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ABSTRACT 

Carotenoids are C40 tetraterpenoids synthesized by nuclear-encoded, multi-

enzyme complexes located in the plastids of higher plants. In order to fiirther 

understand the components and mechanisms involved in carotenoid biosynthesis, our 

laboratory has id&nXs^tdArabidopsis thaluma mutants that disrupt this pathway. Here, I 

report the identification and characterization of three non-allelic albino mutations, pdsl, 

pds2, and pds3 (pds - ghytoene ^esflturation), that are disrupted in phytoene 

desaturation, an early step in carotenoid biosynthesis, pdsl and pds2 have been more 

thoroughly characterized than pds3. Surprisingly, neither pdsl nor pds2 maps to the 

locus encoding the phytoene desaturase enzyme, indicating the products of at least three 

loci are required for phytoene desaturation. Electron transport chain components are 

hypothesized to be involved in phytoene desaturation and the analysis of pdsl and pdsl 

provide the first genetic evidence that plastoquinone is an essendal component in 

carotenoid biosynthesis. Both mutants are plastoquinone and tocopherol deficient, in 

addition to their inability to desaturate phytoene, affecting distinct steps of the common 

plastoquinone/tocopherol biosynthetic pathway. The pdsl mutation affects the enzyme 

p-hydroxyphenylpyruvate dioxygenase (HPPD) as it can be rescued by growth on the 

product but not the substrate of this enzyme, homogentisic acid and p-

hydroxyphenylpyruvate, respectively. The pds2 mutation most likely affects the 

prenyl/phytyl transferase enzyme of this pathway. 

Additionally, I report the isolation of an Arabidopsis HPPD cDNA, the first firom 

a higher plant, which encodes a 50 kD polypeptide with between 29 and 40% identity to 

non-plant HPPDs. Alignment of the Arabidopsis HPPD with non-plant HPPDs 
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identifies 38 identical amino acid residues, including six Qrrosine and histidine residues 

thought to form the ferric iron center of the enzyme. When expressed in £*. coli, the 

Arabidopsis HPPD catalyzes the accumulation of two compounds, homogentisic acid 

and ochronotic pigment, a polymerized oxidation product of homogentisic acid. 

Additionally, the Arabidopsis HPPD locus and the pdsl locus co-segregate. Finally, 

and most-significantly, the constitutive expression of the Arabidopsis HPPD cDNA in 

the pdsl mutant background complements the pdsl mutant Taken together, these data 

suggest that pdsl is a mutation in the HPPD gene. 
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CHAPTER ONE 

INTRODUCTION 

The biology of carotenoids 

Carotenoids are a diverse population of hydrocarbons found primarily in 

plants and photosynthetic bacteria. The bright pigmentation of many firuits, vegetables, 

flowers, and fall leaves is the result of carotenoid accumulation in the plastids of these 

tissues (Pfander, 1992). These compounds are also essential components of the 

photosynthetic ^paratus and are antioxidants responsible for quenching both singlet 

oxygen and triplet chlorophyll (Siefermann-Harms, 1987). Additionally, excess light 

energy is dissipated by carotenoids in the xanthophyll cycle (Demmig-Adams and 

Adams, 1992). Carotenoids also serve as precursors for the plant hormone, abscisic 

acid (ABA; Figure 1; Rock and Zeevart, 1991). Di mammals, carotenoids are important 

as dietary antioxidants and precursors for vitamin A (Olsen, 1989). 

In terms of nomenclature, the name carotenoid encompasses two classes of 

compounds; carotenes and xanthophylls, with xanthophylls being oxygenated 

derivatives of carotenes (Figure 1). Both carotenes and xanthophylls were first 

identified in the 1830s in independent research by Wackenroder and Berzelius, 

respectively. Wackenroder named the pigment he isolated and crystallized from carrots 

"carotene", while Berzelius used the term "xanthophyll" or yellow leaf to describe the 

yellow pigment he isolated from senescing leaves. In 1911, in the first demonstration 

of column chromatography, Tswett showed that carotenes and xanthophylls are related 

compounds, coining the term "carotenoids" to include both compounds. An excellent 

review of carotenoid history can be found in Goodwin (Goodwin, 1980). Today, 



18 

phyloenB 

phytofiNm 

^-cirgMe 
® J-

nswosparsM 

® 4. 

lyoopone 
^ MtB 

GJjDS B-rina a-nnn B-rinn 

O'© ""^SSi ^CAROTENE @4-

i (?) PHsyptHoiiMn ^ ̂ „ 
1 1 ^ YY ^ 1 Tf 

LUTEIN 

antwacaitiin VN^" 

:aeid •-
VIOUOCANTHIN W J' x^" 

NEOXANTHIN 

0 a u 
t 
1 

f 
f s 
X 

Figure 1 Carotenoid Biosynthesis in Plants. 
The exizymes that perfonn these reactions are as follows: 1, phytoene desaturase; 2, C-
carotene desaturase; 3, p-cyclase; 4, e-cyclase; 5, p-hydroT l̂ase; 6, e-hydroxylase; 7, 
epoxidase; 8, neoxant  ̂synthase; and 9, de-epoxidase. Cuotenoids that accumulate in 
Arabidopsis are shown in all coital letters. In bacteria, reactions 1 and 2 are catalyzed 
by the same enzyme, crd. 
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researchers have identified over 600 structurally distinct carotenoids which are widely 

distributed in nature (Pfander, 1987). 

Carotenoid biosjrnthesis 

Carotenoids are synthesized from geranylgeranyldiphosphate (GGDP). The 

committed step in carotenoid synthesis is the condensation of two CJQ molecules of 

GGDP to phytoene, catalyzed by phytoene synthase. In oxygenic photosynthetic 

organisms (such as plants, algae, and cyanobacteria), phytoene undergoes four 

sequential desaturation reactions, catalyzed by two enzymes, phytoene desaturase and 

carotene desaturase (Figure 1). Phytoene desaturase catalyzes the first two 

desaturations converting phytoene to ^-carotene, ^-carotene desaturase then catalyzes 

the next two desaturations, converting ^-carotene to lycopene. In anoxygenic 

photosynthetic organisms, the desaturation of phytoene is performed by a single enzyme 

which catalyzes three or four desaturation reactions, direcdy converting phytoene to 

neurosporene or lycopene, respectively, depending on the organism (Figure 1). 

Lycopene, a red pigment, is cyclized on each end by one of two enzymes, the p-

cyclase and the e-cyclase. If both ends of lycopene are p cyclized, p-carotene, a p,p-

carotene results (Figure 1). If only one end of the lycopene molecule is cyclized by p-

cyclase and the other end is cyclized by e-cyclase, a-carotene, a p, e-carotene results 

(Figure 1). The regulation of this branch point is hypothesized to be a critical point 

regulated by e-cyclase activity (Cunningham et al., 1996; Pogson et al., 1996). The 

reactions catalyzed by e- and p-cyclase are the last steps in the synthesis of carotenes; the 

first xanthophylls made by the hydroxylation of either a-carotene or p-carotene. Despite 

the similarity of the p and e rings, two separate hydroxylation enzymes are necessary for 

these hydroxylations, one specific for each type of ring (Figure 1; Pogson et al., 1996). 
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The hydroxylation of both rings of o-carotene gives the endpoint compound lutein, a 

yellow pigment that is the predominant carotenoid in green tissues. The hydro^Qrlation 

of both ends of P-carotene gives zeaxanthin. Singly hydroxylated, cyclized carotenoids 

do not normally accumulate, but mutant analysis suggests that they ate likely 

intermediates (Pogson et al., 1996). Both rings of zeaxanthin have epoxide groups 

added sequentially, first generating antheraxanthin and then violaxanthin (Figure I). A 

de-epoxidase enzyme converts antheraxanthin back to zeaxanthin in response to high 

light (Figure I; Demmig-Adams and Adams, 1992). Violaxanthin serves as the 

precursor for both ABA and the carotenoid neoxanthin (Figure 1). The carotenoids that 

accumulate in Qrpical green photosynthetic tissue are lutein, Carotene, violaxanthin, 

and neoxanthin. 

Numerous mutants which disrupt carotenoid biosynthesis have been previously 

identified, most notably in maize (Robertson, 1975), Capsicum annuum (Davies, et al., 

1970), and tomato (Jenkins and Mackinney, 1955). In maize, many of the carotenoid 

mutants, which are also ABA deficient, have precocious germination and are members 

of the viviparous (vp) class of mutants (Robertson, 1975). Additionally, carotenoid 

mutants have been identified in Arabidopsis and tobacco as wilty mutants due to ABA 

deficiencies (Koomeef et al., 1982; Rock et al„ 1991; Marin et al., 1996). In both 

Capsicum annuum and tomato, carotenoid mutants have been identified by their 

abnormal fiuit pigmentation (Atkins and Sherrard, 1915; Davies, et al., 1970; Fleming 

and Myers, 1937; Hurtado-Hemandez and Smith, 1985). The firuit of these mutants 

display the coloration of the carotenoid just prior to the site of the pathway disruption. 

Our laboratory has also identified carotenoid mutants, as described in Norris et al., 

1995, Pogson et al., 1996, and Chapter Three and Five of this dissertation. All 
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carotenoid mutants identified in our laboratory are fix)ni the model genetic organism for 

higher plants, Arabidopsis thaliana. 

The molecular biology of carotenoid biosynthesis 

Caiotenoid biosynthetic enzymes are thought to be membrane bound and 

members of multi-enzyme complexes, two facts which have historically plagued 

biochemical approaches to this pathway. In anoxygenic photosynthetic bacteria, gene 

clusters have aided the molecular analysis of carotenogenesis. A gene cluster encoding 

carotenoid biosynthetic enzymes, the crt genes, was first identified and subsequently 

sequenced in Rhodobacter capsulatus (Armstrong et al., 1990; Marrs, 1981). The crt 

genes were originally identified by in vivo complementation of biosynthetic mutants in 

this photosynthetic bacterium (Marrs, 1981). 

Unlike in bacteria, the eukaryotic carotenoid biosynthetic genes are not clustered. 

In 1993, when I began this work, only two of the genes encoding plant carotenoid 

biosynthetic enzymes had been isolated, the phytoene synthase gene (Gray et al., 1992) 

and the phytoene desaturase gene (Bartley et al., 1991; Pecker et al., 1992). Phytoene 

synthase was the first carotenoid biosynthetic gene isolated firom higher plants. This 

gene was isolated by chance, as one of many genes upregulated during tomato fruit 

ripening, a time developmentally correlated with lycopene synthesis (Gray et al., 1992). 

The phytoene desaturase gene was isolated in cyanobacteria by genetic complementation 

of herbicide resistance (Chamovitz et al., 1989). On the basis of homology, the 

cyanobacterial phytoene desaturase gene was used to identify the tomato phj^oene 

desaturase gene, by way of an algal intermediate (Pecker et al., 1992). 

T 

oday, genes encoding eight out of the ten higher plant carotenoid biosjmthetic enzymes 



22 

have been isolated, most within the last two years. The remarkable progress in this field 

is due primarily to the molecular manipulation of carotenoid genes in E. coli. E. coli 

does not normally synthesize carotenoids but, as described previously, carotenoids are 

synthesized in other bacteria. The transformation of E. coli with crt genes encoding 

various enzymes of the carotenoid pathway results in accumulation of intermediate 

carotenoids and provides pigmentation to the E. coli specific for the genes they are 

harboring. New carotenoid biosynthetic genes (from plants or bacteria) can be 

identified by transforming the pigmented £. coli with cDNA Ubraries and selecting the 

colonies with changed coloration. Colonies with new pigmentation contain the cDNA 

encoding the biosynthetic enzyme that acts on the accumulating carotenoid in the original 

strain. Using heterologous complementation in E. coli, researchers have isolated plant 

genes encoding the p-cyclase (Pecker et al., 1996), the e-cyclase (Cunningham et al., 

1996), and the p-hydroxylase (Sun et al., 1996). 

The genes encoding the ^-carotene desaturase, the zeaxanthin epoxidase, and the 

violaxanthin de-epoxidase were not isolated by bacterial complementation. The 

carotene desaturase gene was isolated by the identification of an Arabidopsis Expressed 

Sequence Tag (EST) with homology to the plant phytoene desaturase enzyme and 

subsequently characterized in E. coli (Albrecht et al., 1995). A Nicotiana 

plumbagintfolia transposon tagged homolog of the Arabidopsis abal mutant was 

identified and used to isolate the epoxidase gene (Marin et al., 1996). The gene 

encoding the de-epoxidase enzyme was isolated firom lettuce by making degenerate 

primers to the isolated and partially sequenced de-epoxidase polypeptide (Bugos and 

Yamamoto, 1996). Today, only the genes encoding the E-hydroxylase enzyme and the 

neoxanthin forming enzyme have not been isolated. 
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Phytoene desaturation: A key step in carotenoid biosynthesis 

In higher plants, the lack of double cyclized carotenoids results in severe photo-

oxidative damage, leading to chloroplast destruction and eventual death. For this 

reason, the early enzymes of carotenoid synthesis are attractive herbicide targets 

(Britton, 1979). Additionally, the lack of these enzymes in mammals makes them 

excellent herbicide targets. Most intensively smdied of all the carotenoid enzymes is 

phytoene desaturase, in part because it is a target for commercially important herbicides 

and also, because this reaction is a rate limiting step in carotenoid synthesis (Chamovitz 

et al., 1993). Molecular and biochemical studies indicate that two Qrpes of phytoene 

desaturase enzjmies have arisen by independent evolution (Sandmann, 1993), the crtl-

type found in anoxygenic photosynthetic organisms (e.g. Rhodobacter and Erwinia) and 

the pd[y-type found in oxygenic photosynthetic organisms. As mentioned earlier, crtl-

type enzymes of non-photosynthetic bacteria catalyze either three or four 

dehydrogenations of phytoene to neurosporene or lycopene, respectively (Figure 1), 

while the pdly-type enzyme of higher plants catalyze only two dehydrogenations of 

phytoene to ^-carotene (Figure 1). Little homology is found between the two types of 

enzymes in their amino acid sequences, though homology exists among members of 

each class. Despite these dissimilarities, all phytoene desaturase enzymes contain a 

dinucleotide binding domain (FAD or NAD/NADP); in Capsicum annum the 

dinucleotide has been shown to be FAD (Hugueney et al., 1992). The bound 

dinucleotide is reduced during desaturation and presumed to be reoxidized by an 

unknown reductant present in the plastid or bacterium. 

Several lines of evidence suggest a role for quinones in the phytoene desaturation 

reaction in higher plants. First, using isolated daffodil chromoplasts, Kleinig's 

laboratory showed that oxygen was essential for the desaturation of phytoene (Beyer et 
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al., 1989). Kleinig's groups again using isolated daffodil chromoplasts, fiuther 

demonstrated that in an anaerobic environment, oxidized artificial quinones could 

replace molecular oxygen in the desaturation of phytoene while reduced quinones were 

ineffective (Mayer et al., 1990). Further supporting evidence comes firom studies with 

the triketone class of herbicides (e.g. sulcotrione), which causes phytoene accumulation 

in treated tissues but, unlike the well studied pyridazone herbicide class (e.g. 

norflorazon (NFZ)), does not directly affect the phjrtoene desaturase enzyme. NFZ is a 

non-competitive inhibitor of the phytoene desaturase enzyme while triketone herbicides 

competitively inhibii p-hydroxyphenylpyravate dioxygenase (HPPD; Schultz et al., 

1993; Secor. 1994). In plants, HPPD is involved in the syndiesis of both 

plastoquinone and tocopherols (Figure 2A), suggesting that one or more classes of 

quinones may play a role in carotenoid desaturation reactions (Beyer et al., 1994). 

Research described in Chapter Three of this work provides the first genetic evidence that 

plastoquinone is an essential component for the desaturation of phytoene (Norris et al., 

1995). 

The biology of plastoquinone and tocopherol 

Plastoquinone is a mobile, lipid-soluble compound found only in the chloroplasts 

of higher plants and algae (Threlfall and Whistance, 1971). Originally identified in 

1946 in alfalfa (Kofler, 1946), plastoquinone is best known as an electron shuttle 

between photosystem n and the cytochrome b^f complex during the light reactions of 

photosynthesis. Plastoquinone is also an integral part of a NAD(P)H-plastoquinone 

oxidoreductase (Berger et al., 1993). As shown in Figure 2B, the structure of 

plastoquinone is a prenyl chain attached to a methylated homogentisate derived 

aromatic ring. 
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Tocopherols, like plastoquinone, are lipid-soluble compounds which accumulate 

in chloroplasts of higher plants. Tocopherol levels vary greatly in green tissue of 

plants, with an average of approximately SO (ig per gram firesh weight (FW; Hess, 

1993). The highest tocopherols levels, approximately 3000 to 6000 iig per gram dry 

weight, are reported in Elais guineensis (oil palm) leaflets (Gapor et al., 1986). In both 

plants and animals, tocopherols act as antioxidants and free radical scavengers 

(reviewed in Hess, 1993; Liebler, 1993). However, the role of tocopherols as 

antioxidants is not completely understood in plants which, unlike animals, contain high 

levels of carotenoids. Carotenoids are more efficient quenchers of singlet oxygen than 

tocopherols (Mascio et al., 1990). In addition to their antioxidative properties, 

tocopherols also are involved in membrane stabilization through interactions of their 

phytyl tail with unsaturated fatty acids (Kagan, 1989). Additionally, tocopherols may 

be involved in plant responses to environmental stress, although limited data is available 

(reviewed in Hess, 1993). Although tocopherols represent 40% of the plastidic quinone 

pool (Lichtenthaler, 1984), their role is not well understood. 

The study of tocopherol functions in animals has considerably longer history, 

beginning in the early 1900's. Two research groups observed that rats fed semi-

purified diets were healthy and otherwise normal, although infertile due to fetal death 

(reviewed in Mason, 1980). In 1922, Evans and Bishop recognized that the previously 

observed fetal death was due to a lack of an unknown dietary factor, which they called 

Factor X and later vitamin E (Bourgeois, 1992; Mason, 1980). Fertility was restored to 

rats if the semi-purified diet was supplemented with letmce or wheat germ. Vitamin E 

was first isolated from wheat germ oil in 1936 and given an additional name, 

tocopherol, which is Greek for 'to cany offspring' (Bourgeois, 1992). In 1938, both 

the chemical structure and the in vitro synthesis of vitamin E were first reported, by 
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Femholz and by Kaner and coworkers, respectively (Bourgeois, 1992; Mason, 1980). 

Three additional isolated tocopherols are; ^-tocopherol, y-tocopherol, and 5-tocopheroL 

These tocopherols differ in the number and location of methyl groups and have reduced 

biological activity (Kasparek, 1980). In addition to fetal death, lack of vitamin E is 

associated with muscular dystrophy, liver necrosis, and tissue degradation (Bourgeois, 

1992). As noted above, tocopherols are effective antioxidants in the absence of 

carotenoids (Liebler, 1993); however, it remains to be determined if remediation of the 

above noted symptoms are associated with tocopherol's antioxidative properties or with 

other fimctions of tocopherols not yet understood (Mason, 1980). 

