize 
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Figure 21. ABA levels in embryos during maize seed development. ABA levels were 

determined as described in Chapter VII. 
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ABA-deficient mutants (vivipary mutants) that exhibit altered seed development and are 

useful for studying the role of ABA in the regulation of isoprenoid biosynthesis 

(Robertson, 1955; Robichaud et aI., 1980; Neill et aI., 1986). 

In the present study, I used the maize vivipary mutants to determine in vivo 

whether and how endogenous levels of ABA affect HMGR activity during seed 

development. We demonstrate an inverse correlation between HMGR activity and 

endogenous ABA levels in maize endosperm and conclude that ABA may regulate 

HMGR activity via a Vp I-dependent signal transduction pathway. Furthermore, ABA 

appears to negatively regulate HMGR expression at multiple levels, affecting both steady 

state mRNA levels, and requiring protein kinase activity. Total HMGR protein levels 

are not affected by ABA. 
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RESULTS 

HMGR Activity in the Endosperm of vivipary Mutants Blocked in the Biosynthesis 

of ABA. 

I examined HMGR activity in the endosperm of three non-allelic vivipary mutants: 

vp2, vp5, and vp7. To study seeds with an identical genetic background, cytosolic 

HMGR activity was measured in mutant (vp) and WT endosperm that had been isolated 

from the same ear. Figure 22 illustrates HMGR activity levels from both vp and WT 

endosperm from the vp2 and vp7 mutants. Endosperm was isolated at selected OAP 

from 14 to 30 OAP, expressed as units of nmol of MVA h-I mg-I of protein (Table VII). 

For the vp5 mutant, only the phase of early seed maturation was examined where the 

greatest differences were observed (14-18 OAP, Figure 22). In the vp endosperm of all 

three mutants, HMGR activity is higher than WT HMGR activity (Figure 22: A,B,C, 

Table VII). This difference was observed particularly during maturation (approximately 

14-20 OAP; Randolph, 1936; Kiesselbach, 1949, Wilson, 1983). Ouring maturation, 

HMGR activity in vp endosperm is greater by 30-37% (vp2), 23-45% (vp5), and 16-58% 

(vp7) compared to the activity in WT endosperm. Although the magnitude of HMGR 

activity is increased in the vp endosperm of all three mutants during maturation, the 

relative temporal HMGR activity profiles are similar in both WT and mutant, and are 

similar to the temporal profiles observed in WT FunkF endosperm during seed 

development (Moore and Oishi, 1993). Variability in the levels of HMGR activity 
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Figure 22: Microsomal HMGR specific activity in mutant (vp/vp/vp) • or WT (+/

/-) 0 vp2, vp5, and vp7 endosperm during seed development. vp2 endosperm (A), 

vp5 endosperm (B), vp7 endosperm (C). Enzyme activity for both mutant and WT 

endosperm was determined. Each value represents the mean + SE of three to six 

determinations from a representative experiment. SE ranged from 0.05 to 10.0% 

with an average SE of 7 % . 
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Table VIT. HMGR specific activity in WT and vp endosperm 

Enzyme activity from 5 WT (+/-/-) or mutant (vp/vp/vp) endosperm for each 
developmental time point. Values are from a representative experiment and each data 
point is the mean +SE of two to six. SE ranged from 0.01 to 10.0% 

Age of endosperm 

DAP 

14 
16 
17 
18 
20 
22 
25 
30 

14 
15 
16 
18 

14 
16 
17 
18 
20 
25 
30 

Units of Specific Activity 

nmol MVA h-I mg-I o/protein 

WT vp2 

49.7 + 2.5 79.2 + 2.4 
31.4 + 0.9 44.1 + 1.8 
33.2 + 1.0 42.0 + 2.5 
27.0 ± 1.1 40.9 + 1.2 
28.7 + 0.3 40.6 + 1.6 
28.6 + 1.1 29.0 + 0.9 
23.5 + 1.1 21.5 + 1.5 

7.7+ 0.1 30.9 + 3.0 

WT vp5 

29.5 + 2.0 41.8 +0.0 
17.0 + 1.2 22.4 + 0.8 
12.0 + 0.7 22.1 + 0.0 
11.0+0.1 16.2 + 0.3 

WT vp7 

18.7 + 0.2 44.1 + 0.0 
27.3 + 0.8 40.1 + 3.2 
23.8 + 0.5 30.2 + 1.8 
14.1 + 0.0 16.2 + 0.0 
16.1 + 0.5 19.0 + 0.5 
10.0 + 0.0 13.9 + 0.4 

4.6 + 0.3 10.6 + 1.0 
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among the different mutant lines was observed, but the trends were similar in all 

experiments with vp endosperm showing increased activity relative to WT. 

This difference in HMGR activity of vp endosperm does not appear to be due to 

differences in age of the seed or increased water content of the mutant tissue since both 

WT and vp endosperm have similar fresh and dry weights from 14-20 DAP (Table VIII). 

By 25-30 DAP, HMGR activity is decreasing in both vp and WT endosperm in all three 

mutants (Figure 22, Table VII); this pattern is similar to the WT FunkF endosperm 

activity profile (Moore and Oishi, 1993). These experimental results demonstrating a 

negative correlation between ABA and HMGR activity have been confirmed in a third 

independent field test using vp2, vp5, vp7 mutants as well as in additional vp mutants, 

and we have determined that HMGR activity is decreased in vp mutant embryos during 

seed development (Chapter V). 

The maize mutants vp2, vp5, and vp7 are defective in the biosynthesis of 

carotenoids and ABA, and thus accumulate lower amounts of zygotic ABA (Figure 23; 

Brenner et al., 1977; Neill et at., 1986). To determine levels of ABA in the endosperm 

of the vp2, vp5, and vp7 alleles in the FunkF background, ABA levels were measured. 

Mutant endosperm accumulate 40-80% of the ABA levels found in WT endosperm (Table 

IX). Since both mutant and WT seeds are present on the same ear, vp and WT 

endosperm presumably receive the same source and amount of maternal ABA. 

Therefore, the decrease in ABA content of the vp endosperm is most likely due to a 

decrease in zygotically produced ABA. 
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Table Vill. Fresh and dry weights of whole endosperm during seed development in WT 
and vp seeds. 

Homozygous mutant (vp) or WT seeds (+/-) were harvested at various times during 
seed development. Seeds were de-embryonated and the fresh weight was determined. 
Endosperm were quick frozen in liquid nitrogen and vacuum dessicated to obtain dry 
weights. Values are from a representative experiment. 

Age of Seed Fresh Wt DryWt Fresh Wt DryWt 

DAP g g g g 

WT vo2 

14 0.086 0.015 0.085 0.013 
16 0.109 0.023 0.097 0.020 
17 0.149 0.045 0.149 0.041 
18 0.149 0.046 0.141 0.044 
20 0.170 0.069 0.169 0.058 
25 0.258 0.126 0.190 0.101 
30 0.275 0.142 0.193 0.107 

WT vp5 

14 0.109 0.024 0.110 0.023 
15 0.118 0.026 0.122 0.025 
16 0.143 0.039 0.137 0.038 
18 0.152 0.055 0.138 0.051 

WT vp7 

14 0.135 0.028 0.124 0.024 
16 0.149 0.040 0.146 0.038 
17 0.159 0.049 0.156 0.042 
18 0.169 0.049 0.152 0.042 
20 0.173 0.073 0.163 0.070 
25 0.167 0.094 0.139 0.082 
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Figure 23. General scheme of carotenoid and abscisic acid biosynthesis showing 

positions of the vp2, vp5, vp7, vp8, vp9 and vpl mutations (Moore and Smith, 1985; 

Neill et al., 1986; Bramley and MacKenzie, 1988). 
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Table IX. Endogenous ABA levels in WI and vp endosperm 

Relative levels of active (R)-ABA were determined for each developmental time point 
using trace competition ELISA (IDETEK). ABA was extracted from five mutant 
(vplvp/vp) or WT (+1 +1-) endosperm for each developmental time point. The mean and 
SE for three to six repetitions are shown for vp2, vp5, and vp 1. 

Age of seed 

DAP 

14 
16 
17 
18 
20 
25 
30 

14 
15 
16 
18 

22 
25 
27 
31 

Amount of abscisic acid 

pmol g-l dry weight 

WT 

33.0 + 0.0 
33.6 + 1.9 
15.1 + 0.4 
17.4 + 0.5 
14.6 + 1.5 
12.2 + 0.9 

5.4 + 0.7 

WT 

26.8 + 2.2 
20.7 + 0.1 
19.2 + 0.6 
10.3 + 0.5 

WT 

8.8 + 0.8 
11.2 + 1.5 
13.6 + 2.9 
18.6 + 2.7 

26.5 + 1.2 
19.2 + 3.2 

9.5 + 0.6 
10.2 + 0.7 

6.6 + 0.3 
5.9 + 0.8 
3.2 + 0.4 

vp5 

18.4 + 0.8 
14.4 + 2.1 
12.4 + 1.1 

7.4 + 0.2 

ml 

8.1 + 1.0 
11.6 + 1.2 
13.2 + 0.1 
18.5 + 0.9 
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Viviparous germination of vp embryos is typically visible from 17-20 DAP, 

during the period in which differences are observed in endosperm HMGR activity (Figure 

22). During germination, the endosperm also changes, undergoing degradation and 

absorption by the embryo as its storage reserves are mobilized for the seedling (Bewley 

and Black, 1985). Thus, it is possible that the increase in HMGR activity of the vp 

endosperm is due to the changing developmental stage of the endosperm or that it is an 

effect of embryo germination. To rule out the possibility that the changes in endosperm 

HMGR activity are due to an effect of germination, we measured HMGR activity in the 

endosperm of WT germinating seedlings. These measurements indicate that HMGR 

activity remains at basal levels for the first 72 h of imbibition/germination, ranging from 

1.2 + 0.1 to 2.7 + 0.2 units of activity (Table X). These levels of HMGR activity are 

substantially lower than levels in the vp endosperm (Figure 22), and are ten-fold lower 

than levels of HMGR activity in endosperm during WT seed development (Chapter II; 

Moore and Oishi, 1993). 

HMGR Activity in vpl Endosperm 

Unlike the other vp mutants, vpl mutant endosperm has WT levels of both 

carotenoids (yellow color) and ABA (Neill et al., 1986). We confirmed that the vp 

endosperm of the vpl allele used in this study contains the same levels of ABA as the 

WT endosperm (Table IX). Since WT and mutant seeds could not be distinguished until 

approximately 20 DAP, measurements of vpl HMGR activity were made later during 
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Table X. HMGR specific activity in endosperm of imbibing and germinating embryos. 

Enzyme activity of de-embryonated endosperm from FunkF seeds after 24, 36, 
48, 60, and 72 h of imbibition/germination. Values are from a representative experiment 
and each data point is the mean +SE of two to four replications. SE ranged from 0.05 
to 15%. 

Time of Imbibition 
h 

o 
24 
36 
48 
60 
72 

Units of Specific Activity 
nmol MVA h-i mg-i of protein 

2.6 + 0.0 
2.1 + 0.2 
2.7 + 0.2 
2.5 + 0.1 
1.2 + 0.1 
1.3 + 0.2 
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seed development. The vpl mutant also is maintained in a different genetic background 

(W22) which develops more slowly in Arizona than the FunkF inbred lines of carotenoid 

biosynthetic vp mutants (Moore and Oishi, unpublished observations). Therefore, a 

direct comparison of levels of HMGR activity at specific DAP cannot be made between 

the vpl and other vp mutants. Figure 24 illustrates HMGR activity for vpl and WT 

endosperm during seed development. The pattern of HMGR activity in the vp 1 mutant 

is similar to the patterns observed in vp2, vp5, and vp7 mutants (Figure 22). HMGR 

activity is greater in the vpl endosperm by 34-41 % relative to WT (Figure 24). 

Effect of Exogenous ABA on HMGR Activity 

Since it is difficult to culture endosperm, young maize seedlings were grown with 

or without of 50 ILM of + ABA to determine if maize cytosolic HMGR activity is 

affected by exogenous ABA. Microsomes were isolated from the lowest 1 cm of the 

root, which includes the meristematic tissues, since previous experiments had shown that 

the highest level of HMGR activity was found at the growing root tip (data not shown). 

The results from analysis of root HMGR activity show lower activity levels in the roots 

of seedlings treated with ABA for 3, 6, 12, and 24 h as compared to controls (Table XI). 

HMGR activity in the ABA-treated seedlings ranges from 50-68 % of control activity and 

the lower HMGR activity is correlated to a decrease in root length at 12 and 24 h. 

However, a difference in HMGR activity between ABA-treated and untreated seedlings 

is observed after 3 h of treatment while an effect on growth is not observed until 12 
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Figure 24: Microsomal HMGR specific activity in mutant (vp/vp/vp) • or WT (+/

/-) 0 vp1 endosperm during seed development. HMGR activity was measured as 

described previously. Each HMGR value is the mean + SE of two to four 

determinations from a representative experiment. SE ranged from 0.1 to 5.0% with 

an average SE of 3.0%. 
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Table XI. HMGR specific activity in roots of seedlings after 3,6, 12, and 24 hours of 
treatment with exogenous ABA. 

Enzyme activity from roots of 20-25 FunkF seedlings after 3, 6, 12, and 24 h of 
treatment with 50 ",M (+) ABA. The average root length +SE is given for each time 
point. Values are from a representative experiment and each data point is the mean +SE 
of four replications. SE ranged from 0.01 to 0.2 %. 

Time 
of Treatment 

h 

3 

6 

12 

24 

Control 

Average 
Root Length 

mm 

ABA-treated 

28.7 +11.2 28.3 + 11.6 

34.3 + 10.1 28.6 + 8.0 

25.0 + 9.2 30.0 + 8.0 

46.8 +13.7 36.7 + 10.5 

Units of 
Specific Activity 

nmol MVA h-l mg-l of protein 

Control 

31.3 + 0.1 

23.8 + 0.0 

46.0 + 0.1 

ABA-treated 

19.2 + 0.4 

16.3 + 1.2 

23.0 + 0.3 

46.5 + 0.9 25.2 + 0.7 
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hours (Table XI). To determine the rapidity of the effects of ABA, maize seedlings were 

treated with 50 ",M ABA for shorter periods of time and compared to the control (no 

ABA treatment). After 30 minutes of ABA treatment there was a 20% decrease in the 

HMGR activity of treated seedlings as compared to the control seedlings (Table XII). 

