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Abstract

MOLECULAR CLONING AND CHARACTERIZATION OF PHYTOENE 
DESATURASE cDNA AND LEUCINE-RICH REPEAT PROTEIN KINASE cDNA

FROM MAIZE

by

Zhaohui Li 

Adviser: Professor Eleanore T. Wurtzel

In plants, carotenoids are major components of the photosynthetic systems as energy 

trapping pigments, as protectors against photooxidation and as precursors to abscisic acid. 

For humans, they are the major source for vitamin A and retinoid synthesis. To study 

regulation of the carotenoid biosynthetic pathway in maize, cDNAs encoding phytoene 

desaturase (PDS) were cloned and characterized. The protein expressed by one of the Pds 

cDNA clones catalyzed the desaturation of phytoene to ^-carotene in Escherichia coli. The 

Pds cDNA mapped to the viviparous5 locus, whose recessive alleles confer phytoene 

accumulation in leaf and endosperm of maize. Accumulation of Pds and of Psy (encoding 

phytoene synthase, PSY) transcripts in maize endosperm were compared using RT-PCR 

(reverse transcriptase-polymerase chain reaction). While Psy transcript accumulation was 

temporally regulated in the developing endosperm, Pds transcripts were constant Results of 

transcript analysis in maize lines that vary in endosperm carotenoid content suggest that Psy 

transcript level may be the regulating point for carotenoid biosynthesis in this tissue.
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In the course of analyzing Pds cDNA clones, a chimeric clone was found containing part of 

Pds cDNA and part of a novel receptor-like protein kinase cDNA. Using the partial cDNA 

sequence o f this novel kinase with the combination of RACE (rapid amplification of cDNA 

ends) and RT-PCR techniques, a small gene family that encodes three different, but 

sequence-related, receptor-like protein kinases was cloned and characterized. The predicted 

amino acid sequence showed an extracellular leucine-rich repeat (LRR) domain, a 

transmembrane domain and an intracellular protein kinase domain and therefore, it was 

designated as a leucine-rich repeat transmembrane protein kinase (LTK). One of the genes, 

Ltkl, was mapped near vp5, and was found closely linked to Pds. While the expression of 

Ltkl was not tissue-specific, the expression of Ltk2 and Ltk3 was restricted to the endosperm. 

During the development of maize endosperm, Ltkl and Ltk2 were temporally expressed at 

the RNA level, implying possible roles of LTK proteins in endosperm and seed development.
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Chapter 1: Background and introduction.

1

Carotenoids are polyene pigments ranging from colorless to yellow, pink and orange. 

They are prevalent in the plant kingdom, and in both photosynthetic and non­

photosynthetic bacteria, but are less abundant in the animal kingdom, especially in 

humans, who need them for the synthesis of vitamin A and retinoids (Britton et al., 1995). 

Because of this imperative requirement by humans, the study of carotenoids has been 

pursued for more than 175 years, encompassing a variety of disciplines including 

chemistry, biochemistry, biology, genetics and recently, molecular biology.

To date, more than 600 kinds of carotenoids have been described. Some of them have 

been synthesized in vitro, especially p-carotene, which is the major active precursor for 

synthesizing vitamin A and retinoids (Britton et al., 1995). Plant physiological studies 

demonstrate that carotenoids, most of them derivatives of p-carotene, play important 

roles in photosynthesis as components of light harvesting centers and as protectors 

against photooxidation (Bartley and Scolnik, 1995). In the past twenty years, through 

biochemical, genetic and molecular biological approaches, scientists have made 

enormous progress in the study of carotenoid biosynthesis in bacteria, fungi, algae and 

higher plants. A core carotenoid biosynthesis pathway has been proposed and dozens of 

genes coding enzymes of the pathway have been cloned (for review, see (Bartley and 

Scolnik, 1995; Bramley, 1985; Sandmann, 1994)). Maize (Zea mays) has played an 

important role in the study of carotenoid biosynthesis because various mutations that
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affect its carotenoid biosynthetic pathway have been described (Robertson, 1975).

1.1 Structure, chemical features and biological function of carotenoids

Carotenoids are a class of hydrocarbons (carotenes) and their oxygenated derivatives 

(xanthophylls). A typical carotenoid is lycopene (Figure 1-1 A), which consists of eight 

isoprenoid units joined together with a reverse at its center. Thus, the two central methyl 

groups are in a 1,6-positional relationship while the remaining non-terminal methyl 

groups are in a 1,5-positional relationship (as defined by the IUPAC-IUB (International 

Union of Pure and Applied Chemistry-International Union of Biochemistry) (IUPAC, 

1972). In plants, other carotenoids can be considered as modifications o f lycopene.

These modifications of the lycopene structure are (i) hydrogenation, (ii) dehydrogenation, 

(iii) cyclization, (iv) oxidation; or combinations of these processes. These modifications 

occur primarily at either one or both ends of the carotenoid skeleton, a polyene chain 

with conjugated carbon-carbon double bonds (Weedon and Moss, 1995). 

Stereochemically, carotenoids present different geometrical isomers {trans or cis\ Z otE) 

and optical isomers (d or I), which account for more than 600 structures currently known 

(Eugester, 1995).

The carotenoid skeleton structure is a chromophore because of its light absorption 

properties, which give it color. Cyclization of the ends of the carotenoid skeleton
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intensifies or changes the characteristic light absorption of each carotenoid, a process that 

fills the world with colorful flowers and fruits, colorful fish skin and bird feathers. The 

color o f flowers will attract insects for pollination, while the color of fruits will allure 

animals to eat them and spread the seeds they contain. The color of fish skin and bird 

feathers either provides attraction for mating or protection from predators (Purves et al.,

1995).

The light absorption properties of carotenoids allow them to play an important role in 

light harvesting in photosynthetic systems. The major carotenoids in photosystem I and 

photosystem II of green leaves are P-carotene, lutein, neoxanthin, antheraxanthin, 

zeaxanthin and violaxanthin, whereas fiicoxanthin is the major carotenoid of the 

photosynthetic membrane of brown algae (Siefermann-Harms et al., 1985). Most of these 

carotenoids are protein-bound in the photosynthetic apparatus and can receive energy 

from 400-500 nm light (Young, 1991). This energy will then be transferred to 

chlorophylls or bacteriochlorophylls by singlet-singlet excitation between carotenoid and 

chlorophyll or bacteriochlorophyll molecules (Young and Frank, 1996).

Besides harvesting light, carotenoids also provide protection for photosynthetic 

organisms from light-mediated stress. This photoprotection includes two mechanisms: (1) 

through either tracking down or preventing the formation of singlet-oxygen, and (2) 

through dissipation of excess excitation energy (Young, 1991). Singlet-oxygen is mainly 

generated by bacteriochlorophyll or chlorophyll triplets, which result from light
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illumination. Carotenoids can reduce the lifetime of the triplet-state of 

bacteriochlorophyll or chlorophyll and prevent the formation of singlet-oxygen that can 

destroy cell components by oxidation. When photosynthetic tissues are illuminated 

beyond the requirement of photosynthesis, excitation energy builds up excessively, 

potentially damaging these tissues by destroying the photosynthetic complex. To prevent 

this, the excess energy needs to be dissipated by photochemical and non-photochemical 

quenching into heat (Weis and Berry, 1988), fluorescence (Demming et al., 1990; 

Demming et al., 1989; Phillip et al., 1996), or chemical energy (ApH or phosphorylation) 

(Noctor et al., 1991; Rees et al., 1989). There is evidence that the xanthophyll zeaxanthin 

is involved in the non-photochemical or radiationless energy dissipation in the leaves 

(Demming et al., 1990).

In plants, certain carotenoids are precursors of abscisic acid (ABA), a plant hormone 

regulating plant differential growth, leaf abscission, embryo development and dormancy 

and stress response (Parry and Hogan, 1991; Zeevaart and Creelman, 1988). Some maize 

mutants that are blocked in the biosynthesis of carotenoids (see part 1.4. Carotenoid 

biosynthesis mutants in maize) are viviparous (do not undergo dormancy because of a 

presumed lack o f ABA), which suggests that ABA is a by-product of carotenoid 

biosynthesis (Zeevaart and Creelman, 1988), Fong and Sandemann, 1984).

In animals, including humans, carotenoids can serve as precursors for the synthesis of 

retinoids or vitamin A, which is a breakdown product of P-carotene. People with vitamin
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A deficiency, especially children, will develop either night blindness or even irreversible 

blindness. An investigation by Sommer (Sommer, 1988) estimated that each year, five 

million children in Southeast Asia develop xerophthalmia, which can lead to irreversible 

blindness. Vitamin A deficiency can also increase susceptibility to several potentially 

fatal illnesses, such as diarrhea, respiratory diseases and measles (Berman, 1991; 

Bhaskaram, 1995 ; Tomkins, 1991). Recent studies have shown that retinoids can serve 

as a signal during embryonic development (Bertram and Bortkiewicz, 1995) hence, the 

lack of retinoids will create severe developmental defects in humans (Elmazar et al.,

1996; Morriss-Kay and Sokolova, 1996). Since humans cannot produce vitamin A de 

novo but must either absorb it directly from the diet (meat or liver stored vitamins A) or 

convert it from dietary precursors (vegetables containing P-carotene), a supplement of 

vitamin A or P-carotene in the diet can overcome vitamin A deficiency (Sommer, 1989).

Other experiments have suggested that vitamin A can also intensify the function of the 

human immune system (Ross, 1992). Bertram and his colleagues have further shown that 

carotenoids are chemopreventives for human cancer, through inhibiting carcinogen- 

induced neoplastic transformation, inhibiting plasma membrane lipid oxidation, and 

inducing up-regulation of the expression of connexin 43, a gene coding for the structural 

unit of gap junctions (Bertram and Bortkiewicz, 1995).
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1.2 Carotenoid biosynthetic pathway and related enzymes

6

Studies from several groups have demonstrated that carotenoid biosynthesis, beginning 

with the synthesis of phytoene, takes place inside the plastids (plants and algae) or within 

a combination of organelle fractions (fungi) of eukaryotic cells, whereas it takes place in 

the cytosol and photosynthetic membrane of prokaryotic cells (Beyer et al., 1985; 

Bramley, 1994; Camara et al., 1982; Linden et al., 1993). As shown in Figure 1-2, 

carotenoid biosynthesis starts with condensation of two C20 molecules of geranylgeranyl 

pyrophosphate (GGPP, Figure 1-1B), a precursor for several terpenoid pathways, into one 

C40 molecule, phytoene (Figure 1-ID), the first specific precursor for the carotenoid 

biosynthetic pathway. This condensating reaction is catalyzed by phytoene synthase 

(PSY) and includes the formation of an intermediate molecule, prephytoene 

pyrophosphate (PPPP, Figure 1-1C). PSY is localized in the plastid stroma of higher 

plants and algae [Camara, 1982 #162, Schifif et al., 1981); in the endoplasmic reticulum 

of fungi, as a peripheral membrane protein (Mitzka-Schmabel and Rau, 1981) and in the 

cytosol or membrane as a multienzyme complex in bacteria (Gregonis and Rilling, 1974). 

However, there is evidence, from pea chloroplast importing experiments, that imported 

PSY can either bind to the Cpn60-complex, remaining in the stroma, or associate with the 

thylakoid membrane [Bonk, 1997 #184].

Tomato has two different phytoene synthases encoded by two different genes, which are 

expressed in a tissue specific way (Bartley and Scolnik, 1993; Bartley et al., 1992). Other
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organisms examined contain only one Psy gene encoding one enzyme (Bucher, 1990; 

Dogbo et al., 1988; Karvouni et al., 1995; Scolnik and Bartley, 1993). Phytoene 

molecules produced by PSYs have predominantly 15-c/s configurations from all 

carotenoid producing organisms although other carotenoids synthesized by these 

organisms are in all-trans configurations.

Following the synthesis of phytoene, four desaturation (dehydrogenation) steps are 

carried out to convert colorless phytoene into the pink-colored lycopene by the addition 

of four carbon-carbon double bonds onto the carotenoid skeleton. In the first step, one 

double bond between Cl 1-C12 is added, thus forming phytofluene (Figure 1-1E); the 

second desaturation step between Cl r-C12' forms ^-carotene (Figure 1-lF). Two more 

desaturation steps (step three and four) add another pair of double bonds to the ^-carotene 

skeleton at symmetric positions (C7-C8 and C7'-C8'), creating neurosporene and 

lycopene, respectively. Each desaturation step will produce two hydrogen ions and two 

electrons, which then can be transferred to the photosynthetic electron transport chain in 

the chloroplast, using plastoquinone as an electron carrier (Norris et al., 1995). In daffodil 

chromoplasts, oxygen was thought to be the electron acceptor (Beyer et al., 1989) but 

quinone compounds might also play a role in transfer of the electrons (Mayer et al.,

1992). Along with the increasing number of conjugated double bonds, the chromophore 

feature of the carotenoid backbone is revealed as the color of these carotenoids changes 

from the colorless phytoene to the yellow ̂ -carotene to the deep yellow neurosporene and 

to the pink lycopene.
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In different organisms, desaturases catalyze these desaturation reactions differently. In 

oxygenic photosynthetic organisms, two carotenoid desaturases catalyze the four 

desaturation reactions, each one catalyzing a two-step desaturation (reviewed by (Bartley 

and Scolnik, 1995)). The first one, phytoene desaturase (PDS) uses phytoene or 

phytofluene as substrate, producing ^-carotene. (Al-Babili et al., 1996; Armstrong et al., 

1989; Bartley et al., 1991; Chamovitz et al., 1991; Hable and Oishi, 1995; Hugueney et 

al., 1992; Pecker et al., 1992; Scolnik and Bartley, 1993). The second one is ^-carotene 

desaturase (ZDS), which can convert ^-carotene into lycopene (Albrecht et al., 1995; 

Linden et al., 1994). Even though they use different substrates, PDS and ZDS have 

certain homology in their amino acid sequences, although this homology is lower than the 

homology between members of each enzyme. One common feature of these two enzymes 

is that, like other desaturases, each contains a dinucleotide-binding site at its amino 

terminus. Another common feature is that both proteins are longer in higher plants than in 

prokaryotic cells. This is due to the presence of a transit peptide in the eukaryotic 

versions o f the enzymes.

In contrast to oxygenic photosynthetic organisms, a single desaturase, CRTI, catalyzes 

the desaturation of phytoene to either neurosporene (Armstrong et al., 1989) or lycopene 

(Misawa et al., 1990) in non-oxygenic photosynthetic organisms or nonphotosynthetic 

organisms. This kind of desaturase is designated as the crtl-type, which is different from 

the Pds-type from oxygenic photosynthetic organisms (Sandmann, 1994). The crt/-type 

enzymes can then be ascribed to two subclasses: those that catalyze three desaturation
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steps from phytoene to neurosporene (e.g. Rhodobacter), or those that catalyze four 

desaturations to lycopene (e.g. Erwinia, Neurospora). Protein sequence comparison 

reveals that the crtl-type and the Pds-type desaturase have little homology, except for the 

dinucleotide-binding site (reviewed by (Sandmann, 1994)). In vitro enzyme activity 

analysis suggested that both types of desaturase can use flavin adenine dinucleotide 

(FAD) as hydrogen ion and electron receptor. However, the activities of these enzymes 

are inhibited by different kinds of herbicides. The crtl- type enzyme can be inhibited by 

diphenylamine (DPA), whereas the Pds-type enzyme is inhibited by norflurazon (NFZ) 

(Sandmann, 1994).

When the amino acid sequence of ZDS from the cyanobacterium Anabaena was 

compared to the sequences of two types of phytoene desaturase, it was found that it had 

higher homology to the cr/7-type than to the Pds-type (Linden et al., 1994). This finding 

was inconsistent with the proposal that carotenoid biosynthetic enzymes evolved 

independently in photosynthetic and non-photosynthetic organisms (Pecker et al., 1992). 

The Anabaena ZDS could be an exception, since non-photosynthetic organisms do not 

contain a second desaturase for the desaturation of phytoene to lycopene (Sandmann, 

1994). However, when Capsicum ZDS was compared to the Pds-type PDS and. Anabaena 

ZDS, the homology of the amino acid sequence between Capsicum ZDS and the Pds-type 

PDS was higher than that between the two ZDS proteins (Albrecht et al., 1995). The high 

homology between the Anabaena ZDS and the crfi-type desaturase was also consistent 

with the finding that, as it occurs with the crtl-type desaturase, Anabaena ZDS activity
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could not be inhibited by NFZ (Albrecht et al., 1995). Furthermore, the high homology 

between the Capsicum ZDS and the Pds-type desaturase suggests that, in higher plants, 

Pds and Zds may have evolved from the same ancestral gene.

Because phytoene and ^-carotene are either hydrophobic or lipophilic, it is believed that 

enzymes catalyzing desaturation are intrinsic membrane proteins. This theory has been 

proven by the in vitro analysis of PDS activity with a membrane fraction of thylakoids 

isolated from Synechocystis (Serrano et al., 1990) and chloroplasts or chromoplasts 

separated from different plants (Beyer et al., 1985; Camara et al., 1982; Lutke-Brinkhaus 

et al., 1982). Using immunogold localization with an anti-PDS antibody, it was 

demonstrated that the majority of the PDS molecules are localized within the thylakoid 

membranes of higher plant chloroplasts (Linden et al., 1993). However, recent data from 

western analysis of PDS from the chromoplasts of daffodil (Narcissus pseudonarcissus) 

flowers show that the enzyme is not only membrane-bound but it is also present as a 

soluble protein bound to the Hsp70-complex in the plastid stroma (Al-Babili et al., 1996).

Recently, two different genes for lycopene cyclase, which catalyzes the cyclization of 

lycopene ends, have been cloned from Arabidopsis (Cunningham et al., 1996). One of 

them, the e-cyclase, catalyzes the cyclization of lycopene with a single e-ring forming 5- 

carotene; the other, P-cyclase, catalyzes the formation of p-carotene by adding two P 

rings at each end of lycopene (Figure 1-2). The action of both lycopene cyclases together, 

adding one P-ring at one end and one e-ring at the other end o f lycopene forms a-
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carotene. Lycopene cyclase genes of plants, algae and cyanobacteria have higher 

homology among them than those of non-photosynthetic bacteria (Cunningham et al., 

1996; Hugueney et al., 1995; Pecker et al., 1996), which may be evidence that 

carotenogenic enzymes evolved independently in photosynthetic and non-photosynthetic 

organisms. In bacteria, lycopene cyclase is membrane-bound (Sandmann, 1994).

Most carotenoid-producing organisms share the pathway up to the step of P-carotene and 

a-carotene formation (Armstrong, 1994). The pathway diverges among different 

organisms or different tissues within the same organism. In leaf tissue, a-carotene may be 

converted to lutein by a yet unidentified a-carotene hydroxylase (Sandmann, 1994), 

whereas P-carotene is converted into zeaxanthin by P-carotene hydroxylase (Sun et al.,

1996). Subsequently, zeaxanthin is converted into the epoxy-xanthophylls violaxanthin or 

neoxanthin by zeaxanthin epoxidase, whose gene was recently cloned from Nicotiana 

plumbaginifolia (Marin et al., 1996). These epoxy-xanthophylls are substrates of 

dioxygenases and can be cleaved into C25 apo-aldehydes and xanthoxin, the precursor for 

ABA biosynthesis. The recently cloned Vpl4 gene of maize encodes one of these 

dioxygenases; the function of VP 14-specific oxidative cleavage of 9'-c/s-epoxy- 

xanthophylls has been demonstrated in vitro (Schwartz et al., 1997). Because all 

carotenoids synthesized after phytoene are in an all-trans configuration, the trans-cis 

isomerization of epoxy-xanthophylls (Figure 1-2) may involve an isomerase.
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The regulation of carotenoid biosynthesis in higher plants is a complex process: (1) the 

enzymes involved in the pathway are nuclear-encoded but function in plastids; nuclear- 

organelle interaction may influence the pathway; (2) the plastids in different tissues 

originate differently and may regulate the pathway differently; (3) considering that the 

precursor for phytoene synthesis, GGPP, is also a precursor for other terpenoids, the 

regulation of carotenoid biosynthesis will affect the regulation of the synthesis o f other 

terpenoids, and vice versa', (4) the pathway can be regulated within itself by regulating 

the expression of enzymes that catalyze the synthesis of phytoene and thereafter at 

transcriptional, translational and posttranslational levels; (5) the pathway can be regulated 

upstream before the synthesis of phytoene. Because of these reasons, it is hard to 

categorize data on carotenoid biosynthesis regulation obtained from different species or 

tissues. However, results on regulation of carotenoid biosynthesis are summarized here 

into two categories: within and upstream of the pathway itself.

Likely points of regulation within the pathway are PS Y and PDS because they are, 

respectively, the first and second enzymes specific to the pathway. Tomato, as mentioned 

before, contains two different Psy genes that are differentially regulated in leaf and fruit.

It has been found that Psy I is predominantly expressed in seedlings and at the late stages 

of fruit development, whereas Psy2 is expressed mostly in the mature leaf (Bartley and 

Scolnik, 1993). In tomato leaf, both Psy I  and Psy2 transcript levels increase more than
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four-fold than those in etiolated seedlings (Bartley and Scolnik, 1993) though Psyl 

expression is constitutive during photomorphogenesis, when chloroplasts develop from 

etioplasts in the presence of light (Giuliano et al., 1993). However, in tomato fruit, Psy I 

transcripts increase when chloroplasts become chromoplasts, while the Psy2 transcripts 

remain constant throughout the fruit development (Bartley and Scolnik, 1993). Two 

different sizes of Psy transcripts have been observed in Capsicum leaf and fruit, although 

it is not known how these two different transcripts are generated (Romer et al., 1993).