Plastoquinone and tocopherol biosynthesis 

Plants serve as the major dietary source for vitamin E since mammals are unable 

to synthesize this compound. Both tocopherol and plastoquinone are synthesized in 

plants from a common intermediate, homogentisic acid (HGA), by the pathway shown 

in Figure 2 (Soil, 1987). Although similar in structure and fimction to plastoquinone, it 

is important to note that ubiquinone (co-enzyme Q; Figure 2B) is not synthesized from 

HGA but from a similar compound, 4-hydoxybenzoic acid, by a distinct pathway, in the 

mitochondria of all eukaryotic cells. HGA is a shikimate pathway intermediate 

synthesized from Qrrosine and phenylalanine. As shown in Figure 2, the committed 

step for tocopherol and plastoquinone synthesis is the conversion of p-

hydroxyphenylpyruvate (HPP) to HGA, a reaction catalyzed by HPPD. The pathway 

then branches, with the addition of either a prenyl or phytyl chain to HGA, coupled to a 

decarboxylation, for plastoquinone and tocopherol synthesis, respectively, resulting in 

demethylphytylplastoquinone and demethylplastoquinol. For a-tocopherol synthesis, 

demethylphytylplastoquinone is cyclized and then methylated twice, in an unknown 
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order. Like the tocopherol pathway, demethylplastoquinoi also undergoes an additional 

methylation in the formation of plastoquinone. It is thought that one methyl oransferase 

is responsible for methylation in both the plastoquinone and the tocopherol pathway 

(Cook and Miles, 1992). Little is known about the enzymes involved in the sjoithesis 

of plastoquinone/tocopherol either at the molecular or the biochemical level. Several 

recent publications have focused on HPPD, due in part to the fact that it is the target of a 

triketone herbicide, sulcotrione (Schultz et al., 1993; Secor, 1994). Triketones are 

known to competitively inhibit plant (Schultz et al., 1993; Secor, 1994) as well as the 

mammalian HPPD (Lindstedt et al., 1992). 

p-Hydroxyphenylpyruvate Dioxygenase (HPPD): A key enz3rnie in both 

plastoquinone and tocopherol biosynthesis and phenylalanine degradation 

HPPD (E.G. 1.13.11.27) catalyzes the conversion of HPP to HGA, a complex 

reaction with hydroxylation of the aromatic ring, decarboxylation of the side chain, and 

a rearrangement (Figure 2A). Two molecules of oxygen are introduced by HPPD, one 

as a ring hydroxyl group and one to the side chain. The mechanism for this reaction is 

believed to involve the rearrangement of an arene oxide intermediate (Forbes and 

Hamilton, 1994). Although HPPD does not contain heme, both iron and ascorbate are 

essential for activiQr. 

HPPD is a low abundance enzyme in plants and to date, only partially purified 

firom bamyardgrass (Echinochloa crus-galU L.) and maize (Schultz et al., 1993; Secor, 

1994). However, in vertebrates and bacteria where this enzyme is involved in 

phenylalanine and tyrosine degradation (Figure 3), HPPD is quite abundant and was 

purified to homogeneity &om Pseudomonas and from the livers of many vertebrate 

species (Buckthal et al., 1987; Fellman, 1987; Lindstedt and Odelhog, 1987; Lindstedt 
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and Odelhog, 1987). The mammalian HPPDs are homodimers, while die Pseudomonas 

HPPD is reported to be a homotetramer, with subunits between 40 and 50 kD (Lindblad 

et al., 1977; Lindstedt et al., 1977). 

In 1992, the primary structure of mammalian HPPD was determined through the 

analysis of HPPD cDNAs, isolated from human and pig (Endo et al., 1992). The 

HPPD cDNA was isolated through the purification and partial sequencing of the HPPD 

protein. From this sequence data, degenerate oligonucleotides were designed and used 

to screen a pig cDNA library (Endo et al., 1992). The porcine HPPD cDNA was used 

to isolate the human HPPD cDNA, which is homologous (Endo et al., 1992). 

Interestingly, the human HPPD protein was also 88% identical at the amino acid level to 

the liver-specific F antigen firom rat (Endo et al., 1992). 

F antigen is a cytoplasmic protein found in the liver and kidneys of all vertebrates 

(reviewed in Oliveira, 1989). Although the serum concentrations of F antigen in 

humans are used to diagnose various liver diseases (Foster et al., 1989), the biological 

function of this protein was not known (Oliveira, 1989). Both the molecular mass and 

the tissue specific expression pattem of the F antigen are identical to those reported for 

HPPD (Oliveira, 1989). These data, combined with the amino acid homology led to the 

conclusion that the F antigen and the HPPD protein are the same protein. 

The first bacterial HPPD gene was isolated in 1991 from the brown pigmented 

marine bacterium Shewanella colwelliana D as the locus, melA, involved in 

pigmentation (Fuqua et al., 1991). However, melA was not recognized as encoding 

HPPD until 1994. It was in 1994 that HGA was found to be the enzymatic product of 

the protein encoded by the melA locus (Figures 2 and 3; Coon et al., 1994). Homology 

between this protein and the mammalian proteins also supports the conclusion that melA 

encodes a HPPD (Coon et al., 1994). 
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A search of GenBank, as of February 1997, reveals 12 full-length sequences with 

homology to HPPD from a wide range of species (Table I). As noted above, some of 

these HPPD genes were first identified as encoding the F antigen protein while others 

were thought to encode melanin biosjmthetic enqrmes. Several of the sequences listed 

in Table I were identified in recent genome sequencing projects and categorized as 

HPPDs based solely on homology, hi Chapter Four, I report the isolation and 

characterization of the first HPPD cDNA from plants and its comparison to these 

existing non-plant HPPDs. 

Phenylalanine and tyrosine cataboUsm 

As noted above, HPPD is a key step in the degradation of phenylalanine and 

tyrosine in vertebrates and bacteria, with the complete degradation pathway shown in 

Figure 3. The hydroxylation of phenylalanine to tyrosine is catalyzed by a 

monooxygenase, phenylalanine hydroxylase. Next, a transamination occurs, 

converting tyrosine to HPP, which is then converted to HGA by HPPD. In vertebrates 

and bacteria, the aromatic ring of HGA is broken by homogentisate dioxygenase to 

produce maleylacetoacetate, which is isomerized to fumarylacetoacetate (Figure 3). 

Then, fumarylacetoacetate is cleaved by fumarylacetoacetase to fumarate and 

acetoacetate, the end-products of this pathway (Figure 3). 

The catabolic pathway for phenylalanine and tyrosine is well studied since 

numerous hereditary diseases disrupt this pathway. Phenylketonuria (PKU) is 

characterized by absent or low levels of phenylalanine hydroxylase activity (Figure 3). 
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Table I • HPPD Genes Isolated to Date. 

Organism GenBank 
No. 

Originally 
Iden&ed As: 

Caenorhabditis elegans Z50016 ORF with HPPD homology 

Coccidiodes immitis L38493 Homology to HPPD 

Homo sapiens X72389 HPPD 

Legionella pneumonophila S69666 Homology to HPPD 

Mus musculus D29987 HPPD 

Pseudomonas S21209 HPPD 
Rattus norvegicus M18405 F antigen 
Shewanella colwelliana M59289 Melanin biosynthesis 

Streptomyces avermitilis U11864 Melanin biosynthesis 

Sus scrofa M18405 HPPD 

Synechocystis D64004 ORF with HPPD homology 

Tetrahymena thermophila M59289 F antigen 
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The accumulatioii of phenylalanine in these patients leads to mental retardation and 

premature death unless detected early and patients fed a low phenylalanine diet Another 

disease of this pathway is alkaptonuria in which the patients lack homogentisate 

dioxygenase (Hgure 3). The biochemical basis of alkaptonuria was first identified in 

1902 by Archibald Garrod (Childs, 1970). Patients with this disease accumulate high 

levels of HGA in their urine. The HGA is oxidized and polymerized to ochronotic 

pigment (Figure 3), a brown or black pigment, resulting in black urine. Although 

alkaptonuria has a distinctive phenotype, the disease itself is quite benign. 

Tyrosinaemia Type I, another hereditary disease affecting this pathway, is the disruption 

of fimiarylacetoacetase activity (Figure 3; Lindblad et al., 1977). Patients with 

Tyrosinaemia Type I suffer firom severe liver disease and die at an early age unless a 

liver transplant is performed. However, a new treatment with 2-(2-nitro-4-

trifluoromethylbenzoyl)-l,3-cyclohexanedione (NTBC), a competitive inhibitor of 

HPPD (Figure 3), has provided hope that this disease can be managed without liver 

transplants (Lindstedt et al., 1992). NTBC is a triketone compound similar to the 

herbicide sulcotrione. 

Summary 

To better understand the biosynthesis of carotenoids in plants, our laboratory has 

taken a genetic approach to dissect the carotenoid biosynthetic pathway in plants. My 

dissertation research has focused on Arabidopsis mutants which disrupt phytoene 

desaturation (Figure 1). Chapter Three describes the identification and characterization 

of two non-allelic phytoene desaturation mutants, pdsl and pds2. These two mutants 

indirectly disrupt carotenoid synthesis and directly disrupt plastoquinone/tocopherol 

synthesis, leading to the conclusion that plastoquinone is an essential component for the 
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desaturation of phytoene. The mutants, pdsl and pds2, inhibit piastoquinone and 

tocopherol biosynthesis at distinct steps in the pathway, HPPD and phytyl/prenyl 

transferase, respectively (Figure 2). To determine if pdsl is a mutation in the HPPD 

gene, an Arabidopsis cDNA encoding HPPD was isolated. The Arabidopsis HPPD 

cDNA was isolated by the identification of an Arabidopsis EST with homology at the 

amino acid level to previously identified HPPDs &om animals and bacteria (Table I). 

The isolation, mapping, and functional analysis of the Arabidopsis HPPD, as well as 

the molecular complementation of pdsl are described in Chs^ter 4. Chapter Hve 

describes a selection method employed in an attempt to isolate additional phytoene 

desaturation mutants and the preliminary characterization of one of the newly identified 

mutants, pds3. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Mutant screens 

A T-DNA tagged population of Arabidopsis (Forsthoefel et al., 1992) was 

screened for lines segregating for lethal pigment mutants (albino, yellow, yellow green, 

or pale green) by either scoring T3 seedlings germinated on agar-solidified Murashige 

and Skoog medium (MS; Murashige and Skoog, 1962) supplemented with 2% sucrose 

and 0.01% Nitsch and Nitsch Vitamins (SIGMA, St Louis, MO; MS2 medium), or by 

dissections of mature green siliques of T3 plants. Depending on the method of 

identification, either T3 or seed from the identified lines were surface-sterilized and 

grown on MS2 medium for subsequent HPLC pigment analysis. 

A second, more directed approach, referred to here as the Uniconazol selection, 

was used to re-analyze the T-DNA tagged population of Arabidopsis. Additionally, the 

Uniconazol selection was used to isolate additional carotenoid mutants from 10,000 M2 

Arabidopsis seeds, ecotype Landsberg erecta (Ler), mutagenized with ethyl 

methanesulfonate (EMS; Lehle Seed, Red Rock, TX). For the T-DNA tagged 

population, T4 seeds were obtained in pools containing 20 independent segregating lines 

(Arabidopsis Biological Resource Center, Columbus, OH), planted in soil, and T, seeds 

were pooled at harvest. For the EMS population, approximately 200 Mj seeds were 

planted in soil and the resulting M3 seeds were pooled at the time of harvest. All 

harvested seeds were inmiediately surface-sterilized, and plated on MS2 plates 

containing the herbicide Uniconazol (see Growth Conditions for concentration), at an 

approximate density 1,000 to 2,000 seeds per plate. As a control for germination, 

freshly harvested wild-type seeds of the corresponding ecotjfpe Wassilewskija (Wj) for 



36 

the T-DNA tagged population and Ler for the EMS population) were also immediately 

surface-sterilized, and plated on MS2 plates containing the herbicide Uniconazol, at 

approximately the same densiQr as above. 

Following two days of vernalization in the dark at 4° C, the plates were grown for 

seven days at 22° C under constant light of approximately 30 sec '. Uniconazol 

gready inhibits wild-type germination; however, between one and ten percent of wild-

type Ler and PVj seeds germinated in the presence of Uniconazol. For each harvest, the 

number of wild-type seedlings germinated was determined on a per gram basis. Plates 

with Tj or M3 germinants above the wild-type levels, on a per gram basis, were 

analyzed further. As many of these mutants are lethal in soil, it was necessary to 

identify the or Mj parents. For the T-DNA tagged population, individual lines from 

the pools of 20 were available (Arabidopsis Biological Resource Center, Columbus, 

OH) and were te-screened individually. Individual lines were not available for the 

chemically mutagenized population. To identify Mj heterozygotes, following seed 

harvest, the bolts were cut off to allow new flowering. These lines were then re-

screened on an individual basis. However, numerous flats did not reflower, so seed 

from the Uniconazol plate with the mutant of interest was incubated overnight in 

solution of 10"^ M gibberellic acid (GA) and then plated at a low density on soil. The 

progeny firom these plants were again screened on an individual basis as described 

above to identify a heterozygous sibling. 

Carotenoid analysis 

Plant tissue was placed in a microcentrifuge tube and ground with a micropestle in 

200 pi of 80% acetone. To this 120 pi of ethyl acetate was added and the mixture was 

vortexed and then 140 |il of water was added and the mixture was centrifuged for five 
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min. The carotenoid coataining upper phase was transferred to a fresh tube and vacuum 

dried in a Jouan RClOlO Centrifugal Evaporator (Jouan, Eac., Winchester, VA). The 

dried extract was resuspended in ethyl acetate at a concentration of O.S mg FW of tissue 

per (il and either analyzed immediately by HPLC or stored at -80° C under nitrogen. 

Carotenoids were separated by reversed-phase HPLC analysis on a Spherisorb 

0DS2,5 micron Cis column, 25 cm in length (Phase Separations Limited, Norwalk, 

CT), using a 45 min gradient of ethyl acetate (0-100%) in 

acetonitiile/water/triethylamine (9:1:0.01 v/v), at a flow rate of I ml per min (Goodwin 

and Britton, 1988). Carotenoids were identified by retention time relative to known 

standards with detection at both 296 nm and 440 nm. When needed, absorption spectra 

for individual peaks were obtained with a Hewlett Packard 1040A photodiode array 

detector and compared with published spectra or available standards. 

Quinone analysis 

Quinones were extracted from tissue using a method modified from Bligh and 

Dyer (1959). Frozen plant tissue was ground in a mortar with three volumes of 

chloroform and six volumes of methanol and transferred to a test tube. Water and 

additional chloroform were added until a biphasic mixture was obtained. The quinone 

containing chloroform phase was collected. To increase yields, the aqueous phase was 

back-extracted with chloroform. The two chloroform phases were pooled and filtered 

through Whatman #3 filter paper. The resulting filtrate was dried under a constant 

stream of nitrogen. Once dried, the pellet was resuspended in methanol at a 

concentration of 10 mg FW per ^1 and immediately analjrzed by HPLC. (Quinones were 

resolved by reversed-phase HPLC analysis on a LiChrosorb RP-8,5 micron column, 

25 cm in length (AUtech, San Jose, CA), using an isocratic solvent of 10% H2O in 
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methanol for the first 14 min, at which time the solvent was switched to 100% methanol 

for the remainder of the run (modified fi:om Lichtenthaler, 1984). The flow rate was 1 

ml per min for the duration. Peaks were identified based upon the retention time of 

known standards with detection at 280 nm for a-tocopherol and 260 nm for 

plastoquinone and ubiquinone as well as by absorption spectra from a Hewlett Packard 

1040A photodiode array detector. When needed, fractions represented by individual 

chromatographic peaks were collected, and submitted to the Southwest Environmental 

Health Science Center, Analytical Core Laboratory, for mass spectrometry. Results 

were obtained using a TSQ7000 tandem mass spectrometer (Finnigan Corp., San Jose, 

CA), equipped with an atmospheric pressure chemical ionization source, operated in the 

positive ion mode. The instrument was set to unit resolution and the samples were 

introduced into the source in a 0.3 ml per min methanol stream and ionized using a 5 kV 

discharge. 

HPPD cDNA isolation and sequence analysis 

A BLAST search (Altschul et al., 1990) of plant DNA sequence databases 

(including about 20,000 randomly selected Arabidopsis cDNAs) with the human HPPD 

(GenBank # X72389) revealed a partial Arabidopsis cDNA, EST # 9 IB 13. A 0.46 kb 

Notl/Sall fragment from this EST was used to screen the PRL2 library (Newman et al., 

1994). Approximately 4 x 10^ plaques were screened and 81 individual plaques were 

collected for further evaluation. Detailed characterization was performed on 32 isolates 

and four were frilly sequenced. DNA sequence analysis was performed using 

Mac Vector (Eastman Kodak Company, New Haven, CT) and the GCG Sequence 

Analysis program (Genetics Computer Group, Inc., Madison, WI). Isolate 18 was 

chosen for all future studies and renamed pHPPD. A pHPPD probe was made by 
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labeling a SaU/Notl fragment of pHPPD using the Random Prime Kit (Boehringer-

Mannheim Biochemicals). 

Construction of the HPPD Expression Piasmid 

For cloning purposes, a Ncol site was introduced 5' of ATG in the HPPD cDNA 

by changing the A at position -1 to a C by PGR based mutagenesis using the two 

oUgonucleotides: 5'TGTAAAACGACGGCCAGT 3' and 

S'GTTGGTGAAATCCATGGGCCACCAAAACGC 3'. The amplified product was 

ligated into the pCiUI vector (Invitrogen, San Diego, CA) generating clone SN507. A 

1.49 kb NcoI/BcanHI fragment from SN507 was ligated into the pETlSb vector 

(Novagen, Madison, WI), generating pET-HPPD (Figure 4). 

Expression of HPPD in E. coli 

For the overexpression of proteins in bacteria, pETlSb and pET-HPPD, were 

transformed into E. coli cell line BL21(DE3) (Novagen, Madison, WI) via 

electroporation. Expression of target DNA was induced with I mM IPTG, as described 

in the pET expression vector manual (Novagen, Madison, WI). For analysis of total 

cell protein, when ODggo of the cultures reached approximately 0.8, the cells were spun 

down and resuspended in half the original culture volume with IX Sample Buffer 

(Novagen, Madison, WI). Total cell proteins from these cultures were analyzed 

according to the manufacturer's protocol (Novagen, Madison, WI) on an SDS-PAGE 

gel which was subsequently stained with Coomassie blue (Sambrook et al., 1989). 

Approximately 50 yi of the resuspension was loaded into each lane. 
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HGA analysis 

HPLC analysis of bacterial cultures for the presence of HGA was performed 

according to Denoya and co-workers (Denoya et al., 1994). The HGA peak was 

identified based on comparison of retention times and spectra to a HGA standard 

(SIGMA) with a Hewlett-Packard series 1100 HPLC with attached photodiode array 

detector (Palo Alto, CA). 

Plant transfonnation 

A 1.5 kb Kpnl/Hmdm firagment of pHPPD was ligated into the pART7 vector 

(Gleave, 1992), generating SN5(X). Following partial digests with NotI, the 4.4 kb 

fragment, containing the 35S cauliflower mosaic virus (CaMV) promoter, pHPPD 

coding sequences, and an octopine synthase (CXTS) terminator, was ligated into the 

binary vector, pART27, which also encodes for kanamycin resistance (Gleave, 1992), 

generating clone SN506 (Figure 5). SN506 was electroporated into Agrobacterium 

tumefaciens strain C58. Wild-type Arabidopsis (ecotype Wj) and lines heterozygous 

iotpdsl were transformed viixh. Agrobacterium harboring SN506 via vacuum infiltration 

(Bent et al., 1994). The plants incubated with Agrobacterium were designated as the T^ 

generation. Seed was coUected from individual T, plants, surface-sterilized and plated 

on MS2 (Norris et al., 1995) with ICX) mg/1 carbenicillin, 60 mg/1 kanamycin, 10 mg/1 

benomyl. Kanamycin-resistant T^ seedlings were transferred to soil, grown under 16 

hours of light, and T, seed harvested. For complementation analysis, both the 

transgenic wild-type and the transgenic PDSl/pdsl populations were analyzed. For the 

pdsl heterozygous population, the siliques of Tj plants were scored for the pdsl 

phenotype as described previously (Norris et al., 1995). The Tj seeds were collected, 

surface-sterilized and plated on MS2 medium with and without 60 mg/1 of kanamycin 
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and scored for both kanamycin resistance and the pdsl mutant phenotype. For the wild-

type population, the kanamycin-resistant Tj plants were crossed with PDSl/pdsl 

heterozygotes. The resulting seeds were surface-sterilized and plated on MS2 

medium with kanamycin. The kanamycin-resistant F^ seedlings were transferred to soil 

and grown as above. The siliques of the F  ̂ seedlings were scored for the mutant pdsl 

phenotype. The Fj seeds were collected, surface-sterilized and plated on MS2 medium 

with and without kanamycin and scored for both kanamycin resistance and the pdsl 

mutant phenotype. 