There was no effect on root length. 

We have also shown that HMGR activity is decreased in maize and cotton roots 

under conditions of salt stress, conditions under which ABA levels have been shown to 

increase (Kefu et al., 1991; Oishi and Moore, in preparation). This study provides 

additional evidence that endogenous ABA may function in feedback inhibition of plant 

HMGR. 

Mechanism of Regulation of IIMGR Activity by ABA 

Using the polyc1onal anti-HMGR antibody, the steady state HMGR protein levels 

were analyzed in microsomal preparations from WT and mutant endosperm from vp5 and 

vp2. There appears to be no correlation between decreased ABA levels and increased 

HMGR protein levels during seed development (Figure 25: A, B). In addition, 

immunoblot analysis showed that HMGR protein levels are not altered in vpl mutant 

endosperm (Figure 25C). 

To further test potential mechanisms of regulation of HMGR activity by ABA, 

northern and western analysis were performed using a hydroponic root system. Seedlings 

were treated with ABA for 2 hours and total mRNA from control and ABA-treated roots 
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Table XII. HMGR specific activity in roots of seedlings treated with exogenous ABA 
for up to one hour. 

Enzyme activity from roots of 50 FunkF seedlings after 0, 15 min, 30 min, and 1 h 
of treatment with 50 JLM (+) ABA. Values are from a representative experiment and 
each data point is the mean +SE of two replications. SE ranged from 0.01 to 0.2%. 

Time 
of Treatment 

min 

o 

15 

30 

60 

Units of 
Specific Activity 

nmol MVA h-I mg-I of protein 

44.9 + 1.2 

46.9 + 0.5 

36.4 + 0.0 

36.2 + 0.7 



Figure 25. Expression of HMGR protein in microsomes from vp5, vp2, and vpl 

endosperm. 15 p.g of microsomes was subjected to SDS-polyacrylamide gel 

electrophoresis and immunoblot analysis was performed as described previously. 

121A 

(A). Analysis of vp5 endosperm. Lane 1. BIORAD low molecular weight markers; 

Lane 2. 14 DAP (+/-/-); Lane 3. 14 DAP (vp/vp/vp); Lane 4. 15 DAP (+/-/-); Lane 

5. 15 DAP (vp/vp/vp); Lane 6. 16 DAP (+/-/-); Lane 7. 16 DAP (vp/vp/vp); Lane 8. 

18 DAP (+/-/-); Lane 9. 18 DAP (vp/vp/vp). (B). Analysis of vp2 endosperm. 

Lane 1. 14 DAP (+/-/-); Lane 2. 14 DAP (vp/vp/vp); Lane 3. 18 DAP (+/-/-); Lane 

4. 18 DAP (vp/vp/vp); Lane 5. 20 DAP (+/-/-); Lane 6.20 DAP (vp/vp/vp); Lane 7. 

22 DAP (+/-/-); Lane 9. 22 DAP (vp/vp/vp). (C). Analysis of vpl endosperm. Lane 

1. 22 DAP (+/-/-); Lane 2. 22 DAP (vp/vp/vp); Lane 3.25 DAP (+/-/-); Lane 4.25 

DAP (vp/vp/vp); Lane 5. 27 DAP (+/-/-); Lane 6. 27 DAP (vp/vp/vp). 
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was isolated as described. Northern analysis indicates that the steady state levels of both 

HMGR transcripts ( 1.6-1.7 Kb and 2.4-2.5 Kb) decreased in ABA-treated root tissue 

(Figure 26A). Correction for equal lane loading using ribosomal RNA and Betascope 

analysis demonstrate that the RNA levels are decreased by approximately 50%. 

Microsomal samples from ABA-treated and control roots were analyzed to determine 

whether the levels of total HMGR protein were altered in any way by ABA treatment. 

ABA treatment does not appear to alter total levels of HMGR protein (Figure 26B). 

Staurosporine is a potent inhibitor of different groups of protein kinases (Tamaoki 

et al., 1986). To investigate the role of protein kinase in the inhibition of HMGR 

activity by ABA, seedlings were treated with a I~M solution of staurosporine in 0.1 % 

DMSO (Choi and Bostock, 1994). The seedlings were then transferred to either water 

or water containing 50~M ABA. The HMGR activity was 17% higher in staurosporine

treated control seedlings relative to the untreated controls (Figure 27, Table XIII). As 

expected, HMGR activity in ABA-treated seedlings was 44% lower than control 

seedlings. Pre-treatment with staurosporine completely blocked the inhibition of HMGR 

activity by ABA and the activity was as high as in the staurosporine-treated control plants 

(Figure 27, TABLE XIII). Pre-treatment of control seedlings with 0.1 % DMSO did not 

significantly affect activity. 
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Figure 26. Effect of exogenous ABA on HMGR expression in roots of FunkF 

seedlings. (A). Analysis of total root RNA. Equivalent amounts (20 p.g) of total 

RNA from roots of control or ABA-treated etiolated seedlings were electrophoresed in 

1 % gels, transferred to nylon membranes and hybridized with the 363 bp maize 

HMGR fragment. Lane 1. Control; Lane 2. ABA-treated ; Lane 3. Control; Lane 4. 

ABA-treated; Lane 5. Control; Lane 6. ABA-treated. 

(B). Analysis of root microsomal proteins. 10 p.g of microsomal fractions from roots 

of either control or ABA-treated etiolated seedlings was subjected to SDS

polyacrylamide gel electrophoresis and western analysis was performed as described 

previously. Lane 1. BIORAD low molecular weight markers; Lane 2. Control; Lane 

3. ABA-treated; Lane 4. Control; Lane 5. ABA-treated. 
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Figure 27. Microsomal HMGR specific activity in roots of seedlings pre-treated with 

staurosporine. Etiolated seedlings were treated with 1 /LM staurosporine for one 

hour, then transferred to water or water containing 50 /LM ABA. Enzyme activity 

was measured as described previously. SE ranged from 0.03 to 8.0%. 
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Table xm. HMGR specific activity in roots of maize seedlings pre-treated with the 
protein kinase inhibitor staurosporine followed by treatment with exogenous ABA 

Enzyme activity from roots of 50 FunkF seedlings after one h of treatment with 1 p.M 
staurosporine in 0.1 % DMSO. Seedlings were then transferred to water (control) or 
water containing 50 p.M (±) ABA for two hours. Values for seedlings treated with 1 % 
DMSO and transferred to water are also given. Each data point is the mean +SE of four 
replications. SE ranged from 3 to 7%. 

Pretreatment Treatment Units of Specific Activity 

nmol MVA hoI mg-I of protein 

Water Water 43.6 + 3.0 
Staurosporine Water 51.6 + 1.5 
Water ABA 29.0 + 2.0 
Staurosporine ABA 50.5 + 2.5 
DMSO Water 39.5 + 3.0 
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DISCUSSION 

Effect of Decreased ABA Levels on HMGR Activity 

Analysis of cytosolic HMGR activity in three vp mutants demonstrates that 

HMGR activity is higher in vp compared to WT endosperm. Since these mutants 

accumulate lower amounts of ABA, the results suggest that ABA is involved in 

modulating HMGR activity. The difference in HMGR activity is particularly apparent 

during early to mid-maturation (14-20 DAP) , and is not due to changes in the 

developmental state of the endosperm caused by germination (Table X). The vp2 and 

vp7 mutations block carotenoid biosynthesis at two different steps in the carotenoid I ABA 

biosynthetic pathway, and each accumulates a specific carotenoid intermediate compound 

(Figure 23). Thus, it appears that the increase in HMGR activity is the result of a 

deficiency in accumulation of zygotic ABA in the vp endosperm rather than an affect of 

either phytoene (vp2, vp5) or lycopene (vp7) accumulation. Decreases in endogenous 

ABA levels are inversely correlated with HMGR activity and I hypothesize that high 

levels of ABA suppress HMGR activity in vivo. In particular, this potential feedback 

inhibition has been observed during a specific developmental process in which ABA may 

playa role (Wilson et al., 1973; Myers et al., 1990; Oishi and Bewley, 1990; Ober et 

al., 1991). This is one of the few examples in plants of feedback inhibition of HMGR 

activity by an isoprenoid end product. 
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In the three vp mutants analyzed, the basic temporal pattern of HMGR activity 

was maintained in the vp endosperm, with the magnitude of the HMGR activity greater 

in the mutants (Figure 22). This is the first genetic evidence implicating ABA, a product 

of the isoprenoid biosynthetic pathway, in the regulation of HMGR activity during seed 

development. Since the temporal HMGR activity pattern is not altered in the vp tissue, 

this may indicate that ABA plays a role in the level of induction of HMGR activity 

during seed development, but that it may not function in determining the overall 

developmental pattern of activity. Instead, the temporal regulation of HMGR activity 

appears to be tightly controlled by the developmental state of the tissue (Moore and 

Oishi, 1993; Chapter II; Chapter V). 

Plant isoprenoid synthesis is a highly compartmentalized process occurring in the 

cytosol, chloroplast and mitochondria. It has been hypothesized that plant HMGRs may 

exist in specialized isozyme forms located within these different cell compartments. The 

existence of a plastid HMGR is controversial and unresolved at present (Gray, 1987; 

Bach et al., 1990); however, the evidence in maize shows that HMGR activity is mainly 

associated with microsomal rather than plastid membranes (Ji et al., 1992; Moore and 

Oishi, 1993). This makes it unlikely that plastid isoform would contribute significantly 

to the HMGR activity during seed development. The pathway and location of ABA 

synthesis in the seed are at present unresolved. Two pathways of ABA synthesis have 

been proposed (reviewed in Gray, 1987; Kleinig, 1989) and both are branches of the 

isoprenoid pathway with mevalonate as a specific precursor; thus, feedback regulation 
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of HMGR by ABA is feasible in either pathway. 

HMGR Activity in vpl, an ABA Response Mutant 

To determine if HMGR activity is regulated during seed development via a Vp 1-

dependent signal transduction pathway, we examined HMGR activity in the endosperm 

of vpl mutants. Our results show that activity is higher in the vpl endosperm tissue. 

Since vpl seeds contain WT levels of carotenoids and ABA, these data further indicate 

that it is not the presence or absence of carotenoids or ABA that is responsible for the 

observed increase of HMGR activity in the vp mutants. Rather, since the vp 1 mutants 

are not blocked in the synthesis of ABA, but are defective in some element of the ABA 

response, the data suggest that ABA per se does not regulate HMGR expression during 

seed development, but that HMGR activity is regulated by ABA in a Vp I-dependent 

manner during seed development. 

Effect of Exogenous ABA 

Consistent with the hypothesis that ABA is a negative regulator of HMGR 

activity, I have also shown that exogenous ABA inhibits cytosolic HMGR activity in 

maize roots (Table XI, XII). This inhibition is observed well before an effect on root 

growth is visible. This ABA effect can be observed within 30 minutes following 

treatment. Regulation of HMGR activity by ABA in root tissue is consistent with the 

observations that ABA applied to well-watered plants inhibits cell expansion and cell 
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production (Robertson et al., 1990). Decreases in HMGR activity and reduction of 

phytosterol synthesis may explain in part ABA effects on growth inhibition. 

Mechanism(s) of ABA Regulation of HMGR Expression 

HMGR is known to be subject to complex regulation. It is unlikely that ABA 

itself has a direct allosteric role in regulating HMGR expression in the endosperm since 

the addition of ABA to HMGR assays in vitro has no effect on HMGR activity (Russell 

and Davidson, 1982). More likely, ABA has an indirect regulatory effect, modulating 

the levels of cytosolic HMGR activity via an ABA signal transduction pathway that 

functions during seed development. Although these data are consistent with the 

hypothesis that ABA regulates HMGR activity during seed development by altering 

HMGR gene expression, for example through the vpl signal transduction pathway, the 

possibility that changes in ABA levels may cause pleiotropic changes in seed morphology 

and physiology which are reflected in changes in HMGR activity cannot be ruled out. 

To test potential mechanisms for ABA regulation of HMGR activity, the anti

HMGR antibody was used to analyze total levels of HMGR protein in microsomal 

fractions of WT and mutant endosperm. No correlation between protein levels and ABA 

levels was observed in the vp2, vp5, vp7 or vp 1 mutants. This observation suggests that 

either ABA does not regulate HMGR activity by affecting translation rate or protein 

degradation or that individual responses of a specific isoform to ABA cannot be 

distinguished by this antibody. 
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ABA has been reported to suppress germination during seed development 

(Robichaud and Sussex, 1986), is required for the induction of dormancy (Karssen et al., 

1990), and regulates specific genes expressed during seed development (Reid and 

Walker-Simmons, 1990). Northern analysis of root RNA demonstrated that HMGR 

transcript levels were decreased in roots from ABA-treated seedlings as compared to 

control roots. It is unknown whether the rate of synthesis was decreased and/or the 

stability of the transcripts were altered, this could be tested using the root system. 

However, a decreased level of mRNA is consistent with the view that ABA is involved 

in the specific activation and repression of transcription. Sequence elements involved in 

ABA-responsiveness have been described for the promoter regions of a subset of ABA

responsive genes which are thought to be directly regulated by ABA (Marcotte et al., 

1989; Belanger and Kriz, 1991; Williams and Tsang, 1994). The promoter regions have 

not been described or published for any plant HMGR genes, so it is impossible at this 

time to know whether HMGR genes contain ABA response elements. 