The induction of Psy expression at the RNA level was also observed during Capsicum 

fruit ripening (Romer et al., 1993). Similar upregulating of Psy was also observed during 

the ripening of melon fruits (Karvouni et al., 1995).

In daffodil flowers, the upregulation of carotenoid synthesis is exerted by increasing the 

expression of Psy at levels higher than those in leaves, both at the transcriptional and 

translational levels (Schledz et al., 1996). The increase in Psy expression, however, does 

not occur during the chloroplast-chromoplast transition but rather at an early stage (closed 

bulb) of flower development. In the tomato flower, the increment in Psyl expression at 

the RNA level happens in two-steps. The first step is similar to that in the daffodil flower 

in which the early developing flower contains higher amounts of Psyl transcripts with 

respect to the mature leaf. The second step parallels flower development where Psyl 

transcripts reach a peak before anthesis (Giuliano et al., 1993). Not surprisingly, this 

second step of upregulation of Psyl in tomato flower occurs during the chloroplast- 

chromoplast transition and the concomitant carotenoid accumulation. Furthermore,
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overexpression of Psy in transgenic plants led to increased production of carotenoids 

(Fray et al., 1995; Kumagai et al., 1995) whereas expression of antisense RNA of Psy in 

transgenic plants blocked carotenoid synthesis (Bramley et al., 1992).

Based on these results, it has been suggested that Psy is a putative site for controlling 

carotenoid biosynthesis in higher plants. The increase of carotenoid content can be 

achieved by simply increasing the expression of the first carotenogenic enzyme, PSY, at 

the RNA and/or protein level. However, when Psy was transferred into rice and 

overexpressed in its endosperm, an amyloplast containing tissue, phytoene accumulated 

without the final product, carotenoids (Burkhardt et al., 1997). Since rice does not 

accumulate any carotenoid in its endosperm (Burkhardt et al., 1997), the failure o f 

carotenoid overproduction by increasing Psy expression in the transgenic rice may due to 

a lack of functional enzymes of the carotenoid biosynthetic pathway in rice endosperm. 

Studies presented in Chapter 3 on Psy expression during maize endosperm development 

strongly support this hypothesis. However, recent data obtained from study of light- 

dependent regulation of carotenoid biosynthesis in Sinapis alba and Arabidopsis have 

indicated that elevating Psy at RNA level is necessary, but not sufficient, for increasing 

the carotenoid content during photomorphogenesis (von Lintig et al., 1997). Whether a 

similar regulatory mechanism of carotenoid biosynthesis is shared between rice 

amyloplast and Arabidopsis chloroplast needs more investigation.

Like Psy, Pds transcript level is upregulated in the developing tomato fruit along with the
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transition of chloroplast to chromoplast (Fraser et al., 1994; Giuliano et al., 1993; Pecker 

et al., 1992). As in tomato fruit, Pds expression increases at both the transcriptional and 

translational level during Capsicum fruit maturation (Hugueney et al., 1992). A similar 

result was obtained in the study of developing tomato flower, in which the Pds transcript 

level was elevated 9-fold (Giuliano et al., 1993). In contrast, the increase of Pds 

expression at the RNA level, like Psy expression, occurred at an early stage of 

development in daffodil flowers and remained constant during chromoplast development 

from chloroplast (Al-Babili et al., 1996). However, levels o f PDS protein were elevated 

during daffodil flower development, which suggests a post-transcriptional regulation of 

Pds expression in developing daffodil flower (Al-Babili et al., 1996). Furthermore, Al- 

Babili also found that PDS in the daffodil flower chromoplast was present as an FAJD- 

containing active form, bound to the membrane and as an inactive species, forming a 

soluble complex containing both chaperonin 60 (Cpn60) and heat-shock protein (Hsp70) 

in the stroma (Al-Babili et al., 1996; Bonk et al., 1996). The activation of PDS includes 

binding of FAD and association with the membrane. Though the mechanism o f PDS 

activation in the chromoplast is still unknown, this process implies a posttranslational 

regulation of PDS expression. Recently, using an in vitro chloroplast importing system, 

Bonk et al. demonstrated that the imported PDS can also constitute a soluble form with 

Cpn60 in the stroma and a membrane-bound form in the thylakoid membrane of 

chloroplast (Bonk et al., 1997).

Unlike Psy, the expression of Pds at the RNA level cannot be increased by light, although
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carotenoid content has been shown to increase in development of chloroplast from 

etioplast in tomato leaf (Giuliano et al., 1993). This result again indicates a post- 

transcriptional regulation o f Pds expression in tomato leaf. However, when a GUS 

reporter gene was fused with the tomato Pds promoter in transgenic tomato plants, it was 

found that PDS/GUS expression was higher in etiolated seedlings that contained fewer 

carotenoids than in light-grown seedlings (Corona et al., 1996). Inhibitors that block 

carotenoid biosynthesis could also induce the transcription of PDS/GUS. These results 

suggested an end-product (or feed-back) regulation of Pds expression in green tissues 

(Corona et al., 1996). Similar results were obtained with increasing expression of both 

Psy and Pds in tomato seedlings treated with the PDS inhibitor NFZ (Giuliano et al.,

1993). Furthermore, blocking of a particular enzyme of the pathway can initiate the 

accumulation of a particular carotenoid. For example, the gene encoding lycopene cyclase 

is down regulated during chromoplast development and lycopene is the major carotenoid 

accumulated in tomato fruits (Pecker et al., 1996).

Regulation of the carotenoid biosynthetic pathway was also observed upstream, before 

phytoene synthesis. Albrecht and Sandmann showed that light can up-regulate carotenoid 

biosynthesis during etioplast to chloroplast transformation in maize by increasing the 

enzyme activity of isopentenyl pyrophosphate (IPP) isomerase (Albrecht and Sandmann,

1994). It was proposed that an increase in IPP isomerase activity could increase the 

amount of DMAPP (dimethylallyl pyrophosphate) the substrate of geranylgeranyl 

pyrophosphate (GGPP) synthase (Badillo et al., 1994), whose product, GGPP, is the
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substrate of PSY.

It is still unclear why increasing EPP isomerase activity will increase only the production 

of carotenoids, because GGPP is a universal precursor for terpenoid synthesis (McGarvey 

and Croteau, 1995). A recent study in green algae by radioactive labeling of precursors 

suggested a novel pathway of IPP synthesis through pyruvate/glyceraldehyde 3- 

phosphate rather than mevalonate (Schwender et al., 1996). Although the data from this 

study contradicted the proposed pathway of isoprenoid synthesis (McGarvey and 

Croteau, 1995), it still suggested that terpenoids were synthesized from the same EPP or 

GGPP precursors. It was found that the regulation of terpenoid biosynthetic pathways 

was associated with each other (Fraser et al., 1995) and that alteration of one pathway 

could affect another (Fray et al., 1995). These results suggest that the specific regulation 

of one pathway (i.e. carotenoid biosynthesis) may be accomplished by control within the 

pathway (i.e. regulation of PSY expression) or by altering other pathways (i.e. gibberellin 

biosynthesis).

1.4 Carotenoid biosynthesis mutants of maize

Maize has been a classic material of genetic study for more than a century. Many mutants 

that affect carotenoid biosynthesis have been identified and mapped on different 

chromosomes (for maize database, see http://www.agron.missouri.edu). In a review by 

Robertson (Robertson, 1975), more than 10 mutants that had phenotype of white or pale
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yellow endosperm and albino seedlings were reported with several alleles for each one. 

Some of them -  vp2, vp5, vp7, vp9, w3, and y9 -  were viviparous and accumulated 

carotenoid precursors, while others, Iw, lw2, lw3, lw4, cl, w7748 andy l  were not 

viviparous and did not accumulate any precursors. Other viviparous mutants found in 

maize are vpl (Ester, 1931), and the recently identified yp i2 (Maluf et al., 1997) and 

vp!4 (Schwartz et al., 1997). One of the interesting white mutants was cl whose albino 

seedling phenotype was exhibited only when a corrresponding dominant allele at the 

modifier Clm locus was absent (Robertson et al., 1966). A dominant mutaion, W cl, can 

affect the carotenoid accumulation in maize endosperm with a dosage effect (Kulkami, 

1927). Analysis of the accumulation precursors provided strong evidence for the 

proposed carotenoid biosynthetic pathway (Robertson et al., 1978).

Maize mutants with impaired carotenoid biosynthesis not only define components of the 

pathway, but also provide material for molecular genetic studies. The first gene related to 

the carotenoid pathway in higher plants was cloned by transposable-element tagging from 

the maize y l  mutant (Buckner et al., 1990). Although y l had been considered as a 

regulatory gene because of its dosage effect (Mangelsdorf and Fraps, 1931; Randolph and 

Hand, 1940), it was found, based on sequence homology, that the Yl gene encodes maize 

PSY (Buckner et al., 1996). The recessive homozygous mutant, y l/y l, showed a defect in 

phytoene synthesis and carotenoid accumulation in endosperm and sometimes in leaves 

(Robertson and Anderson, 1961). Therefore endosperms with the y l/y l  genotype are 

albino or pale yellow, as compared to dominant homozygous (Yl/Yl)  or heterozygous

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

(Yl/yl) endosperms. The leaves of most plants with the y l  allele are green like those with 

the Yl allele (Robertson and Anderson, 1961), which has led to the speculation that there 

are two Psy genes in maize, as in tomato (Bartley and Scolnik, 1993).

Four distinctive maize mutants, vp2, vp5, vp9 and w3, block the four desaturation steps of 

phytoene into lycopene. Genetic analyses have shown that all four are single, nonallelic 

recessive mutations, and they have been mapped to chromosomes 5 ,1 ,7 , and 2, 

respectively (Robertson, 1975). Early biochemical analysis of the pigments revealed that 

recessive homozygous vp2 and vp5 accumulated both phytoene and phytofluene, while 

w3 accumulated phytoene, phytofluene and ^-carotene (Robertson et al., 1978). Using 

HPLC analysis, Neill et al. determined that endosperms and embryos from vp2 and vp5 

mutants accumulated phytoene, while vp9 accumulated ^-carotene (Neill et al., 1986).

Block of carotenoid biosynthesis at the desaturation steps prevents conversion of the 

colorless phytoene to the pink lycopene, which otherwise would be cyclized and oxidized 

into other colorful carotenoids. Instead of accumulating yellow or orange carotenoids as 

in the wild type endosperm, the four mutants (vp2, vp5, vp9 and w3) will accumulate 

either colorless or pale yellow carotenoids in their endosperms, which result in white or 

pale yellow kernels. In leaves of the young mutant seedlings, the lack of colored 

carotenoids (because of the blocking o f phytoene desaturation) will diminish 

photoprotection, but surprisingly, might not affect the assembling of the light-harvesting 

center (see 1.1 Structure, chemical feature and biological function of carotenoids).
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Cytological studies have shown that the plastids of phytoene desaturation mutants have 

plastid membrane structure similar to normal plastids when seedlings are grown in the 

dark, in dimlight or at the early stages after transfer to light (Robertson et al., 1978).

When exposed to light, however, the mutant plastids cannot form normal grana structure 

due to the lack of photoprotection, usually provided by carotenoids; light will bleach 

chlorophyll and will make the plastid membrane structure unstable. This will lead to the 

albino seedling present in the four mutants with homozygous recessive genes.

As reviewed in 1.2 (Biosynthetic pathway of carotenoids and related enzymes), the plant 

hormone ABA, which maintains seed dormancy and prevents germination, is a by­

product of carotenoid biosynthesis. Low ABA content was detected in embryos from vp2, 

vp5, vp9 and vp7 (whose recessive allele confers accumulation of lycopene); this is why 

these mutants are viviparous, or geminate before maturity (Neill et al., 1986). Other 

viviparous mutants found in maize are due to deficiency in ABA perception (such as vp l) 

(McCarty et al., 1991) or o f ABA synthesis (such as vpl 4), although they synthesize 

carotenoids normally (Schwartz et al., 1997).

1.5 Objectives

1.5.1 Significance

To overcome the deficiency of vitamin A, we can chemically synthesize and provide it as 

a nutritional supplement. For developing countries, where most of children with vitamin
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A deficiency reside, providing vitamin A would be an expensive process (Sommer,

1989). Rice, which contains no carotenoids in its endosperm, is the major food supply in 

many of these countries. Biological engineering is considered as an alternative way to 

overcome vitamin A deficiency in developing countries by conditioning carotenoid 

biosynthesis in rice endosperm. However, the cause of carotenoid biosynthesis defects in 

rice endosperm is unclear. To decipher this puzzle, studying a model system that can 

accumulate carotenoids in the endosperm will be significant and informative. Maize is an 

excellent candidate, since it is phylogenetically related to rice and it can synthesize and 

accumulate carotenoids in its endosperm. Also, the many mutants that block the 

carotenoid biosynthetic pathway in maize (cf. 1.4 Carotenoid biosynthesis mutants in 

maize) can provide useful information and material for molecular genetic analysis.

Study of the carotenoid biosynthetic pathway will not only benefit carotenoid 

biosynthesis research in rice, but will also help us understand the tissue-specific 

regulation of secondary metabolism in plants, the nuclear gene regulation of organelle 

biosynthetic pathways, and the evolutionary development of biosynthetic pathways in 

plastids.

1.5.2 Specific aims

As reviewed in section 1.3 two desaturases, PDS and ZDS, are involved in the 

desaturations from phytoene to lycopene in higher plants. However, these other studies 

were conducted in dicotyledonous plants. It is not known if maize (a monocotyledonous
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plant) contains four different genes encoding four desaturases or one desaturase with four 

subunits or two desaturases with two subunits each. However, since four mutants which 

block the four desaturation steps have been reported (section 1.4), it has been proposed 

that four different genes encoding four polypeptides catalyze these desaturation steps. 

Besides, genetic studies have shown that the phenotype of these desaturation mutants is 

different from that of Psy mutants. The Pds mutants have white seedlings and white 

kernels while the Psy mutants have, most of the time, white kernels only. This suggests 

that the expression of these genes is regulated differently. Understanding the differential 

regulation of Psy and Pds will further help us understand how the carotenoid biosynthetic 

pathway is regulated in maize.

More specifically, the questions addressed are:

(1) How many genes encode phytoene desaturase (PDS) in maize?

Cloning the cDNA of maize Pds and comparing the locus of Pds to genetic loci of 

mutants that can accumulate phytoene.

(2) How many desaturation steps are catalyzed by PDS?

Analyzing the function of the protein encoded by the cloned Pds cDNA.

(3) Is Pds regulated during carotenoid biosynthesis in maize endosperm?

Analyzing the expression of Pds at RNA level in the developing maize endosperm.

(4) Are Psy and Pds differentially regulated during maize endosperm development 

during carotenoid accumulation?

Comparing the expression of Psy and Pds genes at RNA level in the developing maize
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endosperm.

To answer these questions, cloning Pds gene will be a fundamental and crucial task. In 

Chapter 2, the successful cloning and characterization of Pds cDNA is reported. The 

continuing analysis of other Pds clones obtained by cDNA library screening, cloning of 

the Pds promoter region, and a comparison of Pds and Psy expression are presented in 

Chapter 3. Analysis of Pds clones led to the serendipitous discovery of a novel receptor­

like protein kinase. The cloning of the gene encoding this novel receptor-like protein 

kinase and preliminary results of this new gene are described in Chapter 4. Finally, future 

studies of the Pds cDNA and promoter and the novel receptor-like kinase cDNAs are 

discussed in Chapter 5.
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Figure 1-1. The chemical structure of several carotenoids. A, Lycopene; B, GGPP; C, 
PPPP; D, Phytoene; E, Phytofluene and F, ^-carotene.
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Figure 1-2. The carotenoid biosynthetic pathway with upstream and downstream 
products. The carotenogenic pathway is indicated with thick arrows, while upstream and 
downstream of the pathway are indicated with thin arrows. The first specific precursor of 
carotenoid biosynthesis, phytoene, is underlined. Genes of PSY (phytoene synthase) and 
PDS (phytoene desaturase) are studied in this dissertation. Other enzymes are described 
in the text.
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Chapter 2: Cloning and characterization of a maize cDNA encoding phytoene 

desaturase, an enzyme of the carotenoid biosynthetic pathway1.

2.1 Abstract

To study regulation of the plastid-localized maize carotenoid biosynthetic pathway, a 

cDNA encoding phytoene desaturase (PDS) was isolated and characterized. The DNA 

sequence of the maize Pds cDNA was determined and compared with available dicot Pds 

genes. The deduced PDS protein, estimated at 64.1 kD (unprocessed), had a dinucleotide 

binding domain and conserved regions characteristic of other carotene desaturases. 

Alignment of available PDS sequences from distantly related organisms suggests that Pds 

has potential as a phylogenetic tool. By use of heterologous complementation in 

Escherichia coli, maize PDS was shown to catalyze two desaturation steps converting 

phytoene to C-carotene. RFLP (restriction fragment length polymorphism) mapping was 

used to place Pds on chromosome IS near vp5, and RT-PCR analysis indicated reduced 

Pds transcript in vp5 mutant relative to normal endosperm. Other phytoene-accumulating 

mutant endosperms, vp2 and w3, showed no difference in Pds transcript accumulation as 

compared with normal endosperm counterparts. RT-PCR analysis of Pds transcript 

accumulation in developing endosperm showed Pds was constitutively expressed.

1 This Chapter is a revision of Li et al, (1996) Plant Mol. Biol. 30,269-279 with the permission from the 
publisher.
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Therefore, endosperm carotenogenesis is not regulated by increasing the level of Pds 

transcripts.

2.2 Introduction

Carotenoids serve multiple functions in plants; as accessory pigments in photosynthesis; 

as photoprotectors; and as precursors to the hormone, abscisic acid (ABA). In animals, 

carotenoids are essential precursors to Vitamin A and related compounds (reviewed in 

(Armstrong, 1994)). Carotenoids are synthesized and accumulated in plastids; these 

plastids include chloroplasts and nonphotosynthetic plastids, such as chromoplasts of 

fruits, flowers, some endosperms and roots (for reviews, see (Britton and Goodwin, 1982; 

Goodwin, 1976; Sandmann, 1991)).

Because of the varied roles and localization of carotenoids within plastids of different 

membrane architectures, I expect tissue-specific regulation of the pathway. Maize is an 

excellent model system to explore regulation of carotenoid biosynthesis because of the 

many mapped and biochemically characterized mutations blocking the pathway. These 

include recessive, dominant, and suppressor/modifier alleles (Robertson, 1975).

The synthesis of C40 carotenoids begins with condensation of two molecules of 

geranylgeranyl pyrophosphate to produce phytoene, a step catalyzed by phytoene 

synthase (PSY). Phytoene synthesis occurs in plastid stroma, whereas subsequent steps
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leading to synthesis of colored carotenoids occur on plastid membranes (Beyer et al., 

1985; Kreuz et al., 1982; Lutke-Brinkhaus et al., 1982; Mayfield et al., 1986). This latter 

phase includes four sequential desaturations of phytoene. In dicots and cyanobacteria, 

these steps are catalyzed by two enzymes, PDS (phytoene desaturase) and ZDS (£- 

carotene desaturase), each mediating two steps (reviewed in (Bartley et al., 1994)). In 

other carotenogenic organisms, including fungi, nonphotosynthetic bacteria, and 

photosynthetic bacteria, one phytoene desaturase enzyme may catalyze up to four 

desaturation steps (reviewed in (Armstrong, 1994)). As shown in Figure 2-1, recessive 

alleles of four maize loci, vp2, vp5, w3, and vp9, block desaturation both in endosperm 

and plant (Neill et al., 1986; Trehame et al., 1966). It is presently unclear what functions 

are represented by these genes and whether these genes reflect an alternative array of 

overlapping or non-overlapping desaturation functions, each mediating a particular 

number of steps, or encode regulatory or ancillary functions such as pigment-binding 

proteins or oxidoreductases (Mayer et al., 1992).

With the exception of maize Yl, which has been shown by heterologous complementation 

to encode PSY [Buckner, 1990 #218; Yoganathan and Wurtzel, unpublished], there has 

been little characterization of genes encoding the biosynthetic enzymes in monocots. 

Genes encoding PDS have primarily been isolated from dicots (reviewed in (Bartley et 

al., 1994)) and the temporal regulation of their expression examined in chromoplasts 

(Fraser et al., 1994; Giuliano et al., 1993; Hugueney et al., 1992; Pecker et al., 1992).

Here PDS transcript abundance appears to correlate with carotenoid accumulation.
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Therefore, I decided to isolate the maize gene encoding PDS to characterize the temporal 

regulation of PDS expression in endosperm plastids (amyloplasts). Using RFLP mapping 

and analysis of steady-state levels of accumulated transcripts, I have associated a known 

maize carotenoid locus with a specific gene product, PDS. To demonstrate the function 

and determine the number of desaturation steps catalyzed by maize PDS, a heterologous 

complementation system was employed. Finally, the carotenoid biosynthetic pathway of 

maize endosperm was found not to be regulated by modulation of Pds transcript levels.