Growth conditions 

Plant tissue for carotenoid, quinone, and RNA analyses was grown on sterile 

MS2 medium at 22° C under constant light of approximately 30 |iE M'- sec"'. The tissue 

was harvested, firozen in liquid nitrogen and stored at -80° C until extractions were 

performed. For the expression smdies, wild-type plants were grown as above under 

constant light. After nine days of growth in the light, the plants were transferred to 

complete darkness for 0,6, 13,24, or 36 hours. For ABA analysis, plants were grown 

on MS2 medium for 14 days under the above light conditions. For electron 

microscopy, plants were grown on MS2 medium or MS2 medium with NFZ (as below) 

under constant light for 24 hours, followed by either seven days in the dark or seven 

days in the light 

Plants grown in the presence of the herbicide NFZ were grown as above on MS2 

plates containing 10 fiM NFZ. HPP (SIGMA, St Louis, MO) was resuspended in 

water at a concentration of 100 mM, and added to MS2 medium at a final working 

concentration of 100 jiM. HGA (SIGMA, St Louis, MO) was resuspended in 30% 

acetone at a concentration of 100 mM, and added to MS2 medium at a final working 
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concentratioii of 100 (iM. The herbicide Uniconazol (gift of Valent USA Corporation, 

Dublin, CA) was lesuspended in ethanol at a concentration of 100 mM, and then added 

to MS2 medium at a final working concentration of 100 nM. 

Genetic mapping 

The HPPD cDNA was mapped by analysis of 44 recombinant inbred lines (Lister 

and Dean, 1993). Digestion of genomic DNA, eco^pes Ler and Columbia (Col), with 

Ncol showed a restriction firagment length polymorphism (RFLP) for the HPPD cDNA 

probe. The DNA from 44 recombinant inbred lines was digested with NcoL Genomic 

DNA was isolated using CTAB (McKinney et al., 1995). The digested DNA was 

separated on a 0.6% agarose gel and transferred to a nylon membrane (Micron 

Separations, Westboro, MA). The blots were hybridized with a pHPPD probe at 55° C 

for 24 hours. The blots were washed two times at room temperature for 15 min with 

2X SSC, 0.1% SDS and two times at 55° C for 25 min in IX SSC, 0.1% SDS. Map 

Manager version 2.6 (I&rmeth F. Manly, Department of Molecular and Cellular 

Biology, Roswell Park Cancer Institute, Buffalo, NY) was used to analyze the linkage 

data. 

Co-segregation was determined by RFLP linkage analysis with the HPPD cDNA 

in the Fj progeny from a cross between PDSl/pdsl (Ws) and PDSl/PDSl {Cot). 

Digestion of genomic DNA, ecotypes Wi and Col, with Ncol gave a RFLP for the 

HPPD cDNA probe. Genomic DNA for co-segregation analysis was isolated by the 

modified miniprep method (DellaPorta et al., 1983). The digested DNA was analyzed 

as described above. 
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RNA isolation and analysis 

Total RNA was isolated using TRIzol reagent (Gibco BRL, Gaithersburg, MD) 

according to the manufacturer's protocol for the experiments shown in Figure 21 A. For 

the analysis of RNA shown in Figure 21B, total RNA was isolated as described in 

Logeman et al. (1987). RNA was size fractionated in a 1.2% agarose gel and 

transferred to a nylon membrane which was stained with methylene blue to verify equal 

sample loading (Sambrook et al., 1989). The blots were hybridized with a pHPPD 

probe at 55° C for 24 hours. The blots were washed two times at room temperature for 

15 min with 2X SSC, 0.1% SDS, and two times at 55° C for 25 min in IX SSC, 0.1% 

SDS. 

Abscisic acid analysis 

Abscisic acid analysis was performed by M.K. Walker-Simmons, USDA, 

Washington State University, Pullman, WA, on 14 day old plants grown in MS2 

medium in the light. The assay was an indirect ELIS A with a monoclonal antibody 

specific for (S)ABA (Walker-Simmons et al., 1989). 

Electron microscopy 

Leaves were fixed in 4% formaldehyde, 1% glutaraldehyde in phosphate bufier 

for one hour, and then rinsed three times, ten min each, with phosphate buffer. The 

tissue was post-fixed for one hour in 1% osmium tetroxide, and rinsed with water three 

times, ten min each. Next, the samples were blocked in 2% uric acid water for 30 min. 

A progressive dehydration was performed for ten min each in 30%, 50%, 70%, 95%, 

and 100% ethanol. The tissue was then embedded with Spurrs for transmission 
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electron microscopy by the Electron Microscope Facility, Arizona Research 

Laboratories, at the University of Arizona, 
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CHAPTER THREE 

GENETIC DISSECTION OF CAROTENOID BIOSYNTHESIS DEFINES 
PLASTOQUINONE AS AN ESSENTIAL COMPONENT FOR 

PHYTOENE DESATURATION 

Introduction 

Carotenoids are a diverse group of lipophilic pigments sjmthesized in plants, 

fungi, and bacteria. In plants, carotenoids are synthesized and accumulate exclusively 

in plastids via the pathway shown in Rgure 1. As described in Ch^ter One, the 

pathway for carotenoid synthesis in plants is well understood; however, little was 

known about the enzymes of carotenogenesis when this project was initiated. 

Traditional biochemical approaches to studying this pathway were and remain largely 

unsuccessful partly because carotenoid biosynthetic enzymes are thought to be members 

of membrane bound, multi-enzyme complexes. 

To circumvent the problems which have historically plagued biochemical 

approaches to carotenoid biosynthesis, our laboratory has taken a genetic approach to 

smdy this pathway by isolating mutants from Arabidopsis which disrupt specific steps 

of carotenoid synthesis. My research focused on mutations inhibiting the desaturation 

of phytoene, an early step in the pathway (Figure 1). This chapter reports the isolation 

and characterization of two non-allelic mutants which affect phytoene desaturation, pdsl 

and pds2 (pds = nhytoene desflturation). Surprisingly, neither is a mutation in the 

phytoene desaturase enzyme, thus defining two additional loci required for phytoene 

desaturation in Arabidopsis. The findings reported here show that both pdsl and pds2 

are defective in plastoquinone/tocopherol biosynthesis and provide conclusive evidence 
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that plastoquinone is an essential component in phytoene desaturation (Notris et al., 

1995). 

Results 

Isolation and characterization of two phytoene desaturation mutants 

In other plant systems (e.g. maize and tomato), plants homozygous for defects in 

the early stages of carotenoid synthesis (e.g. prior to B-carotene) are lethal when grown 

in soil due to ABA deficiencies, severe photo-oxidative damage, and the resulting 

inability to harvest light energy and fix carbon (Bartley and Scolnik, 1994). Isolation of 

such mutations necessitates the design of screening procedures to identify plants 

heterozygous for soil-lethal mutations. In our experience most soil-lethal, homozygous 

pigment-deficient Arabidopsis mutants can be grown to near maturity in tissue culture on 

Murashige and Skoog basal medium (Murashige and Skoog, 1962) supplemented with 

sucrose (MS2 medium). Under these conditions, photosynthesis and chloroplast 

development are essentially dispensable and all the energy and nutritional needs of the 

plant are supplied by the medium. 

The hallmark phenotype for dismption of a biosynthetic pathway is the 

accumulation of an intermediate compound prior to the site of blockage. Such blockage 

of the carotenoid pathway can be mimicked chemically by treatment of wild-type plants 

with the herbicide NFZ, an inhibitor of the phytoene desaturase enzyme (Figure 1), 

which causes accumulation of phytoene in treated tissues (Britton, 1979). Figure 6A 

shows Ci8 Reverse Phase HPLC analysis of the carotenoids that accumulate in wild-

type Arabidopsis leaves, while Figure 63 shows the pigment profile for NFZ-treated 

wild-type (NFZ-Wt). Spectral analysis of the strongly absorbing 296 nm peak at 24 
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Figure 6 Pigment Analysis of Wild-tjrpe, Norflorazon-Treated Wild-type, 
pdslj and pds2 Tissues. 
In (A) to (p% Ci8 EIPLC separation of lipid-soluble pigments from plants grown on 
agar-solidffied sterile medium is shown. The top and bottom traces in each panel 
represent absorbance at 296 and 440 nm, respectively. Each profile represents pigments 
extracted from 10 mg fresh weight of tissue. N, neoxanthin; V, vioiai^thin; C lutein; 
Cb, chlorophyll b; Ca, chlorophyll a; p. p-carotene. (A) Nbrflorazon-
treated wild-type tissue; (Q Homozygous pdsl tissue; (P) Homozygous pds2 tissue; 
and (E) to (G) Spectra of die 296 nm peak at 24 min from (B) throu^ (D), respectively. 
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min in NFZ-Wt tissue shows absoibance maxima at 276,286, and 298 nm, indicative 

of phytoene (Rgure 6E). 

To identify mutations affecting the caiotenoid pathway, over 450 lines from a T-

DNA tagged Arabidopsis population (Forsthoefel et al., 1992) were initially chosen for 

analysis based on their segregation for pigment mutations (see Chapter Two). Seed 

from these lines were grown on MS2 medium, the segregating pigment mutants were 

identified, tissue was harvested from individual plants, and pigment analysis was 

perfonned. Although numerous mutant lines with severe pigment deficiencies were 

identified, only two were found to be carotenoid biosynthetic mutants (Figure 7). 

Figures 4C and D show pigment analysis of the albino homozygous mutants from these 

two lines. The low absorbance at 440 nm in Figures 6B, C, and D demonstrates that 

like NFZ-Wt, both p€is mutants lack all chlorophylls and carotenoids that normally 

accumulate in wild-type tissue (compare to Figure 6A). However, unlike wild-type, 

both mutants contain a peak with a retention time at approximately 24 min that absorbs 

strongly at 296 nm. The retention time and absorbance of the 24 min peak in both 

mutants corresponds to the phytoene peak in pigment extracts of NFZ-Wt tissue (Figure 

6B). Spectral analysis of the 24 min peak from both mutants is shown in Figures 6F 

and 6G and is virtually identical to the spectra of phytoene fi»m NFZ-Wt tissue (Figure 

6E) as well as the published spectra for phytoene. These results confirm the chemical 

identity of the accumulating compound in both mutant lines as phytoene and so the 

mutations were named phytoene ieiaturationl and 2 {pdsl and pds2, respectively), as 

both dismpt the desaturation of phytoene (Figure 8). 

The phenotype of pdsl and pdsl homozygous plants is similar to NFZ-Wt in all 

aspects examined. NFZ-Wt plants, as well as the pdsl and pds2 mutants, are albino, 

phytoene-accumulating, and soil-lethal. Although the pdsl and pds2 mutant lines must 



Figure 7 Pigment Mutants. 
(A) Wild-type Arabidopsis and (B) pdsl. These plants were grown on agar-solidified 
MS2 medium. The pds2 mutant is not shown but is phenotypically identical to the pdsl 
mutant 
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be maintained as heterozygotes, plants homozygous for either the pdsl or the pds2 

mutation, as well as NFZ-Wt plants, will grow to near maturity on sterile MS2 medium 

and respond appropriately to light, graviQr and other external stimuli (data not shown). 

As the growth, development, and the biochemical phenotype of NFZ-Wt plants are 

nearly identical to pdsl and pds2 homozygous mutants, NFZ-Wt plants provide a 

phenocopy of these mutants. 

Electron microscopic analysis of wild-type and phytoene-accumulating 

mutants 

Transmission electron microscopy was used to analyze the chloroplast structure 

and development in these mutants. The absence of light during plastid development 

results in etioplasts, which, upon exposure to light, are able to undergo a conversion to 

mature chloroplasts. Etioplasts are characterized by semi-crystalline arrays of 

membranes known as prolamellar bodies, as shown in Figure 9A, a typical etioplast 

from wild-type Arabidopsis plants grown in the dark. As discussed above, wild-type 

plants treated with the herbicide NFZ provide a phenocopy of the pdsl and pdsl 

mutants. Figure 9B shows that NFZ-treated wild-type plants, grown in the dark, have 

normal etioplasts with prolamellar bodies, confirming previous data showing that NFZ 

does not affect the development of etioplasts (Blume and McClure, 1980). Like NFZ-

treated wild-type tissue, the etiolated tissues of both the pdsl and the pds2 mutants 

contain normal prolamellar bodies (Figures 7C and D), indicating that these mutations 

do not affect etioplast development. 

Choroplasts are characterized by grana stacks and interconnecting lamellae as 
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Figure 9 Transmission Electron Microscopy. 
Figxire is shown on the following page. (A) and (E) wild-type; (B) and (F) norflorazon 
treated wild-type; (Q and (G) pdsl mutants; and (D) and (IT) pds2 mutants. Plants 
were grown in light for 24 hours, then placed in the dark for seven days (A-D), or left 
in the light for seven days (E-H). (A-D) show only the etioplast while (E-H) show the 
contents on an entire ceU. c, chloroplast; cy, cytoplasm; m, mitochondria; p, 
prolamellarbody; s, starch; v, vacuole. 
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observed in the cells of light-grown wild-type Arabidopsis plants shown in Figure 9E. 

Unlike the typical cbloroplasts observed in light-grown, wild-type tissue (Figure 9E), 

no identifiable chloroplasts are found in light-grown, NFZ-treated wild-type tissue 

(Figure 9F). Additionally, both pdsl and pds2 mutant tissues lack identifiable 

chloroplasts (compare Figure 9E with Figures 9G-H). The lack of cyclized carotenoids 

in the tissues of NFZ-treated wild-type as well as in the pdsl and the pds2 mutants 

results in severe photo-oxidative damage and destruction of the plastids. The 

chloroplast destruction observed here was previously reported for carotenoid mutants of 

other species, as well as in NFZ treated tissue (Blume and McOure, 1980; Mayfield and 

Taylor, 1987; Sagar and Briggs, 1990). Interestingly, the photo-oxidative damage 

observed here was limited to the plastids, with all other sub-cellular components 

appearing normal (compare Figure 9E with Figures 7F-H). 

ABA analysis 

The plant hormone ABA is synthesized from carotenoid precursors as shown in 

Figure 1 (Rock and Zeevart, 1991). As the pdsl and pds2 mutants are blocked in the 

early stages of carotenoid synthesis, these mutants should also be AB A-deficient. This 

hypothesis was tested by measuring the ABA levels in the mutant tissue as well as in 

NFZ-Wt tissue and wild-type tissue. The results shown in Table II support the 

conclusion that both phytoene-accumulating mutants are also AB A-deficient 

Genetic analysis of pdsl and pds2 

The genetic nature of both these mutations was determined by analyzing seeds 

resulting from selfing either pdsl or pds2 heterozygous plants. Table IH shows 

segregation analysis for both mutations. Prior to desiccation, F, seeds were scored as 
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Table II • ABA Analysis in Wild-type, 
NFZ Treated Wild-type, pdsl and ̂ 2. 

Sample (S) ABA 
(pg/mg-DW) 

Wild-type 41 
NFZ treated wild-type <3a 

pdsl <3a 
pds2 <3a 

^ Below detection level 

Table IH - Segregation Analysis and AUelism 
Tests for pdsl and pds2. 

Cross 
Total 
Embryos 

Green 
Embryos 

White 
Embryos 

PDSl/pdsl 194 146 48 0.0 lb 
xPDSl/pdsl 

PDS2/pds2 224 173 51 0.60C 
xPDS2/pds2 

PDSl/pdsl 53 53 0 
xPDS2/pds2 

K values calculated for a 3:1 ratio 
bp>0.9 
cp>0.3 
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either green (wild-Qrpe or heterozygous) or white (homozygous). A 3:1 segregation 

ratio was observed, indicating that both pdsl and pds2 are inherited as single recessive 

nuclear mutations ipdsl^ = 0.01, p > 0.90; pds2, = 0.60, P > 0.30). Allelism 

tests were performed to determine if pdsl and pds2 represent different loci or multiple 

alleles of a single locus. These tests were performed by crossing plants heterozygous 

for the pdsl mutation with plants heterozygous for the pds2 mutation. The results are 

shown in Table HI. Fifty-three embryos from several independent and reciprocal 

crosses were scored as above and all embryos were found to be green, as would be 

expected for non-allelic mutations. These results suggest that pdsl and pds2 are two 

loci that dismpt phytoene desaturation in Arabidopsis. 

As both pdsl and pds2 mutants are inhibited in the desaturation of phytoene, it 

seemed likely that one might be a mutation in the phytoene desaturase enzjrme, which 

was previously mapped to chromosome 4 between agamous (ag) and brevidpedicellus 

(bp; Wetzel et al., 1994). To test this hypothesis, the pdsl and pds2 mutations were 

mapped relative to visible markers. The results of the moping data are summarized in 

Figure 10. The pdsl mutation was mapped to chromosome 1, approximately 7 cM 

below distorted trichomesl (disl) whereas the pds2 mutation was mapped to the top of 

chromosome 3, approximately 7 cM above long hypocotyl (hy2; Franzmann et al., 

1995). These data establish that neither pdsl nor pds2 maps to the phytoene desaturase 

enzyme locus. These results reveal that the products of at least three loci are required 

for phytoene desaturation in Arabidopsis. Although isolated from a T-DNA tagged 

population, segregation for the T-DNA encoded kanamycin resistance marker, after 

extensive outcrossing to wild-type, indicated that neither mutation is linked to a 

functional T-DNA. Genomic DNA analysis using the entire T-DNA insertion element 
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Figure 10 Positions of pdsl and pds2. 

The numbers 1,2,3,4, and 5 represent the five linkage groups of Arabidopsis. This 
map was modified torn Franzmann et al. (1995) and Wetzel et al. (1994). ag, agamous; 
bp, brevipedicellus; chl, chlorinal; disl, distorted trichomesl; gll, glabrous!; and hy2, 
long hypocotyl2. 
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as a probe provided supporting molecular evicfence that neither mutatioa is the result of a 

detectable T-DNA insertion event (data not shown). 

Homozygous pdsl motants can be rescued by homogentisic acid, an 

intermediate in plastoquinone and tocopherol biosynthesis 

Previous research implicating a role for quinones in phytoene desaturation, led to 

the investigation of quinone biosynthesis in the pdsl and pdsl mutants. The early 

stages of plastoquinone/tocopherol synthesis were functionally analyzed in pdsl and 

pdsl mutants by growth in the presence of two intermediate compounds in the pathway, 

HPP and HGA (Figure 11). Albino pdsl and pds2 homozygous plants were first 

germinated on MS2 medium and then transferred to MS2 medium supplemented with 

either HPP or HGA. Growth of pdsl plants on either HPP or HGA did not rescue the 

seedlings which remained albino (data not shown). Figure 12C shows, however, that 

greening does occur when pdsl plants were transferred to medium containing HGA. 

pdsl plants remained albino when transferred to medium containing HPP as shown in 

Figure 12B. For comparison, a wild-type Arabidopsis plant of the same age grown on 

MS2 medium is shown in Figure I2A. Figures lOD-F shows HPLC analysis at 440 

nm of carotenoids extracted from plants like those in Figures lOA-C. The pigment 

profiles of wild-Qrpe plants and the pdsl mutants grown on HPP are similar to the 

profiles of plants grown on MS2 medium shown in Figures 5A and C. Comparison of 

the pigment profiles for pdsl + HGA tissue and wild-type tissue (Figures lOD and lOF) 

indicates that growth in the presence of HGA can qualitatively restore a wild-type 

carotenoid profile to albino, homozygous pdsl plants. Although no chlorophyll a is 

detectable in Figure 12F, chlorophyll a has been detected at varying levels in equivalent 

extracts of pdsl grown m the presence of HGA. These results argue that the pdsl 
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Figure 11 Chemical Disruptioii of Tocopiierol and Plastoquinone 
Synthesis. 

Sulcotrione is a competitive inhibitor of the HPPD enzyme and a member of the 
triketone class of herbicides. 



B 

62 

E pdsUOHPP D Wild-type F pdsUHGA 
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Figure 12 Complementation of pdsl with HGA. 

(A) Wild-type plants on MS2 medium; (B) Homozygous pdsl mutants on MS2 medium 
supplement^ with 100 jiM HPP; (Q Homozygous pdsl mutants on MS2 medium 
supplemented with 100 nM HGA; and (D) to (F) C,g IffLC separation of lipid-soluble 
pigments fix>m plants equivalents to those in (A) to (C), respectively. Absorbance at 440 
nm is shown. Each proffle represents pigments extract^ from 10 mg fresh weight of 
tissue. Abbreviations are as given in the legend of Figure 6. 
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mutation affects the enzyme HPPD, as pdsl mutants are not altered by growth on the 

substrate of this enzyme, HPP, but ate restored qualitatively to wild-^pe pigmentation 

by growth on the product of this enzyme, HGA (Figure 11). The complementation of 

pdsl with HGA also suggests that intermediates or end products of this pathway 

(plastoquinone and/or tocopherols, refer to Figure 11) are necessary components for 

phytoene desaturation in plants. 