In addition, there is a class of ABA-responsive genes which do not contain ABA 

response elements, but whose transcription is dependent upon the VP 1 signal transduction 

pathway (Williams and Tsang, 1994). The product of the Vpl gene has been shown to 

be a transcription factor involved in the ABA signal transduction during seed 

development (McCarty et al., 1989; McCarty et al., 1991; PIa et al., 1991). VPl has 

been shown to both induce and repress gene expression (Kriz et al., 1990; McCarty, et 

al., 1991; Hoecker et al., 1993). It is possible that ABA transcriptionally regulates 
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HMGR activity during seed development via VP1, but currently it is not clear whether 

VP1 is directly or indirectly involved in the regulation of HMGR expression. My 

current hypothesis is that VP1 functions normally to suppress HMGR activity during seed 

development, perhaps through repression of the transcription of several HMGR genes. 

VP1 has been shown to function during seed development, whether it functions in the 

root has not been determined. Other signalling components may be required for the 

ABA-dependent decrease in root HMGR transcript levels. There is evidence for 

separate regulatory pathways for ABA responses (Rock and Quatrano, 1994). 

Finkelstein and Sommerville have shown that only the abil and abi2 mutations in 

Arabidopsis affect responses during vegetative growth (such as inhibition of DNA 

synthesis, cell division, seedling growth and stomatal closure) while abi3, abi4, and abi5 

mutations produce seed-specific defects (Finkelstein and Sommerville, 1990; Finkelstein, 

1994). There may be maize homologs of the ABIl or ABI2 genes of Arabidopsis, 

proteins which function in the seedling, but not the seed itself (Finkelstein and 

Sommerville, 1990). Recently, Finkelstein suggested a third ABA signalling pathway 

that operates during vegetative growth (Finkelstein, 1993, 1994). 

The diversity of developmental processes and environmental responses mediated 

by ABA suggests the existence of multiple mechanisms for the regulation of ABA

responsive genes and proteins. For example, ABA specifically alters gene expression 

during seed development at the transcriptional level, but also causes rapid ion fluxes 

across guard cells, perhaps directly affecting channel proteins (Blatt, 1990). There is 
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evidence that two distinct molecular mechanisms are responsible for the developmental 

and exogenous ABA induction of maize rab genes (PIa et al., 1991; Goday et al., 1994; 

Vilardell et al., 1990, 1994). ABA has been shown to affect the accumulation of 

chloroplast proteins by a post-translational mechanism (Kusnetsov et al., 1994). Carrot 

somatic embryos undergo both quantitative and qualitative changes in phosphorylation 

patterns in response to ABA (Kootnz and Choi, 1993). 

Protein phosphorylation is an attractive model to explain several mechanisms by 

which the ABA signal can be transduced to activate transcription: modulation of leucine

zipper DNA binding specificities (Harter et al., 1994), nuclear localization of 

transcription factors (Harter et al., 1994) and protein-protein interactions (Lu et al., 

1994). The Arabidopsis ABIl gene, which is required for most ABA responses, encodes 

a serine-threonine phosphatase suggesting that phosphorylation/dephosphorylation may 

be important for ABA signalling pathways (Leung et al., 1994; Meyer et al., 1994). 

Preliminary evidence has been presented that HMGR activity may be modulated by 

reversible phosphorylation (Russell et al., 1985). The rapid response of HMGR activity 

to ABA (30 minutes), which is more rapid than the effects of protein-synthesis inhibitors, 

makes phosphorylation a good candidate for the mechanism mediating HMGR's response 

to ABA. 

The protein kinase inhibitor, staurosporine was used to determine whether a 

protein kinase is required for the ABA effects on HMGR activity. The results indicate 

that protein kinase activity is required for the inhibition of HMGR activity by ABA 
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(Table XIII). Staurosporine is a potent inhibitor of cAMP- and cGMP-dependent protein 

kinases and protein kinase C in mammalian cells (Tamaoki et al., 1986; Ruegg and 

Burgess, 1989). Choi and Bostock observed that treatment of potato disks with 

staurosporine inhibited the incorporation of radioactive phosphorus into microsomal 

membrane proteins by 78 %, demonstrating that the treatment affects kinases which 

function to phosphorylate microsomal proteins such as HMGR (Choi and Bostock, 1994). 

These data indicate that inactivation of HMGR enzyme by ABA requires 

phosphorylation. 

Mammalian HMGR has been shown to be regulated by reversible phosphorylation 

with phosphorylation inactivating the enzyme (Monger and Law, 1985; Beg et al., 1987). 

The phosphorylation occurs by a AMP-dependent kinase which is a part of an intricate 

protein kinase cascade (Hardie et al., 1989). In plants, there is good in vitro evidence 

that inactivation of HMGR can occur by phosphorylation (Sipat, 1982; Wititsuwannakul 

et al., 1990). An HMGR-specific kinase has been isolated from the supernatant fractions 

of monocots and dicots which directly inactivates HMGR from potato microsomes 

(Mackintosh et al., 1992; Weeks et al., 1993) and two forms of HMGR kinase have been 

isolated from cauliflower (Ball et al., 1994). The subcellular location of these kinases 

in the cytosolic compartment is consistent with a role in inactivation of microsomal 

HMGR. It also has been shown that plants contain a protein kinase cascade similar to 

the animal HMGR kinase cascade (Mackintosh et al., 1992). My data are consistent with 

the hypothesis that a protein kinase is an essential component of the ABA signalling 



134 

pathway which leads to decreased HMGR activity. The maize root system is ideal to test 

inhibitors specific to the HMGR kinase in order to determine which components mediate 

the ABA effect on HMGR expression. 

Overall, it appears that ABA has multiple effects on root HMGR expression. In 

roots, the hormone acts at the mRNA level to decrease the level of transcript, perhaps 

decreasing the synthesis of new enzyme and second, it acts via some unknown signalling 

pathway or pathways requiring protein kinase to inactivate existing enzyme. In seeds, 

ABA presumably functions in a similar manner, via the VPl signalling pathway. 

Although ABA has principally been thought to alter the transcription of particular genes, 

the protein kinase data is not inconsistent with the prevailing ABA signalling models. 

One component of an Arabidopsis thaliana ABA response pathway is a novel calcium

binding protein phosphatase (Leung et al., 1994), thus it is not unreasonable to 

hypothesize a corresponding protein kinase, perhaps HMGR kinase. A kinase regulatory 

cascade, similar to the mammalian HMGR kinase cascade, modulated by ABA, might 

act at multiple steps in different response pathways. 

There are several possibilities for ABA regulation of HMGR activity. ABA may 

be regulating its own synthesis during seed development via HMGR activity levels, 

similar to the role that cholesterol plays in the multivalent feedback regulation of 

mammalian HMGR activity, although ABA may act more indirectly. Alternatively, ABA 

may be involved in limiting the growth (cell number andlor size) of the seed tissue (s) 

by down-regulating mevalonate concentrations and thus limiting the pools of sterol 
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precursors necessary for cell division or membrane expansion. It might be interesting 

to examine the effects of ABA on sterol synthesis enzymes as well as sterol 

accumulation. ABA has long been considered a senescence promoting hormone. 

Increases in ABA have been correlated with inhibition of cell and plant growth (Balsevich 

et al., 1994) and decreases in cell division (Myers et al., 1990). These effects on growth 

might well be, at least in part, due to ABA inhibition of HMGR activity which is 

essential for DNA replication and cell division (Quesney-Huneeus et al., 1979). 



CHAPTER IV 

3-HYDROXY-3-METHYLGLUTARYLCOENZYME A 
REDUCTASE ACTIVITY IN THE viviparous8 MUTANT 

136 



137 

INTRODUCTION 

There are two sources of ABA in the developing seed: ABA synthesized by the 

maternal tissue which is imported via the phloem, (Karssen et al., 1983) and ABA 

synthesized by the zygotic tissue of the seed (Karssen et al., 1983; Jones and Brenner, 

1987; Koornneef et al., 1989; Belefont and Fong, 1991). The role of ABA during 

seed development is not completely understood. ABA produced by the zygotic tissue 

in maize seeds has a role in maintaining or controlling aspects of maturation, 

dormancy, and water relations (Robichaud et al., 1980; Jones and Brenner, 1987; 

Neill et al., 1987; Gage et al., 1989; Belefont and Fong, 1991). Conversely, no 

known functions have been ascribed to maternal ABA, although it has been suggested 

that maternal ABA affects the development of the testa (Karssen et al., 1983). 

Although the site or sites of ABA synthesis within the seed are not known, synthesis 

of zygotic ABA has been postulated to begin during late embryogenesis (Jones and 

Brenner, 1987). ABA present in the seeds during early embryogenesis is presumably 

of maternal origin. It is not known whether maternal ABA is translocated throughout 

the seed or whether it is confined to one specific kernel component. Biochemically, 

the ABA provided by the two sources is indistinguishable. 

Increases in HMGR activity were correlated with decreased levels of ABA in 

maize vivipary mutants, vp2, vp5, and vp7. The mutant phenotype cannot be 

distinguished until 14 DAP in these mutants which are defective in the synthesis of 



138 

zygotic ABA. Therefore, I had tested the effect of lowered zygotic ABA on HMGR 

expression. In addition, the study had primarily examined later seed development, 

focusing on events during maturation and the onset of dormancy. I wanted to 

determine the effects of lowered ABA levels earlier in development, during 

embryogenesis accompanied by rapid cell divisions and when morphologically 

scorable events take place. This is the time period in which maternal ABA, (if it has 

a function during seed development), is proposed to act (Karssen et al., 1983). 

HMGR activity is normally high during early to mid-embryogenesis (Moore and 

Oishi, 1993). I wanted to determine whether maternal ABA also affects HMGR 

expression. 

The purpose of these experiments was to test the effects of altered maternal 

and/or zygotic ABA on HMGR expression. To do this, I used a set of genetic 

crosses of the vivipary mutant vp8. vp8 is unique among the vivipary mutants since it 

can be maintained as a homozygous mutant line allowing the manipulation of both 

zygotic and maternal ABA levels. To generate the seeds needed for this study, the 

following three crosses were performed (Figure 28). First, to obtain seeds with 

decreased levels of maternal ABA and zygotic ABA, homozygous mutant vp8 seeds 

were self-fertilized. Next, a set of reciprocal crosses was performed. WT (FunkF) 

pollen was used to fertilize ears from homozygous mutant plants. This resulted in 

progeny with lowered levels of maternal ABA since the maternal plant was 

homozygous mutant. Since vp8 is a recessive mutation, the seeds are heterozygotes 
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Figure 28. Schematic of genetic crosses of FunkF and vp8 seeds to generate seeds 

with altered levels of maternal and zygotic ABA. 
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and thus levels of zygotic ABA are WT. Homozygous mutant pollen was used to 

fertilize ears from WT plants yielding heterozygous progeny with WT zygotic and 

maternal levels of ABA. 
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RESULTS 

Expression of HMGR Activity in vp8 seeds 

I examined HMGR activity in seeds from the three crosses described above. 

Figure 29 illustrates HMGR activity levels from WT seeds, seeds with lowered 

maternal ABA levels, and seeds with lowered zygotic and maternal ABA levels which 

were isolated at selected days, between 8 to 16 DAP, expressed as units of nmol of 

MV A h-1 mg-1 of protein. In the vp8 seeds which have lowered ABA levels, HMGR 

activity is greater relative to WT HMGR activity regardless of whether maternal or 

zygotic levels have been altered (Figure 29, Table XIV). The effect of decreased 

maternal ABA is observed from 8 DAP unti116 DAP; the greatest differences are 

seen from 11-13 DAP where HMGR activity is increased 40-50% above WT levels 

(Figure 29, Table XIV). This is the time period in which HMGR levels are highest 

during WT seed development (Chapter II; Moore and Oishi, 1993). Decreasing the 

zygotic contribution of ABA does not appear to have an additional effect on HMGR 

activity at 10 DAP. However, from 11-13 DAP, there is a further increase in HMGR 

activity with levels now 2-6 fold higher than WT levels. By 16 DAP, there is no 

additive effect when maternal tissues are mutant. Although the magnitude of HMGR 

activity is increased when ABA levels are lowered, the temporal HMGR activity 

profiles are similar. 
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Figure 29. Microsomal HMGR specific activity in vp8 seeds. • +/- seeds from vp8 

X FunkF, WT levels of maternal and zygotic ABA; • +/- seeds from FunkF X vp8, 

decreased levels of maternal ABA; & vp/vp seeds from vp8 X vp8, decreased levels 

of maternal and zygotic ABA. Enzyme activity for all three seed populations was 

determined. Each value represents the mean + SE of two to six determinations from 

a representative experiment. SE ranged from 0.01 to 9.0%. 
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Table XIV. HMGR specific activity in vp8 seeds 

Enzyme activity from 5 seeds from each cross (vpS x FunkF), (FunkF x vpS) or (vpS 
x vpS) for each developmental time point. Values are from a representative experiment 
and each data point is the mean +SE of four replications. SE ranged from 0.01 to 
0.2%. 

Age of seed Units of Specific Activity 

DAP nmol MVA h-I mg-I ojprotein 

vpS x FunkF FunkF x vpS vpS x vpS 

S 23.6 + 1.0 45.3 + 1.S 
9 22.3 ± 0.4 56.9 + 0.0 

10 lS.4 + 0.0 30.S ± 1.2 23.2 + 2.2 
11 12.S + 1.0 24.6 + 1.2 69.3 + 0.9 
12 21.0 + 0.0 40.S + 3.3 SO.2 + 5.5 
13 45.S + 9.S 71.S + 4.5 100.0 + 9.2 
14 24.0 + 0.0 26.S + 0.0 22.5 + 1.9 
16 13.1 + 0.5 17.3 + 0.7 27.5 + 0.5 
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Effect of Lowered ABA Levels on Total HMGR Protein Levels 

To determine if decreased maternal ABA levels affected HMGR protein levels, 

samples of microsomal proteins from all three crosses were examined using the 

polyclonal anti-HMGR antibody (Figure 30). Results indicated that there is no 

correlation between reduced ABA levels and HMGR protein levels, regardless of 

which ABA source is altered. 