23  Materials and methods

2.3.1 Plant materials

For developmental studies, maize plants were grown under standard field conditions at 

the Black Rock Forest (Cornwall, New York). For other studies, plants were grown either 

in the field or in greenhouses at Lehman College, CUNY. Argentina high carotenoid line 

was obtained from Dr. S. Briggs (Pioneer Hy-Bred) and mutant lines were provided by 

Dr. D. Robertson (Iowa State University) and from the Maize Coop (University of 

Illinois, Urbana, IL). The vp5 mutant used in this study was generated in a Mutator 

background, by Dr. Robertson, and is therefore designated vp5-Mum. By introduction of 

this mutation into another genetic background in which the Mutator element was inactive, 

a stable phenotype was obtained and revertant sectors no longer observed. vp2 and w3 

are stable mutations. Developing endosperms were collected and frozen at -80°C prior to 

use.
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23.2 Amplification of the maize Pds gene

The CLUSTAL program (Higgins and Sharp, 1988) from PC/Gene software 

(Intelligenetics Inc., Mountain View, CA) was used to align Pds sequences from tomato 

(GenBank X59948; S36691), soybean (GenBank M64704), pepper (GenBank X68058) 

and arabidopsis (GenBank LI 623 7). A region of high homology, corresponding to nt. 

1905-2077 of tomato Pds, was shared by all available dicot Pds genes. Degenerate 

oligonucleotide primers, oligo 94, 5'-CCTGATGAAATC(T)TCG(A,T)GCG(A,T)GAC 

(T)CA-3' and oligo 95, 5'-ACAGCA(G)CCTTCCATG(T)GAAGCC(T)AA)-3', were 

used to amplify the corresponding region of maize Pds from maize B73 genomic DNA as 

follows: DNA, O.lug, in 20 ul PCR buffer (20 mM Tris-HCl, pH 8.4; 50 mM KC1; 1 mM 

MgCL; 160 (iM each dNTP; 0.4 pM each primer; 1 pg/pl bovine serum albumin (BSA); 

0.1 U/pl Taq polymerase (Gibco-BRL, Gaithersburg, MD) was incubated for 1 cycle at 

94°C (3 min), followed by 40 cycles at 94°C (30 sec), 48°C (30 sec), 72°C (30 sec) and 

one cycle of 72°C (10 min).

23.3 Isolation of maize Pds cDNA clones

One to two million clones of a  Lambda gtl 1 cDNA library (Fontes et al., 1991), prepared 

from RNA extracted from maize endosperm dissected at 14 days after pollination (DAP), 

were screened with the PCR-amplified maize Pds fragment (Sambrook et al., 1989).

Seven positive clones were isolated, phage DNA extracted according to Sambrook et al. 

(Sambrook et al., 1989), and inserts amplified using primers, oligo 96, 5'-AGGCACAT 

GGCTGAATATCG-3' and oligo 97, 5,-CGGCAGTACAATGGATTTCC-3'. Lambda
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DNA, 0.1 pg, in 20 pi PCR buffer (20 mM Tris, pH 8.2; 10 mM KC1; 2.5 mM MgCl2; 1 

mM (NH4)2S 04; 200 pM each dNTP; 1 pM each primer; 1 pg/pl BSA; 0.1% Triton X- 

100; 0.025 U/pl Pfu DNA polymerase (Stratagene) was incubated for one cycle at 94°C 

(2.5 min), then 40 cycles at 94°C (30 sec), 55°C (30 sec), 72°C (2 min)] and one cycle of 

72°C (10 min).

2.3.4 DNA sequence analysis

The fm ol™ DNA Sequencing System (Promega, Madison, WI) was used for initial 

sequencing o f phage DNA inserts using primers described for PCR. The plasmid deletion 

series prepared for the complementation analysis was used for making single-stranded 

templates for sequence analysis o f the entire gene. Complete sequencing of maize Pds 

was carried out using the Sequenase™ Version 2.0 DNA Sequencing Kit (United States 

Biochemical, Cleveland, OH). Sequence analysis and homology comparisons were 

carried out using PCGene software (Intelligenetics). Alignments were carried out using 

the program CLUSTAL. Pds sequences used for comparisons shown in Figure 2-3 and 4 

are as follows: maize, this Chapter (GenBank #U37285); for arabidopsis, pepper, 

soybean, tomato, see GenBank numbers listed above; Synechocystis, GenBank #X62574; 

Synechococcus, GenBank #X55289. Sequence encoding CRTI from Erwininia herbicola, 

GenBank #M87280; Sequence encoding CRTI and CRTD from R. sphaeroides, Genbank 

#X82458; Sequence encoding ZDS from anabaena, Genbank #S43324. Maize and pepper 

rbcL sequences for DNA and protein comparisons described in the discussion were 

GenBank #Z11973 and GenBank #U08610, respectively.
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23.5 Subcloning, expression and functional complementation of maize Pds

Amplified Lambda gtl 1 inserts were purified by adsorption to Glass-Milk (The 

Geneclean II kit, BIO 101 Inc., Vista, CA) following the manufacturer's directions, 

treated at 37°C for I hour with Klenow fragment and 10 mM dNTP to create blunt ends, 

and then ligated to Sma I linearized vector, pBluescript H SK(-) (Stratagene). One clone, 

found to be in the sense orientation with respect to lacz, on the basis o f sequencing and 

restriction mapping, was designated pMPDS3. This plasmid was purified by CsCl 

equilibrium density centrifugation according to Sambrook et al. (Sambrook et al., 1989). 

To create an in-frame fusion with lacZ, the plasmid was linearized with Not I and BstX I, 

and subjected to 5r-end deletions using the Exonuclease m  and Mung Bean Nuclease 

Deletion Kit (Stratagene, La Jolla, CA). Religated plasmids were transformed into E. coli 

JM101 containing plasmid pACCRT-EB, encoding GGPPS and PSY from Erwinia 

uredovora (Linden et al., 1991). Transformants containing both the deletion derivative of 

pMPDS3 and pACCRT-EB were selected by resistance to ampicillin and 

chloramphenicol and then grown in liquid culture (LB medium) with appropriate 

antibiotics. Expression of the LacZ-PDS fusion proteins was induced by addition of 

isopropylthio-P-D-galactoside (IPTG) (1 mM final concentration) during log phase. After 

growth to stationary phase, pigments were extracted and analyzed by HPLC.

2.3.6 Pigment extraction and HPLC analysis

Fifteen ml stationary phase cultures of E. coli cells were pelleted and resuspended in 20 

ml methanol and carotenoids extracted according to Sandmann (Sandmann, 1993), except
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that 15 ml petroleum ether was used in place of diethyl ether. Pigments were separated by 

reverse phase HPLC, using a 25 cm x 4.6 mm Spherisorb ODS-1 5u C l8 column 

(Phenomenex, Torrance, CA), and a solvent of acetonitrile/methanol/isopropanol 

(85:10:5) with flow rate of 1 ml/min using a Series 410 BIO LC Pump (Perkin Elmer, 

Norwalk, CT). Peaks were detected using an LC-480 Auto Scan photodiode array 

detector (Perkin Elmer). Alternatively, a Waters HPLC system with 600 controller and 

pump, a 996 photodiode array detector, and WISP 717 autosampler were used. Peaks 

were identified on the basis o f co-migration and shared spectrophotometric profiles with 

known standards.

2.3.7 RNA Extraction & RT-PCR

Total RNA of maize was extracted from endosperms collected at various DAP and from 

leaves of young plants (2-3 leaf stage) (Logemann et al., 1987). RNA pellets were 

resuspended in DEPC (diethyl pyrocarbonate)-treated water, centrifuged 5 min at 14000 

rpm in an Eppendorf centrifuge, and the supernatants collected. RNA concentration was 

estimated spectrophotometrically and total RNA (lug) used as template for cDNA 

synthesized with the Superscript™ Preamplification System (Gibco-BRL) for First 

Strand cDNA Synthesis. One fourth (5 pi) of product, approximately 1-4 ng cDNA, was 

used for PCR in a final volume of 25 ul. The amount of total RNA used was first tested to 

ensure linearity of response in the RT-PCR reaction (data not shown). Primers used for 

amplification were: Pds, 5'-GGAACTGTGAAACACTTCGC-3' (oligo 110) and 5'- 

GAAACCTTCGATAGGTGACC-3' (oligo 111);Shi, 5-ATCCCTGAGAAAGGC
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AGAGG-3’ (oligo 141) and 5'-AGTGACTCCCAACTTGTGCG-3' (oligo 142, GenBank 

X02382). The conditions for PCR were: 20 mM Tris-HCl, pH 8.4; 50 mM KC1; 2.5 mM 

MgCl2; 100 p.g/jj.1 BSA; 2 mM DTT (dithiothreitol); 0.1 mM each dNTP; 0.4 pM each 

primer, 0.1 U/pl Taq DNA polymerase (BRL). The protocol for PCR was: one cycle of 

94°C (2 min), followed by 40 cycles of 94°C (30 sec), 52°C (30 sec), 72°C (30 sec) and 

one cycle of 72°C (10 min). 10 pi of each PCR reaction was analyzed by electrophoresis 

on 1.8% agarose gels in 0.5 x TBE. The sizes of the PCR products for Sh and for Pds 

were 673 and 528 bp, respectively.

2.4 Results

2.4.1 Isolation of a maize Pds cDNA

Since dicot Pds genes hybridized poorly to maize sequences, I amplified maize Pds from 

genomic DNA using degenerate oligonucleotide primers designed by alignment of all 

available dicot Pds sequences. The maize PCR product was sequenced to verify 

homology to other Pds genes, and this PCR fragment was then used to screen a maize 

cDNA library o f 1-2 million clones. Seven clones were obtained. Based on preliminary 

sequence analysis and alignment with the dicot Pds sequences, a 2.0 kb clone was chosen 

for further characterization.

2.4.2 Sequence analysis of maize Pds and comparison with other dicot Pds genes

The maize Pds cDNA was sequenced as shown in Figure 2. Based on the deduced amino
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acid sequence, maize PDS, including its putative transit peptide, was found to be 571 

amino acid residues with a mass o f 64.1 kD. The sequence determined here, is almost 

identical to a sequence of a Pds cDNA from another maize line, Funk F, except at 14 

nucleotide positions, only four o f which resulted in a change o f amino acid sequence 

(residues 61-63,68, and 555) (Hable and Oishi, 1995). However, at amino acid position 

61-63, the maize Pds protein sequence reported here is identical to the dicot sequences 

shown in Figure 2-3A, whereas the Funk F Pds protein sequence is different due to a 

shift in reading frame.

Figure 2-3 A shows the comparison of the N-terminal sequence of available dicot and 

cyanobacterial PDS proteins. Based on this comparison, I estimate that the maize PDS 

transit peptide is approximately 96 residues or 10.6 kD and therefore the plastid-localized 

PDS should be about 53.5 kD. The highest homology found between the dicot and 

monocot putative transit sequences corresponds to residues 59-96 of maize PDS. The 

comparison of the proposed dinucleotide binding domain, shared by carotene desaturases 

(PDS, CRTI, CRTD, ZDS) found in phylogenetically distant carotenogenic organisms, is 

shown in Figure 2-3B. Figure 2-3C shows the region of high homology at the C-terminus, 

which was used for design of the degenerate oligonucleotide primers used initially to 

amplify the maize Pds gene. Overall nucleotide homology between the maize and other 

dicot Pds genes ranges from 70.5-72%, whereas the amino acid homology based on 

identical or similar residues is about 77% and 82.8-84.2%, respectively. An alignment of 

all available PDS protein sequences was carried out and the results are shown in Figure 2-
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4.

2.4.3 Functional analysis of maize PDS by heterologous complementation in £  coli.

To test the function of the maize Pds gene product, I subcloned the 2.0 kb insert into 

pBluescript II SK- and designated the clone pMPDS3. By creating progressive 5'-end 

deletions, I obtained several plasmids in which the insert was cloned in-frame with the 

lacZ gene. One o f these, pMPDSd3-33, was introduced into E. coli cells carrying the 

plasmid pACCRT-EB encoding GGPPS (geranylgeranyl pyrophosphate synthase) and 

PSY from the nonphotosynthetic bacterium, Erwinia uredovora (Linden et al., 1991). The 

enzymes GGPPS and PSY will together catalyze the synthesis of phytoene in E. coli. 

Therefore, if maize PDS is a two-step desaturase, as is the case for the dicot PDS enzyme, 

transformants expressing both the Erwinia genes and maize Pds will accumulate £- 

carotene (refer to Figure 2-1). Phytoene and C-carotene are distinguished on the basis of 

retention times on reverse phase HPLC (High Pressure Liquid Chromatography) as well 

as by their unique spectrophotometric profiles. As shown in Figure 2-5A, E. coli cells 

containing only the genes encoding GGPPS and PSY, accumulated phytoene, detected at 

285 rnn at about 19 min. Whereas, in cells carrying genes for GGPPS, PSY and maize 

PDS, phytoene was converted to a mixture of C-carotene isomers, which were detected at 

400 nm at about 14-15 min, as shown in Figure 2-5B. These results indicate that the 

cloned maize Pds encodes a two-step desaturase which catalyzes the desaturation of 

phytoene to C-carotene.
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2.4.4 RFLP mapping of maize Pds to chromosome

As shown in Figure 2-1, mutant alleles of at least three genetic loci cause phytoene 

accumulation in both endosperms and green tissues, and therefore one of these loci might 

encode PDS. To identify the correct maize locus, RFLP analysis of a recombinant inbred 

family produced from a cross between T232 and CM37 was used (Burr et al., 1988). On 

the basis o f strong hybridization to one fragment, maize Pds was mapped to chromosome 

IS, near vp5 (data not shown). Additional weak hybridization signals mapped to three 

other loci; 4L (1 map unit from o2); 2L (1 map unit from bnl 17.25); 1L (1 map unit from 

dupl03).

2.4.5 RT-PCR analysis of Pds in phytoene-accumulating mutant endosperms

RT-PCR was used to examine Pds transcript levels in mutant endosperms accumulating 

phytoene. The low transcript abundance required the use of this sensitive technique over 

conventional Northern analysis. Endosperms of the genotypes vp5, vp2, and w3 

accumulate phytoene and were tested for Pds transcript accumulation in comparison to 

normal endosperm counterparts. As shown in Figure 2-6A, only vp5 endosperms showed 

a visible difference in transcript accumulation as compared with transcripts accumulating 

in the normal endosperms. For normalization, I amplified Shi {Shrunken 1) sequences 

from the same cDNA; no differences in the amount of Sh amplification product were 

observed.
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2.4.6 Determination of Pds transcript accumulation in leaves and developing 

endosperms.

RT-PCR analysis was used to assess the temporal pattern of Pds transcript accumulation 

in developing endosperms. Also the level of transcript accumulation in endosperm was 

compared to that in leaves. In comparison, I also examined the accumulation of the maize 

Sh transcript which has been previously studied in developing endosperm and in leaves 

using Northern analysis (Springer et al., 1986; Wurtzel et al., 1987). As shown in Figure 

2-6B, the abundance of Pds transcripts in maize leaves and in endosperms were o f 

comparable levels. Figure 2-6C shows that Pds was expressed in the unfertilized ear and 

transcript levels did not vary substantially (less than a 1.5-fold difference determined 

densitometrically) over the entire period of endosperm development, except at 40 DAP 

(days after pollination), when an almost three-fold reduction was observed. In contrast, 

accumulation of the Sh transcript appeared to be under temporal control; the Sh 

amplification product was first detected at 10 DAP, increased at 15 DAP and remained at 

a constant level between 15-30 DAP, at which point the level dropped, and no product 

was obtained from the 40 DAP endosperm. The temporal pattern of Sh transcript 

accumulation in developing endosperm detected by RT-PCR was consistent with 

previous results using Northern analysis (Wurtzel et al., 1987).

2.5 Discussion

A maize Pds cDNA clone was isolated, and by using a heterologous complementation
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system in E.coli, shown to encode a two-step desaturase, an enzyme catalyzing the 

desaturation o f phytoene to C-carotene in two steps. The presence of a two-step 

desaturase in maize, a monocot, as well as in several dicots, suggests that all higher plants 

must encode such a two-step desaturase.

Recessive alleles of four unlinked loci, vp2, vp5, w3, and vp9, condition a block in the 

desaturation steps; the first three condition an accumulation of phytoene, the substrate of 

PDS. Therefore, one of these three loci might encode PDS. RFLP mapping results 

showed that Pds mapped near vp5 on chromosome IS. Furthermore, transcript analysis, 

using RT-PCR, showed that only vp5 endosperms had lower levels of Pds transcripts 

accumulating in comparison to normal endosperms segregating on the same ear. Taken 

together, these results suggest that maize PDS may be encoded by the yp5 locus. 

Consistent with these results is a previous genetic experiment showing vp5 to encode a 

cell-autonomous product and not some diffusible regulator (Wurtzel, 1992). Since vp2 

and w3 endosperms also accumulate phytoene, but do not affect Pds transcript 

accumulation as detected by RT-PCR (Figure 2-6A), it is unlikely that these loci encode 

transcriptional regulators. These other loci may encode a phylogenetically diverged Pds, 

such as found in the case of Psy genes of tomato (Bartley et al., 1994). However, DNA 

hybridization results obtained using maize Pds as a probe, suggest Pds is a single copy 

gene (not shown). Other weak hybridization signals did not map to loci associated with 

blocks in the desaturation steps. Therefore, vp2 and w3 are not as likely to be structural 

genes and might encode ancillary functions such as pigment binding proteins or
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oxidoreductases (Mayer et al., 1992). The vp9 gene might encode or regulate expression 

of ZDS, since recessive alleles confer accumulation of C-carotene (see Figure 2-1).

Like RbcL (Ribulose bisphosphate carboxylase), which has been widely used for plant 

evolutionary studies, PDS shows high homology in comparing amino acid sequences of 

dicots with that of maize, a monocot. For example, amino acid identity and similarity for 

maize and pepper PDS proteins is 77.2 and 84.2%, respectively. In contrast, RbcL 

identity and similarity are 90.6 and 95%, respectively. The phylogenetic tree (Figure 2-4) 

produced by alignment of cyanobacterial, monocot, and dicot PDS amino acid sequences 

is consistent with current hypotheses of plant evolutionary relationships. However, unlike 

the chloroplast encoded rbcL, which is highly conserved at the nucleotide level between 

monocots and dicots, the nuclear encoded Pds nucleotide sequence is more variable. 

Nucleotide homology between maize and pepper Pds genes is 72%, whereas for rbcL, the 

homology is 85.4%.

The rbcL gene has been an important tool for plant evolutionary studies. However, its 

high degree of conservation limits its utility for evolutionary studies concerning lower 

ranked taxonomic groupings. In contrast, Pds is an essential, nuclear encoded gene with 

greater variability, suggesting that it holds great potential for studies at lower taxonomic 

ranks than shown in Figure 2-4.

A major question regarding control of carotenoid biosynthesis is whether the pathway is
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differentially regulated in various tissues, i.e. in different plastid types. During endosperm 

development, plastids triple in number (McCullough et al., 1989) and total colored 

carotenoids increase dramatically (Yu and Wurtzel, unpublished) during the period o f 10- 

20 days after pollination. Using RT-PCR, I studied the expression of Pds transcripts in 

developing maize endosperm during the period of carotenoid accumulation. No marked 

change in Pds transcript level was found between 5-35 DAP, as compared with the 

temporally regulated expression of Sh. At 40 DAP, there was a reduction in Pds 

transcripts. However, this stage is late in endosperm development and well past the 

greatest period of carotenoid accumulation. This constitutive expression of Pds during the 

period of carotenoid accumulation in developing maize endosperm is in contrast to the 

temporal control of Psy and Pds transcript accumulation in developing tomato fruit; 

during development of tomato chromoplasts from chloroplasts, carotenoid accumulation 

is accompanied by a 25-fold increase in Psy transcripts and a 3-10 fold increase in Pds 

transcripts (Giuliano et al., 1993; Pecker et al., 1992). This difference is not unexpected, 

since carotenoid-containing plastids of endosperm (amyloplasts) and fruit (chromoplasts) 

are the products of different developmental processes (Kirk and Tilney-Bassett, 1978).

It is not surprising that maize endosperm carotenoid accumulation is not regulated by 

specific induction of Pds transcript accumulation. The induction of carotenoid 

accumulation in the endosperm may not necessarily be regulated at the level of transcript 

accumulation. Alternatively, the endosperm pathway may be regulated by transcriptional 

control of Psy. Furthermore, the endosperm pathway may not be regulated by controlling
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expression of the enzymes within the pathway, but alternatively by controlling the flow 

of substrates to the pathway. Such upstream control (above PSY, the first enzyme specific 

to carotenogenesis) has been previously documented. Albrecht and Sandmann (Albrecht 

and Sandmann, 1994) demonstrated by in vitro labeling experiments that the 

phytochrome mediated accumulation of carotenoids during the course o f conversion of an 

etioplast to a chloroplast is regulated upstream of the pathway, via activation of IPP 

(isopentenyl pyrophosphate) isomerase. Another example of upstream regulation of 

carotenogenesis, occurs in developing pepper fruits; the abundance o f transcripts 

encoding GGPP synthase show a concomitant increase, followed by an increase in 

enzyme activity, that is associated with carotenoid accumulation (Kuntz et al., 1992).

Both IPP and GGPP are precursors to a variety of terpenoid pathways (Chappell, 1995). 

Therefore, evidence is mounting that the pathway is not only regulated with respect to 

tissue-specificity, but is controlled both within the pathway as well as upstream of the 

pathway.