HPLC analysis argues that pds2 is also a mutation in the 

plastoqainone/tocopherol biosynthetic pathway 

The fact that pds2 mutants were unaffected by growth on either HPP or HGA 

suggests that the pds2 mutation affects either a stage of quinone synthesis after HPPD 

(Figure 11) or a different pathway also required for phytoene desaturation. To address 

these possibilities, the later stages of the plastoquinone/tocopherol pathway were 

analyzed in pdsl and pds2 tissue utilizing Cg HPLC to resolve total lipid extracts and 

identify three separate classes of quinones; ubiquinone, plastoquinone, and a-

tocopherol (Figure 2). Ubiquinone and plastoquinone perform analogous electron 

transport functions in the mitochondria and chloroplast, respectively, but are 

synthesized by different pathways in separate subcellular compartments (Goodwin and 

Mercer, 1983), making ubiquinone an ideal internal control in these analyses. Figure 13 

shows die Cg HPLC analysis of lipid-soluble extracts from NFZ-Wt tissue, pdsl 

tissue, and pds2 tissue. In NFZ-Wt tissue (Figure 13A), peaks 3 and 4 were identified 

as ubiquinone and plastoquinone, respectively, based on retention time (26 and 27 min), 

optical spectra, and mass spectra (results not shown). NFZ-Wt tissue contained a peak 

(1) with a retention time of 13.5 min which was identified as a-tocopherol based upon 

the retention time of a standard. However, optical spectroscopy and mass spectrometry 
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Figure 13 Quinone Analysis of Norflorazon-Treated Wild-type, pdsl, 
and pds2 Tissues. 

Cg HPLC analysis of quinones are shown. The profiles represent lipids extracted from 
SOO mg fresh weight of tissue. The HPLC traces represent absorbance at 280 nm for the 
first 15 min and absorbance at 260 nm for the second 15 min. la and lb, a-tocopherol 
and comigrating contaminant, respectively; 2, phytoene; 3, ubiquinone-9; 4, 
plastoquinone-9. (A) Norflorazon-treated wild-type; (B) Homozygous pdsl mutant 
tissue; and (Q Homozygous pds2 mutant tissue. 
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demonstrated that peak 1 was composed of two major components: o-tocopherol (la) 

and an unidentified compound (lb). The mass of a-tocopherol was determined to be 

430 as indicated by the presence of the 431 protonated molecule while the molecular 

mass of the unidentified compound was 412, as suggested by the presence of the 413 

protonated molecule (data not shown), clearly demonstrating the presence of at least two 

compounds in peak 1. This quinone analysis demonstrates that the herbicide NFZ, 

which specifically inhibits the phytoene desaturase enzyme, does not affect synthesis of 

homogentisate derived quinones. pdsl and pds2 tissues (Figures 1 IB and C) contain 

ubiquinone (peak 3) but lack plastoquinone (peak 4). Additionally, while both pdsl and 

pds2 contain a peak at 13.5 min, optical spectroscopy and mass spectrometry data 

demonstrate that this peak in both mutants lacks a-tocopherol (la) and is composed 

solely of the compound lb (data not shown). Therefore, homozygous pdsl and pds2 

plants accumulate ubiquinone but lack both plastoquinone and a-tocopherol. This is 

consistent with the pdsl mutation affecting HPPD (Figure 12), as suggested by the 

rescue of the mutant with HGA. Conversely, pds2 also affects a step common to the 

biosynthesis of both compounds, but after homogentisic acid (see above). This quinone 

analysis of the phytoene-accumulating pds2 mutant provides further evidence for a role 

for homogentisate derived quinones in phytoene desaturation. 
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Discussion 

pdsl mApdsI are two quinone biosyntiietic mutants also defective in 

pliytoene desaturation 

In order to further current understanding of the desaturation mechanisms of 

carotenoid biosynthesis in higher plants, I isolated and characterized two Arabidopsis 

mutants impaired by their inability to desaturate phytoene, pdsl and pdsl (Figure 8). 

These mutants are non-allelic, nuclear-encoded recessive mutations (Table HI) which 

disrupt the desaturation of phytoene and inhibit ABA synthesis (Table II). As such, it 

was hypothesized that one might be a mutation in the phytoene desaturase enzyme. 

Both mutants accumulate a carotenoid intermediate, phytoene, as their sole carotenoid 

and in this regard are similar to wild-type plants treated with the herbicide NFZ (Figure 

6). Surprisingly, neiihex pdsl not pds2 maps to the phytoene desaturase enzyme locus 

(Figure 10), indicating that phytoene desaturation in Arabidopsis requires the products 

of at least three loci: pdsl, pds2 and the phytoene desaturase enzyme. 

To verify that the observed phenotype of pdsl and pdsl was not due to the 

disruption of chloroplast development, transmission electron microscopy was 

performed on both light-grown and dark-grown wild-Qrpe plants, pdsl mutants, pdsl 

mutants, and wild-type plants treated with NFZ. In the light-grown albino tissue, pdsl, 

pdsl, and NFZ-treated wild-type, chloroplasts were not detected, as previously 

observed for carotenoid deficient tissue (Figure 9). However, in the dark-grown NFZ-

treated wild-type, pdsl, and pdsl plants, etioplasts very similar to those seen in dark-

grown wild-type tissues were observed, suggesting that chloroplast development is 

normal (Figure 9). 

Multiple lines of evidence support the hypothesis that phytoene desaturation in 

higher plants is a complex biochemical process requiring components in addition to the 
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phytoene desatuiase enzyme in vivo. The presence of multiple classes of phytoene 

desaturation mutants, in both Arabidopsis (Norris et al., 1995) and maize (Robertson, 

19SS), argues that phytoene desaturation requires multiple gene products. Biochemical 

smdies with two classes of herbicides that inhibit phytoene desaturation by different 

mechanisms also support this hypothesis (Sandmann et al., 1989; Schultz et al., 1993). 

Work in vitro using isolated daffodil chromoplasts demonstrated that phytoene 

desaturation has an absolute requirement for oxidized artificial quinones in anaerobic 

environments, leading to the proposal that an electron transport chain is involved in the 

desaturation reaction (Mayer et al., 1990). Taken together, these findings suggest that 

additional plastidic components are required for phytoene desaturation and that pdsl and 

pds2 genetically define two such components. In light of these studies, 1 investigated 

the possibility that quinone biosynthesis was affected by the pdsl and pds2 mutations. 

Two major classes of plastid localized quinones are synthesized firom 

homogentisic acid in plants, plastoquinone and a-tocopherol. Plastoquinone is a 

chloroplast-localized, lipid-soluble electron carrier, a-tocopherol has a well 

characterized antioxidant role in mammalian tissue (Liebler, 1993), but its role in plants 

remains undetermined (Hess, 1993). As shown in Figure 2, plastoquinone and 

tocopherol are both synthesized in the chloroplast and share a common biosynthetic 

pathway until the addition of their respective prenyl and phytyl hydrocarbon tails 

(Goodwin and Mercer, 1983; Soli, 1987). Two complementary approaches were taken 

to analyze the plastoquinone/tocopherol pathway in pdsl and pds2 mutants; functional 

complementation with biosynthetic intermediates and direct analysis of end products of 

the pathway. 

To determine if either pds mutation affects the early steps of the 

plastoquinone/tocopherol pathway, complementation tests were performed by 
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incorporating the biosynthetic interme(Uates, HPP or HGA, into growth medium, pdsl 

mutants were complemented by HGA but not by HPP (Figure 12) demonstrating that 

the pdsl mutation affects HPPD. These results also suggest that one or more end 

products of the plastoquinone/tocopherol pathway are required for the desaturation of 

phytoene. pds2 mutants were not affected by growth on either HGA or HPP, 

suggesting that the pds2 mutation affects either a later stage of the 

plastoquinone/tocopherol pathway or another biosynthetic pathway also required for 

phytoene desaturation. 

To gain additional information about the pdsl mutation and to determine if the 

pds2 mutation also affects plastoquinone/tocopherol biosynthesis, three major classes of 

plant quinones were analyzed: plastoquinone, a-tocopherol, and ubiquinone. Although 

ubiquinone and plastoquinone are similar in both structure and fimction (Figure 2B), 

they are synthesized by different pathways in separate organelles, the mitochondria and 

chloroplast, respectively (Goodwin and Mercer, 1983). NFZ-Wt, pdsl, and pds2 

tissues all accumulated ubiquinone (Figure 12), confirming transmission electron 

microscopy data showing intact mitochondria in these tissues (Figure 9). NFZ-Wt 

plants also contain both plastoquinone and a-tocopherol, indicating that photo-bleached 

chloroplasts arising from chemical blockage of the phytoene desaturase enzyme are still 

capable of synthesizing both compounds (Figure 12). Figure 12B shows that pdsl 

mutants lack both a-tocopherol and plastoquinone, as would be expected for a mutation 

affecting HPPD (Figure 11). Diterestingly, pds2 mutants also lack plastoquinone and 

a-tocopherol (Figure 13Q, indicating that the mutation indeed affects synthesis of both 

compounds. Therefore, I conclude that the pds2 mutation must affect a step in the 

pathway after HPPD. 
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Figure 2 shows the plastoquinone/tocopherol biosynthetic pathway branching 

with the addition of prenyl and phytyl tails to HGA for plastoquinone and tocopherols, 

respectively. This reaction was proposed to be catalyzed by two separate en:^rmes, a 

prenylase/decarboxylase and a phytylase/decarboxylase (Soli, 1987; Soil et al., 198S; 

Threlfall and Whistance, 1971). However, my analysis of the pds2 mutation does not 

support this hypothesis. Three lines of evidence argue for a single enzyme catalyzing 

both preaylation and phytylation coupled to decarboxylation, as shown in Figure 2. 

First, biochemical complementation and endpoint analysis demonstrate that the 

biosynthetic reaction affected by the pds2 mutation is common to both plastoquinone 

and tocopherol synthesis, after the synthesis of homogentisic acid (Figure 13 and results 

not shown, respectively). Second, two allelic maize mutants defective in the common 

methyl transferase enzyme of the quinone pathway (refer to Figure 2) are green plants 

although not viable in soil (Cook and Miles, 1992), suggesting that the pds2 mutation 

affects a step prior to methylation. Finally, the possibility of a separate HGA 

decarboxylase enzyme, common to the synthesis of both plastoquinone and 

tocopherols, being disrupted by pds2 was tested by growth in the presence of the 

hypo±etical decarbojtylated intermediate of HGA, 2,5-dihydroxytoluene. Neither 

mutant was complemented by this compound, indicating a decarboxylated intermediate 

does not exist (data not shown). These experiments suggest that a single enzyme, 

which is affected by the pds2 mutation, is responsible for the concerted decarboxylation 

and prenylation/phytylation of HGA (Figure 2). However, since the possibility that 

pds2 affects a common regulator of separate prenylase/decarboxylase and 

phytylase/decarboxylase enzymes cannot be excluded, further analysis of the pds2 

mutant should shed light on this key step of plastoquinone/tocopherol synthesis. 
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Quinones and electron transport chains provide a unifying mechanism for 

carotenoid desaturations 

The studies reported here provide the fiist genetic evidence that plastoquinone 

and/or tocophetols are essential components in the phytoene desaturation reaction in 

higher plants. Given its well characterized role as a lipid-soluble electron carrier, 

plastoquinone seems the obvious candidate to be the electron carrier in phytoene 

desaturation. This hypothesis is supported by mutants in the green alga Scenedesmus 

obliquus which are unable to synthesize tocopherols but still synthesize wild-type levels 

of carotenoids and plastoquinone, clearly demonstrating that tocopherols are not 

required for carotenoid synthesis (Bishop and Wong, 1974; Henry et al., 1986). These 

data allow the conclusion that plastoquinone is essential for phytoene desaturation in 

photosynthetic tissue. It remains to be determined whether plastoquinone is oxidizing 

the phytoene desaturase-FADH2 directly or whether other intermediate electron carriers 

are present between plastoquinone and the phytoene desaturase-FADH2. The 

mechanism whereby plastoquinol is subsequently reoxidized to plastoquinone is also 

open to speculation; however, in green tissues the photosynthetic electron transport 

chain is an obvious candidate, as shown in Figure 14. Utilizing plastoquinone as an 

electron acceptor would provide a high degree of flexibiliQr in the system that reoxidizes 

plastoquinol, thereby allowing plastoquinone to act as a "universal adapter molecule" for 

carotenoid desaturation reactions in a varieQr of plant tissues. Thus, in tissues where the 

photosynthetic electron transport chain may not be fimctioning (e.g. fruits and flowers), 

plastoquinol could be oxidized by a tissue specific redox component, such as that 

proposed for daffodil flowers, the chloroplast-localized NADPH dependent 

plastoquinone oxidoreductase (Mayer et al., 1992). Finally, given the similarity of the 
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HPP 

pdsl 

HGA 
Prenyl/phytyl  
T ransferase 

Carotenoid 
Desaturat ion 

React ions 
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synthet ic 
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Figure 14 Model for Involvement of Plastoquinone in Carotenoid 
Synthesis. 

Proposed interactions of plastoquinone, carotenoid desaturation enzymes, and the 
photosynthetic electron transport chain. The steps proposed to be affected by the pdsl 
and the pds2 mutations are shown. Carotenoid desaturation reactions refer to those 
carried out by phytoene desaturase and ^-carotene desaturase, as shown in Figure 1. 
These enzymes require plastoquinone as an intermediate electron carrier, in this 
example, to the photosynthetic electron transport chain, e', electron; PQ, plastoquinone; 
PQHj, plastoquinol. 
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phytoene and ^-carotene desaturadon reactions (Figure 8), I propose that plastoquinone 

is also an electron carrier in the desaturation reactions mediated by the ^-carotene 

desaturase in higher plants (Figure 14). 

In conclusion, I identified two novel Arabidopsis carotenoid biosynthetic mutants, 

pdsl and pds2. These two mutations cause accumulation of phytoene as the sole 

carotenoid in these plants, although neither is a mutation in the phytoene desaturase 

enzyme. I demonstrated that the pdsl and pds2 mutations affect different steps of 

tocopherol/plastoquinone biosynthesis and in this manner disrupt phytoene desaturation. 

In combination with previously identified tocopherol deficient mutants that synthesize 

both carotenoids and plastoquinone, the pdsl and pdsl mutants provide the first genetic 

evidence that plastoquinone is an essential component in carotenoid desaturations in 

higher plants. These studies also suggest a mechanistic link between carotenoid 

desaturation reactions, plastoquinone, and the photosynthetic electron transport chain in 

green tissue (Figure 14). Further studies of these and other phytoene-accumulating 

mutants in higher plants will shed light on the integration of carotenoid biosynthesis and 

electron transport components in photosynthetic and non-photosynthetic tissues. 
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CHAPTER FOUR 

ISOLATION AND CHARACTERIZATION OF AN ARABIDOPSIS cDNA 
ENCODING A p-HYDROXYPHENYLPYRUVATE DIOXYGENASE 

Introduction 

Plastoquinone and tocopherols are the two major classes of lipid-soluble, 

chloroplastically-localized quinone compounds in higher plants. Plastoquinone is an 

essential electron carrier shuttling electrons from photosystem II to the cytochrome bgf 

complex. Mammals are incapable of plastoquinone or tocopherol synthesis, a-

tocopherol (vitamin E) is an essential dietary component (Mason, 1980) that is 

documented as a membrane-associated &ee radical scavenger (reviewed in Liebler, 

1993). In plants, tocopherols are also presumed to function as membrane-associated 

antioxidants and as structural components of membranes, although evidence supporting 

these roles is limited (reviewed in Hess, 1993). 

Figure 2 shows the pathway for plastoquinone and tocopherol biosynthesis in 

plants. The committed step of this pathway, common to the synthesis of both 

plastoquinone and tocopherol, is the formation of HGA from HP? by the enzyme 

HPPD (Figure 2). Generally, this enzyme is present at low levels in plant tissues and 

has yet to be purified to homogeneiQr from any plant source. Although mammals and 

non-photosynthetic bacteria cannot synthesize plastoquinone and tocopherols, they do 

contain high levels of HPPD activity which is involved in phenylalanine and tyrosine 

degradation (Figure 3). 

The analysis of the pdsl and pds2 mutants presented in the previous chapter 

provided genetic evidence that plastoquinone is an essential component for carotenoid 

biosynthesis in plants (Norris et al., 1995). Mutation of the PDSl locus was shown to 



74 

cause a deficiency in HGA; the biochemical basis of the mutation was hypothesized to 

be a disniptioii in the HPPD stractural gene. This hypothesis was based on my finding 

that the mutant phenotype could be complemented biochemically by growth on medium 

supplemented with the product (HGA) but not the substrate (HPP) of the HPPD 

enzyme. Despite this compelling evidence, it could not be concluded that the pdsl 

mutation directiy or indirectly affected the HPPD enzyme (Norris et al., 1995) without 

further analysis. 

To test the hypothesis that the Arabidopsis pdsl mutation is a lesion in the 

structural HPPD gene, it is necessary to isolate and fimctionally characterize Arabidopsis 

HPPD cDNAs for use in genetic complementation studies. In this chapter, I report the 

isolation and characterization of the first cDNA encoding HPPD from a higher plant and 

demonstrate its activity when expressed in E. coli. Finally, functional complementation 

of the pdsl mutant phenotype with this HPPD cDNA is shown. Combined, the 

mapping and complementation data suggest that pdsl is a mutation in the HPPD gene. 

Results 

Isolation and characterization of a putative Arabidopsis HPPD cDNA 

Genes encoding HPPD have been identified fi-om several mammalian, fungal and 

bacterial sources (Denoya et al., 1994; Wintermeyer et al., 1994; Wilson et al., 1994; 

Wyckoff et al., 1995; Endo et al., 1992; Gershwin et al., 1987; Hummel et al., 1992; 

Kaneko et al., 1995; Ruetschi et al., 1993; Coon et al., 1994; Endo et al., 1995) and 

have between 25 and 95% identiQr at the amino acid level (Table IV). A computer 

search of the plant DNA databases, including 20,000 random Arabidopsis cDNAs 

(Newman et al., 1994), was conducted using the human and bacterial HPPD sequences 



1 2  3  4  5  6  7  8  9  1 0  1 1  1 2  1 3  

1  32 /52  35 /58  40 /57  31 /55  29 /51  31 / 52  3 8 /5 7  36 /55  37 /56  37 /56  39 /57  37 /57  

2  32 /58  29 /49  31 /53  31 / 52  2 5 / 5 4  32 /56  32 /57  3 2 /5 3  31 /51  32 /52  3 1 /54  

3  45 /64  34 /59  33 /56  31 / 56  49 /67  53 /72  51 /70  5 0 /7 0  51 /70  49 /69  

4  32 /54  3 6 / 55  35 /52  45 /64  47 /6 3  47 /64  6 3 / 4 6  64 /46  62 /44  

5  50 /70  4 5 /6 8  28 /55  30 /53  26 /53  2 6 / 5 1  27 /51  28 /50  

6  45 /66  32 /53  3 2 /5 3  30 /53  30 /52  30 /52  30 /52  

7  32 /58  34 /60  28 / 52  2 8 /5 0  29 / 52  29 /52  

8  59 /73  57 /72  57 /71  57 /72  54 /70  

9  60 /74  62 /74  6 2 /7 5  57 /70  

10  90 /93  90 /95  81 /90  

11  95 /97  79 /87  

12  80 /88  

13  

Table IV - Similarity and Identity of HPPD Proteins at the Amino Acid 
Level 

Identity/Similarity. 1, Arabidopsis thaliana; 2, Synechocystis', 3, Coccidiodes immitis 
4, Streptomyces avermitilis; 5, Pseudomonas', 6, Legionella pneumonophila; 1, 
Shewanella colwelliana; 8, Tetrahymena thermophila; 9, Caenorhabditis elegans; 10, 
Homo sapiens', 11, Mus musculus', 12, Rattus norvegicus; and 13, Sus scrofa. 
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as the queries. A 460 bp truncated Arabidopsis cDNA was identified with homology to 

the carboxyl terminus of non-plant HPPDs (Figure 15). This partial cDNA was used as 

a probe to isolate a fiill-length cDNA which was named pHPPD (GenBank accession 

number AF000228; Figure 15). The first ATG of pHPPD begins an open reading frame 

encoding a protein of445 amino acids (Figure 15). The putative Arabidopsis HPPD 

protein has 29-40% identiQr and 51-58% similarity at the amino acid level with non-plant 

HPPDs (Table IV). An alignment of the putative Arabidopsis HPPD and the 12 other 

HPPDs isolated to date (Table I) reveals 38 identical amino acids conserved in all 13 

sequences (Figure 16). 