ABA Levels in vp8 Seeds 

It is impossible to distinguish between maternal and zygotic ABA using the 

standard biochemical assays. To confirm that ABA levels were lowered as expected 

by the specific genetic crosses, ABA levels were measured in all three sets of seeds. 

ABA levels were lower relative to WT levels when either maternal alone or maternal 

and zygotic ABA levels were altered (Table XV). ABA levels were 22-50% of WT 

levels when maternal sources were mutant, and 22-32 % of WT levels when both 

maternal and zygotic sources were mutant. 
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Figure 30. Expression of HMGR protein in vpS seeds. 10 p.g of microsomes was 

subjected to SDS-polyacrylamide gel electrophoresis and western analysis was 

performed using anti-maize HMGR antibodies and 35S-Streptavidin. Lane 1. BIORAD 

low molecular weight markers; Lane 2. 12 DAP, vp8 X FunkF; Lane 3. 12 DAP, 

FunkF X vpS; Lane 4. 12 DAP, vpS X vpS; Lane 5. 13 DAP, vpS X FunkF; Lane 

6. 13 DAP, FunkF X vpS; Lane 7. 13 DAP, vpS X vpS; Lane S. 14 DAP, vpS X 

FunkF; Lane 9. 14 DAP, FunkF X vpS; Lane 10. 14 DAP, vpS X vpS; Lane 11. 16 

DAP, vpS X FunkF; Lane 12. 16 DAP, FunkF X vpS; Lane 13. 16 DAP, vpS X 

vpS. 
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Table XV. Endogenous ABA levels in vp8 seeds 

Relative levels of active (R)-ABA were determined for each developmental time point 
using trace competition ELISA (lDETEK). ABA was extracted from five seeds from 
each cross (vp8 x FunkF), (FunkF x vp8) or (vp8 x vp8) for each developmental time 
point. The mean and SE for three to six repetitions are shown. 

Age of seed Amount of abscisic acid 

DAP pmo/ g-l dry weight 

Decreased Decreased 
maternal maternal and zygotic 

vp8 x FunkF FunkF x vp8 vp8 x vp8 

8 445.0 ± 13.0 209.0 ± 36.4 348.0 + 30.5 
9 473.6 + 27.4 237.6 ± 37.5 181.0 + 57.4 
10 686.7 + 7.7 246.3 ± 47.4 151.5 + 7.7 
11 743.6 ± 223.5 165.0 ± 32.3 222.5 + 45.7 
12 566.0 + 103.4 179.5 ± 22.6 147.5 + 43.4 
13 423.0 ± 54.1 174.0 ± 14.1 136.0 + 39.0 
14 570.3 + 187.2 181.4 ± 15.5 143.2 + 20.2 
16 527.0 + 35.4 121.5 + 17.1 138.8 + 28.5 
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DISCUSSION 

HMGR activity was measured in three sets of vp8 seeds and found to be 

higher in seeds which had lowered levels of either maternally-derived ABA or both 

maternally and zygotically-derived ABA. These results further support the hypothesis 

that ABA is a negative regulator of HMGR expression. Decreased amounts of 

maternally-imported ABA resulted in increased HMGR activity, indicating that 

maternal ABA also negatively regulates HMGR. This is one of the first functions 

ascribed to maternal ABA. Since the synthesis of ABA may occur via two pathways, 

it was possible that the ABA levels were normal from the maternal plant and that the 

observed increase in HMGR activity was somehow due to the vp8 lesion. However, 

ABA levels were lower than WT levels in the seeds which derived from a mutant 

maternal plant, confirming that the observed effects on HMGR activity are due to a 

decreased maternal ABA input. The developmental time period in which maternal 

ABA appears to affect HMGR expression occurs from 8-13 DAP. This is in 

agreement with the proposed time period of maternal ABA expression, the observed 

peak of ABA at 13-14 DAP has been hypothesized to be predominately of maternal 

origin (Jones and Brenner, 1987). During 8-13 DAP, the period of seed development 

which encompasses mid to late embryogenesis and early maturation, rapid cell 

divisions are occurring in both the embryo and endosperm, and the embryo is 

growing exponentially, and plastids are forming (Boyer et al., 1977). Such early 
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developmental processes may be sensitive to ABA translocated from the mother plant. 

Maternal ABA may function to control the rates or numbers of cell division, by 

regulating the amount of MV A and phytosterols through feedback regulation of 

HMGR. This hypothesis is consistent with existing data showing that higher than 

normal concentrations of ABA during early endosperm development were correlated 

with decreased cell division (Ober et al., 1991) and experiments which indicate the 

requirement of HMGR activity for cell proliferation (Cuthbert and Lipsky, 1991). 

ABA may also be regulating its own synthesis by the zygote. Whether maternal ABA 

affects one or more HMGR genes and whether it affects the same gene(s) as zygotic 

ABA is currently unknown. 

The seeds which contained decreased levels of both zygotic and maternally

derived ABA had even higher levels of HMGR activity from 11-13 DAP suggesting 

that 11 DAP is when zygotic ABA is first active or in high enough amounts. 

Alternatively, 11 DAP may be the first time that HMGR can sense zygotic ABA. 

There is little effect by maternal ABA at 16 DAP, while the additional decrease in 

zygotic ABA results in a 50% increase in HMGR activity. This suggests that 

maternal ABA is no longer present, no longer functions by 16 DAP, or that the 

HMGR gene(s) controlled by maternal ABA are no longer responsive. The ABA 

levels from 12-14 DAP are further decreased in the seeds with two mutant ABA 

sources. This may be due to either a one day lag in accumulation of measurable ABA 

levels or this may be a limitation of the ABA assay which has large variability. The 
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seeds are clearly sensing the additional changes in in vivo ABA levels. 

It is possible that the ABA from the two sources is compartmentalized in the 

seed or that maternal and zygotic ABA affect different HMGR genes. It might be 

interesting to examine the tissue-specific expression of the different HMGR genes and 

proteins when specific probes and antibodies become available. In situ hybridization 

and immunocytochemistry on sections of seeds from the three crosses might shed 

some light on which HMGR gene(s) are regulated by ABA and whether ABA from 

the two sources differentially regulates HMGR. Since maternal ABA and zygotic 

ABA are indistinguishable, experiments comparing the expression patterns of the 

three crosses might also indicate where the two sources act within the seed. 

The general levels of HMGR activity were lower than expected in all three 

crosses as compared to the biochemical vp mutants and WT FunkF embryo and 

endosperm (Chapters II, III; Moore and Oishi, 1993). The lowered HMGR activity 

may be a consequence of the vp8 lesion. In turn, the decreased levels of HMGR 

activity may contribute to the vp8 phenotype since vp8 plants are typically stunted, 

grow poorly, and are often mistaken for dwarf plants. It has been demonstrated with 

in vivo inhibition experiments that lowering HMGR activity with competitive 

inhibitors leads to severe disturbances in plant growth, due to a specific block in 

phytosterol synthesis (Bach et al., 1990). It would be interesting to compare HMGR 

activity and phytosterol synthesis in vp8 versus WT germinating seedlings to test 

whether decreased HMGR expression is a seed-specific phenomenon or a general 



150 

phenotype of the vp8 mutant. 

In addition, the vp8 results confirm my previous observations that it is the 

decreased levels of ABA which result in the observed increases in HMGR activity, 

and not the accumulation of a carotenoid intermediate since vp8 seeds contain WT 6-

carotene levels (Chapter III; Moore and Oishi, 1994). The temporal pattern of 

HMGR activity did not change regardless of whether maternal or zygotic ABA levels 

were altered, re-emphasizing that ABA probably does not function to dictate the 

temporal HMGR activity but instead modulates the magnitude of activity. 

Developmentally, the effects of ABA are not restricted to the maturation phase; ABA 

affects HMGR expression in all three phases of seed development, from at least mid

embryogenesis (8 DAP) until the beginning of seed dessication (Chapter III; Moore 

and Oishi, 1994). 

The decline in HMGR activity in all three crosses at 14 DAP has been seen in 

WT embryo and endosperm (Chapter II). The decrease is completely independent of 

ABA levels. Developmental signals (or combinations of signals) distinct from ABA 

levels must therefore be responsible for the specific temporal expression patterns. 

Whether this decrease in activity is an effect of multi-gene regulation is unknown. 

This result provides further evidence that the regulation of plant HMGR is complex. 



CHAPTER V 

DEVEWPMENTAL CONTROL OF MAIZE 3-HYDROXY-3-
METHYLGLUTARYL COENZYME A REDUCTASE ACTIVITY 
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INTRODUCTION 

Marked changes in the requirements for isoprenoid end products occur during 

plant development. Such requirements include compounds necessary for 

photosynthesis, pest and pathogen resistance as well as phytosterols and three major 

plant growth regulators. Changes in isoprenoid requirements are often correlated 

with specific developmental states or events. For example, "switching on and off" 

the synthesis of specific sterols in sorghum is correlated with the transition from a 

vegetative stage to a reproductive stage (Heupel et al., 1986). The synthesis of 

compounds necessary for photosynthesis occurs during the vegetative state. Synthesis 

of gibberellic acid, a growth regulator essential for germination, and carotenoids 

occurs during seed development (Bewley and Marcus, 1990). Such developmental 

changes in isoprenoid requirements have been correlated with changes in isoprenoid 

enzyme activities. HMGR activity undergoes large fluctuations throughout eukaryotic 

development. Changes in the activity patterns appear to fluctuate depending upon the 

developmental state of the plant (Narita and Gruissem, 1989; Choi et al., 1992; 

Moore and Oishi, 1993). Isoprenoid compounds such as ABA or sterols can alter the 

overall HMGR activity, but do not alter the temporal pattern of activity (Chapter IV; 

Moore and Oishi, 1994). Furthermore, inhibition of HMGR activity alters normal 

tomato fruit development (Narita et al., 1991). 
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Such observations are not restricted to plants. HMGR activity has been shown 

to be developmentally regulated in sea urchin and Drosophila (Gertler et al., 1988; 

Woodward et al., 1988). For example in mammals, the pattern of fetal HMGR 

activity does not parallel that of the mother, but instead fluctuates during ontogeny 

(Levin et al., 1989). In addition, while maternal HMGR activity is responsive to 

dietary regulation (Le. cholesterol feeding), fetal HMGR activity is insensitive to 

dietary manipulation throughout gestation (Yount and McNamara, 1991). Such 

studies have suggested that developmental signal(s) specifying the stage of the 

organism or tissue dictate the temporal pattern of HMGR activity. These signals 

override feedback regulation from dietary manipulation (mammals) or hormonal levels 

(plants). To test this hypothesis directly, ideally, one should alter the developmental 

state (and thus presumably the developmental signals) of the organism (for example, 

inhibit larval transitions in Drosophila) and determine what happens to the HMGR 

activity. To date, there have been no such studies, probably due to the difficulty of 

altering developmental state in plants or mammals. 

Maize seed development represents an ideal system in which to test this 

hypothesis. Seed development has been well characterized morphogenetically and is 

divided into three phases: embryogenesis (pollination to 14 OAP); maturation (14-20 

OAP); dormancy (25 OAP to desiccation). There have been detailed analyses of the 

different HMGR activity profiles for WT seed development, germination, and 

seedling emergence. In addition, a set of seed developmental mutants, vivipary 
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mutants, exist whose embryos exhibit altered development. These embryos do not 

undergo dormancy, but instead germinate on the cob. In essence, the maturation 

phase in vp embryos is greatly shortened or missing entirely; the embryos progress 

directly into the germination phase of development. These embryos have reduced 

biosynthesis of ABA and thus, reduced hormone levels. These embryos presumably 

receive the development signals specifying the vegetative state or lack the signals 

maintaining the reproductive state. If developmental signals override influences of 

ABA, the HMGR activity pattern should reflect a germination profile, the levels 

should be quite low, lower than WT. If instead, negative regulation by ABA is the 

strongest influence during seed development, the HMGR activity should be higher 

than WT levels. 
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RESULTS 

Expression of HMGR Activity in the Embryos of vivipary Mutants Blocked in the 

Biosynthesis of ABA. 

I examined HMGR activity in the embryos of three non-allelic vivipary 

mutants: vp2, vp7, and vp9. These mutations block at three distinct steps of 

carotenoid I ABA biosynthesis (Figure 23). To study seeds with an identical genetic 

background, cytosolic HMGR activity was measured in three popUlations of embryos: 

WT, non-germinating mutant (vp), and germinating mutant (vp-germ) embryos that 

had been isolated from the same ear. Viviparous germination of vp embryos is non

synchronous, that is, not all embryos germinate at the same time. Vivipary is 

typically visible from 17-20 OAP with nearly all the vp embryos germinating by 25-

30 OAP. Figure 31 illustrates HMGR activity levels from the three embryo 

populations at selected OAP, expressed as units of nmol of MVA h-I mg- I of protein. 

In the vp embryos of all three mutants, HMGR activity is greater relative to WT 

HMGR activity (Figure 31: A,B,C, Table XVI). HMGR activity in vp embryos is 

higher by 23-44% (vp2), 21-54% (vp7), and 25-40% (vp9) compared to the activity in 

WT embryos. As expected, only the magnitude of HMGR activity is greater in all 

three of the vp embryos during maturation, the relative temporal HMGR activity 

profiles are similar in both WT and mutant. Variability in the levels of HMGR 

activity among the different mutant lines was observed, but the trends were similar in 
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Figure 31. Microsomal HMGR specific activity in microsomes from vp2, vp7, and 

vp9 embryos. (A). vp2 embryos .• (+/-), • (vp/vp) non-germinating, • (vp/vp) 

germinating. (B). vp7 embryos .• (+/-), • (vp/vp) non-germinating, • (vp/vp). 

(C). vp9 embryos .• (+/-), • (vp/vp) non-germinating, • (vp/vp) germinating. 