The genetically identified mutant alleles affecting carotenoid synthesis in maize 

endosperm, but not leaves, will be useful for determining how the carotenoid biosynthetic 

pathway is regulated in different plastid/tissue types, where the role and localization of 

carotenoids varies. Furthermore, an understanding of the molecular regulation of 

carotenoid biosynthesis in endosperm is of great value for engineering the pathway in 

endosperms of other cereal crops that are otherwise poor nutritional sources of 

carotenoids. The stable expression of Pds transcripts in developing endosperm may also
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serve as a useful internal experimental control for future studies of endosperm gene 

expression, including other genes involved in carotenogenesis.
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Figure 2-1. Lethal recessive mutations blocking the carotenoid biosynthetic pathway of 
maize. w3 results in accumulation of both phytoene and phytofluene. Many, but not all, 
y l  mutations affect only endosperm and are not lethal to the plant.
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1 ATGGACACTGGCTGCCTGTCATCTATGAATATTACTGGAGCTAGCCAG 
1 M D T G C L S S M N I T G A S Q  

4 9  ACAAGATCTTTTGCGGGGCAACTTCCTCCTCAGAGATGTTTTGCGAGT 
1 7 T R S F A G Q L P P Q R C F A S  
97  AGTCACTATACAAGCTTTGCCGTGAAAAAACTTGTCTCAAGGAATAAA 
3 3 S K Y T S F A V K K L V S R N K  

14 5  GGAAGGAGATCACACCGTAGACATCCTGCCTTGCAGGTTGTCTGCAAG 
4 9 G R R S H R R H P A L Q V V C K  

1 9 3  GATTTTCCAAGACCTCCACTAGAAAGCACAATAAACTATTTGGAAGCT 
6 5 D F P R P P L E S T I H Y L E A  

2 4 1  GGACAGCTCTCTTCATTTTTTAGAAACAGCGAACGCCCCAGTAAGCCG 
8 1 G Q L S S F F R N S E R P S K P  

2 8 9  TTGCAGGTCGTGGTTGCTGGTGCAGGATTGGCTGGTCTATCAACAGCG 
9 7 L Q V V V A G A G L A G L S T A  

3 3 7  AAGTATCTGGCAGATGCTGGCCATAAACCCATATTGCTTGAGGCAAGA 
1 1 3  K Y L A D A G H K P I L I . E A R  
3 8 5  GATGTTTTGGGTGGAAAGGTAGCTGCTTGGAAGGATGAAGATGGAGAT 
1 2 9  D V L G G K V A A W K D  E D G  D 
4 3 3  TGGTACGAGACTGGGCTTCATATATTTTTTGGAGCTTATCCCAACATA 
14 5  W Y E T G L H I F F G A Y P N I  
4 8 1  CAGAATCTGTTTGGCGAGCTTAGGATTGAGGATCGTTTGCAGTGGAAA 
1 6 1  Q N L F G E L R I S D R L Q W K  
5 2 9  GAACACTCTATGATATTCGCCATGCCAAACAAGCCAGGAGAATTCAGC 
1 7 7  E H S M I  F A M P N K P G E F S  
5 7 7  CGGTTCGATTTCCCAGAAACTTTGCCAGCACCTATAAATGGGATATGG 
1 9 3  R F D F P E T L P A P I N G I W  
6 2 5  GCCATATTGAGAAACAATGAAATGCTTACTTGGCCGGAGAAGGTGAAG 
2 0 9  A l  L R N N E M L T W P E K V K  
67 3  TTTGCAATCGGACTTCTGCCAGCAATGGTTGGTGGTCAACCTTATGTT 
2 2 5  F A I G L L P A M V G G Q P Y V  
7 2 1  GAAGCTCAAGATGGCTTAACCGTTTCAGRATGGATGAAAAAGCAGGGT 
2 4 1  E A Q D G L T V S E W M K K Q G  
7 6 9  GTTCCTGATCGGGTGAACGATGAGGTTTTTATTGCAATGTCCAAGGCA 
2 5 7  V P O R V N D E V F I A H S K A  
8 1 7  CTCAATTTCATAAATCCTGATGAGCTATCTATGCAGTGCATTTTGATT 
2 7 3  L N F I N P D E L S M Q C I L I  
8 6 5  GCTTTGAACCGATTTCTTCAGGAGAAGCATGGTTCTAAAATGGCATTC 
2 8 9  A L N R F L Q E K H G S K M A F  
9 13  TTGGATGGTAATCCGCCTGAAAGGCTATGCATGCCTATTGTTGATCAC 
3 0 5  L D G N P P E R L C M P I V D H  
9 6 1  ATTCGGTCTAGGGGTGGAGAGGTCCGCCTGAATTCTCGTATTAAAAAG 
3 2 1  I R S R G G E V R L N S R I K K  

1 0 0 9  ATAGAGCTGAATCCTGATGGAACTGTAAAACACTTCGCACTTAGTGAT 
3 3 7  I E L N P D G T V K H F A L S D  

1 0 5 7  GGAACTCAAATAACTGGAGATGCTTAXGTTTGTGCAACACCAGTCGAT 
3 5 3  G T Q I T G D A Y V C A T P V D  

1 1 0 5  ATCTTCAAGCTTCTTGTACCTCAAGAGTGGAGTGAAATTACTTATTTC 
3 6 9  I  F K L L V P Q E W S E  I T Y  F 

1 1 5 3  AAGAAACTGGAGAAGTTGGTGGGAGTTCCTGTTATCAATGTTCATATA 
3 8 5  K K L E K L V G V P V I N V H  I 

1 2 0 1  TGGTTTGACAGAAAACTGAACAACACATATGACCACCTTCTTTTCAGC 
4 0 1  W F D R K L N N T Y D H L L F S  

1 2 4 9  AGGAGTTCACTTTTAAGTGTCTATGCAGACATGTCAGTAACCTGCAAG 
4 1 7  R S S L L S V Y A D M S V T C K  

1 2 9 7  GAATACTATGACCCAAACCGTTCAATGCTGGAGTTGGTCTTTGCTCCT 
4 3 3  E Y Y D P N R S M L E L V F A P  

1 3 4 5  GCAGACGAATGGATTGGTCGAAGTGACACTGAAATCATCGATGCAACT 
4 4 9  A D E W I G R S D T E I I D A T  

1 3 9 3  ATGGAAGAGCTAGCCAAGTTATTTCCTGATGAAATTGCTGCTGATCAG 
4 6 5  H E E L A K L F P D E I A A D Q  

1 4 4 1  AGTAAAGCAAAGATTCTTAAGTATCATATTGTGAAGACACCGAGATCG 
4 8 1  S K A K I L K Y H I V K T P R S  

1 4 8 9  GTTTACAAAACTGTCCCAAACTGTGAGCCTTGCCGGCCTCTCCAAAGG 
4 9 7  V Y K T V P N C E P C R P L Q R  

1 5 3 7  TCACCTAICGAAGGTTTCTATCTAGCTGGTGATTACACAAAGCAGAAA 
5 1 3  S P I E G F Y L A G D Y T K Q K  

1 5 8 5  TACCTGGCTTCTATGGAAGGTGCAGTCCTATCCGGGAAGCTTTGTGCC 
5 2 9  Y L A S M E G A V L S G K L C A  

1 6 3 3  CAGTCCATAGTGCAGGATTATAGCAGGCTCGCACTCAGGAGCCAGAAA 
5 4 5  Q S I V Q D Y S R L A L R S Q K  

1 6 8 1  AGCCTACAATCAGGAGAAGTTCCCGTCCCATCTTAGTTGTAGTTGGCT 
5 6 1  S L Q S G E V P V P S *

1 7 2 9  TTAGCTATCGTCATCCCCACTGGGTGCTATCTTATCTCCTATTTCAAT 
1 7 7 7  GGGAACCCACCCAATGGTCATGTTGGAGACAACACCTGTTATGGTCCT 
1 8 2 5  TTGACCATCTCGTGGTGACTGTAGTTGATGTCATATTCGGATATATAT 
1 8 7 3  GTAAAAGGACCTGCATAGCAATTGTTAGACCTTGGAAAAAAA

Figure 2-2. Nucleotide and amino acid sequence of the maize Pds cDNA of pMPDS3. 
Deduced amino acid sequence is shown as single letters below the nucleotide sequence. 
Bold letters indicate the putative dinucleotide binding domain in the protein sequence and 
the oligonucleotide primers used for PCR or RT-PCR in the nucleotide sequence. The 
sequence as shown represents the entire sequence available from the cloned cDNA 
(U37285).
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Figure 2-3. PDS amino acid sequence alignments. A, N-terminus and transit sequence;
B, Putative dinucleotide-binding domain: sequences above the line are from Pds-type 
desaturase and sequences under the line are from CrtI-type or Zds\ C, Highly conserved 
region used for design of degenerate oligonucleotide primers used for amplification of the 
maize gene. Asterisks indicate identical residues and dots indicate similar residues. ZM, 
maize; AT, arabidopsis; CA, pepper; GM, soybean; LE, tomato; SS, Synechocystis, SY, 
Synechococcits; EH, Erwinia herbicola; RS, Rhodobacter sphaeroides; AN, Anabaena.
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- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - SYNECHOCOCCUS

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - SYNECHOCYSTIS

Figure 2-4. Phylogenetic tree based on alignment of PDS amino acid sequences in 
monocots, dicots, and cyanobacteria. The program used to generate this dendrogram 
CLUSTAL developed by Higgins and Sharp (Higgins and Sharp, 1988).
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Figure 2-5. HPLC analysis of products in E.coli heterologous complementation system. 
Pigments were extracted from E.coli cells transformed with either (A) pACCRT-EB only; 
(B) pACCRT-EB and pMPDSd3-33. The insets show spectrophotometric profiles o f the 
major peaks. Phytoene has a retention time of 19 minutes and C-carotene, 14-15 min.
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Figure 2-6. RT-PCR analysis of Pds and Sh transcripts. RNA for RT-PCR was extracted 
from A, white carotenoid mutant (W) and normal yellow endosperms (Y) segregating on 
maize ears harvested at 20 DAP; B, endosperms harvested at 20 DAP and young leaves; 
C, developing endosperms harvested at varying DAP (as shown by corresponding 
numbers) and unfertilized ear (11). * indicates that some maternal tissue may also be 
present in the endosperm sample. Identity of amplification products are shown at left of 
bands in each panel.
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Chapter 3: Comparison of Pds and Psy expression and further examination of Pds 

clones.

3.1 Introduction

In Chapter 2, RT-PCR analysis of Pds expression at the RNA level in the endosperm of 

an Argentina high carotenoid line of maize is reported. Compared to Shrunken, whose 

RNA level increases between 10 and 20 DAP (days after pollination), P dsl expression at 

the RNA level is constant, even when the carotenoid level increases. In this chapter, 

similar experiments were performed in two other maize inbred lines and similar results 

were obtained. In order to analyze which enzyme of the pathway is regulated in maize 

endosperm during carotenoid biosynthesis, Psy expression at the RNA level was analyzed 

by RT-PCR and compared to Pdsl expression. Data of this study are presented.

Along with pMPDS3 (Chapter 2), six other Pds clones were subcloned from the Xgtl 1 

clones obtained by cDNA library screening. All seven clones were analyzed; some inserts 

were close to or longer than 2 kb while others were less than 1 kb. Thus, besides 

pMPDS3, which was characterized in Chapter 2, three other longer clones were further 

analyzed and the results are reported in this chapter.

Out of these three longer clones, pMPDS7 was about 3 kb, which was the longest o f the 

seven Pds clones and longer than pMPDS3. Since pMPDS3 did not contain the 5'
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untranslated region, pMPDS7 was a proper candidate for analyzing the 5' untranslated 

region of Pds. Consequently, a genomic library of maize B73 line was screened with the 

5' end portion of pMPDS7 insert to isolate the Pds promoter and preliminary results are 

described. The other two (pMPDS2 and pMPDSlO) were identical and by Southern 

analysis proved to be different from pMPDS3, though they have a similar size o f inserts 

to that of pMPDS3. This difference led to the discovery o f a group of novel receptor-like 

protein kinases o f higher plants (see Chapter 4 for details).

3.2 Materials and Methods

3.2.1 Plant materials

Three inbred lines, B73 (96004sib), A632 (9601 Osib) and an Argentina high carotenoid 

line (96016sib), were grown in a field at Pelham Bay Park, Bronx, New York. Kernels of 

inbred lines were harvested at 5, 10,15, 20,25 and 30 days after pollination (DAP) and 

the endosperm was separated from the embryo. Unfertilized ovules were separated from 

unfertilized ears. Endosperms, embryos and unfertilized ovules were quickly frozen in 

liquid nitrogen. Y1 (94047sib) and y l  (94048sib) were grown in a field at Black Rock 

Forest (Cornwall, New York). Kernels were harvested at 20 DAP and endosperms were 

separated. Leaf tissues were obtained from seedlings (3-leaf stage) grown in the 

greenhouse at Lehman College, CUNY. All tissues were stored at -80°C.
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3.2.2 RT-PCR analysis of Psy, Pds and Sh expression

Primers for Psy RT-PCR were designed according to the maize Y1 gene sequence 

(U32636) to flank three introns. The forward primer (oligo 106) is 5-TGTGAGGAGTAT 

GCCAAGACG-3' (from 2309 to 2329) and the reverse primer (oligo 109) is 5-CAGGTA 

CGCTCATTAACCCG-3' (from 4286 to 4267). cDNAs were synthesized from 1 jig total 

RNA and one quarter used in PCR reactions as described in Chapter 2. The linearity of 

product formation in the RT-PCR reaction was also tested as previously described, except 

that the following procedure for PCR was used. The conditions for PCR were: 1-4 ng 

cDNA in 20 mM Tris-HCl, pH 8.4; 50 mM KC1; 2.5 mM MgCL; 100 mg/pl BSA; 2 mM 

DTT (dithiothreitol); 0.1 mM each dNTP; 0.4 mM each primer, 0.1 U/ml Taq DNA 

polymerase (Gibco-BRL). The protocol for PCR was one cycle of 94°C (2 min), followed 

by 40 cycles of 94°C (30 sec), 52°C (30 sec), 72°C (30 sec) and one cycle of 72°C (10 

min). Ten jil of each PCR reaction was analyzed by electrophoresis on 1.8% (w/v) 

agarose gels in 0.5 x TBE. RT-PCR analysis of Sh and Pds was performed as in Chapter 

2 .

3.2.3 Genomic library screening

A genomic library (Cat. # FL 1032D) from the B73 line of maize was purchased from 

CLONTECH Laboratories, Inc. (Palo Alto, CA) and 7x106 phage clones were screened 

with the radiolabeled 500 bp EcoR I fragment of the 5' end of pMPDS7. Sixty-four 

positive clones were isolated and phage DNA of one positive clone (phage clone 624) 

was isolated according to Li et al. (Li et al., 1996). The phage DNA of clone 624 was
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digested with Sal I and a 12.2 kb insert was separated from the vector in a low melting 

point agarose gel and then ligated into pBluescript II SK (-) at the Sal I site, after Li et al. 

(Li et al., 1996). This plasmid was designated as p624.

Plasmid DNA of p624 was isolated using the Wizard Plus Miniprep DNA Purification 

System (Promega, Madison, WI) and incubated with Hind. III. The digested plasmid DNA 

was then separated on a 1% (w/v) agarose gel and blotted onto nitrocellulose. The filter 

was first probed by Pds 5'-end, which could hybridize to the 5' end of Pds and its 

promoter. The same filter was then stripped and probed again by the receptor-like protein 

kinase gene. Both hybridizations were performed following Studier hybridization (Simon 

and Studier, 1973). A 5.8 kb Hind III fragment could be probed by both probes and was 

ligated into pBluescript II SK (-) at the Hind m  site. This clone was designated as pH58.

3.2.4 DNA Sequencing

DNA sequencing was carried out using the Sequenase™ Version 2.0 DNA Sequencing 

Kit (United States Biochemical, Cleveland, OH) with plasmid DNA isolated by the 

Wizard Plus Miniprep DNA Purification System as template. Alternatively, automatic 

sequencing was used to sequence both strands of pH58 by primer walking.

3.2.5 Southern analysis

Genomic DNA of rice was digested by EcoR I and Hind HI and then separated by 

electrophoresis on a 0.6% agarose gel. A Southern blot was done following Wurtzel et al.
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(Wurtzel et al., 1987) and filters were probed by with the insert o f pMPDS2 or pMPDS3 

respectively. Washing conditions were as described in Wurtzel et al. (Wurtzel et al.,

1987).

3.3 Results

3.3.1 Comparison of Psy and Pds expression at the RNA level in maize endosperm

The expression of Pds at the RNA level was first analyzed in endosperm of the maize 

Argentina high carotenoid line (Chapter 2) and found to be constant during endosperm 

development, especially during the initial period of carotenoid-accumulation (10-20 

DAP) (Yu and Wurtzel, unpublished data). The same analysis was conducted in two other 

maize inbred lines, B73 and A632 and similar results were obtained (Figure 3-1); and a 

conclusion was drawn that Pdsl was constantly expressed at the RNA level during maize 

endosperm development. This conclusion suggested that the carotenoid biosynthetic 

pathway in maize endosperm is not regulated through Pds expression at the RNA level.

As a control, Sh expression was also analyzed by RT-PCR. Sh transcripts accumulated in 

a pattern consistent with a previous study showing temporal regulation during maize 

endosperm development.

Data from several groups show that PSY is the regulated enzyme of carotenoid 

biosynthesis in other plants (Fraser et al., 1994; Giuliano et al., 1993; Karvouni et al., 

1995). To test whether a similar mechanism operated in maize endosperm carotenogensis,
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RT-PCR was performed with total RNA isolated from a developing maize endosperm 

series. As shown in figure 3-1 A, the Psy mRNA level was constant in the Argentina line, 

which has a higher carotenoid content than the other two inbred lines (B73 and A632), in 

which Psy mRNA is temporally regulated parallel to the carotenoid accumulation profile 

(data not shown). This result indicates that early expression (10 DAP) of Psy at the RNA 

level may result in high carotenoid accumulation in the endosperm. Therefore, as in other 

plants, PSY could be the regulated enzyme for carotenogenesis in the maize endosperm, 

this regulation being at the RNA level.

In other plants, Psy was also found to be tissue-specifically regulated (Fraser et al., 1994; 

Giuliano et al., 1993; Karvouni et al., 1995). A similar result is shown in Figure 3-1B in 

which little or no Psy transcripts were detected in they/ homozygous endosperm 

compared to that of embryo and leaf tissue. In contrast, Psy transcripts were detected in 

all three tissues (endosperm, embryo and leaf) of Yl homozygous background. As a 

control, Pds transcripts were found in these three tissues in both YY andyy backgrounds. 

This result suggests that maize Psy is regulated at the RNA level in endosperm, but 

differently in embryo and leaf.

33.2 The full length cDNA sequence of Pdsl

To analyze the seven positive Pds clones isolated from the screening of the maize cDNA 

library (Chapter 2), EcoR I digestions and sequencing the inserts ends were used. The 

results of these analyses were summarized in Figure 3-2. Four of them, pMPDS2,
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pMPDS3, pMPDS7 and pMPDSlO, were found to contain inserts about 2 kb in length or 

longer. These clones were further analyzed.

It was noticed that one of them, pMPDS7 contained the longest insert (about 3 kb). 

Sequencing of the 5' end of pMPDS7 insert showed that it had a longer sequence than 

that of pMPDS3 (Chapter 2) at the 5' end. When pMPDS7 was translated into its amino 

acid sequence, which was identical to that of pMPDS3, it was found to contain three stop 

codons upstream of the start codon of Pds as suggested in Chapter 2 (Figure 3-3). This 

result suggested that pMPDS7 comprised both the ORF (open reading frame) and the 5' 

untranslated region of Pds. Preliminary sequence of the 3' end of pMPDS7 insert revealed 

that it contained Pds cDNA and a -700 nt cDNA encoding a TCTP (translationally 

controlled tumor protein)-like protein (Pay et al., 1992). Compared to the EcoR I 

restriction map of pMPDS3, this TCTP-like protein cDNA within pMPDS7 was attached 

to the 3' end of the Pds cDNA through an EcoR I site (Figure 3-2).

Adding the 5' untranslated region to the ORF of pMPDS3 (containing 1914 bp insert) 

resulted in a 2264 nt cDNA which was the insert of pMPDS7 without TCTP. Compared 

to the mRNA length revealed by Northern analysis with a Pds probe (data not shown), the 

pMPDS7 insert was less than 50 nt shorter and therefore was considered as a full-length 

cDNA of Pds. The 5' untranslated sequence in clone pMPDS7 was added to the Pds 

sequence (U37285) determined from clone pMPDS3, as described in Chapter 2.
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A 5' end fragment of the clone pMPDS7 containing the untranslated region was used to 

screen a genomic DNA library of the maize B73 inbred line. The 12.2 kb insert o f one 

positive lambda clone was subcloned into pBluescript II SK (-) at the Sal I site and this 

clone was designated as p624. A restriction map of p624 was generated by Hind HI and 

EcoR I analysis. Southern analysis of p624 revealed that a 5.8 kb Hind HI fragment could 

be probed by the 5' fragment of pMPDS7 (for a diagram, see Figure 3-4A). Surprisingly, 

this fragment could also be probed by a novel receptor-like protein kinase cDNA 

(Chapter 4).

This 5.8 kb Hind UI fragment was then subcloned into pBluescript H SK (-) and was 

designated as pH58. Its insert was sequenced using primer walking from both directions. 