Functional analysis of the Arabidopsis HPPD protein expressed in E, 

coli 

The protein sequence homology of the putative Arabidopsis HPPD to non-plant 

HPPDs is suggestive that the isolated cDNA encodes HPPD. To test this hypothesis, 

pHPPD was overexpressed in E. coli and fiinctionally analyzed. For E. coli expression 

of HPPD, the coding region of pHPPD was ligated into the pEr-15b vector behind a T7 

promoter, generating pET-HPPD (Figure 4). £. coli cells harboring the pET-HPPD 

construct developed a dark-brown color while cultures containing the empQr pET-15b 

vector did not (Figure 17). A similar dark-brown coloration was reported when the 

gene encoding HPPD from Streptomyces avermitilis was expressed in £1 coli (Denoya 

et al., 1994). This brown coloration is due to the accumulation of ochronotic pigment, 

which forms upon the oxidative polymeiization of homogentisic acid (Figure 3). To 

verify that the brown coloration in E. coli expressing pET-HPPD was the result of 

plasmid-mediated HGA production, cell-free supemates fixjmf. coli cultures 
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Figure 15 The Arabidopsis HPPD cDNA. 
Nucleotide and deduced amino acid sequence of the HPPD enzyme. The GenBank 
accession number for this ^uence is AF(XX)228. Underlined is the nucleotide 
sequence of the originally identified EST, GenBank # T209S2. Conserved residues 
from an analysis of sequences from 12 other species and this HPPD sequence are 
shown in bold and with a underneath the conserved amino acids. The conserved 
tyrosine and histidine residues postulated to form the ferric iron center are shown in 
boxes. 

CCACGCGTCCGAGTTTTAGCAGAGTTGGTGAAATCA -1 

ATGGGCCACCAAAACGCCGCCGTTTCAGAGAATCAAAACCATGATGACGGCGCTGCGTCG 6 0 
I M G H Q N A A V S E N Q N H D D G A A S  

TCGCCGGGATTCAAGCTCGTCGGATTTTCCAAGTTCGTAAGAAAGAATCCAAAGTCTGAT 12 0 
2 1 S P G F K L V G F S K F V R K N P K S D  

AAATTCAAGGTTAAGCGCTTCCATCACATCGAGTTCTGGTGCGGCGACGCAACCAACGTC 180 
4 1 K F K V K R F H H r E F W C G D A T N V  

GCTCGTCGCTTCTCCTGGGGTCTGGGGATGAGATTCTCCGCCAAATCCGATCTTTCCACC 240 
6 1 A R R F S W G L O M R F  S A K S D L S  T  

* 

GGAAACATGGTTCACGCCTCTTACCTACTCACCTCCGGTGACCTCCGATTCCTTTTCACT 300 
8 1 G N M V H A S Y L L T S G D L R F L F T  

GCTCCTTACTCTCCGTCTCTCTCCGCCGGAGAGATTAAACCGACAACCACAGCTTCTATC 360 
1 0 1  A P Y S P S L S A G E I K P T T T A S  I  

CCAAGTTTCGATCACGGCTCTTGTCGTTCCTTCTTCTCTTCA^TGGTCTCGGTGTTAGA 420 
1 2 1  P S F D H G S C R S F F  S S H J G L G V R  

GCCGTTGCGATTGAAGTAGAAGACGCAGAGTCAGCTTTCTCCATCAGTGTAGCTAATGGC 480 
141 AVAIEVEDAESAFSISVANG 

* 

GCTATTCCTTCGTCGCCTCCTATCGTCCTCAATGAAGCAGTTACGATCGCTGAGGTTAAA 540 
1 6 1  A I P S S P P I V L N E A V T I A E V K  
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Figure 15 The Arabidopsis HPPD cDNA - Continued 

CTATACGGOGATGTTGTTCTCCGATATGTTAGTTACAAAGCAGAAGATACCCSaAAAATCC 600 
1 8 1  L Y G D V V L R Y V S  Y K A E D T E K S  

GAATTCTTGCCAGGGTTCGAGCGTGTAGAGGATGCGTOGTCGTTCCCATTGGATTATGGT 660 
2 0 1  E F L P G F E R V E D A S S F P L D Y G  

ATCCGGCGQCTTGACpKCGCCGTGGGAAACGTTCCTGAGCTTGGTCCGGCTTrAAC'IpKT 720 
2 2 1  I R R L D h I A V G W V P E L G P A L T  

GTAGCGGGCTTCACTGGTTTTCACCAATTCGCAGAGTTCACAGCAGACGACGrTGGAACC 780 
2 4 1  V A G F T G F H Q F A  B F T A D D V G T  

GCCGAGAGOGGTTTAAATTCAGOGGTCCTGGCTAGCAATGATGAAATGGTTCTTCTACCG 840 
2 6 1  A E S G X i N S A V L A S N D E M V L L P  

ATTAACGAQCCAGTGCACGGAACAAAGAGGAAGAGTCAGATTCAGACGTATTrGGAACAT 900 
2 8 1  I W E P V H G T K R K  S Q I Q T Y L E H  

AACGAAGGOGCAGGGCTACAî CJVri 
301 N E O A O L Q 

rCTGGCTCTGATGAG?rGAAGACATATTCAGGACCCTG 960 
L A L M S E D I F R T L  

AGAGAGATGAGGAAGAGGAGCAGTATTGGAGGATTCGACTTCATGCCTTCTCCTCCGCCT 1020 
3 2 1  R E M R K R S S I G G F D F M P S P P P  

ACT^Cfrl^CXAGAATCTCAAGAAACGGGTCGGCGACGfrGCTCAGCGATGATCAGATCAAG 1080 
341 T Q N L K K R V G D V L S D D Q I K  

GAGTGTGAQGAATTAGGGATTCTTGTAGACAGAGATGATCAAGGGACGTTGCTTCAAATg 1140 

361 E C E E L G X Z t V O R D D Q G T L Z i g i  
* • * * * * 

TTCACAAAACCACTAGGTGACAGGCCGACGATATTTATAGAGATAATCCAGAGAGTAGGA 

3 8 1  F T K P L G D R P T I F I E I I Q R V G  



Figure 15 The Arabidopsis HPPD cDNA - Continued 

TGCATGATGAAAGATGAGGAAGGGAAGQCTTACCAGRGTGGAQGATGTGGTGGTTT-IGGC 1260 

401 CMMKDEEGKAYQSGGCGGFG 
* * * 

AAAGGCAATrrCTCTGAGCTCTTCAAGTCCATTGAAGAATArGAAAAGAOTCTTGAAGCC 1320 

421 KOHFSELFKSIIEYEKTLEA 
• • * • * 

AAACAGTTAGTGGGATGAACAAGAAGAAGAACCAACTAAAGGATTGTGTAATTAATGTAA 1380 
441 K Q L V G * 

AACTGTTrTATCTTATCAAAACAATGTTATACAACATCTCATTrAAAAAmAGATCAATC 1440 
AAAAAATACAATCTTAAATTCAAAACCAAAAAAAAAAAAAAAA 1483 
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Figure 16 Amino Acid Sequence Comparisons of tiie Arabidopsis HPPD 
witii Other HPPDs. 

The identical amino acids are shown in the consensus line, while similar and identical 
amino acids are shown in capital letters. Gaps introduced in the sequences are indicated 
by dots. Protein designations; 1, Arabidopsis thaliana (this work); 2, Caenorhabditis 
elegans; 3, Cocddiodes immitis; 4, Homo sapiens', 5, Legionella pneumonophila; 6, 
Mus musculus; 7, Sus scrofa; 8, Pseudomonas; 9, Rattus norvegicus; 10, Shewanella 
colwelliana; 11, Streptomyces avermitilis', 12, Synechocystis; and 13, Tetrahymena 
thermophila. 

1 50 
1. mghqnaavse n<^ihddgaas spgfkLvgFS kfvrknPKsD kfkvkrFhhl 
2. MTTF. D.K. .GaKPD iGtFvaPDhV 
3. mapaadsp t.lqpaqpsD InqYrGYDhV 

4 MTTYS D.K. .GaKPE rGRFLhFhsV 
5. mqnnn. pcgLdGFaf 1 
6 MTTYn n.K. .GPKPE rGRFLhFhsV 
7 MTsYS D.K. .GeKPE rGRFLhFhsV 
8 . adlyen pmgLMGFEf I 
9 Yw D.K. .GPKPE rGRFLhFhsV 
10 - maseqn plgLLGiEf t 
1 1 mtqTThh t.pdtarqaD pfpvkGmDaV 
1 2 MeFDyl 
13. rose nkdhvwgYt E.KpvGerPt gGkFLGYDhl 
Con 

51 100 
1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8 .  
9 
10. 
11. 
12. 
13. 
Con 

eFWcGdAtnv ArBlFswgLGm 
rFvVGNAKQA AyWYCanFGF 
hWYVGNAKQA AtYYvtrMGF 
tFWVGNAKQA ASFYCSKMGF 
eFsgpdmkl hqqFs.eMGF 
tFWVGNAKQA ASFYCnKMGF 
tFWVCaOVKQA ASYYCSKiGF 
eLasptpntl epiFe.iMGF 
tFWVGNAKQA ASFYCnKMGF 
eFatpdldfm hkvFi.dFGF 
vFaVGNAKQA A.hYstaFQn 
hLYVddyqsA hrcYqrqwGF 
hFWVCaJAKQA AgWYtSrFGF 

G 

rfsAksdLsT GmnvhaSyll tsGdlrFlFt 
EPFAYKGLET GSRitaqHal rQdKIVFIFe 
ErvAYrGLET GSkaVaSHW mGnltFILt 
EPLAYrGLET GSREVvSHVI KQGKIVFVLs 
<^vA.—hh knqD..itlf KQGelqFIvn 
EPLAYrGLET GSREVvSHVI KrGKIVFVLc 
EPLAYKGLET GSREVvSHW KQdKIVFVFs 
tkvA....th rSkD..vHly rQGalnLILn 
EPLAYKGLET GSREVvSHVI KQGKIVFVLc 
skLk... .kh kqkD. .ivyy KQndlnFlLn 
qlvAYsGpEn GSREtaSyVl tnGsarFVLt 
tcvn....ki itdqgitgly qQGqllLlis 
EyYAYKGLET GSREVatHW mkqgVtlaf 



81 

Figure 16 Amino Acid Sequence Comparisons of tiie Arabidopsis HPPD 
with Other HPPDs - Continued 
101 150 
1. apyspslsag Eikptttasi psfDHgscrs fFssHGlGVr aVAiEVEDaE 
2. SAL .LPdNs ELGnH .LVqHGDGVK DVcFEVEDlD 
3. SpLrSveqas rFPedeallk EihaH .LerHGDGVK DVAFEVDcvE 
4. SAL .nPWNK.... EMGDH .LVKHGDGVK DIAFEVEDCD 
5. aAshcqa..e ah .astHGpGac amgFkVkDak 
6. SAL .nPWNK.... EMGDH .LVKHGDGVK DIAFEVEDCD 
7. SAL .nPWNK.... EMGDH .LVKHGDGVK DIAFEVEDCD 
8. nephSva..s yF . aaeHC^sVc ginAFrVkDsq 
9 SAL • nPWNK EMGDH .LVKHGDGVK DIAFEVEDCE 
10. nekqgfs..a qF .eiktHGpals smgWrVEDan 
11. Svikpatpwg hF .vaeHGDGVv DlAiEVpDar 
12. asesSlsrya DY .LqKHppGVg EVAWqVanwq 
13. Stp •YgndKdnqr EMhqH -qslHGDGVK DVAFaVEDCh 
Con Con 

151 200 
1. SaFsisVanG Aipssppivl neaVtiAeVk lYGDwlrYV 
2. SliahAkaaG AtlVhDit.. eEsDa dGsIrYAtlr TYGETdHTLl 
3. SVFsaAVmG AeWsD.... ...vRtveDe dGqlKmAtlr TYGETTHTLI 
4. ylvQKArERG AKImRE ...PWvEqDk FGKVKFAvlQ TYGDTTHTLV 
5. aaFQhAIahG giafq.Daph Anhglpalqa iGgsviyFVd eehqpfs.he 
6. hIvQKArERG AKIVRE ...PWvEqDk FGKVKFAvlQ TYGDTTHTLV 
7. ylvQKArERG AilVREEvcc AadvRghhtp Ldrar....Q vWeg...TLV 
8. kaYkrAlElG AqpIhiEtgp mElnlpalkg iGgapLyLId rFGEgssiYd 
9 hIvQKArERG AKIVRE ...PWvEeDk FGKVKFAvlQ TYGDTTHTLV 
10. faFegAVaRG AKpaaDEv.. kDlPYpalyg iGdsliyFId TFGDdnniYt 
11. aahayAIEhG ArsVciE.... ...PYelkDe hGtVvLAala TYGkTrHTLV 
12. k Iqhq IselqiEttp vihPltkaEg Lt Fll wgdvhhsiYp 
13. SIYnKAIqRG AK c AypPqdlkDe hGsVtiAaVh TYGEviHTFI 
Con 

201 250 
1. sykaedteks eFLPGFErve dassF...pi dYGirrlDHa VGNvP...el 
2. ...ErkNYrG aFLPGFkAhp mpatFFktLP rvGLnflDHc VGNQPDlqMD 
3. ...ErsgYrG gFMPGYrmes naDatskfLP kwLErlDHc VGNQdwdEME 
4. ...EkmNYiG qFLPGYEAPa FmDPLLPKLP kCsLEmlDHI VGNQPDqEMv 
5. wnit spEPv....V gnGLtalDHl thNvyrgnMD 
6. . ..EkiNYtG rFLPGFEAPt YkDtLLPKLP rCnLEIIDHI VGNQPDqEMq 
7. ...EkmtFcl dsrPqpsqtl LhrlLLsKLP kCGLEIIDHI VGNQPDqEME 
8. iDFv FlEgvdrhpv gaGLkllDHl thNvyrgrMa 
9 ...EkiNYtG rFLPGFEAPt YkDtLLPKLP sCnLEIIDHI VGNQPDqEME 
10. sDFE alDepiitq. ekGFieVDHl tnNvhkgtME 
11. ...DrtgYdG pYLPGYvAaa ...Piveppa hrtFqalDHc VGNvelgrlbi 
12. vrsE Lncjiktlhgv ..GLttlDHV VlNiaadqFt 
13. . . .qmdYkG fFMPGFvAhp LkDPLnnvLP disYnyVDHI VGNQPDnmMt 
Con 
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Figure 16 Amino Acid Sequence Comparisons of the Arabidopsis HPPD 
with Other HPPDs - Continued 

251 300 
1. gpAltYvagf tGFHqFaeft addVgTaeSg LnSaVLAsnD EmVlLPINEP 
2. SAvqWY.eKV LkFHRFWSVD DsmlHTEYSA LRSIVvtnFE EtIKMPINEP 
3- rvcDYY.eKI LGFHRFWSVD DkdIcTEFSA LkSIVMAspn DiVKMPINEP 
4. SASEWY.lKn LqPHRFWSVD DTQVHTEYSs LRSIVvAnYE ESIKMPINEP 
5. kwasFY.asI FnFqeiRffn ...IkgJantg LvSraLgspc gklKiPlN.. 
e. SASEWY.lKa LqPHRFWSVD DTQVHTEYSs LRSIVvtnYE ESIKMPINEP 
7. SASciMY.mrn LqPHRFWSVD DTQIHTEYSA LRSWMAnYE ESIKMPINEP 
8. ywanPY.eKl FnPreiRyfD ...IkgEYtg LtSkaMtapD gmlriPlNE. 
9 SASEWY.lKn LqPHRFWSVD DTQVHTEYSs LRSIVvAnYE ESIKMPINEP 
10. ywSnPY.kdl FGFtevRyfD ...IkgsqtA LiSyaLrspD gSfciPINE. 
11. ewvgPY.nKV MGPtnmkefv gddlaTEYSA LmSkVvAdgt IkVKFPINEP 
12. qASqWY.qqV FGWsvqqSft VnTphSg LySeaLAsan gkVqFnlN. . 
13. SAaDWY.eKt LdPHRFWSVD DsmlHTEFSs LRSIVMtdYD qklKMPINEP 

301 350 
1. vhGtKrk.SQ IQtYlEhneG AGlQHlALms EDIfrTlReM RkRssigGfD 
2. AtsdKKaiSQ IQEYVDYYGG sGVQHIALNT sDIITaleaL RaR GcE 
3. AkGKKq. .SQ leEYVDFYnG AGVQHIALrT nnlldaltnL kaR GtE 
4. APGKKK. .SQ IQEYVDYnGG AGVQHIALkT EDIITalRHL RER GlE 
5. ..esKdDlSQ leEFlheYhG eGIQHIALNT nDIykTVngL Rkq GVk 
6. APGrKK. .SQ IQEYVDYnGG AGVQHIALkT EDIITalRHL RER GtE 
7. APGKKK. .SQ IQEYVDYnGG AGVQHIALkT EDIITalRsL RER GVE 
8. ..essKgagQ leEFlmqFnG eGIQHVAFls DDlIkTwdHL ksi Gmr 
9 APGrKK. .SQ IQEYVDYnGG AGVQHIALrT EDIITTIRHL RER GmE 
10. ..GKgdDmQ IdEYlkeYdG pGVQHlAFrs rDIVasldaM egs....slq 
11. AlaKKK. .SQ IdEYlEFYGG AGVQHIALNT gDIVeTVRtM Raa GVq 
12. ..cptnnsSQ IQtPlannhG AGIQHVAFsT tsItrTVaHL RER GVn 
13. AdGKrK. .SQ IQEYIDFYaG pGVQHIALNT sDVInTVegL RaR GVE 
Con Q I G -G-QH-A 

351 400 
1. FMpspPpTYY (jiLkkRv. . . gdVlsdDqik ecEELglLVD rDDqG....t 
2. PL.sIPssYY DnLkERLaa. ssnwVKEDMD rLqkLhILVD FDEnG Y 
3. Fi.kVPETYY EdMkiRLKrQ g.lvldEDFE tLksLdlLID FDEnG Y 
4. FL.sVPsTYY kqLREkLKt. AKIkVKEniD aLEELKILVD YDEKG Y 
5. PL.dVPDTYY EMinDR.lPw hKEpLn qLhaeKILID gEadpkDg.l 
6. PL.aaPssYY kLLREnLKs. AKIqVKEsMD VLEELhILVD YDEKG Y 
7. PL.aVPfTYY kqLqEkLKs. AKIrVKEsiD VLEELKILVD YDEKG Y 
8. PMtapPDTYY EMLegR.lPn ....hgEpvg eLqarglLlD gssesGDkRl 
9 FL.aVPssYY rLLREnLKt. sKIqVKEnMD VLEELKILVD YDEKG Y 
10. tLdilPE.YY DtifEk.lPQ VtEDrD rikhhqILVD gDEdG Y 
11. PL.dtPDsYY DtLgEWvg dtrvpvD tLrELKILaD rDEdG Y 
12. Flkiptg.YY qqqmssyfn y. ..aslDwD tLqcLelLlD dqDntGE.Ell 
13. PL.sIPtsYY DnLRkaLtaQ tsItVKEDLD VLqknhlLVD YDEKG Y 
Con YY IL-D 
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Figure 16 Amino Acid Sequence Comparisons of the Arabidopsis HPPD 
with Other HPPDs - Continued 

401 450 

1. LLQIFTKPLg DRPTIFiEII QRvgcnankde egkayqsggc gGFGkGNFse 

2. LLQIFsKPcQ DRPTIFLEII QR qNH eGFGAGNFKA 
3. LLQlFTKhLm DRPTVFiEII QR nNf sGFGAGNFrA 

4. LLQIFTKPvQ DRPTIFLEVI QR HNH QGFGAGNb^ns 

5. LLQIFTenif . .gpVFFEII QR QGFGeGNFqA 
6. LLQIFTKPMQ DRPTIFLEVI QR HNH QGFGAGNFns 

7. LLQIFTKPMQ DRPTVFLEVI QR nNH QGFGAGNFns 

8. LLQIFseCLm . .gpVFFEfl QR Kg.d dGFGeGNFKA 

9 LLQIFTKPMQ DRPTIFLEVI QR HNH QGFGAGNFns 
10. LLQIFTKnLf . .gpIFiEII QR IGFGeGNFKA 
11. LLQIFTKPvQ DRPTVFFEII eR Hgs mGFGkOJFKA 
12. LLQIFsqPcy gvgTlFWEII eR kGFGqGNFqA 
13. LLQIFTKPve DRPTIFYEII QR nNH QGFGAGNFKs 
Con LLQ-F F-E-I _R -GFG-GNF— 

1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8 .  
9 
10. 
11. 
12. 
13. 
Con 

1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8 .  
9 
10. 
11. 
12. 
13. 
Con 

451 500 
LFksIEeyEk tLeakqlvg 
LFEsIEl.EQ tkRGNLfydn vkdgnTk 
LFEAIEr.EQ aLRGtLi 
LFkAfEe.EQ nLRGNLTnME tNGVvpGM 
LFEAIEr.DQ vrRGtLkELs 
LFkAfEe.EQ aLRGNLTDLE PNGVrsGM 
LFkAfEe.EQ eLRGNLTDtD PNGVpfrL 
LFEsIEr.DQ vxsGdkrlLl qifseTlMgp vffefiqrkg ddgfgergvl 
LFkAfEe.EQ aLRG 
LFEsIEr.DQ vrRGvL 
LFEAIEr.EQ ekRGNL 
LYEAVEt.le kqlevp 
LFvslEl.EQ ekRGNLTEiv kNiy 
L E 

503 

!td 
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Figure 17 HPPD Expression in E. coli. 