Enzyme activity for all three embryo populations was determined. Each value 

represents the mean + SE of two to four determinations from a representative 

experiment. SE ranged from 0.01 to 9%. 
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Table XVI. HMGR specific activity in vp embryos 

Enzyme activity from 5 WT (+1-), mutant non-germinating (vplvp), or mutant 
germinating (vplvp) embryos for each developmental time point. Values are from a 
representative experiment and each data point is the mean +SE of four replications. SE 
ranged from 0.01 to 10.0% 

Age of embryo 

DAP 

14 
16 
18 
20 
22 
25 
30 

14 
16 
17 
18 
20 
25 
30 

WT 

41.8 + 0.6 
23.2 + 2.3 
26.8 + 0.2 
19.1 + 1.1 
17.4 + 1.4 
19.0 + 1.1 
16.4 + 1.1 

WT 

35.5 ± 1.3 
23.4 ± 0.2 
23.6 + 0.1 
19.0 + 0.5 
21.0 + 2.1 
19.9 + 0.5 
16.4 + 0.5 

Units of Specific Activity 

nmol MVA h-I mg-I of protein 

vp 

53.8 + 3.1 
33.7 + 1.3 
38.0 ± 3.7 

27.9 + 1.4 

vp7 

vp 

47.7 + 1.7 
48.9 ± 2.3 
34.0 + 0.4 
31.2 + 2.1 
29.5 + 1.7 

25.9 + 0.3 

vp germinating 

15.5 + 0.7 
18.5 + 0.5 
12.0 + 0.1 

4.0 + 0.2 
2.9 + 0.3 

vp germinating 

14.2 + 1.7 
16.7 + 1.1 
15.6 + 0.8 

2.9 + 0.4 



Table XVI. (Continued) 

Age of embryo 

DAP 

14 
16 
18 
20 
22 
25 

WT 

53.0 + 2.1 
42.0 + 2.9 
27.2 + 1.0 
26.2 + 0.3 
24.8 + 1.7 
16.7 + 1.6 

Units of Specific Activity 

nmol MVA h-I mg-I of protein 

vp9 

vp 

70.9 + 2.1 
57.0 + 1.7 
45.3 + 2.7 

vp germinating 

18.2 + 0.1 
15.7 + 0.5 
13.4 + 0.1 

4.7 + 0.4 
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all experiments. 

In contrast, the HMGR activity in vp-germinating embryos was lower relative 

to WT activity (Figure 31, Table XVI). HMGR activity is decreased by 30-88% 

(vp2), 20-82% (vp7), and 34-72% (vp9) compared to the activity in WT embryos. By 

25-30 DAP, where virtually all vp embryos are germinating, the activity reached the 

lowest levels in all three mutants with activities 12-28% of WT levels. The activity 

observed at 25-30 DAP (2.0-4.7 units) was virtually identical to the activity measured 

in germinating WT embryos (Figure 9, Table IV; Chapter II, Moore and Oishi, 

1993). 

ABA Levels in WT, vp, and vp-genn Embryos 

Since both mutant and WT seeds are present on the same ear, vp and WT 

endosperm presumably receive the same source and amount of maternal ABA. To 

confirm that all mutant embryos, germinating and non-germinating, contained reduced 

amounts of ABA, ABA assays were performed for the vp2 and vp9 mutants (Table 

XVII). Mutant embryos accumulate 9-56% (vp2) and 4-31 % (vp9) of the ABA levels 

found in WT embryos (Table XVIII). ABA levels appeared slightly lower in the 

majority of vp-germinating embryos with one exception in 25 DAP vp2. 



160 

Table XVII. Endogenous ABA levels in WI' and vp embryos 

Relative levels of active (R)-ABA were determined for each developmental time point 
using trace competition ELISA (lDETEK). ABA was extracted from five WT (+/-), 
mutant (vp/vp) , or mutant germinating (vp/vp) embryos for each developmental time point 
for the mutants vp2 and vp9. The mean and SE for three to six repetitions are shown. 

Age of seed Amount of abscisic acid 

DAP pmol gol dry weight 

vp2 

WT vp/vp vp/vp germinating 

14 2479 + 70 596 + 0 
16 1432 + 346 713 + 185 
18 3203 ± 453 666 + 235 363 + 103 
20 3079 + 170 335 + 42 415 + 3 
22 1635 + 197 620 + 72 275 + 73 
25 1754 + 0 156 ± 48 222 + 100 
30 2174 + 17 562 ± 27 204 + 52 

vp9 

WT vp/vp vp/vp germinating 

14 5034 + 736 951 ± 115 
16 3958 ± 625 632 ± 246 
17 1648 + 137 352 + 135 
18 1806 + 128 510 + 39 
20 1809 + 52 467 + 53 359 + 109 
22 2178 + 162 685 ± 19 515 + 146 
25 1317 + 283 244 ± 29 55 + 3 
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Table XVID. Decreases in ABA levels in mutant embryos of vp2 and vp9 relative to 
WT levels 

Age of seed 

DAP 

14 
16 
18 
20 
22 
25 
30 

14 
16 
17 
18 
20 
22 
25 

vp/vp 

24 
56 
21 
11 
26 

9 
26 

vp/vp 

19 
16 
21 
28 
26 
31 
19 

Percent of WT Activity 

% 

vp2 

vp9 

vp/vp germinating 

13 
14 
15 
13 

9 

vp/vp germinating 

20 
24 
4 
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HMGR Protein Levels in vp7 and vp9 Embryos 

Total HMGR protein levels were measured in WT, vp, and vp-germinating 

embryos by immunoblot analysis using the anti-HMGR polyclonal antibody (Figure 

32). There was an exponential increase in HMGR protein levels from 14 to 30 DAP. 

There were no significant differences in protein levels from the three embryo 

populations. 
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Figure 32. Expression of HMGR protein in microsomes of vp7 and vp9 embryos. 

15 p.g of microsomal fractions from either (+/-), (vp/vp) non-germinating, or (vp/vp) 

germinating embryos were subjected to SDS-polyacrylamide gel electrophoresis and 

western analysis was performed. (A). Expression of HMGR protein in vp7 embryos. 

Lane 1. 14 DAP (+/-); Lane 2. 14 DAP (vp/vp) non-germinating; Lane 3. 16 DAP 

(+/-); Lane 4. 16 DAP (vp/vp) non germinating; Lane 5. 18 DAP (+/-); Lane 6. 18 

DAP (vp/vp) non-germinating; Lane 7. 30 DAP (+/-); Lane 8. 30 DAP (vp/vp) non 

germinating; Lane 9. 30 DAP (vp/vp) germinating. (B). Expression of HMGR in 

vp9 embryos. Lane 1. 22 DAP (+/-); Lane 2. 22 DAP (vp/vp) non-germinating; 

Lane 3.22 DAP (vp/vp) germinating; Lane 4.25 DAP (+/-); Lane 5.25 DAP 

(vp/vp) non germinating; Lane 6. 25 DAP (vp/vp) germinating. 
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DISCUSSION 

Analysis of cytosolic HMGR activity in three vp mutants demonstrates that 

HMGR activity is greater in vp compared to WT embryos. These results are 

consistent with the hypothesis that ABA is involved in modulating HMGR activity. 
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In contrast, the HMGR activity of vp-germinating embryos is less than WT activity. 

By 25-30 DAP, the levels are precisely those observed previously in germinating WT 

embryos. 

One explanation for the different activities of vp and vp-germinating embryos 

is that the levels of ABA differ in the two populations causing differential regulation 

of HMGR activity. However, the ABA measurements indicate that the vp

germinating embryos do not contain higher amounts of ABA, but for the most part, 

contain less ABA than the vp embryos (Table XVIII). In fact, the further reduction in 

ABA levels is postulated to be lower than the threshold levels of ABA required to 

maintain dormancy (Karssen et al., 1983). If ABA were the primary regulator of 

HMGR, levels of HMGR activity in vp-germinating embryos should be even greater 

than in vp embryos. Thus, variable levels of ABA are clearly not responsible for the 

observed decrease in activity. The vp2, vp7, and vp9 mutations block carotenoid 

biosynthesis at three different steps in the carotenoid! ABA biosynthetic pathway, and 

each accumulates a specific carotenoid intermediate compound (Figure 23). Thus, it 

is unlikely that the observed decrease in HMGR activity is the result of a deficiency 
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in accumulation of phytoene (vp2,), lycopene (vp7), or neurosporene (vp9). 

The only other difference between the two embryo populations besides ABA 

levels is the fact that one population is germinating, that is, has entered the vegetative 

state of development The vp embryos are still undergoing embryonic development, 

albeit an altered development since these embryos will be incapable of creating a 

normal plant. Thus, the overriding signal which sets the HMGR activity appears to 

be tightly controlled by the developmental state of the tissue. 

There is clearly HMGR protein present in the vp-germinating embryos 

(Figure 32). This result, coupled with results from previous studies (Chapter II, III, 

IV), is consistent with the hypothesis that HMGR activity in the seed and early 

seedling may be primarily controlled post translationally. If HMGR expression is 

regulated post translationally, the most likely mechanism would be via reversible 

phosphorylation. Treatment of seedlings with staurosporine results in an increase in 

HMGR activity of non ABA-treated seedlings suggesting that phosphorylation 

normally plays a role in the short term regulation of HMGR. One might predict that 

the total enzyme in the vp-germ embryos would be expected to be more highly 

phosphorylated than either the WT or vp populations. This might be tested using 2D

gel electrophoresis. Alternatively, microsomes from the three populations could be 

treated with phosphatase. Since short term HMGR regulation may be via 

phosphorylation, one would expect increases in activity in all embryo populations. 

The greatest increase should be in the vp-germ embryo population. These types of 
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experiments might further clarify the mechanism(s) of HMGR regulation during seed 

development. 

One hypothesis for post-translational regulation of HMGR during seed 

development is that the seed synthesizes massive amounts of HMGR during seed 

development. It is possible that the enzyme functions in pathways which supply the 

seed with necessary isoprenoids which result in the observed HMGR activity patterns. 

Additionally, a certain amount of enzyme may remain inactive during seed 

development in preparation for early seedling development. Previous experiments 

have demonstrated that HMGR activity begins to increase approximately 48 hours 

after imbibition; it is not known whether HMGR synthesis or activity is affected 

(Chapter II; Moore and Oishi, 1993). HMGR activity is necessary for synthesis of 

isoprenoids required for functional photosynthesis, electron transport, phytosterol 

synthesis for cell division and seedling growth, and the growth regulators cytokinins. 
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CHAPTER VI 

GENERAL DISCUSSION AND FUTURE CONSIDERATIONS 
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The work described in this dissertation was directed toward the initial 

characterization of 3-hydroxy-3-methylglutaryl coenzyme A reductase during maize seed 

development. My experiments demonstrated that HMGR expression is regulated during 

maize development, likely at multiple levels. During seed development, my experiments 

suggest that post-translational regulation ofHMGR activity may be a dominant regulatory 

mechanism. I have demonstrated genetically and biochemically that the phytohormone, 

ABA, negatively regulates HMGR activity. From this work, some initial insights have 

been gained concerning the mechanisms for ABA regulation of HMGR. Despite the 

importance of ABA, there appear to be other signals which set the overall pattern and 

level of HMGR activity and override the influence of the phytohormone. Exactly what 

these signals are is currently unknown and is open for speculation. 

The results from my dissertation research have raised many interesting questions 

concerning the regulation of maize HMGR expression. I have listed several questions 

below which I find amenable to dissection. 

(1) Are specific HMGR isozymes required during specific periods of maize 

development? 

(2) Where is the specific location(s) of HMGR expression in the seed tissues? 

(3) Is maize HMGR expressed in multiple cellular compartments? 



169 

(4) Do specific HMGR isozymes respond to ABA? 

(5) What are the precise mechanisms for ABA inhibition of HMGR activity? 

(6) What are other potential regulators of HMGR expression? 

Light? 

Phytohormones? 

Diurnal/ seasonal/temperature regulation? 

While investigation of any of the above areas will provide insight into the 

complex regulation of HMGR, I find the regulation of HMGR by ABA to be the most 

intriguing aspect of my dissertation work. The negative regulation of HMGR by ABA 

during seed development and seedling growth may explain the observations which have 

linked ABA with the control of cell growth and cell division. The existence of specific 

mutants blocked in ABA synthesis and response coupled with the hydroponic root system 

will allow the testing and expansion of present models for ABA regulation of HMGR 

activity. 
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Model for ABA Regulation of HMGR 

A hypothetical model of the mechanisms by which ABA regulates HMGR 

expression can be proposed based on results from the previous chapters along with 

information available in the literature (Figure 33). According to this model, ABA 

regulates both the accumulation of HMGR mRNA and the activity of existing enzyme. 

The first part of the model involves the observation that ABA treatment results in 

decreased HMGR transcript levels. Consistent with the hypothesis of ABA action, the 

decrease may involve regulation solely at the level of transcription. Accordingly, ABA 

acts via transcriptional regulator(s) to alter the transcription of one or more HMGR genes 

(Figure 33A). In the seed, one of these proposed transcription factors is the product of 

the VPl gene; regulators which might act in the seedling are not known. The resulting 

decrease in HMGR mRNA, presumably lowers the amount of HMGR enzyme being 

synthesized. 

The second aspect of the model addresses the observed requirement of protein 

kinase for ABA's inhibition of HMGR (Chapter III). There is evidence from both 

mammalian and plant systems that reversible phosphorylation of the HMGR enzyme by 

HMGR kinase is an important regulatory mechanism (Goldstein and Brown, 1990; 

Mackintosh et al., 1992). According to this model, ABA affects the mRNA levels of a 

kinase and/or a phosphatase, resulting in increased kinase or decreased phosphatase 

protein to regulate the HMGR protein already present in the cell (Figure 33A). An 
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Figure 33. Model for the Regulation of HMGR by ABA 
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alternate interpretation suggests a signalling pathway which results in increased kinase 

activity and/or decreased phosphatase activity (Figure 33B). The exact mechanism by 

which the kinase activity is increased is currently unknown. 

The regulation of HMGR activity in mammals (cholesterol) and plants (pathogen 

response) has been shown to occur at multiple levels, thus it would not be surprising if 

ABA regulation of HMGR were also multi-valent. The experiments described below test 

some of the various hypotheses suggested in the ABA model and may help to better 

define the mechanisms by which ABA regulates HMGR. 