The sequence data revealed that this fragment possessed the first exon and part of the first 

intron of Pdsl (Figure 3-4B, GenBank # AF039585). However, the overlapped region 

between the first exon sequence of Pdsl promoter and the Pdsl untranslated region (5' 

end of pMPDS7 insert) was not identical (data not shown). The possible reason is that 

these two sequences were isolated from different maize lines. As shown in Figure 3-4B, a 

putative promoter region with the TATA box and a related Cap site for the Pds mRNA 

were identified according to the PCGene program. This fragment also contained part 

(1.34 kb) of transposon 10 (TnlO) and the last exon of a novel protein kinase (see Chapter 

4 and Appendix 3). The TnlO sequence starts at 1125 nt and ends at 2460 nt. The last 

exon of the novel protein kinase starts at 357 nt and ends at 744 nt.
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3.3.4 The chimeric cDNA clone of the novel protein kinase and phytoene desaturase

Southern analysis using Pds cDNA clones as probes revealed that insert o f pMPDS2 

hybridized to unique bands that could not be probed by pMPDS3 (Figure 3-5). Since the 

inserts of these three clones were similar in size, at about 2 kb, it was presumed that 

pMPDS2 contained an insert with a different sequence from that of pMPDS3. Sequencing 

the ends of the inserts of pMPDS2 and pMPDS 10 showed that these two clones contained 

the same sequences, suggesting that these two clones were identical. Therefore, one of 

them, pMPDS 10 was frilly sequenced and the sequence was compared to the insert of 

pMPDS3 (Pdsl), as shown in Figure 3-6.

As predicted from Southern analysis, pMPDS 10 had a different sequence from that of 

pMPDS3, which encodes PDS1 (Chapter 2). pMPDS 10 contained the 3' end of the Pds 

cDNA but lacked the 5' end which encodes the dinucleotide binding site. As shown in 

Figure 3-7, pMPDS 10 had a unique 5’ end encoding a polypeptide in frame with the 

carboxyl terminal o f PDSl. A GenBank search using this unique sequence showed that it 

had homology to sequences encoding the ATP binding site of protein kinases. Since 

pMPDS 10 possessed a truncated Pdsl cDNA, it was proposed that the protein encoded 

by the chimeric cDNA did not have PDS activity. To demonstrate this, the insert of 

pMPDS 10 was made in frame with lacZ as a translational fusion and expressed in a cell 

line containing the pACCRT-EB plasmid as described in Chapter 2. Pigments were 

isolated and analyzed spectrophotometrically: no ^-carotene could be detected (data not 

shown). This result strongly suggested that pMPDS 10 was composed o f a chimeric
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3.4 Discussion

Like other biosynthetic pathways, the regulation of carotenoid biosynthesis occurs 

through the regulation of expression or activity of biosynthetic enzymes of the pathway. 

Studies in tomato reveal that, in different tissues, the regulation o f carotenoid 

biosynthesis is different and is developmentally regulated, especially in tissues containing 

chromoplasts (Giuliano et al., 1993). With the maturation of the tomato fruit, Psy 

transcripts elevated 20-fold, but a lesser change in Pds transcripts (3-fold) was observed 

(Giuliano et al., 1993). Similar results were obtained from studying developing 

endosperm of two maize lines (B73 and A632) in which Psy transcript accumulation 

increased whereas Pds was constantly expressed. However, in a high carotenoid- 

containing line (Argentina), the steady-state Psy transcript was constant during the initial 

carotenoid accumulation period (10-20 DAP). The high expression of Psy at the RNA 

level at the early stage (10 DAP) of endosperm development may contribute to the high 

carotenoid content of its endosperm. This phenomenon is similar to the expression pattern 

of the Psy steady-state transcript observed during flower development in the daffodil 

(Narcissus pseudonarcissus) (Schledz et al., 1996). Whereas the carotene content of the 

daffodil flower increases 6-fold from green bulbs to fully developed, open flower, the Psy 

transcript level remains constant.
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It is reasonable to expect that regulation of carotenoid biosynthesis occurs through 

modulation of Psy expression, since PSY is the first enzyme specific to the pathway and 

its product, phytoene, is the first unique precursor o f the pathway. In tomato, two Psy 

genes have been cloned with two different transcripts which are differentially expressed 

in tissues containing chloroplast or chromoplast containing tissues (see 1.4 The regulation 

of carotenoid biosynthesis in higher plants.). In maize, a single transcript has been cloned, 

and it is transcribed from the Yl gene (Buckner et al., 1996). However, the Yl gene is 

differentially transcribed in leaf (chloroplast-containing tissue) and endosperm 

(amyloplast-containing tissue). The recessive mutation, y l, can only impair Psy 

expression at the RNA level in endosperm but not in leaf or embryo, etioplast-containing 

tissue. This result suggested that tissues containing different types of plastid may regulate 

Psy expression differently. However, in maize developing endosperm that contains 

amyloplasts developed from proplastids, the expression of Psy is similar to that in 

developing tomato or Capsicum fruit that contains chromoplasts developed from 

chloroplasts (Giuliano et al., 1993; Romer et al., 1993).

Sequencing pMPDS7 revealed that it contained a full-length cDNA of Pdsl. The 5' 

untranslated sequence (350 nt) has been added to the published Pdsl sequence (Figure 3- 

3 and GenBank # U37285) which, based on the sequence of pMPDS3, started at the 

putative start codon. This full length Pds sequence is also about 280 nt longer than 

another published maize Pds cDNA sequence, GenBank # L39266 (Hable and Oishi, 

1995). Furthermore, the fragment containing the 5' untranslated region was used as a
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probe to isolate a genomic clone possessing a putative promoter of Pdsl from the maize 

B73 line genomic DNA library. This finding will facilitate the further analysis of the 

regulation o f Pdsl expression not only in the endosperm but also in other maize tissues 

(discussed in Chapter 5).

It was found that pMPDS7 also contains a ~700 bp fragment encoding a TCTP-like 

protein. EcoR I digestion showed that the pMPDS7 insert had an extra EcoR I fragment 

(~ 700 bp) as compared to the Pds cDNA digested with EcoR I (data not shown). These 

results suggested that the cDNA encoding the TCTP-like protein was co-ligated into the 

Xgtl 1 vector at the EcoR I site with Pdsl cDNA. In light of the high expression of the 

TCTP-like protein in the cell of other organisms including plants (Pay et al., 1992), it is 

not surprising that its cDNA would be co-cloned with the Pdsl cDNA into the vector.

In the process of cloning the promoter of Pdsl, a clone (pH58) hybridized by both the 

Pdsl 5' end and the 3' end of a novel protein kinase gene was obtained. This result 

demonstrated that these two genes are closely linked, which was suggested by RFLP 

mapping (see Chapter 4). It has been reported that 50% of the maize genome is composed 

of repeat sequences (SanMiguel et al., 1996). When the insert o f p58H was used to probe 

a maize genomic DNA filter, only a single band was observed, which suggests that this 

region contains no repeat sequence (Figure 3-8). Searching GenBank with sequence from 

this region showed no repeat sequences from plants but did reveal part of a bacterial 

transposon (TnlO) inserted between these two genes (Appendix 3). It is reasonable that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

this inserted transposon was an artificial product of genomic DNA library construction 

since the transposon has only been found in E. coli. If the transposon sequence is 

eliminated, the distance between the last nucleotide upstream of the polyA tail of the 

novel protein kinase gene and the first nucleotide of Pdsl TATA box is only about 3.6 

kb.

Sequencing the ends o f the inserts of pMPDS2 and pMPDSlO showed that these two 

clones were identical. Fully sequencing of pMPDSlO showed that, like pMPDS7, it 

contained a partial P dsl cDNA and a partial sequence of another gene. This new gene 

could encode a protein kinase because the unique region at the 5' end of the pMPDSlO 

insert encoded a protein kinase ATP binding site. However, unlike pMPDS7, which 

contained a 2.2 kb Pds and 0.7 kb TCTP cDNA joined at an EcoR. I site, pMPDSlO 

contained a chimeric cDNA, whose components were not joined at an EcoR. I site. This 

result implies that this chimeric cDNA was not an artificial product of cDNA library 

construction but the product of a chimeric transcript present in the endosperm of the 

maize line used to isolate mRNA. Two possibilities regarding the production of this 

chimeric mRNA can be suggested. First, this chimeric mRNA could be a product of RNA 

splicing. Since Pdsl and the novel protein kinase gene were less than 4 kb apart and the 

novel protein kinase gene was upstream of P dsl and transcribed in the same direction, a 

chimeric hnRNA composed of both genes might be produced. This hnRNA could then be 

spliced into two mature mRNA species encoding PDS and a novel protein kinase or 

alternatively, a chimeric mRNA of these two genes could be generated. Second, this
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chimeric mRNA could be the product of an impaired chimeric gene of the novel kinase 

and Pdsl. The maize line used to isolate endosperm mRNA for cDNA library 

construction was a heterozygous mutant of vp5. Results from Chapter 2 strongly 

suggested that vp5 encoded PDS1, the product of Pdsl. Therefore, it is possible that the 

recessive mutant of Pdsl might contain a short deletion between these two genes and a 

chimeric gene including both Pdsl and the novel protein kinase gene could be generated. 

The hnRNA of this chimeric gene would then be processed into the chimeric mRNA 

including the 5' end of the novel protein kinase gene and the 3' end of Pdsl.

A study by Waegemann and Soil proposed that phosphorylation of the transit sequence of 

chloroplast precursor proteins might play a role in protein-specific sorting and productive 

intracellular translocation in plants (Waegemann and Soil, 1996). If the chimeric cDNA 

indeed encodes part of a protein kinase, and if the protein kinase gene is closely linked to 

and differentially spliced with Pdsl whose products need to be translocated into the 

chloroplast, I thought it was important to clone the cDNA encoding this novel protein 

kinase to test whether the kinase could phosphorylate the PDS transit sequence.

Therefore, the unique region of the chimeric cDNA was then used to design a primer for 

5' and 3' RACE (rapid amplification o f cDNA ends) and sequence analysis of the RACE 

product led to the discovery of a novel receptor-like protein kinase. The characterization 

of this novel receptor-like protein kinase is described in the next chapter.
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Figure 3-1. Comparison analysis of Psy and Pds expression by RT-PCR. (A) Developing 
series of maize endosperm. DAP, days after pollination. U, unfertilized ear. 5 DPA may 
include some maternal tissue. Arg, high carotenoid Argentina line. B73 and A632 are 
standard maize inbred lines. (B) Psy and Pds expression in different tissues of Yl oxyl 
homozygous. YY stands for Yl homozygous while yy stands fory/ homozygous. D, 
endosperm; M, embryo; L, leaf.
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Figure 3-2. A diagram o f the structure of seven Pds clones. Clone numbers are shown at 
the right of each structure and the length of each clone is indicated in kb (kilo base pair) 
at the left of each structure. Cross line bar indicates the binding site of the probe used to 
screen cDNA library. Solid bar with “AAA” shows the relative polyA tail length and the 
straight line bar shows the different sequence between clone 2/10 and 3 before polyA tail. 
E, EcoR I site.
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1 CTCCAAATGCGGAGGTCTCGACTCTTCTCTCTTCCTCCATCTTTATCATCGCCCCACGTA 

61 CACACCCAATTCCTCGCAACTGGGCTCCCCCGCCTCCACGACACTGCCCCCCGTCTCAAG 
121 TCCGCCGCCTCCATTCTTCAGCTCTCCTATCCTCCGCCTAGAATATCTTCATCGGTATTT 
181 TACCAACCTGGATCAATTTACTCACGATACTCTGAAGCGTATACATATGCCATATGGGAA 
241 ATGACTTCATAGCTGTGGGTTGTCTTATGGCTCCTTGAATTTGCAGTAGTCTGCCTGTAC 
301 CTATTGGCTGAAGCAGAGCTGACCCCCACTTTATCAAGAGTTGCTCAACGATGGACACTG 

1 M D T
361 GCTGCCTGTCATCTATGAATATTACTGGAGCTAGCCAGACAAGATCTTTTGCGGGGCAAC 

4 G C L S  S M N  I T G A S Q T R S  F A G Q 
421 TTCCTCCTCAGAGATGTTTTGCGAGTAGTCACTATACAAGCTTTGCCGTGAAAAAACTTG 

2 4 L P P Q R C F A S S H Y T S F A V K K L  
481 TCTCAAGGAATAAAGGAAGGAGATCACACCGTAGACATCCTGCCTTGCAGGTTGTCTGCA 

4 4 V S R N K G R R S H R R H P A L Q V V C  
541 AGGATTTTCCAAGACCTCCACTAGAAAGCACAATAAACTATTTGGAAGCTGGACAGCTCT 

6 4 K D F P R P P L E S T I N Y L E A G Q L  
601 CTTCATTTTTTAGAAACAGCGAACGCCCCAGTAAGCCGTTGCAGGTCGTGGTTGCTGGTG 

8 4 S S F F R N S E R P S K P L Q V V V A G  
661 CAGGATTGGCTGGTCTATCAACAGCGAAGTATCTGGCAGATGCTGGCCATAAACCCATAT 
104 A G L A G L S T A K Y L A D A G H K P I  
721 TGCTTGAGGCAAGAGATGTTTTGGGTGGAAAGGTAGCTGCTTGGAAGGATGAAGATGGAG 
124 L L E A R D V L G G K V A A W K D E D G  
781 ATTGGTACGAGACTGGGCTTCATATATTTTTTGGAGCTTATCCCAACATACAGAATCTGT 
144 D W Y E T G L H I F F G A Y P N X Q N L  
841 TTGGCGAGCTTAGGATTGAGGATCGTTTGCAGTGGAAAGAACACTCTATGATATTCGCCA 
164 F G E L R I E D R L Q W K E H S M I  F A  
901 TGCCAAACAAGCCAGGAGAATTCAGCCGGTTCGATTTCCCAGAAACTTTGCCAGCACCTA 
184 M P N K P G E F S R F D F P E T L P A P  
961 TAAATGGGATATGGGCCATATTGAGAAACAATGAAATGCTTACTTGGCCGGAGAAGGTGA 
201 I N G I W A I L R N N E M L T W P E K V  

1021 AGTTTGCAATCGGACTTCTGCCAGCAATGGTTGGTGGTCAACCTTATGTTGAAGCTCAAG 
221 K F A I G L L P A M V G G Q P Y V E A Q  

1081 ATGGCTTAACCGTTTCAGAATGGATGAAAAAGCAGGGTGTTCCTGATCGGGTGAACGATG 
241 D G L T V  S E W M K K Q G V P  D R V N  D 

1141 AGGTTTTTATTGCAATGTCCAAGGCACTCAATTTCATAAATCCTGATGAGCTATCTATGC 
261 E V F I A M S K A L N F I N P  D E L S M  

1201 AGTGCATTTTGATTGCTTTGAACCGATTTCTTCAGGAGAAGCATGGTTCTAAAATGGCAT 
281 Q C I L I A L N R F L Q E K H G S K M A  

1261 TCTTGGATGGTAATCCGCCTGAAAGGCTATGCATGCCTATTGTTGATCACATTCGGTCTA 
301 F L D G N P P E R L C M P I V D H I R S  

1321 GGGGTGGAGAGGTCCGCCTGAATTCTCGTATTAAAAAGATAGAGCTGAATCCTGATGGAA 
321 R G G E V R L N S R I K K I E L N P D G  

1381 CTGTAAAACACTTCGCACTTAGTGATGGAACTCAAATAACTGGAGATGCTTATGTTTGTG 
341 T V K H F A L S D G T Q I T G D A Y V C  

1441 CAACACCAGTCGATATCTTCAAGCTTCTTGTACCTCAAGAGTGGAGTGAAATTACTTATT 
361 A T P V D I F K L L V P Q E W S E I T Y  

1501 TCAAGAAACTGGAGAAGTTGGTGGGAGTTCCTGTTATCAATGTTCATATATGGTTTGACA 
381 F K K L E K L V G V P V I N V H I W F D  

1561 GAAAACTGAACAACACATATGACCACCTTCTTTTCAGCAGGAGTTCACTTTTAAGTGTCT 
401 R K L N N T Y D H L L F S R S S L L S V  

1621 ATGCAGACATGTCAGTAACCTGCAAGGAATACTATGACCCAAACCGTTCAATGCTGGAGT 
421 Y A D M S V T C K E Y Y D P N R S M L E  

1681 TGGTCTTTGCTCCTGCAGACGAATGGATTGGTCGAAGTGACACTGAAATCATCGATGCAA 
441 L V F A P A D E W I G R S D T E I I D A  

1741 CTATGGAAGAGCTAGCCAAGTTATTTCCTGATGAAATTGCTGCTGATCAGAGTAAAGCAA 
461 T M E E L A K L F P D E I A A D Q S K A  

1801 AGATTCTTAAGTATCATATTGTGAAGACACCGAGATCGGTTTACAAAACTGTCCCAAACT 
481 K I L K Y H I V K T P R S V Y K T V P N  

1861 GTGAGCCTTGCCGGCCTCTCCAAAGGTCACCTATCGAAGGTTTCTATCTAGCTGGTGATT 
501 C E P C R P L Q R S P I E G F Y L A G D  

1921 ACACAAAGCAGAAATACCTGGCTTCTATGGAAGGTGCAGTCCTATCCGGGAAGCTTTGTG 
521 Y T K Q K Y L A S M E G A V L S G K L C  

1981 CCCAGTCCATAGTGCAGGATTATAGCAGGCTCGCACTCAGGAGCCAGAAAAGCCTACAAT 
541 A Q S I V Q D Y S R L A L R S Q K S L Q  

2041  CAGGAGAAGTTCCCGTCCCATCTTAGTTGTAGTTGGCTTTAGCTATCGTCATCCCCACTG 
561 S G E V P V P S *

2101 GGTGCTATCTTATCTCCTATTTCAATGGGAACCCACCCAATGGTCATGTTGGAGACAACA 
2161 CCTGTTATGGTCCTTTGACCATCTCGTGGTGACTGTAGTTGATGTCATATTCGGAT ATAT 
2221 ATGTAAAAGGACCTGCATAGCAATTGTTAGACCTTGGAAAAAAA

Figure 3-3. The full-length sequence of Pds, deduced from the 5' end of the insert of 
pMPDS7 combined with the Pds sequence of pMPDS3. Deduced amino acid sequence is 
shown in single letter code below the nucleotide sequence. Stop codons flanking and in 
frame with the ORF are bold and the start codon is bold and underlined. The first residue, 
M, is bold and the stop position is shown with an asterisk. The original Pds sequence 
(insertion of pMPDS3, GenBank # U37285) starts at the AUG codon (underlined). 
GenBank # U37285 was updated to reflect the 5' untranslated region determined from 
pMPDS7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

I-------------------------  12.2 kb  ,
EHS E H E H E  E E  H  H  E S
% I I I I______ I__ I_____ I

H  E i—AAAAAA E E  HI I I_________________________ I_____ L
TATA

3 ' Ltkl S’ Pdsl
i-------------------------------- 5  8  k i , ------------------------------- 1

B 1 ATGAGAGTTTGACGAGCCATTCAATTTTAACAAAGTTATATACTGCACAAGTGCGTGGTT 
61 CACTTACTTTGAAGATAATAAGCAACAAGATGCCCCCACTTACAGCAGTCCATTGTTTTT 

121 TCTTTCTTCTGGATTTTCATACAGTAATGACATGCAGTTCTTTTTATCATATACATAGTT 
181 TAACCCTCTGTGTTTGTTTTAAAGACGTTGAAAAAAGGCCCATGAAGCCTGCACCGCTCG 
241 T ATCATTT ACATGCACGAAAAGAGGTGT AGGCCATCGTTGCCATGTTTTTGTTTTT ATGA 
301 CCATGCTCATGGTCATAATCAGTTGGAGGGGGTGATTCAGGATGTTGGAGGGGTGAGGGA 
361 CTCGATTTCTTGCAGGCATGCAATTGTTAACAAATGTTGAGCTACTGAAGATGCCAAGCA 
421 TGGTATATTTACACCAATATTATTATACTGGAGCAAATATTTATCCACTAGAAAAGGTCC 
481 GCCTTGTTACGGTTGACAGTCACCGACAGCATGTCACCCTAATGTTTTGGTGAGTATGGG 
541 AGATGCGGCCAGAGTTCTAGGCCACTTT ACCTTCATTTCATGGCGACTGAAGATAAACCT 
601 GCGTACTACGTCTCAAAAGGAGGTGAGCTGGGAGGAAAGACATCCATCTTTTATCTTTGT 
661 GCGGGGTGGGTCTGAAACAATAATAATTATTATTTTACCAAATCTGGCTACTATGTATTG 
721 ATGTTAACTATTATTCCATTAAGATGTACTCGCTCTGTACTAAAATAGTAATCATTTTTG 
781 TCTGTTATTTTTATGTCTATATTCAGACAGATGATAATAAATCTAGACACATATACCAAG 
841 TAATGAATAAACTCATTAATTATCTAAAACGAATTTTAATTTAGGATATAGGGAGTATGA 
901 ACAACTGTTTACAATTAGTTCCCGTATTGATAATATTTATTCAACATAAATTTTTAATAT 
961 ATTTGGATCGACGTATTTATAATAATACTATATACTGTTCTATATCTATATTTAATTATG 

1021 AAGTTTATCGTCACTATTGTAGTCACTCCGTCTGTTGCTAAGGTAATATGTTAGTTCGTC 
1081 ACTATGTATTTCCGCGGCATCACACGGGCTAGGAAAAAAAAAAAACAGCATAGATTATCG