(A) Overnight growth of E. coli on agar solidified medium, (B) Overnight liquid 
cultures of E. coli. In both (A) and ^), the E. coli culture on the left harbors the 
expression vector pETlSb and the culture on the right harbors the pET-HPPD construct 
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containing the empty pETlSb vector and pET-HPPD were analyzed for the presence of 

HGA by HPLC figure 18). An HGA standard eluted at 7.9 min and had the spectrum 

and absorbance maximum (291 nm) shown in Figure 186. The pET-HPPD culture 

filtrate has a large peak that co-migrates with the HGA standard (Figure 18A) and has a 

spectrum and absorbance maximum that are identical to that of the HGA standard 

(Figure 18B). The pETlSb culture lacks a peak at 7.9 min, but has a minor peak at 7.7 

min (Figure 18A) with a spectrum and absorbance maxima (271,280,287 nm) that 

clearly indicates it is not HGA (Figure 18B). These results indicate that the isolated 

Arabidopsis cDNA encodes a functional HPPD enzyme. 

Size analysis of the Arabidopsis HPPD protein 

The size of the polypeptide encoded by the HPPD gene was estimated by 

analyzing cmde E. coli extracts by SDS-PAGE. In Figure 19, a SDS-PAGE gel, 

stained with Coomassie blue, shows a time course of pET-HPPD induction. Following 

induction, a 50 kD protein is detectable which is not observed prior to induction. 

Maximal expression of this 50 kD protein is observed 120 min following induction. 

Analysis of the induced pET15b culture fails to detect a 50 kD protein even 180 min 

after induction (Figure 19), indicating the 50 kD protein is dependent on the pET-HPPD 

plasmid. These data indicate that the Arabidopsis HPPD protein is about 50 kD which is 

consistent with the size of non-plant HPPDs. 

Linkage analysis of pdsl and the HPPD locus 

In previous work it was demonstrated that the biochemical basis of the 

Arabidopsis pdsl mutation is an inability to convert HPP to HGA (Figure 14 and Norris 

et al., 1995). The PDSl gene product could therefore be the HPPD enzyme, a regulator 
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Figure 18 Expression of Arabidopsis HPPD cDNA in E. cott. 
(A) HPLC analysis of a HGA standard in LB broth is shown in the top plot. 
The middle and bottom plots are cell-free extracts from cultures of E. coU harboring 
the pET-HPPD construct and the pET-l5b construct, respectively. ( B )  Ab.sorption 
spectra of peaks I and 2 from panel A. Peak I, HGA standard and HGA in media 
from a culture of E. coli transformed with pET-HPPD; peak 2, unidentified compound 
in media from an E. coli culture transformed with pET-15b. 
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pET-EIPPD pET15b 

30 60 120 180 0 60 180 

97.6 
66.2 

Figure 19 SDS-PAGE Analysis of HPPD Expressed in E. coli. 

Total proteins were extracted from overnight liquid E. coli cultures containing either 
pET-HPPD or pETlSb. The cultures were induced with IPTG for the given number of 
minutes. The numbers on the left show the protein size markers in kD. An arrow 
marks the location of the induced protein. 



88 

of HPPD expression or activity, or a co-factor required for HPPD activity. Two 

complimentary approaches were taken to determine whether the gene identified by the 

pdsl mutation encodes HPPD: segregation analysis and fimctional complementation. 

The pdsl mutation was previously mapped to chromosome 1 between disl and chl 

(Figure 10). Recombinant inbred lines (Lister and Dean, 1993) were used to map 

pHPPD (Table V); linkage analysis of these data, using Map Manager version 2.6 

(Kenneth F. Manly, Department of Molecular and Cellular Biology, Roswell Park 

Cancer Instimte, Buffalo, NY), showed that the HPPD gene mapped to the top of 

chromosome 1. In addition, co-segregation analysis of the pdsl mutation and a RFLP 

for die HPPD gene showed no recombinations in 38 PDSl/pdsl lines indicating the two 

were linked within 4 cM (Figure 20). Together, these data indicate the PDSl locus and 

the HPPD gene are tightly linked in the Arabidopsis genome. 

Complementation of pdsl with the HPPD cDNA 

Molecular complementation of the pdsl mutation with the pHPPD cDNA was 

undertaken to provide fiirther evidence that pdsl is a mutation in the HPPD gene. A 

transcriptional fusion of the CaMV 35S promoter, a constitutive promoter, and the full-

length HPPD cDNA, in the sense orientation, was placed in the binary transformation 

vector, pART27 (Gleave, 1992), which also codes for kanamycin resistance, generating 

the binary construct SN506 (Figure 5). The vacuum infiltration method used for the 

generation of all transgenic plants shown here involved a short incubation of a parent 

plant with Agrobacterium harboring construct SN506 in the presence of a weak vacuum 

(see Chapter Two). Following incubation Agrobacterium, the parent plants were 

allowed to recover and set seeds (Tj). The Tj seeds were screened for kanamycin 
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Table V - Recombinant Lubred (RI) Line Analysis. 

Scored as: Scored as: 
RILine* (QCo/, (L) Ler, RILine* (QCo/, (L) Ler, 

or (H) heterozygous. or (H) heterozygous. 

1901 C 1946 L 
1903 C 1947 C 
1908 c 1948 C 
1910 c 1949 L 
1912 c 1952 L 
1913 L 1953 C 
1915 C 1954 C 
1916 H 1955 C 
1917 L 1956 C 
1918 C 1957 C 
1919 C 1958 L 
1920 C 1959 L 
1921 L 1960 L 
1923 L 1962 L 
1924 C 1964 L 
1927 L 1971 C 
1928 L 1974 C 
1929 L 1975 L 
1935 L 1978 L 
1938 C 1985 L 
1939 L 1988 L 
1941 C 1989 L 

* These numbers refer to the Arabidopsis Biological Resource Center's 
(Columbus, Ohio) catolog numbers. 
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^ pdsl/PDSI (M fe )  X  PDS1/PDS1 {Coll 

I 
Select pds1/ FC^ F, 's 

Self 

I 
Select pdsl/ PDS1 Fg's 

B 
Ws Col pdsl/PDSI 

Figure 20 The pdsl Locus Co-segregates with the HPPD Locus. 
iA)pdsl/PDSl plants (ecotype Ws) were crossed with PDSl/PDSl plants (ecotype 
Cot). Plant heterozygous for pdsl were selected in the Fj population and then selfed. In 
the F2 population, ^1/PDSl plants were again selected. (B) DNA was isolated from 
individu^ Fj plants as well as Ws and Col wild-type. Southern analysis was performed 
by hybridizing blots with the HPPD cDNA. An RFLP using Ncol resulted in 5.5 and 
6.0 kb fragments for Col and Wj, respectively. Thirty-eight plants heterozygous for the 
pdsl/PDSI locus were also heterozygous for the HPPD RFLP, demonstrating tight 
linkage between the HPPD and pdsl loci. A representative population is shown. 
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resistance and the resistant plants were transferred to soil, selfed, and the resulting seeds 

(T3 generation) collected. All data shown is for T, generation transgenic plants and all 

crosses discussed were performed with T2 generation transgenic plants. For the 

value calculations shown in Tables Vn-X, all non-germinating seeds were assumed to 

be white, as pdsl/pdsl plants lack ABA and as such are non-viable if not germinated 

immediately after harvest Additionally, I was unable to score white seedlings as either 

kanamycin-resistant or sensitive, as they germinated poorly and grew slowly. All white 

seedlings were assumed to be kanamycin sensitive. 

Wild-type Arabidopsis plants (Ws) were transformed with the binary construct 

SN506, as described above; the resulting five transgenic lines are shown in Table VI. 

From the kanamycin segregation data, I concluded that four of die five transgenic lines 

contained one copy of the transgene (Ws 1-1,1-2,3-1, and 3-2) while the fifth 

transgenic line contained two copies of the transgene (Ws-2-1; Table VI). Three of 

these transgenic lines, constitutively overexpressing IIPPD in a wild-type background 

(JPDSl/PDSl-^^fgfJ~), were crossed with PDSl/pdsl plants. Five independent crosses 

were performed (Table VU). The kanamycin-resistant F, plants were selected, 50% of 

which were heterozygous for the pdsl mutation (PDSl/pdsl; THPPD /—). The 

PDSl/pdsl; Thppd /— F, plants were selfed and the resulting F2 seeds and plants were 

analyzed. Table Vn shows the segregation analysis for both kanamycin sensitivity and 

the pdsl mutant phenotype (white seeds or seedlings) for the Fj population of five 

crosses, 105-1-6, 105-1-7, 107-2-2, 108-2-4, and 113-1-8. The kanamycin 

segregation data for all five Fj plants showed a statistically significant 3:1 ratio for 

kanamycin resistance to kanamycin sensitivity, suggesting one transgene locus in each 

Fj plant. Chi-squared analysis showed that the ratio of green: white embryos in each 

line was statistically significant for a 15:1 ratio (Table VII). These data indicated that the 
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Table VI - Wild-type Plants Transformed with a Transgene 
Constittttively Expressing EffPP. 
Transgenic 

Line Kan'rKan^ P Value Phenotype 

Ws-I-l 40:14 0.03b >0.7 Late flowering; some 

0.04b 
leaves oddly shaped 

Ws-1-2 26:8 0.04b >0.7 Late flowering; some 
leaves oddly shaped 

Ws-2-l 98:8 0.13C >0.7 Normal 

Ws-3-1 42:14 O.OOb >0.95 Some leaves oddly shaped 

Ws-3-2 36:10 0.6lb >0.3 Normal 

^ kan^, kanamycin-tesistant; kan^, kanamycin-sensitive 
b values were calculated for a 3:1 ratio 
c ^2 values were calculated for a 15:1 ratio 
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Table Vll - Segregation Analysis of F2's From a Cross of T||ppD Plants with 
PDSlfpdsl Plants. 

Transg. 
F2 Plants 

Parental 
Transg. 
Plants 

Silique 
Dissection 
(G:W)a 

P Value Kan'':KanS: 
W:NGa 

c 
X2 P Value 

105-1-6 Ws-2-1 125*.8 0.09 >0.7 135.25.0:10 1.46 >0.2 
105-1-7 Ws-2-1 122:8 0.05 >0.7 76:17:6:4 0.08 >0.7 
107-2-2 Ws-3-1 95:10 1.38 >0.2 79:27:3:0 0.37 >0.5 
108-2-4 Ws-2-1 d 103:9 0.34 >0.5 83:21:0:2 0.62 >0.3 
113-1-8 PDSl-24-r 187:10 0.80 >0.3 133.42.9:0 0.72 >0.3 

a G, green seeds; W, white seeds; NG, non-germinating seeds; Additional abbreviations 
are as defined in Table VI 
b values were calculated for a IS; 1 ratio 
c X? values were calculated for a 3: i ratio 
^ The genotype of this line is PDS1/PDS1; Tj^ppo, see Table IX 

vO U) 
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pdsl mutant phenotype was complemented by the presence of the HPPD transgene in 

every cross. Loss of the transgene should restore a 3:1 green to white ratio to such 

plants. This hypothesis was verified by analyzing Fj plants from each cross which were 

100% kanamycin sensitive and heterozygous for the pdsl mutation. A 3:1 green to 

white ratio was observed (data not shown). These data demonstrated that 

overexpression of a fimctional HPPD protein in the pdsl mutant background 

complemented the mutation and suggested that the molecular basis of the pdsl mutation 

was a dismption in the HPPD gene. 

Further confirmation of these data came from the analysis of PDSl/pdsl plants 

(parent plant) incubated withAgrobacterium containing construct SN506. As above, the 

kanamycin-resistant T2 plants were selected, moved to soil, allowed to self, and set 

seed. It is important to note that the T^ plants here were also segregating for the pdsl 

mutation. The incubation of PDSl/pdsl plants withAgrobacterium produced transgenic 

plants in three distinct genetic backgrounds: PDSl/PDSl, PDSl/pdsl, and pdsl/pdsl. 

Analysis of four of the transgenic lines generated following the incubation of 

To assess the affect of the transgene on the pdsl mutant phenotype, the green to 

white ratios of T3 seeds were analyzed both in the siliques of Tj plants and during 

germination (T3 seeds) on MS2 plates (Table DC). Silique dissection and germination on 

plates for both lines, PDS1-24-1 and PDS1-25-2, failed to detect any white seeds in a 

total of 308 and 185 seeds, respectively (Table DC). The combination of these data and 

±e kanamycin segregation data (Table VTEI) suggests both lines have a PDSl/PDSl -, 

Thppd/— genotype and are equivalent to the wild-Qrpe plants with one copy of the 

transgene (Table VI). Line PDS 1-17-1 has a statistically significant 3:1 green to white 

segregation ratio both in siliques and on plates (Table DC), suggesting the genotype of 

this line is pdsl/pdsl; Tuppc/—. Line PDS 1-3-1 shows a statistically significant 15:1 



Table Vm - PDSl/pdsl Plants Transformed with a 
Transgene Constitutiyely Expressing HPPD. Part I: 
Kanamycin Segn^tion and Phenotype. 

Transgenic 
Line 

Kan^:Kan®: 
W.NGa 

P Value Phenotype 

PDS1-3-1 117:29:7:1 0.08 >0.7 Normal 

PDS1-17-1 61:0:3:24 1.52 >0.2 Normal 

PDS 1-24-1 58:25:0:0 1.16 >0.2 Normal 

PDS 1-25-2 42:15:0:0 0.05 >0.7 Normal 

^ All abbreviations are as defined in Tables VI and Vn 
b values were calculated for a 3:1 ratio 

Table IX - PDSI/pdsl Plants Transformed with a Transgene 
ConstitutiTely Expressing HPPD. Part H: Mutant Segregation. 

Transgenic 
line 

Silique 
Dissection 

fG:W)a 
X2 P Value 

Mutant Seg. 
on Plates 

(G:W:NG) 

N
) 

P Value 

PDS 1-3-1 339:13 5.00b >0.01 166:7:1 1.20b >0.2 

PDS 1-17-1 31:12 0.19C >0.5 148:4:61 3.46C >0.05 

PDS 1-24-1 78:0 230:0 

PDS 1-25-2 68:0 117:0 

^ All abbreviations are as defined in Tables VI and Vn 
b values were calculated for a 15:1 ratio 
c values were calculated for a 3:1 ratio 
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green to white ratio on plates, suggesting the genotype of this line is 

PDSl/pds\\ Thppj/— (Table DC). Silique dissections of this line revealed 339 green and 

13 white seeds for a ratio of 26:1 green to white which is not statistically significant for 

a 15:1 ratio (Table CC). However, these data are less significant for a 3:1 ratio 

(pdsl/pdsl; THPPI/-- ). To confirm that line PDS1-3-1 was heterozygous for pdsl, 

100% kanamycin sensitive Tj lines were analyzed, and a 3:1 green to white ratio was 

observed (data not shown). 

The green to white ratios observed in these transgenic plants are 100% green for 

PDSl/PDSl/Tfjpp^-plaats (PDS 1-24-1 and PDS 1-25-2), 15:1 for PDSl/pdsl/T^^^-

plants (PDSl-3-1), and 3:1 forpdsl/pdsl/1^^— plants (PDSl-17-1), further 

suggesting pdsl is a mutation in the HPPD locus. 

Analysis of transgenic HPPD plants 

To determine if HPPD overexpression affects the plants, the phenotype of the 

transgenic plants weie also monitored (Tables VI and Vni). Seven 

PDSl/PDSl; Thppc/— lines were analyzed and four lines had no observable phenotype. 

However, three lines did have abnormal phenotypes, with the most consistent 

phenotype being oddly shaped leaves. Generally, less than 25% of the leaves appeared 

abnormal, with serrated edges and an off-center midrib. Extremely long narrow leaves 

were also observed. Additionally, lines Ws 1-1 and Ws 1-2 were both observed to have 

later than normal flowering times. 

Table X lists additional transgenic lines generated as above, by incubating a 

PDSl/pdsl plant mtbAgrobacterium harboring SN506. These lines were not included 

in the above complementation analysis as they have a very unique phenotype. All of the 

green plants of these lines show a mottled green/white phenotype (Table X) much like 
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the immutans mutant of Arabidopsis (Wetzel et al., 1994). Kanamycin segregation data 

for lines PDS 1-4-1, PDS 1-6-2, and PDS 1-6-3 shows 100% resistance for 55,64, and 

45 seeds, respectively, suggesting at least two copies of the transgene (Table X). 

Larger populations need to be analyzed to clearly assess the copy number(s) of the 

transgene. 

Analysis of the pdsl phenoQrpe in line PDS 1-4-1 reveals 100% green seeds by 

silique dissection and 100% green plants on plates with only four non-germinants out of 

224 seeds (Table X). Line PDS 1-6-2 shows a statistically significant 3:1 green to white 

ratio in the siliques but, on plates, 97 green plants, four non-germinators, and zero 

white plants are observed. Diterestingly, silique dissection of line PDS 1-6-3 reveals 

100% white seeds, suggesting possible co-suppression by the transgene. However, 

plate analysis reveals a ratio of 143:21:9 for green to white to non-germinating plants, 

with all green plants being green/white mottled. The green/white mottled phenotype is 

quite puzzling, particularly as it is appears to be arising fix>m both green seeds and white 

seeds (Table X). Similar results are seen in lines PDS 1-6-1, PDS 1-6-4, and PDS 1-6-5, 

which, in addition, have unclassifiable kanamycin segregation data (Table X). 

Analysis of HPPD mRNA expression 

Previous research suggested that tocopherol levels increase when light-grown 

plants are placed in the daric (Booth, 1964). To determine if HPPD mRNA levels also 

increased when plants were moved to the dark, I analyzed the expression level of HPPD 

mRNA in plants grown in the light for nine days and then placed into complete 

darkness. As shown in Figure 21 A, the HPPD message increased with increasing time 

in the dark. The maximal expression of HPPD occurred after approximately 24 hours in 

darkness and remained stable for at least 36 hours in the dark. If plants were returned to 



Table X - Additional PDSl/pdsI Plants Transformed with a Transgene Constitutively Expressing 
HPPD. 