Do Specific HMGR Genes Respond to ABA? 

The results from the experiments described in Chapter III suggest two or more 

of the three maize HMGR genes respond to ABA at the level of mRNA accumulation. 

It has not yet been determined which genes respond to ABA. Determination of which 

specific HMGR genes respond to ABA requires the use of gene-specific probes. The 

hydroponic root system is ideal for testing for individual gene responses to exogenous 

ABA utilizing these specific probes. If there are individual transcript responses to ABA, 

the next step will be to determine whether ABA affects mRNA synthesis or stability of 

HMGR transcripts, or both. Run-on transcription assays and pulse-chase experiments 

using the root system will distinguish between ABA's effects. Based on the available 

information concerning ABA, the most likely outcome is that ABA affects HMGR at the 

level of mRNA synthesis; however, since mammalian HMGR is subject to regulation by 
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mRNA stability, this possibility needs to be tested. 

The effects of ABA on HMGR activity are not restricted to the seedling, since 

ABA also affects HMGR expression during seed development. There may be 

developmental differences in HMGR response to ABA. Thus, it will be important to 

determine whether ABA regulation of HMGR during seed development is similar or 

different from regulation in the root. Although it is technically difficult to expose seeds 

to exogenous ABA, the gene-specific probes can be used in northern analysis of the 

vivipary and WT endosperm to detect individual changes in HMGR transcript levels in 

response to decreased ABA levels. The results from the root system suggest that 

transcript levels will be higher in the vp endosperm, in response to the decreased levels 

of ABA. 

The information from studies of HMGR in response to plant pathogens has 

elegantly demonstrated that one signal may differentially affect individual HMGR 

isozymes, at multiple regulatory levels. Thus, ABA may also affect the levels of 

individual HMGR isozymes in addition to, or without affecting mRNA levels. For 

example, ABA might affect the transcription of one HMGR gene and decrease the protein 

level of an HMGR isozyme. This hypothesis can be tested by immunoblot analysis in 

the root system using isozyme-specific antibodies. Such analysis should reveal whether 

there are individual HMGR responses to decreased levels of ABA at the protein level. 

Again, it will be important to investigate potential developmental differences in regulation 

by testing vivipary mutant endosperm. It also is possible that ABA has isozyme-specific 
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effects at the post-translational level; however, at the present time, the effect of ABA on 

individual enzymatic activities or isozyme-specific post translational modification cannot 

be tested. 

What Are the Components of the ABA-HMGR Signal Transduction Pathway? 

Transcriptional Regulation 

If all or individual HMGR genes appear to be transcriptionally regulated by ABA, 

there are several approaches that can be taken to further investigate this ABA regulatory 

mechanism. ABA response elements have been described for a subset of ABA

responsive genes (Finkelstein and Sommerville, 1990) and the individual HMGR 

promoters can be analyzed for ABA response elements. Previous experiments have 

shown that regulation by ABA requires the transcriptional regulator, VP1, which does 

not bind DNA (McCarty et al., 1991; Chapter III). Thus, it would not be surprising 

if no specific ABA response elements can be identified in the HMGR genes since other 

known Vpl-dependent genes have no such elements. 

More detailed analysis of the HMGR promoter might reveal other elements 

necessary for ABA's inhibition of HMGR expression. Approaches include gel-shift 

analyses using promoter fragments, and in vitro footprinting to detect promoter regions 

which alter their protein binding patterns in an ABA-dependent manner. This also would 

allow for the identification and isolation of binding proteins. Similar approaches could 

be taken to determine the promoter elements and binding proteins required for HMGR 
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developmental expression. 

Promoter deletion analysis can be used to define regions necessary for transient 

expression. Transient assays could be performed using particle bombardment with 

reporter genes such as luciferase or fi-glucuronidase linked to HMGR promoter 

fragments. To test whether the in vitro results reflect the in vivo regulation, transgenic 

maize plants could be constructed. It might be interesting to compare the expression of 

these reporter genes in maize and Arabidopsis thaliana to determine if there may be 

monocot-specific regulatory elements. Furthermore, once the various constructs are 

made, transgenic plants would provide a rapid method to examine the promoter 

requirements necessary for the response of HMGR not only to ABA, but to other signals 

which have been shown to affect HMGR expression, such as light, sterols, gibberellic 

acid, and pathogens. 

As far as it is known, the activity of the transcriptional regulator, VP 1, is 

developmentally restricted to the seed. Examination of the expression of the HMGR 

genes in vp1 mutants using both the root system and the seed will test this hypothesis. 

The requirement for vpl in individual HMGR responses to ABA also can be tested in this 

manner. In vitro experiments with ABA and VPl would identify which HMGR promoter 

elements are required for VPl activity and whether other components are required in the 

VP1-dependent inhibition of HMGR activity observed during seed development. For 

example, the predicted DNA-binding protein(s) which interacts with VPl has not been 

identified. 
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Involvement of a Protein Kinase in ABA Regulation of HMGR 

It is likely that ABA regulation of HMGR also occurs at the post translational 

level, via inactivation of existing enzyme by phosphorylation (Figure 30: A, B). Clearly, 

activity of a protein kinase is required for the total effect of ABA on HMGR activity 

(Chapter III), yet it is impossible to determine with the present tools whether the effect 

of the kinase inhibitor staurosporine on HMGR activity involves one, two or three 

HMGR genes/isozymes. It also is unclear from the present data whether ABA directly 

or indirectly affects the synthesis, accumulation, or activity of a kinase. 

The hydroponic root system provides the opportunity to test first whether changes 

in HMGR's phosphorylation state occur in response to ABA and what type of kinase is 

involved. Changes in HMGR phosphorylation state in response to ABA can be tested 

through in vivo labeling of the root tissue with 32p or observed via 2D gel 

electrophoresis. Extracts from control and ABA-treated roots can be analyzed for 

increased kinase activities. If overall kinase activity is affected by ABA, specific protein 

kinase inhibitors can be tested, for example protein kinase inhibitors which specifically 

inhibit mammalian HMGR kinase. The effect of staurosporine on both ABA-induced 

changes in HMGR phosphorylation state and the decrease in HMGR steady-state mRNA 

levels can be tested which may help distinguish between the two models involving protein 

kinase (Figure 33). Can the addition of phosphatases which block the activity of 

mammalian HMGR kinase also block HMGR's response to ABA? 
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Finally, if the above experiments produce results which support the involvement 

of a protein kinase such as HMGR kinase, the specific regulation of this kinase by ABA 

can be addressed. A protein kinase which phosphorylates HMGR in vitro and in vivo 

has been isolated from plants (Mackintosh et al., 1992). To test whether ABA affects 

this kinase at the transcriptional level, northerns and run-on assays could be performed 

using the kinase probes. If ABA regulation of the kinase occurs via the transcriptional 

level, promoter analysis can be performed as described above. Immunoblot analysis 

would reveal if there are effects of ABA on the kinase protein levels with the prediction 

of increased enzyme levels in response to ABA treatment. In addition, since HMGR 

kinase is part of a kinase cascade, the effect of ABA on the phosphorylation state of the 

kinase can also be tested. Exact conditions for assaying this kinase activity in vivo have 

been published, it would be interesting to examine ABA's overall effect on this specific 

kinase activity. If ABA affects the kinase activity, further investigations of the signalling 

components can be made. These types of experiments may help to better define the role 

of kinase in the ABA-HMGR response pathway. 

Additional Components of the ABA Signal Transduction Pathway 

ABA signal transduction pathways have been shown to be quite intricate, and the 

regulation of HMGR also presumably requires a complex signal transduction pathway. 

The root hydroponic system will allow the testing of various signalling pathway 

components to determine whether they are required for ABA's effect on HMGR 
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expression. Calcium, a component of many signal transduction pathways, is required 

for ABA-induced stomatal closure as well as the arachidonic acid-induced induction of 

HMGR activity in potato (Choi and Bostock, 1994). Thus, it would be interesting to test 

the role of calcium in ABA's inhibition of maize HMGR activity using EGTA or other 

calcium chelators. It has been suggested that calmodulin may be involved in the 

regulation of enzymes involved in reversible phosphorylation of HMGR activity 

(Wititsuwannakul et al., 1990). This hypothesis could be tested by the calmodulin 

antagonist, trifluoperazine. If calmodulin is required for ABA's inhibition of HMGR 

activity, trifluoperazine should block the decrease in specific activity. The effects of 

protein synthesis inhibitors such as cycloheximide could also be tested. 

There are at least three established ABA response pathways in plants (Rock and 

Quatrano, 1994). In maize, only one response mutant, vpl, has been identified which 

functions during seed development. As described above, it will be important to establish 

whether VPl 's activity is developmentally restricted. To determine other components 

of the ABA response pathway, it would be ideal if ABA's effect on HMGR expression 

could be tested in the more numerous Arabidopsis thaliana response (abi) mutants, 

However, Arabidopsis plants may prove too small for biochemical analysis of HMGR 

activity. Since ABA appears to act at multiple levels, northern analysis or in situ 

hybridization or immunocytochemistry on root sections could be performed to determine 

whether changes in individual HMGR transcripts or isozyme protein levels occur in 

response to ABA in these mutant backgrounds. These experiments may allow HMGR 
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to be assigned to a particular ABA response pathway. Northern and immunoblot analysis 

of the maize vivipary mutants, particularly vpl, may also reveal important information 

about the mechanism of ABA action. Use of these mutants might also reveal important 

information about the proposed involvement of phosphorylation, for example, whether 

ABA affects HMGR and the putative kinase via the same regulatory pathway. 

If ABA's effect on stomatal closure can be used as a paradigm for ABA 

signalling/response pathways, it is likely that the regulation of HMGR will be quite 

intricate. The present model, although incomplete, has suggested several experimental 

approaches for exploring various aspects of ABA inhibition of HMGR expression. The 

experiments described above should test the individual HMGR responses, determine the 

level(s) of regulation, and begin to elucidate components within the ABA-HMGR 

response pathway. 

In conclusion, it would not be surprising if ABA regulates multiple HMGR genes 

during maize development since one can assume that individual HMGR enzymes have 

differential functions during development. Differential regulation of HMGR genes may 

explain in part why HMGRenzyme activities in plants change following so many 

different treatments. In addition, the responses of the plant to ABA also are multiple and 

vary depending upon the plant's developmental state. If ABA regulates multiple HMGR 

isozymes, that data would support Choi and Bostock's hypothesis which suggests that 

there are discrete "channels" for isoprene synthesis within the cell (Choi and Bostock, 

1994). They propose a number of membrane-bound enzymes in arrays ultimately leading 
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to different isoprenoid products which mayor may not be synthesized and function in 

different subcellular compartments. Different developmental or environmental signals 

would then activate or shut down the various pathways directed by each HMGR isozyme. 

For example, it is possible that one HMGR isoenzyme might be responsible for 

controlling activity associated with rapid, mitotic cell divisions in all growing tissues, for 

example controlling sterol synthesis or cytokinin formation; this isozyme would be a 

logical target for inhibition by ABA. This could be tested by examining ABA effects on 

sterol synthesis enzymes and sterol accumulation. Another HMGR isozyme may 

function within a "channel" leading to the synthesis of carotenoids and ABA within the 

chloroplast, ABA might control its own synthesis by down-regulation of this HMGR 

isozyme and/or additional enzymes within the pathway. It will be interesting to examine 

which genes ABA regulates, and perhaps ultimately which isoprenoid "channels" each 

isozyme functions can be tested using the root system. 
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SUMMARY 

The results described in Chapters II, III, IV, and V have been the first study of 

HMGR in maize and have provided an initial framework of how maize HMGR is 

expressed and regulated during a developmental process common to all plants. The 

results obtained from further experimentation will increase our understanding of the role 

of HMGR in plant development and of the interplay between the various controllers of 

HMGR expression. A complete understanding of HMGR regulation will be crucial to 

the larger analysis of how metabolic processes such as isoprenoid synthesis regulate 

critical developmental events. 
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CHAPTER vn 

MATERIALS AND METHODS 
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Plant Material 

Wild Type Plant Material 

Seeds of Zea mays line, FunkF(G4343) were backcrossed for four generations to 

provide the final inbred line used in these studies. Seeds from field plants were harvested 

at various days after pollination; the pericarp was removed and embryos and endosperm 

were excised. Embryos and endosperm were analyzed for HMGR specific activity. 

Dry FunkF seeds from the Spring 1991 planting were used for the wild type 

(WT) germination study. Whole seeds were surface sterilized in a 10% (v/v) solution 

of commercial bleach. Seeds were then rinsed with tap water, and soaked for 24 hours 

in 1I4X Hoagland's solution. Seeds were then germinated on sterilized, damp paper 

towels in glass trays for 4 to 5 days at 25°C in either light or total darkness. Etiolated 

seedlings were harvested under green safelight. For measurement of plastid HMGR 

specific activity, FunkF seeds were treated as above and germinated in seed pouches and 

leaves were harvested after 10 days. 

Dry seeds from the inbred line FunkF (backcrossed for four generations) were 

used for the germination (endosperm) and exogenous ABA studies. Whole seeds were 

surface sterilized in a 10% (v/v) solution of commercial bleach. For the germination 

study, seeds were rinsed in tap water, rolled in germination paper (Anchor Paper Co., 

St. Paul, MN) and allowed to imbibe in H20 for 0 to 72 h in total darkness at 28°C. 

Seeds were de-embryonated, the pericarps removed and microsomal fractions were 

isolated from the remaining endosperm tissue. To study the effect of exogenous ABA 
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on HMGR activity, seeds were surface sterilized and germinated in rolled germination 

paper for 48 h. Seedlings were then transferred to beakers containing either water or 50 

I'M + ABA. Seedlings were kept aerated for 15 min, 30 min, 1, 3, 6, 12, or 24 h in 

total darkness. Microsomal fractions were isolated from root tissue after 15 min, 30 

min, 1, 3, 6, 12, and 24 h. 

vivipary Plant Material 

Seeds of Zea mays lines (Vpl/vpl), (Vp5/vp5) , (Vp2/vp2), (Vp7/vp7), and 

(Vp9/vp9) were obtained from the Maize Stock Center (University of Illinois, Urbana). 