1141 GAGTACTCCGGGTTAGCG<pTATAIACCACGGAAACGTAGAGCGCGCCAGGCGCCAAAAGG

1201 CATCCTCCACCCGCACATCTTCCTCATCCCGGTCTCGTCGTGCGCTTGTCCCTTTCTACG 
I

1261 GCTCCAAACAAATGCGGAGGTCTCCACTCTTTCTC— TTCCTCCATCATTATCATCGCCC
i MAAAAA AAAAAAAAIAAAGAA^AW-A^TcWiAAAfldAAWAA^AAiAAAAA

1319 -ACGATAAACACGTCCAATTGCCTCGCAACTGGGCTCCCCCGCCTCCACGTACACTGCCC

5 5 cAAAta— AA<^cAAAAAA-AAAAA(yju!:AAAAATAAAAAAAATAAAAA-A(!dATAAcA
1378 CCCGCTTCAAGTCCGCCGACTTCCATTCTTCAGGTCTCTCTATCGTCCG^TGAGTAGCCC

io o  lAiiiATC'i’iAAi'AitAiAiclrici'I’-iiAT'l'i'I’A'cLA.ic'l'i'Aic-'AA'i'iAc'i’iAci
14 38 CCTCCGCAGAATCTCTCTCTCTCTCGCCGATCGGATATCGTCGCATTCGCACTCGCACGG 
1598 CGCATCGTCGCCTGCTTGATGCGCGGGAGTCCGCGCTCGTCTTCCACCATCGCGCCGGCT 
1558 GCACCGCTCGTCCCGCCGGAGTTATCTTCTTTCCCATCTCCGGCGGTCTCGTGAAGGGCC 
1618 GATCGGGGGAGGCATGTTGGCAGTAGGCTTGGCGGATTGGGTGGGCGGCCGGGCAGTTGG 
1678 TTTGGGCAGGGGTGACCACTGGCCATTGCTGCTGCGGGGATGGAAGGAGGTCGCCGCGGC 
1738 TGCGGCGTCGGCCGGGCCCGTTGGACGCTGGGGGCGGCAACCGGGGGCTGATGCCGGGGA 
1898 CCGGTTAATTTTGATCGGGCCTTTAAGCTT

Figure 3-4. The putative promoter of Pds from B73 line.
(A) Restriction map of p624 and pH58. Shaded bar represents p624 while open bar 
represents pH58. E, EcoR I; H, Hind HI; S, Sal I. Dashed arows indicate the transcription 
direction of Ltkl and Pdsl repectively. TATA, TATA box; AAA, polyA tail.
(B) Sequence of the Pds putative promoter. The putative TATA box is shown in bold 
within the box with the conserved TATA sequence underlined. The putative Cap signal is 
underlined and the first two nucleotides of the first intron are italicized and underlined. 
The full length Pds sequence of pMPDS7 (Figure3-3) starts at C indicated with I. The 
the first exon of Pds is aligned with nucleotide 1 to 156 of the full length Pds sequence. 
Idetical nucleotides are indicated with | .
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Figure 3-5. Southern analysis of maize Pds clones. Probes used were TPDS, tomato Pds 
cDNA; 3, pMPDS3; and 2, pMPDS2. Unique bands probed with pMPDS2 are indicated 
by large arrows. H, Hind ID; E, EcoR I; M, molecular marker in kb.
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1 ATGGACACTGGCTGCCTGTCATCTATGAATArrACTGGAGCTAGCCAGACAAGATCTTTTGCGGGGCAACTTCCTCCTCAGAGATGTTTTGCGAGTAGTC
1 Ccic^\A G CT(y4AT<^A G ^^T4TTG A jlcA G (!A cdLy:c^TT(yicTTCC TTCli:ciicA AA TiA A GTTM A G B(!3vldU G Cc4i4c{'A CG A G icCA C<!:

101 ACTATACAAGCTTTGCCGTGAAAAAACTTGTCTCAAGGAATAAAGGAAGGAGATCACACCGTAGACATCCTGCCTrGCAGGTTGTCTGCAAGGATTTTCC 
101  A(!jVG4AGACATAGA(b(!rr4TGGCTTCAC(rrG<!r{TCAiTTiATCTiAiiAcalcc4l!:CGAAGA,l'AGAACGAAACAAA,i,CATTTGATGA'i,iACGATGA’f4'l'TT 
2 01  AAGACCTCCACTAGAAAGCACAATAAACTATTTGGAAGCTGGACAGCTCTCrTCATTTrrTAGAAACAGCGAACGCCCCAGTAAGCCGTTGCAGGTCGTG 
2 0 1  Ĉ\A(!AAG(!rrrGTTGcAAAGAAAAGTAA'{,A't,AACACCTA'l'AAATGCAA(!rtG,t4TA,i4cAGlTicAGATCTAcAGATGG<yiAcAGATAActTTAic4TCGA
301  GTTGCTGGTGCAGGATTGGCTGGTCTATCAACAGCGAAGTATCTGGCAGATGCTGGCCATAAACCCATATTGCTTGAGGCAAGAGATGTTTTGGGTGGAA
301  c aa c < !4 tA 4 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

401  AGGTAGCTGCTTGGAAGGATGAAGATGGAGATTGGTACGAGACTGGGCTTCATATATTTTTTGGAGCTTATCCCAACATACAGAATCTGTTTGGCGAGCT
3 1 0 ------------------------------------------------------------- 4G^GAa^AdArrTGGAd:C?tG4T4ACAGGAcAcAA4TCAATGATGGAAA(yA4dA4444iAd:<yiAd4:
501  TAGGATTGAGGATCGTTTGCAGTGGAAAGAACACTCTATGATATTCGCCATGCCAAACAAGCCAGGAGAATTCAGCCGGTTCGATTTCCCAGAAACTTTG

3 7 9  4A(^14AA(^4d:iy44A dA (y:d^A AA A A A dA dA d4A 4AA 4A 44d:<y:dA 4y4A AA dA A (y:dA A <yuyA44dA i^d:(^4T(yi444d:d:dA A A AA drt44i 
601  c c a g c a c c t a t a a a t g g g a t a t g g g c c a t a t t g a g a a a c a a t g a a a t g c t t a c t t g g c c g g a g a a g g t g a a g t t t g c a a t c g g a c t t c t g c c a g c a a t g g  
4 7 9  tkAAAAfyrW’AjicA’i i i i c iA . iA A j i iA  iA A iy”l'4 i<yiLAAe!:i<kA<tAAiiri' (y r tb k iiA A A ii
7 01  TTGGTGGTCAACCTTATGTTGAAGCTCAAGATGGCTTAACCGTTTCAGAATGGATGAAAAAGCAGGGTGTTCCTGATCGGGTGAACGATGAGGTTTTTAT

5 79  4 4 b W i^ d A A d :d 4 4 A 4 < y 4 (y iA A d 4 d A A < ^4 b y 4 4 A A d :d :i4 4 4 d A < ^4 < ^4 iA A A A A A d A A < ^(^d :d A < ^4 iA (^< y A A A A 4 A A A i4 4 4 4 4 A 4

8 01  TGCAATCTCCAAGGCACTCAATTTCATAAATCCTGATGAGCTATCTATGCAGTGCATTTTGATTGCTTTGAACCGATTTCTTCAGGAGAAGCATGGTTCT
6 79  4(yAA4(W d:dAAA<^d4dAA444dA4AAA4d:dA<Ll4AA^W A4dAA4(yA<W <^4444AA44(W 44(^Ad:d:<yl444dA4dA£uAAAAAdA4AA44dA, 
901  AAAATGGCATTCTTGGATGGTAATCCGCCTGAAAGGCTATGCATGCCTATTGTTGATCACATTCGGTCTAGGGGTGGAGAGGTCCGCCTGAATTCTCGTA
7 7 9 A A A A A c ^ 4 4 (y -4 -c ^ 4 c ^ A A 4 d :(!:ty:(y-iAAAf̂ A A ( ^ A (y :c!r4A A 4-^cy ,4 (̂ ^ 4 4 - <b ^ M A ^ ^ ^ ( ! i A ^ i ( ! : ê <irt(kAAA4cbA(i:tb4A

1001 TTAAAAAGATAGAGCTGAATCCTGATGGAACTGTAAAACACTTCGCACTTAGTGATGGAACTCAAATAACTGGAGATGCTTATGTTTGTGCAACACCAGT
8 79  44A A A A A ^4A A A <^<^4d:drt(^4A (yU drl(^A A A A dA drl4d:(^dA 4A M <yi4A A A A drldA G A 4A A dA byi(yi4<yA 4A 4(^44<^ AdAAdAd:dAA4

1101 CGATATCTTCAAGCTTCTTGTACCTCAAGAGTGGAGTGAAATTACTTATTTCAAGAAACTGGAGAAGTTGGTGGGAGTTCCTGTTATCAATGTTCATATA
979 d A A 4 A 4 < % y iA d ^ d 4 4 & A d A 4 d A A d A A W & ^ ^

1201 TGGTTTGACAGAAAACTGAACAACACATATGACCACCTTCTTTTCAGCAGGAGTTCACTTTTAAGTGTCTATGCAGACATGTCAGTAACCTGCAAGGAAT
1079  4A<W44<^dAAAAAAdA<yAdAAdAdA4A4dAd:dAd:dA4dA444dAAdAAiAA44dAdA444AAA4A4dAA4AdAAAdA4i4dAAdAAdrdrtidAAiAAAl
1301 ACTATGACCCAAA.CCGTTCAATGCTGGAGTTGGTCTTTGCTCCTGCAGACGAATGGATTGGTCGAAGTGACACTGAAATCATCGATGCAACTATGGAAGA
1179 A44A4AA444AAA44tj444AA4(j44(jAAA44(j(j44444(j44444(j4AAAd(jAA4(3(jA4T(j(j44AAA(j4GAd!A44AAAA4dA44(jAd(j4AA44A4(jAAAAA
1401 GCTAGCCAAGTTATTTCCTGATGAAATTGCTGCTGATCAGAGTAAAGCAAAGATTCTTAAGTATCATATTGTGAAGACACCGAGATCGGTTTACAAAACT
1279  ^Aiy:dAA<^4A444<!:i!4AA4(yAA44^A(yAATiAAAA4AAAA(!AAAAA44(!44AAiTA44A4A44i4AAAAA(!A(!:(!:AAiA4(i:AA444A(!AAAA(!4
1501 GTCCCAAACTGTGAGCCTTGCCGGCCTCTCCAAAGGTCACCTATCGAAGGTTTCTATCTAGCTGGTGATTACACAAAGCAGAAATACCTGGCTTCTATGG
1 379  d ^ i d A A A ^ . m ^ . y ^ i d A ^
1601 AAGGTGCAGTCCTATCCGGGAAGCTTTGTGCCCAGTCCATAGTGCAGGATTATAGCAGGCTCGCACrCAGGAGCCAGAAAAGCCTACAATCAGGAGAAGT
1479 AA(j<̂d4A(̂ d(̂ A4(d4(j<jAAA(j<d444(jcA4(d£̂AA4d4A4T(j4(jdA(jAA44A4A(j4AA(jA4iA4A44dAA(jA(jA4A(jAAAA(jA44A4AA4cA(jiAAAA(j4
1701 TCCCGTCCCATCTTAGTTGTAGTTGGCTTTAGCTATCGTCATCCCCACTGGGTGCTATCTTATCTCCTATTTCAATGGGAACCCACCCAATGGTCATGTT
1579 IdrdrdiiWd:d:dA4drl,4A(̂ 4d4A(̂ 4A<W44A(WA4d:(y,dA4d:d:d:dAd4'ii<y,(yr{,A4d44A4d4d:drl,A444dAA4iAAAAdd:dAd:d:dAATi(y'<!A4i44
1801 GGAGACAACACCTGTTATGGTCCTTTGACCATCTCGTGGTGACTGTAGTTGATGTCATATTCGGATATATATGTAAAAGGACCTGCATAGCAATTGTTAG
1679  (^(^dA A dA d:drd(^4A d(^d:dA 44(L ld:dA td4d:A 4A dr{,AAd4A4Ai44AA4A4dA4A44d:iAA4A4A4A4A4AAAAAAAT(!4'idATAAdAATTATTAA

1901 ACCTTGG------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
1779  AdrdrddTdjGGAAAGCAAAAGCGATAAAGAGATCTCAGATAGATATTGTGTTCTTTCAGACGGTGGTTCCTATTCCTATCAATCGGTTAATCCATCCCACAT 
1908 ------------------------------------------------------- AAAAAAA
187  9 g g g a g g a t t t g t g g t a a g c t t a g t c a g c AAAAAAA

Figure 3-6. Comparison of nucleotide sequences o f pMPDS3 and pMPDSlO. Identical 
nucleotides are shown with |. The top sequence is that of pMPDS3, and the bottom one is 
ofpMPDSlO.
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zm p d s3  m d t g c l s s m n it g a s q t r s f a g q l p p q r c f a s s h y t s f a v k k l v s r n k .gr  5 0  
I I . I I I .

ZMPDS10 MKEHFEQHQPFTS FPSNEVKDMKPVYEAT 2 9

ZMPDS3 RSHRRHPALQWCKDFPRPPLESTINYLEAGQLSSFFRNSERPSKPLQW 1 0 0
I I I . I - - I I - •

ZMPDS10 TVDIESLASPASVNLKPPPKIERNKSFDDDDDFSNKLVAKKSNITPINAT 7 9

ZMPDS3 VAGAGLAGLSTAKYLADAGHKPILLEARDVLGGKVAAWKDEDGDWYETGL 1 5 0
I • - I • I I

ZMPDS10 VYSVADLQMATDSFSFD----------------------------------------------------- NLVGEGTFG 1 0 5

ZMPDS3 HIFFGAYPNIQNLFGELRIEDRLQWKEHSMIFAMPNKPGEFSRFDFPETL 2 0 0
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

ZMPDS10 KVYRAOFNDGKNLFGELRIEDRLOWKEHSMIFAMPNKPGEFSRFDFPETL 1 5 5

ZMPDS3 PAPINGIWAILRNNEMLTWPEKVKFAIGLLPAMVGGQPYVEAQDGLTVSE 2 5 0
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

ZMPDS10 PAPINGIWAILRNNEMLTWPEKVKFAIGLLPAMVGGQPYVEAQDGLTVSE 2 0 5

ZMPDS3 WMKKQGVPDRVNDEVFIAMSKALNFINPDELSMQCILIALNRFLQEKHGS 3 0 0
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

ZMPDS10 WMKKQGVPDRVNDEVFIAMSKALNFINPDELSMQCILIALNRFLQEKHGS 2 5 5

ZMPDS3 KMAFLDGNPPERLCMPIVDHIRSRGGEVRLNSRIKKIELNPDGTVKHFAL 3 5 0
I I I I I I I I I I I I I I I I I I II I I II I I I I I I I I I I I I I I I I I I II I I I I I I 

ZMPDS10 KMAFLDGNPPERLCMPIVDHIRSRGGEVRLNSRIKKIELNPDGTVKHFAL 3 0 5

ZMPDS3 SDGTQITGDAYVCATPVDIFKLLVPQEWSEITYFKKLEKLVGVPVINVHI 4 0 0
I I I I I I I II I I I I I I II I I I I I I I I I I I I I I I I I I II I I I I I I I I I I II I 

ZMPDS10 SDGTQITGDAYVCATPVDIFKLLVPQEWSEITYFKKLEKLVGVPVINVHI 3 5 5

ZMPDS3 WFDRKLNNTYDHLLFSRSSLLSVYADMSVTCKEYYDPNRSMLELVFAPAD 4 5 0
I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I  I I I I I I 

ZMPDS10 WFDRKLNNTYDHLLFSRSSLLSVYADMSVTCKEYYDPNRSMLELVFAPAD 4 0 5

ZMPDS3 EWIGRSDTEIIDATMEELAKLFPDEIAADQSKAKILKYHIVKTPRSVYKT 5 0 0
I I I I I II I I I I I I I I II I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I 

ZMPDS10 EWIGRSDTEIIDATMEELAKLFPDEIAADQSKAKILKYHIVKTPRSVYKT 4 5 5

ZMPDS3 VPNCEPCRPLQRSPIEGFYLAGDYTKQKYLASMEGAVLSGKLCAQSIVQD 5 5 0
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I 

ZMPDS10 VPNCEPCRPLQRSPIEGFYLAGDYTKQKYLASMEGAVLSGKLCAQSIVQD 5 0 5

ZMPDS3 YSRLALRSQKSLQSGEVPVPS 5 7 1
I I I I - I I I I I I I I I I I I I I I I 

ZMPDS10 YSRLTLRSQKSLQSGEVPVPS 5 2 6

Figure 3-7. Comparison of deduced amino acid sequences of pMPDS3 and pMPDSlO. 
The transit sequence of PDS is italicized and the dinucleotide binding site of PDS is 
underlined. The putative ATP binding site of a novel protein kinase is bold and 
underlined. Identical residues are indicated with | and similar residues are indicated with a 
dot (•).
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Figure 3-8. Southern analysis of maize genome (B73 line) with a 5.8 kb Hind in  
fragment, insert of pH58. B, BamH I; E, EcoR I; H, Hind HI. M, molecular marker in kb.
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Chapter 4: The Ltk gene family encodes novel receptor-like kinases with temporal 

expression in developing maize endosperm2.

4.1 Abstract

Maize cDNAs that are transcribed from a small gene family and encode a novel group of 

receptor-like kinases (RLKs) were isolated and characterized. The distinctive 

extracellular domain of these novel RLKs includes a unique number and arrangement of 

leucine-rich repeats (LRRs), a proline-rich region (PRR), a putative protein degradation 

target sequence (PEST), and a serine-rich region (SRR). The intracellular domain 

contains a putative serine/threonine protein kinase. To distinguish them from other 

reported RLKs, these novel RLKs were termed leucine-rich repeat transmembrane protein 

kinases (LTKs). Based on analysis of available deduced protein sequences, LTK1 and 

LTK2 were predicted to be 92.1% identical, while LTK2 and LTK3 were predicted to be 

97.5% identical. Though the three LTK proteins showed high homology, the region that 

most distinguished LTK1 from LTK2 and LTK3 was found in the extracellular domain, 

in the SRR. To differentiate between expression of the individual Ltk genes, RT-PCR was 

used in combination with restriction enzyme analysis. While Ltkl transcripts were 

constantly present in all tissues tested, Ltk2 and Ltk3 transcripts were only detected in the 

endosperm. Furthermore, transcript levels for both Ltkl and Ltkl showed modulation

2 The revised version of this Chapter has been accepted for publication (Li and Wurtzel, in press).
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during endosperm development, peaking at 20 days after pollination. These results 

suggest that members o f the Ltk gene family mediate signals associated with seed 

development and maturation.

4 2  Introduction

Cell surface receptors o f higher plants transduce primary signals leading to development 

of reproductive organs, growth of vegetative tissue, cell differentiation, and disease 

resistance. In the last few years a number of genes encoding higher plant receptor-like 

protein kinases (RLKs) have been discovered, although the receptor ligands or signals are 

largely unknown. These RLKs have a tripartite structure: an extracellular ligand binding 

domain, coupled to a transmembrane motif and an intracellular serine/threonine protein 

kinase (Walker, 1994). The higher plant RLKs have been classified based on structural 

characteristics of the extracellular putative ligand binding domain. Plant RLKs of the S 

type, have an extracellular domain similar to that of the self-incompatibility locus 

glycoprotein of Brassica. Another major class of RLKs have extracellular domains 

distinguished by a variable number of leucine-rich repeats (LRRs). A third class, 

represented by only one member from Arabidopsis, has an epidermal growth factor-like 

extracellular domain (Kohom et al., 1992). Recently, several new RLKs have been 

isolated, including a TNFR (tumor necrosis factor receptor)-like receptor kinase of maize 

(Becraft et al., 1996), a PR5 (pathogenesis-related protein 5)-like receptor kinase of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

Arabidopsis (Wang et al., 1996), a lectin-like receptor kinase of Arabidopsis (Herve et al., 

1996), and a novel RLK of Catharanthus roseus (Schulze-Muth et al., 1996).

Because o f its multiple roles, the LRR-containing class is particularly intriguing. Among 

the known functions for LRR-containing RLKs, are several significant physiological 

roles including cell differentiation (Mu et al., 1994), plant development (Clark et al.,

1997; Torii et al., 1996) and disease resistance (Song et al., 1995). The LRR class of 

receptor kinases is found almost exclusively in plants (Chang et al., 1992; Clark et al., 

1997; Hong et al., 1997; Mu et al., 1994; Schmidt et al., 1997; Song et al., 1995; Torii et 

al., 1996; Valon et al., 1993; van der Knaap et al., 1996; Walker, 1993) with the 

exception of the trk tyrosine kinase receptors of animals which have only three LRRs in 

the extracellular domain (Schneider and Schweiger, 1991). The LRR class may represent 

an extracellular-signal transmitting system unique to higher plants and which has evolved 

independently of the well-known tyrosine kinase signal transduction system of animals.

Members of the LRR class share a conserved intracellular serine/threonine protein kinase 

domain but a less conserved extracellular domain, varying in the number, length and 

arrangement of LRR repeats; therefore, it is possible that each member of this class 

transfers a different signal into the cell. These signals are likely to be polypeptides as 

suggested by several studies, including crystal structure analysis, implicating LRR motifs 

in protein-protein interaction (Kobe and Deisenhofer, 1995; Krantz and Zipursky, 1990).
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Although specific peptide ligands have yet to be found, examples of peptide signal 

molecules, such as ENOD40 and systemin, have recently been found in plants (Schaller 

and Ryan, 1996; van de Sande et al., 1996). Alternatively, LRRs may function in cell 

adhesion, mediating the orientation of cells during development, as is the case for the 

Drosophila proteins Toll and chaoptin (Keith and Gay, 1990; Krantz and Zipursky,

1990). About ten LRR-containing RLKs have been found in higher plants, but neither the 

receptor ligand, nor the downstream substrate of the intracellular protein kinase domain 

has been identified.