Transgenic Kan'":Kan®: 
Line NGiW^ 

Silique 
Dissection 
(G:W)a 

Mutant Seg. 
on Plates 

(G:W:NG)a 
Phenotype 

PDSi-4-1 55:0:0:0 47:0 220:0:4 Green plants had green/white mottled leaves 

PDS1-6-1 43:0:25:0 18:7 77:0:49 Green plants had green/white mottled leaves; 
Some leaves oddly shaped 

PDS1-6-2 64:0:0:0 23:9 97:0:4 Green plants had green/white mottled leaves 

PDS 1-6-3 45:0:0:0 0:107 143:21:9 Green plants had green/white mottled leaves 

PDS 1-6-4 66:21:5:25 63:3 154:13:62 Green plants had green/white mottled leaves 

PDS 1-6-5 68:2:0:0 22:15 148:2:25 Green plants had green/white mottled leaves 

^ All abbreviations are as in Tables VI and VII 
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Figure 21 Analysis of the HPPD mRNA. 

Each lane contains 20 jig of total RNA. (A) RNA was extracted from light-grown wild-
type plants which were moved to darkness for the given number of hours. For 36L, 
^A was extracted from light grown wild-type plants afrer 36 hours in the dark 
followed by an additional 13 hours in the li^t. RNA was extracted from light-
grown wild-type plants (W), Norflorazon-treated wild-type plants (N), pdsJ/p^l plants 
(PI), andpds2/pds2 plants (P2). 
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the light following 36 hours of darkness, the HPPD message level decreased, returning 

to the level seen in light-grown tissue (Figure 2IA). 

In order to assess the effect of the pds mutations on HPPD mRNA expression, 

northern analysis was performed with light-grown wild-type tissue and the homozygous 

pdsl and pds2 mutants. As a positive control, HPPD mRNA expression was also 

analyzed in wild-Qrpe plants treated with the herbicide NFZ, an inhibitor of the phytoene 

desaturase enzyme that did not affect the quinone biosynthetic pathway. The level of 

HPPD mRNA remained relatively constant in NFZ-treated tissue, suggesting chemical 

perturbation of carotenoid synthesis did not affect the steady state level of HPPD mRNA 

(Figure 21B). The steady state level of HPPD mRNA was reduced in both pdsl and 

pds2 mutants. It is also important to note that the size of the HPPD message (estimated 

to be about 1.75 kb) is unchanged in the pdsl mutant (Figure 21B), suggesting that the 

mutation does not affect HPPD mRNA size, and is therefore likely a point mutation in 

the HPPD coding region or a mutation affecting the synthesis or turnover rates of the 

HPPD message. 

Discussion 

The plastids of higher plants synthesize and accumulate large amounts of two 

biosynthetically-related quinone compounds, plastoquinone and tocopherols. The 

former are fundamentally important components of the photosynthetic electron transport 

chain while the latter ate thought to be important for fioee radical scavenging and 

protection from oxidative stress. Plastoquinone and tocopherols share a common 

biosynthetic pathway that has been elucidated for some time (Figure 2); however, only 

recent data provide insights into the molecular and genetic aspects of this pathway. An 

important step was the isolation and characterization of mutations in Arabidopsis that 
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disrupt and genetically define two key biosynthetic steps of the plastidic quinone 

biosynthetic pathway (Chapter Three and Norris et al., 1995). Although the molecular 

basis of these mutations was not known, the pdsl mutation was shown to affect the 

activity of HPPD, the first and committed step of the pathway. In order to further 

understand the nature of the pdsl mutation, I isolated and functionally characterized an 

Arabidopsis cDNA encoding HPPD. 

Computer database searches with mammalian and bacterial HPPD sequences 

identified a single truncated Arabidopsis EST with homology to mammalian, fungal, and 

bacterial HPPD cDNAs. This EST was used to isolate a full-length Arabidopsis cDNA 

clone, pHPPD, encoding a 445 amino acid protein with identity to deduced amino acid 

sequences from non-plant HPPD cDNAs (Figures 14 and 13), the highest homology 

being 40% identity to Streptomyces HPPD (GenBank U11864; Tables I and IV). 

Comparison of the putative Arabidopsis HPPD protein sequence with HPPDs from 12 

diverse species identified 38 residues clustered in the carboxy-region of the protein that 

were conserved in all 13 organisms (Figures 15 and 16). Presumably these highly 

conserved residues are important for the catalytic function of HPPDs. Six tyrosine and 

histidine residues postulated to form a ferric iron center in HPPDs are also conserved in 

the Arabidopsis HPPD (Figures 15 and 16; Denoyaet al., 1994). 

To determine whether the isolated putative Arabidopsis HPPD cDNA encoded a 

functional HPPD enzyme, I expressed the HPPD cDNA in E. colL E. coli cultures 

transformed with pET-HPPD accumulated a compound that co-migrates with and has a 

spectrum identical to that of an HGA standard (Figures ISA and B). E. coli containing 

a control plasmid (pET-15b) without the pHPPD insert lack this peak (Figure 18A). In 

addition to insert dependent HGA accumulation, pET-HPPD expression resulted in 

accumulation of ochronotic pigment, an oxidative polymerization product of HGA 



102 

(Figure 17). These data demonstrate that the Arabidopsis cDNA isolated encodes a 

functional HPPD enzyme. 

As discussed previously, Arabidopsis plants homozygous for the pdsl mutation 

were unable to synthesize either plastoquinone or tocopherols due to an inability to 

convert HPP to HGA (Figure 2). While it was clear ftom prior work that the pdsl 

mutation affected HPPD activity, it could not be determined whether the pdsl mutation 

directly or indirectly affected the HPPD enzyme (Chapter Three). The isolation of an 

Arabidopsis HPPD cDNA provided a means for directly testing the hypothesis that pdsl 

was a disruption in the HPPD gene. Genetic analysis indicated that a RFLP for 

Arabidopsis pHPPD co-segregated (+/- 4 cM) with the PDSl locus (Figure 20). 

Molecular complementation with the HPPD cDNA was then undertaken to determine if 

constimtive expression of a functional HPPD cDNA could complement the pdsl lesion. 

Transgenic plants overexpressing the HPPD cDNA were generated in a wild-type 

background (Table VI). These transgenic plants were crossed with plants heterozygous 

for the pdsl mutation. The kanamycin-resistant F, plants were selected, selfed and the 

resulting Fj plants scored. Failure to functionally complement the pdsl mutation would 

result in Fj progeny that segregate 3:1 green to white (wild-type to mutant) while 

complementation would result in Fj progeny that segregate 15:1 green to white. Table 

Vn shows the results of three independently generated transgenic lines crossed to plants 

heterozygous for the pdsl mutation; a total of five crosses ate shown. In all cases, the 

green to white segregation ratios are statistically significant for a 15:1 ratio, providing 

genetic evidence that the pHPPD transgene complements the pdsl mutant, suggesting 

that pdsl is a mutation in the HPPD gene. 

Of the transgenic lines analyzed, three different phenotypes were observed. The 

first phenotype is late flowering, which was observed in two lines. The second 
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observed phenotype, seen in four lines, is a small percentage of the total number of 

leaves with an odd shape, very jagged edges and an off-center midrib. The third 

phenotype, in which all of the leaves of a plant are green/white mottled, like the 

Arabidopsis immutans mutant (Wetzel et al., 1994). This phenotype is observed in six 

lines and is particularly troublesome in that plants with green/white mottled leaves arose 

from white seeds as well as green seeds. Immutans mutants are green/white variegated 

plants, with the white sectors accumulating phytoene as their only carotenoid. The 

molecular and biochemical basis of the immutans mutant are not well understood 

(Wetzel et al., 1994). In light of the current transgenic results, it would be interesting to 

analyze HPPD levels, both protein and mRNA, in the green and white sectors of 

immutans to determine if IMMUTANS is possibly a regulator of HPPD. 

Carefiil segregation analysis of the observed phenotypes and the transgene needs 

to be performed with future generations to determine definitively that the observed 

phenotypes are the result of the transgene. Additionally, the level of HPPD protein 

needs to be determined in these lines to determine if certain phenotypes are linked to the 

levels of HPPD protein. The levels of tocopherols and plastoquinones, as well as 

carotenoids, in these transgenic lines also remain to be determined. This analysis is of 

great interest as it will provide information about the role of HPPD in the synthesis of 

these three important compounds. 

The above results suggest that pdsl is a mutation in the gene encoding HPPD. To 

investigate further the molecular basis of the pdsl mutation, HPPD steady state mRNA 

levels and size were analyzed in wild-type plants and plants homozygous for the pdsl 

mutation. HPPD mRNA levels are reduced in pdsl/pdsl plants as compared to wild-

type (Figure 2 IB). More importantly, the HPPD mRNA size appears unaffected relative 

to wUd-t)^ (Figure 2 IB). These results indicate the pdsl mutation does not 
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significantly affect HPPD mRNA processing and suggest the pdsl mutation either 

disrupts the production of a functional HPPD protein or affects the synthesis and/or 

turnover of its message. 

HPPD expression was also analyzed in wild-type plants, wild-type treated with 

NFZ, and homozygous pdsl mutants, which disrupt a later step of the quinone pathway 

(Figure 14). HPPD mRNA levels in NFZ-treated tissue did not show a dramatic 

difference, suggesting that disruption of carotenoid synthesis had little or no effect on 

HPPD expression. The level of HPPD mRNA was decreased in the pds2 mutants, 

similar to the decrease observed in the pdsl mutants. 

The effect of light and darkness on HPPD mRNA levels was also analyzed 

(Figure 21 A). When light-grown plants are moved to complete darkness OTPD mRNA 

expression is upregulated. The retum of these plants to the light restores the HPPD 

mRNA levels to those observed before the dark treatment. Researchers have also found 

tocopherol levels increasing when plants grown in the light are moved to the dark or 

during senescence (Booth, 1964; Rise et al., 1989), presumably due to increased 

availability of phytol and phytyl p3rrophosphate fix>m chlorophyll degradation (Rise et 

al., 1989). The role of phytol as a regulatory compound in the synthesis of tocopherol 

is further supported in cell culture studies where the tocopherol level increased more 

than two-fold when the cultures were supplemented with phytol (Furuya et al., 1987). 

Possibly, the up-regulation of HPPD mRNA expression is not in response to the dark 

directly, but in response to increased phytol levels which occur in the dark. It seems 

unlikely that plastoquinone levels also increase in the dark, as the major role of 

plastoquinone is in transporting electrons away from photosystem Q during the light 

reactions, so regulation of the tocopherol to plastoquinone ratio must occur after HPPD. 
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The most obvious candidate for this regulation is the phytyl/prenyi transferase enzjmie 

(Figure 2). 

Both plastoquinone and tocopherols accumulate in the chloroplasts of plants and 

there is a general consensus that their synthesis is restricted to this organelle (Hutson 

and Threlfall, 1980; Whistance and Threlfall, 1970), although isolated reports also place 

the synthesis in the endoplasmic reticulum and Golgi apparatus (Osowska-Rogers et al., 

1994; Swiezewska et al., 1993). The later steps of the pathway are clearly 

chloroplastically-localized and the first enzymatic activity of the pathway, HPPD 

activity, is also thought to be mainly in the chloroplast (Fiedler et al., 1982). However, 

recent partial purifications of HPPD fi-om maize and bamyardgrass did not involve 

subcellular fractionation as would be expected for an organellar protein (Schultz et al., 

1993; Secor, 1994). Computer analysis of the deduced amino acid sequence of 

Arabidopsis HPPD provides some insight into the subcellular localization of this enzyme 

as it lacks an obvious amino terminal chloroplast targeting sequence or a signal sequence 

for targeting to the endoplasmic reticulum. Though additional analysis is necessary to 

determine the subcellular localization of Arabidopsis HPPD, the present data are most 

consistent with HPPD being cytosolically-localized. 

la conclusion, I identified and characterized the first higher plant cDNA encoding 

HPPD. The enzyme carries out the complicated HPPD enzymatic reaction when 

expressed in £1 coU suggesting any additional cofactors necessary for enzymatic activity 

are also present in E. coli. Finally, and most importantly, I have shown that the protein 

encoded by the Arabidopsis HPPD cDNA is sufficient to restore wild type pigmentation 

to plants homozygous for the pdsl mutation. These results suggest that the nature of the 

pdsl mutation in Arabidopsis is a disruption of HPPD enzyme stability/activity. Future 

studies will determine the precise nature of the lesion in the HPPD gene of pdsl mutants 
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and the consequences of oveiexpiession of the protein in a wild-type background. 

Continued analysis of other plastoquinone and tocopherol biosynthetic mutants, such as 

pds2 (Norris et al., 1995). will provide valuable information concerning the subcellular 

location and regulation of tocopherol and plastoquinone synthesis in plants. 
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CHAPTER FIVE 

THE UNICONAZOL SELECTION: A METHOD TO IDENTIFY 
CAROTENOID DEFICIENT MUTANTS 

Introduction 

To this point my dissertation has focused on two Arabidopsis mutants, pdsl and 

pds2, which disrupt plastoquinone and tocopherol synthesis and indirectly disrupt 

carotenoid synthesis, as plastoquinone is a necessary component for phytoene 

desaturation (Figure 14). As described previously, both pdsl and pds2 were isolated 

from the T-DNA tagged population of Arabidopsis in a brute force screen for pigment 

deficient mutants. This screen resulted in one allele of both PDSl and PDSl and failed 

to identify mutations disrupting the actual phytoene desaturase enzyme. These data 

indicate that phytoene desaturation is not mutagenically saturated in this T-DNA 

population of Arabidopsis. In addition, the previous screen focused on pigment 

deficient mutants and therefore would not have identified carotenoid mutants with a 

block after the synthesis of Carotene as these mutants have normal pigmentation, such 

as seen in the abal mutant (Rock and Zeevart, 1991). 

In an effort to target the carotenoid pathway, a more directed method was 

developed. This approach, known here as the Uniconazol selection, takes advantage of 

the fact that the plant hormone ABA is synthesized from carotenoids, in particular 

violaxanthin (Figure 22; Rock and Zeevart, 1991). ABA participates in many plant 

processes including drought tolerance, root geotropism, transpiration, bud dormancy, 

and, most important for this study, seed dormancy (Walton, 1980). The most dramatic 

representation of the role of ABA in promoting seed dormancy is seen in a collection of 

maize mutants which germinate precociously, the vp mutants (Robertson, 
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Figure 22 Carotenoids and the Biosynthesis of ABA. 

The carotenoid biosynthetic precursors of ABA are shown in bold, abal is a mutation 
which disrupts the epoxidase enzjrme. 
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1955). The vp mutants are either insensitive to ABA or contain reduced levels of ABA 

(Robertson, 1975). Analogous mutants are known in Arabidopsis, abil, 2, and 3, 

which although they ate not viviparous, are insensitive to ABA (Koomeef et al., 1984). 

A second Arabidopsis mutant, also analogous to the vp mutants, also has reduced ABA 

levels, the abal mutant, which disrupts the epoxidase of carotenoid synthesis, inhibiting 

the synthesis of violaxanthin and neoxanthin, in addition to ABA (Figure 22; Rock and 

Zeevart, 1991). 

In addition to ABA, another plant hormone, gibberellic acid (GA) is involved in 

seed development and germination. The de novo synthesis of GA, in response to light, 

is necessary to break ABA induced dormancy (Figure 23) and as a result GA mutants 

will only germinate when provided with an exogenous source of GA. The abal mutant 

of Arabidopsis was originally identified as a germinating revertant in a population of 

non-germinating GA biosynthetic mutants (Koomeef et al., 1982). The ABA deficiency 

of the abal mutant prevented the seeds fix)m reaching their normal dormancy such that 

GA biosynthesis was no longer necessary for germination. Nambara and co-workers 

modified the above genetic method by inhibiting wild-type germination with a chemical 

inhibitor of GA biosynthesis, Uniconazol (Nambara et al., 1992). When germinated in 

the presence of Uniconazol, Arabidopsis wild-Qrpe plants are unable to germinate while 

both ABA-deficient and ABA insensitive mutants will germinate (Figure 24; Nambara et 

al., 1991). This method was used to identify a new allele of abi3 (Nambara et al., 

1992). 

A Uniconazol selection method, modified from Nambara et al. (1991), was 

employed in an attempt to identify loci involved in the desaturation of phytoene. 

Additionally, this selection method will identify other ABA-deficient mutants affecting 
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Figure 23 The Roles of ABA and GA in Seed Germination. 
Seed development is dependent on both ABA and GA. Seed donnancy is induced by 
ABA. De novo GA synthesis stimulates seed germination. Light is required for GA 
synthesis in seeds, hv, light. 
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germinate, but AB A-deficient seeds do germinate. 
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later steps of the pathway, including carotene and p,p-xanthophyll mutants (Figure 22). 

The T-DNA tagged population of Arabidopsis was re-analyzed as was a chemically 

mutagenized population of Arabidopsis. This selection method identified several new 

phytoene-accimiulating mutants, one of which defines a new locus required for the 

desaturation of phytoene, PDS3. Several additional abal alleles were also identified. 

Results 

Re-analysis a T-DNA tagged population of Arabidopsis 

In an effort to identify additional mutants disrupting carotenoid synthesis (Figure 

22), a more directed approach was employed using a chemical inhibitor of GA 

synthesis, Uniconazol. Mubition of GA synthesis prevents the germination of wild-

type seeds; however, ABA-deficient or insensitive seeds will germinate in the presence 

of Uniconazol. Thus, this method allows for the rapid identification of ABA-deficient 

or insensitive mutants (Figure 24). Using Uniconazol, carotenoid and ABA-deficient 

mutants were selected firom two mutant populations of Arabidopsis: the T-DNA 

population and a chemically mutagenized wild-type population. The T-DNA population 

was analyzed jointly with the help of Wendy DuVaul, a Howard Hughes Undergraduate 

Biology Research Program (UBRP) student I directed over the course of twelve 

months, Kelly McDonald, a technician, and Dr. Barry Pogson, a post-doctoral 

researcher. The chemically mutagenized wild-^pe population was investigated by 

Rebecca Mosher, a second Howard Hughes UBRP student, under my direction for 

seven months. 

The T-DNA tagged population of Arabidopsis mutants was previously screened 

for carotenoid mutants with a bmte force visual screen for pigment deficient mutants 

(Chapter Three). As noted above, a screen for pigment mutants would fail to identify 
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mutations disrapting carotenoid synthesis after p-carotene as these mutants should have 

normal green pigmentation. Additionally, I hoped to define the gene products of the 

previously identified Arabidopsis mutants by isolating T-DNA tagged alleles of pdsl, 

pds2, and abal. It should be noted that when these studies began, the molecular basis 

of both the PDSl locus and the ABAl locus had not been determined. The identic of 

these loci were since determined (Chapter Four and Marin et al., 1996, respectively); yet 

the gene defilned by the PDS2 locus remains to be isolated. 

The T-DNA tagged population was reanalyzed by growing in soil approximately 

150 plants from a pool of 20 individual T-DNA tagged lines. Fresh seed from these 

150 plants was harvested and immediately surface-sterilized, and placed on MS2-

Uniconazol plates at a densiQr of one to two thousand seeds per plate. AB A-deficient 

seeds are desiccation intolerant, so seeds were sterilized and plated within four hours of 

harvest. Following two days of vemalization, or cold treatment, at 4° C, and seven 

days in the light at 20° C, the plates were scored for germinants. Although Uniconazol 

greatly inhibits wild-type (W;) germination, a small portion (ranging from one to ten 

percent) of wild-type plants did germinate in the presence of Uniconazol. For unknown 

reasons the number of wild-type germinants varied from one experiment to the next, so 

a baseline of wild-type germinants per gram of Arabidopsis seed was determined for 

each harvest and plating. If plates representing a pool of twenty T-DNA tagged lines 

had germinants above the baseline, the individual lines of that pool were frirther 

investigated. 

Unfortunately, the Uniconazol selection method failed to identify any new 

mutants in the T-DNA tagged population of Arabidopsis, although the original pdsl and 

pds2 mutants were re-isolated, demonstrating the usefulness of the method. An 
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additional allele of abal was also identified, but was not further pursued as the mutation 

was not the result of a T-DNA insertional event. 