Heterozygous lines of vp2, vp5, vp7, and vp9 were outcrossed to the inbred line FunkF 

two or three times to place them into a common genetic background ensuring that the 

temporal development of the seed would be identical among the different mutants. The 

homozygous mutant vp2, vp5, vp7, and vp9lines synthesize reduced amounts of zygotic 

ABA during seed development, resulting in precocious germination (Robertson, 1955; 

Robichaud et al., 1980; Neill et al., 1986). The line Vpl/vpl was maintained in a W22 

inbred background; vpl seeds contain normal levels of ABA and have reduced sensitivity 

to exogenous ABA (Robichaud et al., 1980). These recessive mutants are lethal as 

homozygous plants; therefore, the mutations are maintained as heterozygotes (+/vp). 

To obtain vp kernels, heterozygous plants were crossed to one another resulting in 

kernels segregating 1:3 vp to WT ( + / -). To prevent any potential artifacts due to diurnal 

variation in HMGR activity (Wititsuwannakul, 1986), all seeds were harvested between 
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10 and 11 a.m. 

The vp2, vp5, vp7, and vp9 mutants accumulate specific intermediate carotenoid 

compounds due to lesions in the biosynthetic pathway (Robertson, 1955; Figure 20) 

resulting in the interruption of ABA biosynthesis (Robichaud et al., 1980). Homozygous 

vp kernels have reduced amounts of carotenoids, and the resulting pale yellow (vp2, vp9), 

white (vp5) or pink (vp7) endosperm is easily distinguished from the WT yellow 

endosperm as early as 14 DAP. Since precocious germination of the embryo is not 

visible until late maturation (18-20 DAP), mutant vp kernels were identified at earlier 

stages based on endosperm color. Germinating vp embryos were identified by emergence 

of a visible radicle or coleoptile which were white to pale yellow-green in color. The 

vpl mutant has WT levels of ABA and carotenoids but has greatly reduced amounts of 

a transcription factor involved in ABA-inducible gene expression (McCarty et al., 1991). 

This mutation has pleiotropic effects, including decreased anthocyanin biosynthesis in the 

aleurone layer of the kernel (Eyster, 1931). In the M2 background, vpl seeds have a 

colorless aleurone layer which can be easily distinguished from the purple aleurone of 

WT seeds at 20 DAP. 

Seeds from the Zea mays line (Vp8/vp8) were obtained from the Maize Stock 

Center (University of Illinois, Urbana). These seeds were outcrossed to the inbred line 

FunkF and the progeny were self-fertilized. The resulting viviparous progeny were 

rescued and self-fertilized for at least six generations to obtain the final homozygous 

mutant vp8 (vp8/vp8) line used for this study. This line is the only existing homozygous 
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mutant viviparous line. The lesion of the vp8 mutant is not known; the seeds contain WT 

levels of 6-carotene and are yellow. Since the seeds contain reduced levels of ABA, any 

lesion altering the synthesis of ABA must occur after the synthesis of 6-carotene. As a 

result of the decreased ABA, the mature plants are drought-intolerant and will only 

survive to set seed in the fall crop in Arizona. The vp8 plants are quite short, with 

narrow leaves that are extremely brittle. The seeds are reduced in size as compared to 

the parental FunkF line. Precocious germination occurs in the seeds, however, the 

vivipary is late, and is not generally observed until approximately 22 DAP. 

To generate the specific seeds used in the vp8 study, I took advantage of the fact 

that there are two sources of ABA in the seed, ABA produced by the seed (zygotic) and 

ABA imported from the plant (maternal). Three sets of crosses were performed. 

Homozygous mutant ears were fertilized with WT (FunkF) pollen to obtain progeny with 

reduced levels of maternal ABA. WT ears were fertilized with homozygous mutant 

pollen to obtain progeny with both maternal and zygotic WT levels of ABA. 

Homozygous mutant plants were self fertilized to obtain seeds with reduced levels of 

maternal and zygotic ABA. Whole seeds were used for this study. 

Preparation of Microsomal Vesicles 

To avoid complications from diurnal or circadian variations in HMGR activity 

which have been reported in the latex of Hevea brasiliensis (Wititsuwannakul, 1986), 

seeds were harvested and microsomal fractions isolated on ice between the hours of 
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10:00 a.m. and 12:00 p.m. Microsomes were isolated from excised embryos and 

endosperm by differential centrifugation as described by Russell (1985) and the 

microsomal pellets were resuspended in a solution of 0.2 M K-phosphate buffer at pH 

6.9 containing 50 mM DTT and stored at -20°C. For the germination study, 

microsomes were isolated from excised embryos every two hours from 10:00 a.m. to 

10:00 p.m. All subsequent isolations of seedlings, roots and shoots took place at 10:00 

a.m. (24, 48, 72, 96, 120 hours) or 10:00 p.m. (36 hours). Chloroplasts were isolated 

from leaves which were harvested according to Russell (1985). Plastids were then 

resuspended in a solution of 0.25 M K-phosphate buffer at pH 7.9 containing 50 mM 

DTT. For the study of HMGR activity in the vivipary mutants, multiple microsomal 

fractions were isolated and assayed for each time point from three independent field 

experiments (Spring 1992, Fall 1992, Spring 1993). An additional field experiment (Fall 

1993) was performed for the vp embryo study. Data are presented as means of two to 

six independent assays + SE of the mean. SE averaged < 12 % of the mean. 

Microsomal protein was measured according to Ghosh et al. (1988) using BSA 

as a standard. Total protein content of individual embryos was measured according to 

Kriz (1989). Zein seed storage proteins were isolated from microsomal pellets as 

described by Wallace et al. (1990). 
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Measurement of HMGR Specific Activity 

The thin layer chromatography (TLC) method of Shapiro et al., 1974, which 

employs the use of an internal 3H mevalonate standard, was used to determine HMGR 

specific activities by measuring the amount of [14C] HMG-CoA converted to [14C] 

mevalonate. 50 nmoles of D,L,-3-hydroxy-3-methyl-[3-14C] glutaryl-CoA (specific 

activity = 7,500 dpm/nmole) and 5000 dpm of R-[5-3H] mevalonic acid (specific activity 

= 250mCi/mmol) were added to each reaction. After TLC, the region Rp 0.6 to 0.9 

was removed by scraping and assayed by liquid scintillation counting for both 14C and 

3H. The [14C] data were corrected for efficiency of migration during chromatography by 

use of the [3H] mevalonic acid internal standard. Enzyme activities are expressed as 

nmoles MV A synthesized per hour per mg protein. Controls, without protein or without 

NADPH, were performed routinely. Two samples of rat hepatic microsomes of known 

HMGR activity, kindly provided by Nannette Yount, (University of California, Irvine, 

CA), were used as positive controls. 

The reductase activity using this system was linear with protein concentrations 

within the range of 2.5 p,g to 200 p,g and with an incubation time up to 30 minutes. 

Similar amounts of protein (between 10-50 p,g) were used in all HMGR assays regardless 

of tissue used for membrane isolation. Data points are the average of 2-6 independent 

assays with the variance averaging less than 12 % of the mean. Normally, > 95 % of the 

total HMGR activity was found in the microsomal pellet. The activity of maize HMGR 

microsomal preparations was stable for up to one year if extracts were stored at -200 C. 
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Analysis of Membrane Marker Enzymes 

Presence of ER membranes in microsomal samples was determined by measuring 

the activity of the ER-Iocalized antimycin A-insensitive NADH-dependent cytochrome 

C reductase (CCR). The degree of mitochondrial contamination was assessed by 

measuring cytochrome C oxidase (CCO). Both assays were performed as described by 

Briskin et al. (1987). Any minor reduction of cytochrome C by DIT was accounted for 

by including equal molar concentrations of DIT in control reactions not containing 

microsomal preparations. Negative control reactions without added NADH were also 

performed. Mitochondrial pellets were used as a positive control for CCO. In all 

samples tested, the CCO activity indicated that the microsomal fraction had less than 5 % 

mitochondrial contamination. 

Protein Electrophoresis and lmmuDoblotting for a-zeins 

Samples of total microsomal protein were separated on 12.5 % acrylamide SDS 

gels (Laemmli, 1970). Protein gels containing 20pg microsomal protein were stained 

with Coomassie blue. Protein gels containing Ipg microsomal protein were 

electroblotted onto nitrocellulose (Towbin et al., 1979) and reacted with a-zein antiserum 

(1 :2000 dilution) as described previously (Vierling et al., 1989). Bound antibody was 

visualized with the ECL Western blotting detection system (Amersham, Arlington 

Heights, IL) and quantitated using a laser densitometer. The a-zein antibody was a gift 

of Brian Larkins (Department of Plant Sciences, University of Arizona, Tucson AZ). 
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Analysis of ABA Levels 

ABA levels were determined by tracer competition immunoassays (Walker

Simmons, 1987). All ABA procedures were performed under green light. For ABA 

extractions, the endosperm from five to ten seeds was frozen in liquid nitrogen, 

lyophilized, and ground to a fine powder. ABA was extracted according to the method 

of Oishi and Bewley (1990), with modifications. The powder was extracted in 1.0 mL 

of cold methanol containing butylated hydroxy toluene (10 p.g mL-1) and citric acid 

monohydrate (0.5 mg mL-1) at 4°C for 30 to 60 min. (Oishi and Bewley, 1990). The 

extraction buffer also contained 7000 dpm of [2_14C] ABA (Amersham, gift of Dr. Hans 

Bohnert, University of Arizona, Tucson). The extract was centrifuged at 48,ooog for 

5 min, the methanol decanted, and the tissue was rinsed with 500 p.L of the extraction 

buffer. The methanol fractions were combined, vacuum dried and resuspended in 200-

400 p.L of Tris-buffered saline pH 7.5 (25 mM Tris-HCI, 0.1 M NaCI, 1.0 mM MgCI2). 

Samples were stored at -80°C until assayed. ABA was determined using the Phytodetek 

(IDETEK, San Bruno, CA) monoclonal antibody ELISA system using (±) ABA as a 

standard. All data were corrected for losses during purification by measuring recovery 

of [14C]ABA added to the samples before purification. Recovery ranged from 58 to 

100% with an average of 90 % . Comparisons between measured ABA levels and ABA 

levels from the literature were made (where possible); measured values in both WT and 

mutant tissues were consistent with previous analyses (Neill et al., 1986; Gage et al., 

1989; Belefont and Fong, 1991). 
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Analysis of HMGR Specific Activity Using the Protein Kinase Inhibitor 

Staurosporine 

To study the effect of the protein kinase inhibitor staurosporine on HMGR 

activity, FunkF seeds were surface sterilized in 10% bleach (v/v) and imbibed overnight. 

The seeds were germinated in rolled germination paper for 48 h. Staurosporine was 

prepared as a ImM stock solution in DMSO. Seedlings were then transferred to beakers 

containing either 200 mL water (100 seedlings), 200 mL 0.1 % DMSO (30 seedlings), 

or 200 mL of 100 JLM staurosporine in 0.1 % DMSO (100 seedlings) for one h. 50 

seedlings each from the control treatment and the staurosporine treatment were then 

transferred to 2000 mL water containing 50 JLM ABA. The remaining 50 seedlings from 

each treatment group were transferred into 2000 mL water. Seedlings which had been 

treated with DMSO also were transferred to 2000 mL of water. Seedlings were kept 

aerated for two h in total darkness. Microsomal fractions were isolated from root tissue 

at two h. This procedure was modified from Choi and Bostock (1994). 

Genomic Library Screening 

Using a XbaIlHindIII 500 bp tomato cDNA probe (gift of Carol Cramer, Virginia 

Tech, Blacksburg VA), a partial Sau3A FunkF(G4343) genomic leaf library constructed 

by Karen K. Oishi was screened according to Chen et al. (1987). The probe was 

labelled with [a-32P]dCTP by random priming (Feinberg and Vogelstein, 1983). 

Replicate nitrocellulose filters (MSI) of phage plaques were hybridized with the probe 
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for 24 h at 42°C under the following conditions: SX Denhardt's solution (1X Denhardt's 

is 0.02% bovine serum albumin, 0.02% Ficoll, and 0.02% polyvinyl pyrrolidone), SX 

sse ( 1X SSC is O.lSM NaCI, lS #,M sodium citrate), 18% formamide, 0.1 % SDS, 

0.5 % BLOTTO (S % BLOTTO is 2.S g non-fat dried milk in SO mL water). Filters were 

washed in O.lX SSC, O.S% SDS at SsoC for 1-2 hours. Positive clones were purified 

through 3 rounds of screening and phage DNA was isolated from positive single plaques 

according to Patterson and Dean (1987). The DNA was digested with various restriction 

enzymes and hybridized to the tomato probe under similar conditions. Restriction 

fragments that hybridized were sub cloned into the pBluescript vector (Stratagene) and 

recombinant subclones were propagated in Escherichia coli strain DHS-a. 

RNA Isolation 

Total RNA was isolated by Whitney Hable from maize seed or by myself from 

maize root tissue as described (Giuliano and Scolnik, 1988) omitting purification by 

cesium chloride density gradient. The RNA was resuspended in DEPC-treated water and 

quantitated spectrophotometrically (Hable and Oishi, 1994). 

eDNA Synthesis and peR 

First strand cDNA was made from one #,g total RNA from maize seed according 

to the GeneAmp RNA PCR Kit (perkin Elmer Cetus). The HMGR cDNA was amplified 

from either a mixture of maize root and shoot cDNAs or the K1-1 maize genomic 
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HMGR clone using 2000 fold degenerate primers designed to a conserved region of the 

HMGR protein, [5'GG(GATC) GA(TC)GC(GATC)ATGGG(GATC)ATGAA(TC)ATG 

3 '] and [5'(TC)TC(GATC)AC(AG)TT(TC)TG(GATC)GC(GATC)GG(AG)TC(TC)TG 

3 '] according to the following cycling conditions: 95°C for two minutes, 35 cycles of 

95°C for one minute, 55°C for 1 minute, increased to 72°C at a rate of l°C/7 seconds and 

then held at 72°C for one minute, and one cycle of 72°C for seven minutes. Products 

were visualized in a 1.2 % agarose TBE gel stained with lOOp.g/ml ethidium bromide. 