Further identification and characterization of these receptor kinases are central to 

understanding signal transduction in plant growth and development and environmental 

responses. In maize, only two RLK genes have been identified. The first RLK isolated 

(Walker and Zhang, 1990) was of the S type. Recently, an RLK involved in maize 

epidermal differentiation was cloned by transposon tagging (Becraft et al., 1996). Here, 

the isolation and characterization of cDNAs encoding a novel group of receptor-like 

kinases are reported. The unique extracellular domain of this group of RLKs contains an 

LRR region that may function as a ligand binding domain, a proline-rich region (PRR) 

and serine-rich region (SRR) that might serve a structural role in the ligand binding 

domain, and a novel PEST sequence that might play a role in turnover of these novel 

RLKs. These cDNAs, encoded by a small gene family, exhibited a unique profile of 

expression in developing endosperm. Therefore, a possible role of these novel RLKs in
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endosperm development is discussed.

4.3 Materials and Methods

4 3 .1 Plant materials

Maize plants (B73 inbred line) grown in a growth chamber at 25°C (12 hrs light/12 hrs 

dark), were harvested after twenty days when plants were at the two to three-leaf stage. 

Harvested plants were separated into shoots and roots. For collection of endosperm and 

embryo samples, B73 maize was grown in our experimental field at Pelham Bay Park, 

Bronx, New York. Ears were harvested at 10, 15,20 and 25 days after pollination (DAP) 

and the endosperm separated from the embryo. Unfertilized ovules were separated from 

unfertilized ears. All tissues were frozen in liquid nitrogen and stored at -80°C.

4.3.2 Cloning L tk l cDNA by 5' and 3' rapid amplification of cDNA ends (RACE)

An Ltkl cDNA was produced by using 5' and 3' RACE to extend sequences present in 

pMPDSlO, a 1.9 kb chimeric cDNA clone obtained in screening for cDNAs encoding 

phytoene desaturase (PDS) (Li et al., 1996), that contained 357 bp o f Ltkl (nt 861-1218) 

upstream of 1.5 kb of Pdsl (starting at nt 481, GenBank U37285). The 5’ and 3’ RACE 

reactions were carried out by using the 5' RACE system for Rapid Amplification of 

cDNA Ends, version 2.0 and the 3' RACE System for Rapid Amplification of cDNA 

Ends (Gibco BRL, Gaithersburg, MD, USA), respectively. For 5' RACE, first strand
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cDNA was synthesized from total leaf RNA using primer 189 as GSP1 (gene specific 

primer one), 5'-CGTCCAAAAGTACCCTCT-3', and tailing with polyG following the 

vendor’s procedure. The first round PCR amplification was carried out with primer 208 

as GSP2 (5'-AAGACTCTATGTCTACTGTGG-3') and AAP (5* RACE Abridged Anchor 

Primer, 5-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3', vendor-provided) 

in 20 mM Tris-HCl, pH 8.4; 50 mM BCCl; 2.5 mM MgCl2; 0.2 mM each dNTP; 0.4 mM 

each primer, and 0.05 U/ml Taq DNA polymerase (Gibco-BRL). The PCR protocol was: 

one cycle of 94°C (2 min); followed by 35 cycles o f 94°C (30 sec), 66°C (30 sec), 72°C (2 

min); and one cycle of 72°C (10 min). The first-round amplification product was diluted 

1:20 and then used as a template for a second-round of amplification with GSP2 and 

AUAP (Abridged Universal Amplification Primer, 5-GGCCACGCGTCGACTAGTAC- 

3', vendor-provided). The reaction conditions and protocol for second-round PCR were 

the same as for the first, except that the annealing temperature was 62°C. The 990 bp 

PCR product obtained from the second-round amplification using primers GSP2 and 

AUAP, was treated with Klenow and subcloned into pBluescript II SK(-) at the Sma I 

site, as in Li et al. (Li et al., 1996). This clone was designated as p5R900.

For 3' RACE, the first strand cDNA was synthesized from total endosperm RNA using 

AP (Adapter Primer, 5'-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT-3', 

vendor- provided). PCR was carried out using primer 219 as GSP (5'-GGGCATTAC 

TTGCTCAGGAT-3') and AUAP for first and second round amplifications. Conditions
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for both PCR rounds were identical: reactions contained 20 mM Tris-HCl, pH 8.4; 50 

mM KC1; 2.0 mM MgCl2; 0.2 mM each dNTP; 0.4 mM each primer, and 0.05 U/ml Taq 

DNA polymerase (Gibco BRL). The PCR protocol was: one cycle of 94°C (2 min); 

followed by 35 cycles of 94°C (30 sec), 62°C (30 sec), 72°C (2 min); and one cycle of 

72°C (10 min). The 2.2 kb PCR product was treated with Klenow and subcloned into 

pBluescript II SK (-) at the EcoR V site, as in Li et al (Li et al., 1996). This clone was 

designed as p3R41, and contained a 2.2 kb segment (nt 113-2310) of Ltkl. The 990 bp 5' 

RACE and 2.2 kb 3' RACE products were sequenced and found to overlap in an 865 nt 

region having 100% homology.

Prior to combining the 5' and 3' RACE products, the 5' RACE product was first 

subcloned into pMPDSlO. To extend the 5' end of Ltkl contained within pMPDSlO, a 

112 nt Spe I (vector site)-Ahd I fragment was removed and replaced by a 985 nt Spe I 

(restriction site in the AUAP adaptor sequence)-Ahd I fragment from p5R900 that 

contained nt 1-971 of Ltkl. The resulting clone, pl0F(E) contained nt 1-1218 of Ltkl 

followed by the 3' end of Pdsl.

Afterwards, the 3' RACE product was inserted in place of the Pds sequence. The 3' 

RACE product (p3R41) and pl0F(E) overlapped between nt 113 and 1218 of Ltkl. This 

region also contained a unique BspM I site, thereby providing a means to replace the 

Pdsl sequence with the 3' RACE product. The insert from p3R41 was released by
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digestion at the common BspM I site, and to create a blunt end, digested at a unique Sma 

I site within the vector. This fragment (containing nt 995-2310 of Ltkl) was then 

combined with plOF(E) which had been digested by BspM I and EcoR V, creating a blunt 

end from the vector. This clone, designated as pLTKl, contained nt 1-2310 of Ltkl.

4 3 3  Cloning the Ltk2 cDNA by RT-PCR

Based on Northern analysis, the Ltkl cDNA appeared to be about 200 bp shorter than 

expected. The following, which was carried out to recover sequence information further 

upstream of Ltkl, instead led to amplification of the Ltkl cDNA. A maize B73 genomic 

DNA library (CLONTECH Laboratories, Inc., Palo Alto, CA, Cat. # FL 1032D), 

containing 7xl06 phage clones, was screened with the insert o f p5R900 and sixty-four 

positive clones were isolated. Eight clones were randomly chosen for further analysis, the 

purified A. DNA digested by EcoR I, Sal I, or BamH I, and hybridized by a probe 

corresponding to the very 5' end of the 5' RACE product. This probe was a PCR product, 

approximately 300 bp, generated from clone pl0F(E) using primer 227, 5'-GGGAAGA 

TTGTACTGTACTTG-3' and primer 231, 5'-CGCAATAACCCTCACTAAAGG-3\ 

derived from the vector, pBluescript II SK (-). The PCR reaction was identical to that for 

3' RACE except for using 1 ng of plasmid DNA as template. The PCR protocol was: one 

cycle of 94°C (2 min); followed by 35 cycles of 94°C (30 sec), 65°C (30 sec), 72°C (30 

sec); and one cycle o f 72°C (10 min). Hybridizing fragments were subcloned into 

pBluescript II SK(-) and sequencing was attempted with primer 226, 5'- CCCTGATC
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CTGACAAGTAAT-3', which was 119 nt from the very 5' end of the 5' RACE product 

Although several fragments hybridized to the 5' end probe, primer 226 provided sequence 

from only one clone, p531, containing a 16.6 kb Sal I insert from the genomic clone, 

A.531. The EcoR I fragments o f p531 were subcloned into pBluescript II SK(-), since the 

5' RACE product contained an EcoR I site 45 nt from the 5' end, and it was expected that 

one of the EcoR I fragments would include the missing 5' sequence. One clone, p531E2, 

containing a 5.07 kb EcoR I fragment provided the expected sequence adjoining the 

EcoR I junction site of the 5' RACE product. However, this EcoR I fragment contained an 

intron between the corresponding nt 15 and 16 of the 5' RACE sequence. To gain 

additional exonic sequence at the 5f end of the gene, without sequencing through the 

intron, this clone was then sequenced by primer 240,5'-ACGATCGTTGGGGTCAA-3', 

consisting of the 15 nucleotides preceding the intron combined with an additional two 

nucleotides (shown in bold) that could pair with the conserved 5-GT-31 sequence of 

introns. Primer 240 provided limited sequence which was then used to design primer 243, 

5'-TGCACTTCACTTGTCAACAG-3', which allowed sequencing back into the intron. 

Based on this additional sequence, primer 246, 5'-GCTCTTCCTTATCGCCAT-3', was 

designed, and used to obtain upstream sequence that contained a putative promoter and 

the first exon, as analyzed by the PCGene program (Bucher, 1990).

To confirm the position of the promoter and the first exon encoding the 5' end of the Ltk 

mRNA, primer 247, 5'-CGGATTTGGAGGAGTCGAT-3', was designed according to the
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putative 5' exon sequence of p531E2, and used with primer 227 (see Figure 4-1), to 

amplify the 5' end of the Ltk mRNA by RT-PCR. One microgram total endosperm RNA 

was used to synthesize cDNA according to the procedure of the Superscript™ 

Preamplification System for First Strand cDNA Synthesis kit (Gibco BRL). One fourth of 

the cDNA was used as template to perform PCR with the same reaction conditions as for 

3' RACE. The PCR protocol was: one cycle of 94°C (2 min); followed by 40 cycles of 

94°C (30 sec), 58°C (30 sec), 72°C (30 sec); and one cycle of 72°C (10 min). Based on 

Northern analysis and available sequence, a 500 bp amplification product was expected 

and a 490 bp product was obtained. Although the expected size of the RT-PCR product 

was obtained, the sequence slightly differed from available Ltkl sequence, implying that 

the promoter contained by p531E2 did not belong to Ltkl and that the 490 bp product 

represented the 5' end of another Ltk transcript, which I named Ltk2.

To amplify the complete Ltk2 by RT-PCR, the genomic DNA-based primer 247 was used 

with primer 232 (5'-GGGAAGATTGTACTGTACTTG-3', sequence from the 3' RACE 

product). One microgram total endosperm RNA was used to synthesize cDNA according 

to the procedure of the Superscript™ Preamplification System for First Strand cDNA 

Synthesis kit (Gibco BRL). One fourth of the cDNA was used as template to perform 

PCR with the same reaction conditions as for 3' RACE. The PCR protocol was: one cycle 

of 94°C (2 min); followed by 35 cycles of 94°C (30 sec), 54°C (30 sec), 72°C (2 min); and 

one cycle of 72°C (10 min). The PCR product was treated with Klenow and subcloned
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into pBluescript IISK  (-) at the Sma I site, as in Li et al. (Li et al., 1996). Several clones 

of identical size were obtained and one of them, containing a 2388 bp insert, was 

designated as pLTK2.

43.4 DNA Sequencing

Plasmid DNA templates were isolated by the Wizard Plus Miniprep DNA Purification 

System (Promega, Madison, WI) and DNA sequencing was carried out using the 

Sequenase™ Version 2.0 DNA Sequencing Kit (United States Biochemical, Cleveland, 

OH). Alternatively, automatic sequencing of double stranded DNA templates was used. 

Both strands of Ltkl, Ltk2, and Ltk3 cDNAs were sequenced by primer walking.

4.3.5 DNA extraction and Southern analysis

Genomic DNA was extracted according to Wurtzel et al. (Wurtzel et al., 1987) from 20 

DAP maize B73 endosperm. Following restriction enzyme digestion with BamH I, £coR 

I or Pvu II, Southern hybridization with probes A, B, or C, was carried as in Wurtzel et 

al. (Wurtzel et al., 1987). Filters were washed in 0.1% SDS and O.lxSSC for 15 min at 

r.t. and twice for 15 min at 55°C, followed by a 2-12 hr exposure to a Storage Phosphor 

Screen, which was then scanned on a 445SI Molecular Dynamics Phosphorimager. Probe 

A was the 2.1 kb Ltkl 3' RACE product described above. Probe B was a 307 nt PCR 

product (nt 861-1168 of Ltkl) amplified from pMPDSlO using primer 231 (see cloning 

Ltkl) and 229, 5'-CAAGGTCGACGAAGCTAAAGC-3'. The PCR conditions were the
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same as for PCR with primers 231 and 227 in Ltk2 cloning. To prepare probe C, a 490 bp 

RT-PCR product of Ltk2, total endosperm RNA was used as template for first-strand 

cDNA synthesis and PCR amplified using primers 247 and 227 (see cloning Ltk2 and 

Figure 4-1).

4.3.6 RNA extraction and Northern analysis

Total RNA was extracted from embryo, leaf, or roots following Logemann et al. 

(Logemann et al., 1987) and from endosperm or unfertilized ovules following Wurtzel et 

al. (Wurtzel et al., 1987). RNA concentration was determined spectrophotometrically. 

Electrophoresis of total RNA on 1.4% (w/v) agarose gels containing 6% (v/v) 

formaldehyde, transfer to nitrocellulose, and hybridization conditions were as in Wurtzel 

et al. (Wurtzel et al., 1987). Filters were exposed for 24 hr to a Storage Phosphor Screen 

which was then scanned on a 445SI Molecular Dynamics Phosphorimager.

4.3.7 RT-PCR and restriction enzyme diagnosis of Ltk transcript accumulation

Total RNA was used as template for cDNA synthesis as described in the synthesis of Ltk2 

cDNA. Using one fourth of the cDNA, PCR was performed with forward primer 276, 5'- 

TCACAGGTTGGCAGGCGAAT-3' and reverse primer 207, 5-CCATCTGTAGATCTG 

CAACTGAA-3' (see Figure 4-1) in a reaction containing 20 mM Tris-HCl, pH 8.4; 50 

mM KC1; 4.0 mM MgCl2; 0.2 mM each dNTP; 0.4 mM each primer; and 0.05 U/ml Taq 

DNA polymerase (Gibco-BRL). The PCR protocol was: one cycle of 94°C (2 min);
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followed by 40 cycles o f 94°C (30 sec), 54°C (30 sec), 72°C (1 min); and one cycle of 

72°C (10 min). To ensure linearity of the reactions, conditions were similar to those 

described in Li et al., 1996 (Li et al., 1996). From a 25 p.1 reaction, 15 jil PCR product 

was incubated with restriction endonuclease Hae m  for 2 hr following the vendor’s 

specifications (Gibco-BRL) and then analyzed by electrophoresis on a 1.6% (w/v) 

agarose gel in comparison with 10 pi of undigested DNA remaining from the PCR 

reaction. Control RT-PCR reactions for amplification of Pds and Sh transcripts were 

performed as in (Li et al., 1996).

4.4 Results

4.4.1 Cloning of Ltkl and Ltk2 cDNAs

A chimeric cDNA clone of unusual structure was found while screening a maize 

endosperm cDNA library for cDNAs encoding phytoene desaturase (PDS). In addition to 

isolating a cDNA clone encoding PDS, as described in Li et al. (Li et al., 1996), one 

clone (pMPDSlO) appeared to be chimeric; the 3' end encoded most of PDS with the 

exception o f an essential dinucleotide binding domain and transit sequence, in place of 

which was an ATP binding site and partial protein kinase sequence (data not shown). I 

decided to use 5' RACE and 3' RACE to reconstruct a cDNA, from a maize B73 inbred 

line, represented by the protein kinase sequence at the 5' end of the chimeric cDNA. The 

990 bp 5' RACE and 2.2 kb 3' RACE products were sequenced and found to overlap in an
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865 nt region having 100% homology. Therefore, the RACE products were combined to 

produce a plasmid containing a reconstructed cDNA of 2310 bp, designated as pLTKl. 

Hybridization of pLTKl to B73 leaf RNA detected a transcript of about 2560 nt, 

suggesting that pLTKl was missing about 200 bp at the 5' end.

In an effort to isolate the missing 5' end of Ltkl, a maize B73 genomic DNA library was 

screened. Using a primer close to the very 5' end of the RACE product, I identified one 

clone, p531E2 subcloned from p531, with sequence (GenBank #AF023267) contiguous 

to that of the Ltkl 5' RACE product and which presumably contained part of the Ltkl 

promoter (Figure 4-2A). Sequence analysis o f the putative promoter region revealed a 

TATA box and mRNA Cap signal as shown in Figure 4-2B. To amplify the missing 5' 

end of Ltkl by RT-PCR, I designed a forward primer (primer 247) from the genomic 

DNA sequence and a reverse primer (primer 227) from the truncated Ltkl cDNA in 

pLTKl (Figure 4-1). According to the predicted site of the putative Cap signal, 

amplification with these primers was expected to produce a 490 bp fragment which 

would include approximately 200 bp upstream of the 5' RACE product. As predicted, a 

490 bp RT-PCR product (probe C, Figure 4-1) was obtained. When this 490 bp fragment 

was sequenced, the first 215 nt matched the first exon sequence, predicted from the Ltk 

genomic clone (Figure 4-2B). However, comparison of nt 216-490 of the RT-PCR 

product with that of the overlapping 5' RACE product showed the RT-PCR sequence to 

be slightly different. This result suggested that the RT-PCR product represented a second
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related gene, designated Ltkl, and that the genomic clone actually contained the promoter 

region of Ltk2 and not that of Ltkl. To amplify a full-length cDNA encoding this second 

LTK, RT-PCR was performed with primers 247 and 232 (Figure 4-1), and the 2388 bp 

product was cloned. This second Ltk cDNA clone, designated as pLTK2, shared an 

identical sequence as that o f the RT-PCR product, but a different DNA sequence from 

that of Ltkl.

4.4.2 Comparison of L tk l  and Ltk2 cDNAs and their predicted gene products

The inserts of pLTKl and pLTK2 were fully sequenced from both directions and the 

sequences submitted to GenBank with accession numbers AF023164 and AF023165. 

Searching of GenBank with the nucleotide or predicted protein sequences of either cDNA 

revealed no obvious homologs. However, the predicted C termini showed similarity to 

protein kinases and the predicted N termini, found later to contain eight leucine-rich 

repeats, showed similarity of these repeats to repeats contained within proteins having 

various numbers of leucine-rich repeats. I also identified motifs corresponding to a signal 

sequence and transmembrane region. Since these proteins had the general structure of 

receptor-like kinases with leucine-rich repeats in the putative extracellular domain, I 

named them LTK proteins, for leucine-rich repeat transmembrane protein kinase.

The 2388 bp Ltk2 cDNA (pLTK2) contained a  complete open reading frame (ORF), 

preceded by a 5' untranslated region of 99 bp and followed by a 3' untranslated region of
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114 bp. As this was an RT-PCR product, the region adjacent to and including the poly A 

tail was missing (when compared to Ltkl, this was estimated as 159 bp, assuming a 

similar polyadenylation site to Ltkl on the basis of a single band detected by Northern 

analysis). The pLTK2 ORF encoded a polypeptide of 725 residues with a calculated 

molecular weight of 79.15 kD. The 2310 bp Ltkl cDNA (pLTKl) encoded 684 residues 

in the first 2054 bp followed by a 256 bp 3' untranslated region, including the poly A tail. 

The Ltkl and Ltk2 cDNA sequences were compared and showed 91.2% identity at the 

nucleotide level. A comparison of the predicted protein sequences (Figure 4-3) showed 

92.1% identity and 94.5% similarity.

As shown in Figures 4-1 and 4-3, the structure of the predicted LTK2 polypeptide 

showed it to include a signal peptide and leucine-rich repeats (LRRs) at the amino 

terminus, a transmembrane region, and a protein kinase domain in the carboxyl terminus. 

The unique number and organization of the LRRs, combined with other peculiar 

sequence hallmarks, as described below, indicated that the LTK proteins were new 

members of the class of RLKs having LRRs in their extracellular domains. Two 

hydrophobic motifs were predicted by sequence analysis of LTK2 using the SOAP 

program of PCGene (Kyte and Doolittle, 1982) (Figure 4-3). One region, residues 11 to 

27 at the amino terminus, could serve as a signal peptide to target LTK2 to the plasma 

membrane. The other, residues 297 to 322, a putative transmembrane domain, separated 

the N-terminal LRR domain from the C-terminal protein kinase domain. Though the Ltkl
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cDNA was missing the 5' sequence needed to encode a signal peptide, it encoded, as Ltk2, 

the transmembrane motif from residues 257 to 282 (Figure 4-3). The transmembrane 

motifs of both LTK1 and LTK2, were followed by positively charged residues 

KRRKR(H)K that could function as stop-transfer sequences (Weinstein et al., 1982). 

During insertion of LTK proteins into the plasma membrane, the stop-transfer sequence 

would cause the protein kinase domain to remain inside the cell, while the LRR portion 

of LTK would be extracellular.

As predicted from the translated ORF, the extracellular domain of LTK proteins was 

found to consist of eight LRRs, the first of which was separated from the other seven 

tandemly repeated LRRs (Figures 4-3 and 4-4A). Each repeat ranged in length from 18 to 

24 amino acids and contained a conserved core region, LXXLXLXXN, found in LRRs of 

other RLKs (Figure 4-4B). In a hydrophilic environment, this conserved core sequence is 

proposed to form a b-sheet structure that binds the protein ligand (Jiang et al., 1995; Kobe 

and Deisenhofer, 1995).The region containing the eight LRRs showed highest similarity 

(about 45-64%) to various stretches o f leucine-rich repeats found in the Cf-2 proteins, a 

pair of membrane anchored disease resistance proteins from tomato having thirty-eight 

LRRs, but no kinase domain (Dixon et al., 1996). A similar comparison of the eight LRRs 

in the LTK proteins with the twenty LRRs of ERECT A, an Arabidopsis RLK involved in 

plant development, showed a maximum similarity of 60%. However, the number and 

arrangement of LRRs in LTK proteins was different from that of all known LRR-type
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RLKs, implying a unique ligand specificity for the LTK extracellular domains.