Selection from a chemically mutagenized population of Arabidopsis 

Using Uniconazol, a selection for carotenoid and AB A-deficient mutants was 

performed on a larger, more heavily mutagenized population, approximately 10,000 

wild-type Arabidopsis plants, ecotype Ler, mutagenized with EMS (Lehle Seed, Red 

Rock, TX). Since fijeshly harvested seed was essential, Mj seed was planted in soil at a 

density of approximately 200 plants per flat. The seed fix>m each flat were harvested in 

bulk, sterilized, and immediately plated on MS2-Uniconazol. As described above, the 

plates were vemalized for two days and then placed in the light for seven days prior to 

scoring for germinants. Many of the mutants of interest are lethal in soil so the 

heterozygous parent must be identified for the mutant line to be maintained. For the T-

DNA tagged population, seed from individual lines of pooled populations was available; 

however, the seed for individual lines was not available for the EMS population. Two 

methods were used to overcome this problem. First, following seed harvest, the bolts 

of the Mj plants were cut off to allow new flowering. The reflowering plants of a pool 

of interest were analyzed again with Uniconazol as individual plants, allowing the 

identification of the heterozygous Mj parent. Unfortunately, numerous fiats failed to 

fiower a second time so an additional method was employed. Heterozygous M, siblings 

of the identified Mj mutant were isolated. Ungerminated seeds from the Uniconazol 

plate of interest were placed in a vial containing GA. Following an overnight incubation 

in GA, the seeds germinated normally when planted in soil. These M3 plants were 

grown to maturiQr and then analyzed as either individual plants or in small pools of 

approximately 20 plants. 
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Table XI lists the 13 new mutants identified and their pbenotypes. Eleven of the 

mutants are albino, analogous to the pdsl and pds2 mutants. Line 3105 homozygous 

plants are pale yellow, while homozygous mutants of line 2201 have nonnal green 

pigmentation. Once an individual line was identified, carotenoid analysis was 

performed on homozygous plants grown in tissue culture, as described in Chapter 

Three. HPLC analysis of line 1209 showed a peak that absorbs strongly at 296 nm, 

with a retention time that corresponds to phytoene (data not shown). Spectral analysis 

of this 296 nm absorbing peak confirmed line 1209 accumulated phytoene (data not 

shown) so line 1209 was renamed pdsA. Homozygous mutants of line 2201 lacked 

violaxanthin and neoxanthin but accumulated above average levels of zeaxanthin (data 

not shown), the signature profile for an abal mutant (Figure 22 and Table XI). 

Researchers have characterized numerous abal alleles in the past, so this mutant was not 

further pursued. Carotenoid analysis of the remaining newly identified mutants remains 

to be performed (Table XI). Five white mutants, lines 3004,3007,3009, 3010, and 

3011, were identified firom one seed pool and most probably are siblings; however, to 

confirm this hypothesis, allelism tests must be performed. 

Characterization of pdsA 

Only one of the newly identified mutants, pdsA, was characterized in detail. 

Plants homozygous for the pdsA mutation were completely albino and accumulated 

phytoene as their sole carotenoid, like the pdsl and pds2 mutants. Due to the 

biochemical similariQr, allelism tests were performed to determine if pdsA was allelic to 

either pdsl or pdsl. Plants heterozygous for the pdsA mutation were crossed with 

plants heterozygous for the either the pdsl or the pds2 mutation. The results of F, 

progeny from several independent and reciprocal crosses are shown in Table Xn. For 



Table XI - New Pigment Mutants Identified. 

Isolate 
Number Phenotype Biochemical 

Name 

1033 White 
1202 White 
1207 White 
1209 White^ pdsA 
1223 White 

pdsA 

3004b White 
3007'' White 
3009b White 
3010b White 
3011b White 
3107 White 
3105 YeUow 
2201 Green abal 
a 
Carotenoid analysis indicates phytoene accumulating 

^Possible siblings 

Table Xn - AUelism Test and Segregation Analysis 
for pdsA^. 

Cross 
Total 
Embryos 

Green 
Embryos 

White ^ 
Embryos X 

PDSA/pdsa 114 114 0 
xPDSl/pdsl 

PDSA/pdsa 112 112 0 
xPDS2/pds2 

PDSA/pdsa 315 246 69 1.6C 
X PDSA/pdsa 

^pdsA is also known as pds3 

values calculated for a 3:1 ratio 
C0.2>P>0.3 
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the cross between PDSA/pdsA and PDSl/pdsl, 114 embryos were scored for color and 

all embryos were found to be green, as would be expected for non-allelic mutations. 

For the cross between PDSA/pdsA and PDS2/pds2, 112 embryos were found to be 

green, again as would be expected for non-allelic mutations. These results indicated that 

pdsA defines a third locus required for phytoene desaturation in Arabidopsis. Based on 

these results, pdsA was renamed pds3. The genetic nature of the pds3 mutation was 

determined by analyzing seeds resulting from a selfing of plants heterozygous for the 

pds3 mutation. Fj seeds were scored as either green (wild-type or heterozygous) or 

white (homozygous) with the results supporting a 3:1 segregation ratio which indicates 

pds3 is a single, recessive nuclear mutation (Table XII). 

Like pdsl and pds2, pds3 disrupts the desaturation of phytoene. As described 

above, the disruption of phytoene desaturation by pdsl and pds2 is a secondary effect, 

with the inhibition of plastoquinone synthesis being the primary target of these two 

mutations. To determine if pds3 blocks plastoquinone synthesis, the early stages of 

plastoquinone synthesis were functionally analyzed by growth in the presence of two 

intermediate compounds in the pathway HPP and HGA (Figure 2). As was done for 

pdsl and pds2, albino pds3 homozygous plants were first germinated on MS2 medium 

and transferred to MS2 medium supplemented with either HPP or HGA (Chapter 

Three). The pds3 plants showed no visible change in pigmentation when grown on 

either HPP or HGA (data not shown). 

Discussion 

The Uniconazol selection proved to be a useful tool for the rapid identification of 

carotenoid and AB A-deficient mutants from thousands of mutagenized plants. Although 

it wasdisappointing that no new carotenoid mutants were identified in the analysis of the 
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T-DNA tagged population, the re-identification of the pdsl and pds2 mutants proved the 

validity of this method and provided the confidence to pursue this method on additional 

mutant populations, such as the EMS mutagenized population of wild-type Arabidopsis. 

For the heavily mutagenized EMS population, the Uniconazol selection proved 

extremely rewarding, identifying 13 new mutants (Table XI). Of these 13 new mutants, 

preliminary carotenoid analysis revealed that one is a phytoene-accumulating mutant, 

and one is a new allele of abal. Eleven additional newly identified mutants remain to be 

characterized (Table XI). It should be noted that, more detailed analysis of these 

mutants, performed by Dr. David Shintani, found line 3 lOS to be a chlorophyll b 

mutant and line 3010 to be a ^-cyclase mutant (Shintani and DellaPenna, personal 

conmiunication). 

To date, pds3, formerly pdsA, is the best characterized of the new mutants. Like 

pdsl and pds2, pds3 accumulates phytoene as its sole carotenoid and is an albino 

mutant. Selfing of PDS3/pds3 demonstrated that pds3 is a nuclear-encoded mutation 

(Table XII). The data shown in Table XH also demonstrated that pds3 is not allelic with 

either pdsl or pds2. Additionally, chemical complementation experiments showed that 

pds3 is not complemented by either HPP or HGA (data not shown), further confirming 

that pds3 and pdsl ate not allelic (Chapter Three). 

As discussed in Chapter Three, genetic mapping data have shown that at least 

three loci are required for the desaturation of phytoene in Arabidopsis; pdsl, pds2, and 

the phytoene desaturase enzyme locus. At this point, it is not known if pds3 represents 

a new locus required for the desaturation of phytoene or if pds3 is a mutation in the gene 

encoding the phytoene desaturase enzyme. This question will be answered by the 

mapping of the pds3 mutation relative to the previously mapped phytoene desaturase 

enzyme (Wetzel et al., 1994). \ipds3 is linked to the phytoene desaturase locus, the 



119 

ultimate proof that pds3 is a mutation in ttiis locus will be provided by the molecular 

complementation of the pds3 mutant with the gene encoding phytoene desaturase, much 

as was done with pdsl and the gene encoding HPPD (Chapter Four). 

Further smdies with pds3 and the other newly identified mutants will provide 

additional information on the complexly of the reaction catalyzing the desaturation of 

phytoene. hiterestingly, in maize, only three non-allelic phytoene-accumulating mutants 

are known: vp2, vp5, and w3 (Robertson, 1975). Based on mapping smdies, vp5 is 

thought to be a mutation in the gene encoding the phytoene desaturase enzyme (Hable 

and Oishi, 1995), while the molecular basis for vp2 and w3 remains unknown. 

Presumably, one or more of these may be a homologue of pdsl, pds2, or pds3. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE DIRECTIONS 

Insight into the role of plastoquinones in the desaturation of phytoene 

Carotenoids are essential compounds in both plants and animals. In animals, 

carotenoids serve as precursors for vitamin A and as well as general antioxidant 

compounds. In addition to a role as antioxidants in plants, carotenoids serve as 

components of the photosynthetic apparatus, precursors for the phytohormone ABA, 

and pigments in flowers, &uits and vegetables. Carotenoid synthesis in plants occurs 

exclusively in the plastids by the pathway shown in Figure 1. To leam mote about this 

pathway in plants, our laboratory has taken a genetic approach in Arabidopsis to dissect 

the carotenoid biosynthetic pathway. 

My dissertation work focused on an early enzymatic reaction of carotenoid 

synthesis, the desaturation of phytoene, a colorless compound, and the first 

carotenoid formed (Figure 1). The conversion of phytoene to ^-carotene, catalyzed by 

the phytoene desaturase enzyme, is a complex process involving a two-step desaturation 

reaction which releases four electrons (Figure I). Ch^^ter Three details the isolation 

and characterization of two non-allelic Arabidopsis mutants,/;^/ andpds2, which 

disrupt this process and accumulate phytoene as their only carotenoid (Figure 8). 

Genetic analysis of these two mutants revealed that neither mutant is the result of a 

mutation in the structural enzyme, phytoene desaturase (Figure 10), indicating that at 

least three loci are involved in the desaturation of phytoene in Arabidopsis. 

In light of previous research suggesting quinones were involved in the 

desaturation of phytoene, I investigated plastoquinone/tocopherol synthesis in pdsl and 

pds2. Plastoquinone and tocopherol are synthesized from a common intermediate. 
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HGA, which serves as the basis for the aromatic ring of both of quinone compounds 

(Figure 2). Analysis revealed that both pdsl and pds2 disrupt plastoquinone and 

tocopherol biosynthesis at distinct steps in the biosynthetic pathway. 

As shown in Figure 14, the pdsl mutant disrupts HPPD activity; this mutant is 

rescued by the product of this enzyme (HGA) but not by the substrate (HPP; Figure 

12). pds2 is hypothesized to disrupt the phytyl/prenyl transferase enzyme (Figure 2). 

Future research into the molecular basis of the pds2 mutation will increase current 

understanding of the complex phytyl/prenyl transferase reaction, the key branch point in 

plastoquinone and tocopherol synthesis (Figure 2). 

The analysis of pdsl and pdsl provided evidence that plastoquinone and/or 

tocopherol are essential for the desaturation of phytoene. Tocopherol deficient mutants 

of Scenedesmus obliquus, which contain nonnal levels of plastoquinone and 

carotenoids (Bishop and Wong, 1974), led to the conclusion that tocopherols are not 

necessary for the desaturation of phytoene. Taken together, the data reported here and 

the Scenedesmus obliquus mutants, provide the first genetic evidence that plastoquinone 

is an essential component of phytoene desaturation (Figure 14). 

Molecular and biochemical characterization of phytoene desaturase firom a variety 

of organisms suggests that this enzyme has arisen via independent evolution in oxygenic 

photosynthetic organisms and anoxygenic photosynthetic organisms (Sandmann, 

1994). Despite the dissimilarities of the two enzyme classes, the data presented in 

Chapter Three suggests a common reaction mechanism. Organisms containing the pds-

type enzyme utilize plastoquinone as an electron carrier, while organisms containing the 

c/t/-type phytoene desaturase lack plastoquinone (Gabellini et al., 1982). It is likely that 

this latter class of desaturases utilizes the closely related compound, ubiquinone, as their 

electron carrier (refer to Figure 2B), replacing plastoquinone in the model shown in 
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Figure 14. A ubiquitous fimctioii for quinones as electron carriers for desaturation 

reactions is supported by the observation that, despite their sequence dissimilarities and 

independent evolution, pds-ty^ cDNAs can be functionally expressed in £. coli, which 

lacks plastoquinone but contains ubiquinone; likewise, crr/-type cDNAs can be 

functionally expressed in higher plant chloroplasts, which lack ubiquinone (Misawa et 

al., 1993). These observations support the hypothesis that quinones fimction as 

"universal adapter molecules" for carotenoid desaturation reactions, in this case allowing 

different electron transport chains (i.e. photosynthetic or respiratory) to be utilized by 

carotenoid desaturases expressed in heterologous organisms. 

New phytoene desaturation mutants 

Both pdsl and pds2 provided great insight into the phytoene desaturation reaction; 

however, this step of carotenoid synthesis is not genetically saturated. As described in 

Chapter Five, using a directed selection method, several additional albino mutants were 

identified (Table XI). Detailed characterization has been performed for only one of 

these mutants, pds3, which accumulates phytoene but is not allelic to either pdsl or 

pds2 (Table XII). Mapping studies of pds3 will determine if it is a mutation in the 

phytoene desaturase enzyme or if it represents a fourth locus of Arabidopsis involved in 

the desaturation of phytoene. 

If pds3 is a new locus essential for phytoene desaturation, it will provide new 

information about the desaturation of phytoene, plastoquinone/tocopherol biosynthesis, 

and electron transport mechanisms. Figure 25 shows possible sites of action for pds3. 

As addressed in Qiapter Three, plastoquinone, acting as an electron carrier, is an 

essential component for the desaturation of phytoene; however, whether plastoquinone 
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Figure 25 Hypothetical Sites of Action for the Protein Encoded by the 
PDS3 locus. 

The possible sites for the pds3 mutant are shown with X's. 
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directly interacts with the phytoene desaturase exayvoR or if an intermediate electron 

carrier is involved remains unknown. It is also unknown if additional electron carriers 

are required for the re-oxidation of plastoquinone. pds3 might also affect plastoquinone 

synthesis, possibly affecting the synthesis of prenyl pyrophosphate. The lack of prenyl 

pyrophosphate would disrupt the synthesis of plastoquinone but would not affect 

tocopherol synthesis. A mutation disrupting synthesis of phy^l pyrophosphate was 

reported in Scenedesmus obliquus mutants which are tocopherol but not plastoquinone 

deficient (Bishop and Wong, 1974; Henry et al., 1986). Quinone analysis of pds3, 

such as described in Chapter Three, will provide some insight into the biochemical 

nature of pds3. If pds3 contains both plastoquinone and tocopherol, it is likely that 

pds3 dismpts either phytoene desaturase or an additional component, yet to be 

identified, required for phytoene desaturation. 

The HPPD enzsrme 

As noted above, the pdsl mutant disrupts HPPD activity; however, it was not 

known if the PDSl locus encoded HPPD, a regulator of HPPD, or a co-factor required 

for HPPD activity. As described in Chapter Four, an Arabidopsis EST was isolated 

(Figure 15) on the basis of amino acid homology to non-plant HPPDs (Figure 16). 

This EST was used to isolate a full-length Arabidopsis cDNA, given the name pHPPD 

(Figure 15). The open reading frame of this cDNA encodes a 445 amino acid protein 

with an approximate size of 50 kD (Figures 15 and 19, respectively). An alignment of 

all HPPDs isolated to date reveals 38 identical amino acids, including six tyrosine and 

histidine residues believed to be involved in the ferric iron center of this enzyme 

(Figures 15 and 16). 
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Expression of this putative HPPD cDNA in £1 coli resulted in the accumulation of 

two compounds: ochronotic pigment and HGA (Hgures 18 and 17, respectively), 

demonstrating that the isolated cDNA encodes a functional HPPD. Co-segregation 

analysis of a HPPD RFLP and the pdsl mutant showed the gene and the mutant are 

tighdy linked (Figure 20), suggesting pdsl is a mutation in the HPPD gene. The 

molecular complementation of the pdsl mutant with the HPPD transgene (Tables Vn 

and IX) adds further evidence to support the hypothesis that pdsl is a mutation in the 

HPPD gene. 

Future applications for the HPPD cDNA 

The isolation and characterization of the Arabidopsis HPPD cDNA (Figure 15) 

represents the identification of the first gene encoding HPPD from higher plants as well 

as the first molecular analysis of the plastoquinone/tocopherol biosynthetic pathway 

(Figure 2). With this gene in hand, researchers can begin to answer questions about the 

molecular regulation of the plastoquinone/tocopherol pathway. First, how is OTPD 

expression regulated and how does HPPD expression effect the end-products of this 

pathway? The data in Figure 21A indicate that expression of HPPD is much higher in 

dark-grown plants than light-grown plants. Why does darkness act as a switch to 

induce HPPD expression (Figure 21 A)? Do the levels of both tocopherol and 

plastoquinone increase equally with the increased expression of HPPD? Second, 

plastoquinone and tocopherol accumulate in the chloroplast; where does the synthesis of 

these compounds occur? My data suggest that HPPD protein is not imported into the 

chloroplast or the endoplasmic reticulum, but fail to provide a conclusive answer to 

subcellular location of HPPD. Antibodies will be raised against the Arabidopsis HPPD 

expressed in E. coli and used to answer this question. 



126 

As detailed in U.S. Patent Application Number 08/592,900, filed by the 

University of Arizona on January 29,1996, and entided "Cloned Plant p-

Hydroxyphenyl Pyruvic Acid Dioxygenase", many commercial applications also exist 

for the Arabidopsis HPPD cDNA, both in herbicide development and in enhancing the 

nutritional value of agricultural crops. Numerous herbicides target carotenoid synthesis, 

as the lack of double cyclized carotenoids results in severely photo-oxidized plants and 

ultimately death. Triketone herbicides, such as sulcotrione, disrupt 

plastoquinone/tocopherol synthesis as well as carotenoid synthesis by inhibiting HPPD 

activity (Figures 11 and 12). The Arabidopsis HPPD cDNA will permit the 

development of genetically altered plants with elevated resistance to triketones. New 

herbicides which target HPPD can now be rapidly identified by expressing the 

Arabidopsis HPPD cDNA in non-plant systems, such as E. coli. 

In addition to the herbicide applications, the Arabidopsis HPPD cDNA could be 

used to develop agricultural crops with increased nutritional value. The overexpression 

of the HPPD cDNA in plants has the potential to increase vitamin E (tocopherol) and 

plastoquinone levels, by directly up-regulating their synthesis. Increased plastoquinone 

levels also may increase carotenoid levels, as shown in Figure 14. Genetically 

engineered plants overexpressing the HPPD cDNA were generated (Tables VI, Vni, 

and X); however, the tocopherol, plastoquinone, and carotenoid levels remain to be 

analyzed. 

Conclusions 

In conclusion, I presented a detailed characterization of two non-allelic phytoene 

desaturation mutants, pdsl and pds2, which indirectly inhibit carotenoid synthesis. 

Both mutants disrupt plastoquinone and tocopherol synthesis, inhibiting the HPPD 
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enzyme {pdsl) and the phytyl/pienyl transferase enzyme (pds2). This work provides 

the first genetic evidence that plastoquinone is required for carotenoid synthesis, in 

particular for the desaturation reactions (Figure 14). I have identified a cDNA encoding 

HPPD fi:om Arabidopsis and shown that this cDNA encodes a fimctional HPPD when 

expressed in E. coli. Additionally, my data suggest that the PDSl locus and the HPPD 

locus are the same, as the pdsl mutant phenotype is restored to wild-Qrpe by the 

introduction of a transgene constimtively expressing the HPPD cDNA. Several new 

phytoene desaturation mutants were identified, including one new locus, PDS3. 

Additionally, transgenic plants overexpressing the HPPD cDNA were generated. The 

continued characterization of the new phytoene desaturation mutants as well as pdsl and 

the transgenic plants overexpressing the HPPD cDNA will provide new insight into the 

regulation of plastoquinone and tocopherol synthesis as well as carotenoid synthesis. 
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