Cloning and Sequencing 

A single fragment of 363 bp was amplified by PCR and cloned into the T A 

Cloning Vector according to the TA Cloning Kit (Invitrogen). HMGR candidate clones 

were identified by hybridization with a 500bp HMGR cDNA probe from tomato HMGR. 

The identity of the maize HMGR clones was confirmed by dideoxy sequencing (Sanger, 

1977). 

Genomic Southern Analysis 

Genomic DNA from either leaves or seeds of maize inbred lines was isolated by 

the method of Murray and Thompson (1980). 3-5 p.g of DNA was digested with various 

restriction enzymes, separated by electrophoresis on a 0.8% agarose gel, blotted onto 

Hybond N + membrane (Amersham) and alkaline fixed. Either maize genomic subclones 

and the 363 bp maize HMGR PCR product were labeled with [CX_32p] as described above. 
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The probes were hybridized to the membrane for 24-48 h at 42°C in 0.5% BLOTTO, 5X 

SSC, 33% formamide, 1 % SOS. The blots were washed for 60-90 minutes in O.IX 

SSC, 0.5% SOS. 

Northern Analysis 

Northern blots were generated either by Whitney Hable or myself as described 

(Hable and Oishi, 1994). Filters were hybridized (Alwine et al., 1977) at high 

stringency overnight with a 363 bp HindIIIIXhoI fragment from the HMGR PCR clone, 

labeled as described above. The filters were exposed to X-Omat AR X-Ray film (Kodak) 

and the hybridization signals were quantitated by cpms (Betascope, Betagen). To 

normalize for unequal loading of RNA, the HMGR levels were normalized to the levels 

of maize 18S rRNA. 

Generation of HMGR Fusion Protein 

The 363 bp HMGR PCR product was cloned in frame to the HindIIIIXhoI sites 

of the pET22b expression vector (Novagen, Madison, WI). In frame constructs were 

confirmed by dideoxy sequencing. This construct encoded a protein consisting of 121 

AA of maize HMGR and 60 AA from E. coli, with a predicted molecular weight of 22 

kD. The construct was transformed into the Escherichia coli strain BL21 (a Lambda 

OE3 lysogen) according to the manufacturer's protocol. For fusion protein production, 

expression was induced by the addition of IPTG (final concentration 1 mM) to a growing 
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culture. Expression was induced for up to 16 hours. To test for protein production, 

cells were harvested by centrifugation and resuspended in 114 the culture volume with 

cold 50mM Tris-HCI at pH 8.0, 25 mM EDTA, spun down and the pellet was stored at 

-20°C. Fractions of total cell protein, soluble and insoluble fractions as well as 

periplasmic fractions were assessed on 12.5% SDS-PAGE gels to determine where the 

fusion protein accumulated. Untransformed cells and cells transformed with the pET22b 

vector alone were induced by IPTG and proteins isolated to confirm that the HMGR 

fusion protein was unique. Since all HMGR DNA constructs had been unstable in 

previous experiments, conditions for toxic or unstable proteins were used throughout the 

procedure (Novagen). 

Isolation of Fusion Protein for Antibody Production 

Total cell proteins were loaded in SDS sample buffer (Laemmli, 1970) onto large 

preparative SDS-PAGE gels (12.5%). Proteins were visualized via staining with fresh 

4M sodium acetate for one hour at room temperature. The 24 kD fusion protein band 

was located and removed using a razor blade, the gel was chopped into pieces and frozen 

at -20°C overnight. Protein was isolated from the gel pieces by electroelution into 20mM 

Tris-acetate (PH 8.6)-0.1 % SDS at 1 Watt overnight in an electrophoretic concentrator 

(ISCO). Isolation of the HMGR fusion protein was confirmed by analytical SDS-PAGE 

and used as antigen without further purification. 
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Isolation of Fusion Protein for Antibody Purification 

SDS-PAGE analysis revealed that approximately 25% of the HMGR fusion 

protein was directed to the periplasmic space of the BL21 cells. This was less than 

expected since the fusion construct contains a pe/b leader sequence which should direct 

transport to the periplasm. The remaining 75 % of the protein remained in the soluble 

fraction. Overall, the expression of HMGR fusion protein was low, less than 1.0% of 

total proteins. Since there were fewer proteins in the periplasmic fraction (15 visible by 

Coomassie staining, 6 immunoreactive), than in the soluble fraction (> 30 bands, 14 

immunoreactive), I chose to further purify the periplasmic fraction. 

Using a large fermentor (Virtis), fifteen liters of transformed cells were induced 

with IPTG as described above. The culture was maintained at 27-28 °C since to increase 

the amount of HMGR directed to the periplasm. The proteins from the periplasm were 

isolated according to the manufacturer's recommendation (Novagen). This crude extract 

was fractionated by stepped 40-70% ammonium sulfate precipitation (REF). 

Approximately 50% of the HMGR fusion protein was found in the 70% pellet and the 

remaining HMGR protein was found in the 70% supernatant. There were fewer 

contaminating proteins in the 70% supernatant (14 by Coomassie staining, 2 

immunoreactive), and the fusion protein was approximately 10% of the total protein. 

Thus, this fraction was dialyzed into 50mM Tris-HCI pH 8.0, 25 mM EDTA and 

fractionated over a DEAE-anion exchange column. The fraction was passed over the 

column four to five times at a flow rate of 0.5 mL per minute and the run-through was 
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retained. To remove unbound proteins, the column was washed with four column 

volumes of 50mM Tris-HCI pH 8.0,25 mM EDTA at a tlow rate of one mL per minute 

and the washes were retained. Bound proteins were eluted using a stepped NaCI gradient 

from 0-300 mM NaCI and one mL fractions were collected and analyzed on SDS-PAGE 

gels. The HMGR fusion protein never bound to the column, but remained in the run 

through and wash fractions. These fractions were combined and concentrated using first 

an Amicon concentrator (MW cutoff-1O,OOO D) to ten mL, and further concentrated to 

one to two mL using Centricon concentrators (MW cutoff- 30 or 50 kD). The remaining 

fractions contained six or seven proteins including the HMGR fusion protein which was 

approximately 20-25 % of the total protein. More importantly, the HMGR fusion protein 

was the sole a-HMGR immunoreactive protein in this fraction. 

Generation of Antibodies to HMGR 

600 p.g of HMGR fusion protein was collected, lyophilized and sent to Cocalico 

Biologicals Inc. (Reamstown, PAl for the generation of HMGR antibodies. Attempts 

were made to generate antibodies in both rabbits and White Leghorn chickens. Serum 

was collected 7 to 10 days after booster injections and eggs were collected 7 days after 

booster injections. Only the chickens produced a-HMGR antibodies. 
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Isolation of HMGR Antibodies from Chicken Eggs 

The IGY fraction from the yolks of chicken eggs was isolated using a series of 

polyethylene glycol (PEG) and ammonium sulfate precipitations according to Polson et 

al. (1993). Briefly, yolks were resuspended in an equal volume of PBS. An equal yolk 

volume of 10% PEG (final concentration 3.3%) was added, the yolks were gently stirred 

for 30 minutes and centrifuged at 12,OOOg to pellet the yolk proteins. An equal yolk 

volume of 42 % PEG (final concentration 10.5 %) was added to the supernatant and the 

proteins stirred for 30 minutes. After centrifugation, the resulting pellet was resuspended 

in an equal yolk volume of PBS and subjected to a 50% ammonium sulfate precipitation 

to pellet the immunoglobins. The pellet was resuspended in phosphate buffer pH 7.4 

and dialyzed overnight to remove the ammonium sulfate. Antibody fractions were stored 

at -20°C. 

Secondary Antibodies 

Antibodies to chicken IGY conjugated to horseradish peroxidase (Jackson 

ImmunoResearch Laboratories) were generally further purified against maize microsomal 

fractions to reduce non-specific background. Mixed microsomal fractions were spotted 

onto nitrocellulose, dried and blocked with five percent nonfat dry milk in TBS 

containing 0.1 % Triton-X for one hour. The nitrocellulose was incubated in five mL of 

TBS-Triton along with 100 J'l of secondary antibody (0.8 mg/mL) for 48 hours. The 

resulting supernatant was stored at 4°C with one percent BSA. Secondary antibodies 
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were also pre-absorbed against E. coli proteins from cells containing the pET22b vector 

alone. 

Generation of lIMGR Antigen Column 

Proteins from the DEAE fraction containing the HMGR fusion protein were 

coupled to 3M Emphaze Biosupport Medium ABI according to the manufacturer 

(UltraLink Immobilization, Pierce). Ten to fifteen p.g of protein was dialyzed into the 

coupling buffer overnight (Citrate-Carbonate buffer, 0.1 M NaC03, 0.6 M sodium 

citrate, pH 9.0) and the volume was increased to four mL. This solution was added to 

one mL of dry beads and the gel-ligand slurry was mixed and reacted overnight at room 

temperature. The supernatant was drained and retained, and analyzed by SDS-PAGE to 

determine if coupling had occurred. The column was washed with ten column volumes 

of PBS and ten column volumes of quenching buffer (3.0 M ethanolamine, pH 9.0) for 

one hour to block all unreacted sites. The column was extensively washed to remove the 

ethanolamine. 

Immunoaffinity Purification of a-lIMGR Antibodies 

This procedure was modified from Harlow and Lane (1988). The antigen column 

was washed with the solutions used to bind and elute the antibodies. First, the column 

was washed sequentially with ten bed volumes of 10 mM Tris-HCI pH 7.5, ten bed 

volumes of 100 mM glycine pH 2.5 , and ten volumes of 100 mM Tris-HCI pH 8.8. 



201 

Next the column was washed with ten volumes of 100 mM triethylamine pH 11.5 

followed by 10 mM Tris-HCI pH 7.5 until the column pH equilibrated to pH 7.5. Five 

mL of the a-HMGR antibody fraction was passed over the column four to five times. 

The column was washed with 20 bed volumes of Tris-HCI pH 7.5 and then Tris-HCI pH 

7.5 containing 500 mM NaCI. To elute the acid-sensitive antibodies, ten volumes of 100 

mM glycine pH 2.5 were added to the column. The eluate was collected in a tube with 

one bed volume of 1M Tris-Hel pH 9.0. The column was washed with 10 mM Tris

HCI pH 8.8 to increase the pH of the column. To elute base-sensitive antibodies, ten 

volumes of 100 mM triethylamine pH 11.5 was added to the column. Eluate was 

collected in a tube with one bed volume of 1M Tris-HCI pH 7.0. The antibody fractions 

were combined and dialyzed against PBS overnight. The solution was concentrated by 

lyophilization and resuspended in one mL of phosphate buffer and stored at 4°C. 

Expression of Tomato HMGR2 Fusion Protein 

A partial cDNA clone of tomato hmg2 was obtained from Dr. Carol Cramer 

(Virginia Tech, Blacksburg, VA). This cDNA, cloned into the expression vector pT7-7 

(Tabor, 1992), contains all the coding sequence for the HMGR catalytic domain, 

eliminating the membrane domains. This clone was transformed into BL2l (DE3) cells 

and induced with IPTG as described above. The vector, pT7-7, was also transformed 

and cells induced as a negative control. As expected, analysis by SDS-PAGE revealed 

a 36 kD protein which was expressed only in the HMGR clone. This protein has been 
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shown to be catalytically active in E. coli (WU and Cramer, personal communication). 

Protein Electrophoresis and Immunoblot Analysis 

Samples of total bacterial or microsomal proteins were separated on 12.5 % 

acrylamide SDS gels. Protein gels containing to, 15 or 20 p.g protein were stained with 

Coomassie blue to verify equal loading. Total protein also was quantitated using a laser 

densitometer. Protein gels containing 10, 15, or 20 p.g of microsomal protein were 

electroblotted onto nitrocellulose (Nitropure, Amersham, Arlington Heights, IL), and 

reacted with either control (pre-immune) or a-HMGR antiserum (1:5000 or 1: 10,000 

dilution) as described previously (Vierling et al., 1989). The blots were reacted with one 

of several different secondary antibodies (Jackson ImmunoResearch Laboratories), either 

rabbit a-chicken conjugated to horseradish peroxidase cleaned up against micro somes or 

E. coli proteins or rabbit a-chicken conjugated to biotin-SP. Bound antibody was 

visualized with the EeL Western blotting detection system (Amersham, Arlington 

Heights, IL) and quantitated using a laser densitometer. Linearity of the laser 

densitometer was shown using dilutions of the proteins isolated from HMGR induction 

as described above. The densitometer had a tested linear range from 0.1 to 20 p.g of 

HMGR fusion protein. 

For quantitation, western blots were blocked in PBS containing 1 % BSA, and 

0.5% Tween for one hour. Blots were incubated in primary antibody as described 

above, and in a 1:75,000 dilution of rabbit a-chicken antibody conjugated to biotin-SP 
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(Jackson ImmunoResearch Laboratories) Bound antibody was visualized using [3sSLR]

Streptavidin (Amersham, specific activity 200-700Ci/mmol) at 11' Ci per mL of solution. 

Blots were incubated overnight in the streptavidin solution, washed and exposed to X-ray 

film overnight. The amount of bound streptavidin was quantitated using the Betascope 

(Betagen). 

Chemicals 

All reagents were analytical grade. [I4C] HMG-COA and [3H] Mevalonate were 

purchased from New England Nuclear Research Products, Boston, MA, USA. 

Monoclonal antibody to ABA was purchased from Idetek (San Bruno, CA). All 

secondary antibodies were purchased from Jackson Immunological, West Grove, PA. 

All other reagents for the HMGR or ABA assays were purchased from Sigma, st. Louis, 

MO. Silicone TLC plates were purchased from Alltech Associates, Deerfield, IL. 
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