Unlike other LRR-type RLKs, three novel regions were found in the predicted 

extracellular domains o f LTK 1 and LTK2. One region, located between the LRR and 

transmembrane domain, was a putative protease target site or PEST sequence. PEST 

sequences are defined as hydrophilic regions of at least 12 amino acid residues, 

containing at least one P (proline), one E (glutamic acid) or D (aspartic acid), and one S 

(serine) or T (threonine), but no positively charged residues, although the region may be 

flanked by K(lysine), R (arginine), or H (histidine) (Rechsteiner, 1990). The PEST 

sequences found were “INSLQTDGNSWSTGPAPPPPPYTAPPPPPN,” aa 210 to aa 239 

in LTK1, and “EINNLQTDGNSWSTGPAPPPPPYTAPPPPN,” aa 248 to aa 277 in 

LTK2 (as analyzed by the PEST-FIND program of PCGene (Rogers et al., 1986)). These 

sequences received PEST scores of 8.7 and 8.1, respectively, where a score greater than 

five indicates that the region is most likely to be degraded by proteases and that the 

protein will have a fast turnover rate.

The second distinct region was a proline-rich region (PRR), which actually comprised the 

carboxyl terminus of the PEST sequence, from aa 224 to aa 238, PAPPPPPYTAPPPPP in 

LTK1 and from aa 263 to aa 276, PAPPPPPYTAPPPP, in LTK2. PRRs form an extended 

flexible structure because o f the unique structure of proline, whose side group bonds to 

the backbone amide position and forms a rigid structure (Williamson, 1994). For
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example, in Calcineurin A, a stretch of 11 contiguous prolines have been proposed to be 

involved in PRP (proline-rich protein)-protein interaction (Guerini, 1997). Nonrepetitive 

PRR sequences may also mediate protein-protein interaction as seen in the Sos PRR site 

that mediates binding to SH3 (src homology 3) (Ren et al., 1993). In the case of LTK 

proteins, the PRR sites were noncontiguous; in LTK1, the PRR consisted of 11 prolines 

in a region of 15 residues, while the PRR in LTK2 consisted of 10 prolines in a region of 

14 residues. Because of its position between the LRR and transmembrane domain of 

LTK, the PRR may function either as a “hinge” to increase the flexibility of the 

extracellular ligand binding domain, or as a “linker” to extend the protein ligand binding 

site.

The third unique region noted was a serine-rich region (SRR) found immediately 

downstream of the proline-rich region. Surprisingly, this SRR most differentiated LTK1 

from LTK2, proteins that were otherwise 94.5% similar. LTK1 (residues 243-256), 

contained ADGSSSSSSSGGRS, while LTK2 (residues 281-296) contained 

GAGQNDDGSSSSGGRP. The SRR sequences, which differed in number of the polar 

serine residues, were flanked by negatively and positively charged residues. If the SSR 

plays any role in ligand binding, then LTK1 and LTK2 might also differ in ligand 

specificity and/or affinity.

Both LTK proteins contained in their putative intracellular domains, the eleven
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subdomain catalytic site characteristic of protein kinases (Figure 4-3). Specific features of 

subdomains VTb and VIII marked the kinase domains of the LTK proteins as 

serine/threonine protein kinases, similar to all other higher plant RLKs, and distinct from 

the animal receptor kinases that are either tyrosine or serine/threonine kinases (Hanks and 

Quinn, 1991; Walker, 1994). Consensus sequences for subdomains VIb and Vm, 

respectively, are DLKPEN and GTPXYIAPE for serine/threonine kinases and DLAARN 

and FPIKWMAPE for tyrosine kinases. The observed sequence homology suggests that, 

like the other LRR-type RLKs, the LTKs are capable of autophosphorylation or 

phosphorylation of substrate polypeptides at serine and/or threonine residues (Walker,

1994). In contrast to the variable extracellular LRR domain, the intracellular protein 

kinase domain was well conserved as compared with protein kinase domains of other 

LRR-type RLKs and with other cytosolic protein kinases. A comparison of protein 

kinase domains of all LRR protein kinases and three cytosol protein kinases was carried 

out using the Clustal program of PCGene (Higgins and Sharp, 1988) and the result is 

shown in Figure 4-4C. The kinase domain of TRK, the only LRR type receptor kinase in 

animals was also included in the analysis, but as this is a tyrosine kinase, it is not 

surprising that it was the least related. Interestingly, the LTK1 and LTK2 protein kinase 

domains showed highest homology to Pti, a defense-related cytoplasmic protein kinase 

from tomato (Zhou et al., 1995).
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4.4.3 The Ltk gene family of maize

The Ltk gene copy number was investigated by Southern analysis. When maize B73 

genomic DNA was probed by an almost Ml length, 2.1 kb cDNA probe (probe A, Figure 

4-1), multiple bands were observed for three different restriction enzyme digestions 

(Figure 4-5 A). These probed fragments might represent multiple Ltk genes. Alternatively, 

these bands might represent numerous protein kinase genes, since the C-terminal protein 

kinase region of Ltk has high homology to those of other protein kinases. Therefore, an 

identical filter was probed by B (Figure 4-1), a 280 bp probe corresponding to a region 

upstream of the kinase domain, but downstream of the region encoding the 

transmembrane domain. As shown in Figure 4-5B, fewer bands hybridized to probe B, as 

compared with the number of bands that had hybridized to probe A (Figure 4-5 A). In the 

Pvu II digestion, only two fragments, 7.8 kb and 6.0 kb, were detected by probe B, while 

in EcoR I or BamH I digestions, three major bands were detected by probe B. Since the 

280 bp probe B was a short probe, these results suggest that there is more than one copy 

of Ltk in the maize genome.

To eliminate the possibility that multiple long introns in the region hybridized by B 

caused multiple bands in Southern analysis, probe B was removed and the filter 

hybridized by probe C, DNA encoding part of the LRR extracellular domain (Figure 4-1). 

Probe C was 490 bp and located 605 bp upstream of probe B. If the 7.8 kb and 6.0 kb Pvu 

II fragments probed by B originated from a single Ltk gene, then probe C would have
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hybridized only to one but not to both bands. If the two Pvu II fragments probed by B 

were from two or more Ltk copies, C would hybridize to both bands. As shown in Figure 

4-5C, probe C did hybridize to both Pvu II fragments, demonstrating that more than one 

or at least two copies o f Ltk are present in the maize genome. The same deduction could 

be applied to the three bands generated by EcoR I or BamH I digestion and hybridized by 

B. If these three fragments were from only two different genes and could be probed by B, 

then probe C would have hybridized to two but not all fragments. Nonetheless, as shown 

in Figure 4-5C, probe C hybridized to all three bands previously probed by B, both in the 

BamH I and EcoR I digestions. This suggests that there may be three copies of Ltk in the 

maize genome.

4.4.4 Expression of Ltk  a t the RNA level

Although three Ltk genes were suggested by Southern analysis, only a single 2560 nt 

transcript was detected in total RNA extracted from roots, leaves, 20 DAP endosperm, or 

20 DAP embryo of the maize B73 inbred line (Figure 4-6). Also, the transcript level 

varied amongst tissues; four times as much RNA was required to detect comparable 

levels of Ltk transcript in leaves and roots, as compared with that of endosperm and 

embryo samples. When 10 pg total RNA was loaded for each tissue, a signal could only 

be detected for endosperm and embryo, but not for root or leaf samples (left panel, Figure 

4-6). To detect a comparable signal, root and leaf RNA samples were increased to 40 pg 

(right panel, Figure 4-6). Also, the role of light in modulating leaf Ltk transcript level was
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tested, but found not to have any effect (data not shown).

Although one band was detected by Northern analysis, it was difficult to determine which 

Ltk gene was transcribed, especially if gene family members encoded transcripts of 

similar sizes. To differentiate among Ltk transcripts, another approach was needed. Since 

Ltkl and Ltk2 cDNAs exhibited nucleotide sequence differences, I used RT-PCR, in 

combination with analysis of restriction enzyme site polymorphisms, to differentiate 

transcripts of the Ltk genes. Primers 276 and 207 (shown in Figure 4-1) were used to 

amplify transcripts from leaf, root, embryo (20 DAP) and endosperm (20 DAP). Only 

when reverse transcriptase was added to the cDNA synthesis reaction was an 

approximately 1070 bp RT-PCR product obtained (Figure 4-7A, panels 1 and 2). This 

demonstrated that the amplification product was derived from RNA and not from 

contaminating genomic DNA. Furthermore, the RT-PCR product was of the expected 

size based on the Ltk cDNA sequences; the predicted sizes for Ltkl and Ltk2 were 1074 

and 1077 bp, respectively, which could not be differentiated by gel electrophoresis. 

Therefore, the restriction enzyme Hae III was used to distinguish among the Ltk 

transcripts since Hae III digestion of the 1070 bp RT-PCR product was expected to yield 

a major fragment of 771 bp for Ltkl, but an 887 bp fragment for Ltk2 (see Figure 4-1). As 

shown in Figure 4-7A (panel 3), only one 771 bp fragment resulted from Hae III 

digestion of the 1070 bp RT-PCR product amplified from leaf, root or 20 DAP embryo 

RNA using primers 276 and 207. Thus, Ltkl was the only Ltk transcript expressed in
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these three tissues. However, when 20 DAP endosperm RNA was used, three restriction 

fragments, 771 bp, 887 bp and a faint 957 bp fragment, were obtained. The 771 bp and 

the 887 bp fragments implied expression of Ltkl and Ltk2, respectively. The presence of 

the 957 bp fragment was unexpected. These three fragments suggested that there were 

three genes expressed in the endosperm, Ltkl, Ltk2, and a third, as yet unidentified, Ltk 

gene. Alternatively, the 957 bp fragment might have been a result o f partial digestion of 

the Ltkl or Ltk2 RT-PCR products. If three different transcripts were indeed present, then 

the 1070 bp RT-PCR product obtained with primers 276 and 207 would be predicted to 

contain, not two different products, but three. To test the hypothesis that there were three 

different endosperm transcripts, the 1070 bp RT-PCR products were cloned and as 

predicted, three different types of clones were isolated. The insert of each clone type was 

sequenced; on the basis of sequence homology, two types corresponded to Ltkl and Ltk2 

were identified (data not shown). The third type, designated as Lt/c3 (GenBank Accession 

#AF23166, Figure 4-1), showed 98.6% identity at the nucleotide level and 97.5% identity 

at the amino acid level, when compared with the corresponding sequences of the Ltk2 

cDNA and deduced protein. Based on the DNA sequence of the Ltk3 RT-PCR product, it 

could generate a 957 bp Hae ID fragment as observed in Figure 4-7A (panel 3-D).

To further investigate Ltk expression dining maize endosperm development, RT-PCR 

with primers 276 and 207 was performed with total RNA extracted from endosperm at 

various stages of development and from the maternal, unfertilized ovule tissue. As shown
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in the top panel o f Figure 4-7B, Ltk expression was relatively elevated in the maternal 

ovule tissue, while Ltk transcript levels were lower at 10 DAP. From about 15 DAP, Ltk 

transcript levels began to rise, reaching a peak at 20 DAP, and then decreasing as 

observed at 25 DAP. To determine more specifically which Ltk transcripts were being 

expressed, individual Ltk transcript levels were assayed by Hae Eli digestion of the RT- 

PCR product. The only detectable Irk  transcript accumulated in unfertilized maternal 

ovule tissue was Ltkl, as evidenced by the 771 bp Hae III fragment (Figure 4-7B). 

However, the Ltk transcripts undergoing temporal modulation in endosperm development 

were a combination of both Ltkl and Ltk2, as indicated by the presence of the 771 and 

887 Hae III fragments, respectively. The absence of the Ltk3 Hae HI product suggested 

that the corresponding transcript was of low abundance, as also suggested by the faint 

band seen in Figure 4-7A  (panel 3-D). In comparison, RT-PCR was used to show 

transcripts levels for two other genes, Pds and Sh, which are known to be expressed in 

developing endosperm. As previously demonstrated, Pds transcript levels were constant, 

whereas Sh transcript levels increased from 10 to 15 DAP and remained constant 

thereafter (Li et al., 1996).

4.5 Discussion

The serendipitous isolation of a chimeric Ltk-Pds cDNA led to the discovery of a new 

class of maize receptor-like kinases containing leucine-rich repeats in their extracellular
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domain. These particular LRR type RLKs were termed LTK proteins. From Southern 

analysis, it appeared that there were three Ltk copies in the genome; this was later 

confirmed by cloning of three different RT-PCR products. Therefore, LTK proteins are 

encoded by a small gene family consisting of three members, Ltkl, Ltk2, and Ltk3. From 

sequences of the isolated Ltk cDNAs, it was determined that Ltkl and Ltk2 shared 91.2 % 

nucleotide homology, while Ltk2 and Ltk3 shared 98.6 % homology. However, from 

RFLP mapping in two different families (T232 X CM37 and C0159 X Tx303) (Burr et 

al., 1988), only two Ltk loci have been detected; one locus is 0.58 cM distal to Pdsl on 

chromosome IS while the other is 1.19 cM proximal to bngl619, an RFLP marker on 

chromosome 9L (B. Burr, personal communication). From isolation and sequencing of a 

5.8 kb genomic DNA fragment containing the 3' end of Ltkl and Pds, I know that Ltkl is 

the Ltk locus linked to Pdsl and transcribed in the same direction. Furthermore, this close 

proximity is probably related to the origin of the Ltk-Pds chimeric clone, which, based on 

sequence identity, was actually a fusion of Ltkl and Pdsl (data not shown). Since 

available sequence for Ltk2 and Ltk3 showed 98.6% homology, these loci might represent 

a recent gene duplication whereby the two genes are still closely linked and cannot be 

differentiated by RFLP mapping. Ltk2 and/or Ltk3 might be located on chromosome 9L.

From the complete ORF available for Ltk2,1 predicted that it encodes a 79.15 kD protein 

with eight leucine-rich repeats in an amino terminal extracellular domain and a 

serine/threonine protein kinase in a carboxyl terminal intracellular domain. The kinase
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catalytic domain showed homology to other serine/threonine kinases, particularly to 

tomato Ptil, a soluble serine/threonine protein kinase involved in plant defense (Zhou et 

al., 1995). Also, the putative extracellular LRR domain showed some homology to Cf-2 

proteins, a pair of membrane anchored defense proteins from tomato (Dixon et al., 1996). 

However, the LRR domain of LTK proteins was unique in number and arrangement of 

LRRs as compared to any other known LRR-type RLK, implying a unique ligand 

specificity for the LTK extracellular domains. Despite the distinctive architecture of the 

LRR domain, the leucine-rich repeats do contain the consensus core sequence thought to 

be involved in protein-protein interaction and/or ligand binding.

In addition to the unique LRR domain, LTK proteins contained some novel motifs in the 

extracellular domain. A PEST sequence, thought to be involved in protein degradation, 

was found downstream of the LRRs. PEST sequences have been found not only in 

metabolic enzymes but also in proteins involved in gene expression, signal transduction 

and cell-cycle regulation (Rechsteiner and Rogers, 1996). Clearly, from Northern and 

RT-PCR analysis, the transcript levels for the various family members were under both 

tissue-specific and developmental regulation; the PEST sequences may provide an 

additional level of post-transcriptional control of Ltk expression. Nearby the PEST 

sequence was a PRR, which can play a role in protein structure vis a vis ligand binding. 

Another novel region found in the extracellular domain, was an SRR. Though the 

function of this serine-rich region is unclear, its proximity to the LRR and PRR may
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suggest some role in ligand binding. Moreover, this region most distinguished LTK1 

from LTK2, suggesting that not only are LTK proteins very different from all other LRR- 

type RLKs, but may differ from each other regarding ligand specificity and/or affinity. In 

addition to variation in the SRR domain, other minor differences were observed in the 

predicted intracellular regions external to the kinase catalytic domain. Intracellular 

segments external to the putative protein kinase catalytic domain have been proposed to 

affect substrate specificity (Walker, 1994). Minor residue differences between LTK1 and 

LTK2 intracellular domains may be interpreted to influence substrate specificity and/or 

affinity of the corresponding kinases. Subtle amino acid sequence differences between 

LTK types can have profound effects on extracellular ligand binding and/or intracellular 

signal transduction.

From Northern analysis, only one size transcript could be detected; however, use of RT- 

PCR combined with restriction enzyme digestion allowed monitoring of Ltk gene-specific 

expression. Although Ltk transcripts were found to be of low abundance, transcript levels 

were higher in endosperm and embryo when collected at 20 DAP, as compared to leaves 

and roots of young seedlings. Of the three Ltk transcripts, Ltkl was the only one 

expressed in all tissues examined, including roots, leaves, endosperm, embryo, and 

unfertilized ovules; Ltk2 and Ltk3 were only expressed in the endosperm. However, Ltk3 

was difficult to detect routinely, although an Ltk3 cDNA could be cloned. While Ltk2 was 

undetectable in unfertilized ovules, it was detected in developing endosperm, even at 10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

DAP. This suggests that fertilization triggers increased Ltk2 transcript levels in 

developing endosperm cells. Furthermore, endosperm development was also 

accompanied by modulation of the Ltkl transcript level. However, at 20 DAP, when both 

Ltkl and Ltk2 were expressed in the endosperm, only Ltkl was expressed in the embryo.

Although the LRR and kinase domains of LTK showed similarity to corresponding 

regions of defense-related proteins, the observation that Ltkl and Ltk2 transcript levels 

were modulated during endosperm development suggests that LTK proteins may play a 

role in endosperm development. Other LRR type RLKs have been implicated in control 

of plant development; in Arabidopsis, ERECTA (ER) is involved in determination o f 

organ shape and vegetative growth, although the biochemical mechanism is unknown 

(Torii et al., 1996) and Clavatal (CLA1), expressed in the inflorescence, may regulate 

differentiation of apical meristem cells (Clark et al., 1997).

In maize, the process of double fertilization establishes initiation of two parallel 

developmental programs, one leading to a mature embryo and the other leading to the 

endosperm. As described by Kiesselbach (Kiesselbach, 1949), immediately after 

fertilization, endosperm nuclei divide mitotically without formation of cell walls; after 

about two days, the free nuclei continue dividing while forming cell walls only on one 

side until the endosperm is completely cellular at about 4 DAP; at 5 DAP, cell division 

occurs throughout the endosperm; at about 6 DAP the endosperm is solidifying and
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surrounding nucellar tissue is being digested away; also, the basal endosperm cells 

differentiate to form placental tissue; between 10-20 DAP, most cell division is confined 

to the outer region of the endosperm, away from the embryo; after about 20 DAP, cell 

divisions are limited to the periphery several cells deep, where surface cells eventually 

differentiate into the aleurone layer. It is unclear what signals control the repression of 

cell division in the endosperm after 10 DAP. Interestingly, the change in Ltk gene 

expression correlated with this temporal and regional control of cell division in 

developing endosperm. When endosperm cell division becomes more restricted between 

10-20 DAP, Ltk2 and Ltkl transcript levels are steadily increasing. Since the LRR domain 

may interact with polypeptide ligands or cell surface proteins, LTK proteins could 

transduce signals involved in regulation of cell division. Similarly, LTK1 may have some 

role in control o f cell division in other parts of the plant, as its transcripts are constantly 

present.

Alternatively, the increased transcript levels of Ltkl and Ltk2 might be significant in 

regulating later stages of endosperm development associated with establishment of 

dormancy. After 20 DAP, the kernel proceeds towards the maturation phase and 

dormancy where only the embryo and aleurone layer of the endosperm develop tolerance 

to desiccation associated with this stage. More defined analysis o f Ltk transcript 

localization in specific cells of developing endosperm and in other tissues, combined with 

isolation of Z/fc-specific mutations, will help elucidate the role of each LTK type in maize

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

growth and development. The LTK proteins and their corresponding genes represent new 

tools for probing signal transduction associated with the intriguing process of endosperm 

and seed development.
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Figure 4-1. LTK protein and cDNA structures. ORF, open reading frame; PRR, proline 
rich region; PEST, putative protein degradation site. Numbers 207,227,232,247 and 276 
are primers used for RT-PCR. The open boxes, above which are DNA sizes in base pairs, 
represent the largest fragments produced by Hae HI (H) digestion of the RT-PCR 
products (generated with primers 276/207). Hae HI sites are shown only in the region 
between primers 276 and 207. A, B, and C correspond to regions used as hybridization 
probes (further detailed in materials and methods).
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B
1 AAATAAGCAAATAATGCCAGAATAATTACCGGATTTTTGCAAAGGCAGGCAAAGCAATTG 

6 1  ACCTCACCGCACCCGGGTTCTTGTCCCGGCGTTCTGCTGCCAGCTGCTGCTGTGCTAGCT 

1 2 1  TCCAATGCCGGACGCCGCACACGCTATCCATGAATCCATCCATCCGTCTTGAAAAGCGGC

1 8 1  AGCGTGAT(j:TGTAAAAAACAGC(pGGTAAAATCAGT(pGGATTTGGAGGAGTCGAATAAACA

2 4 1  AGGAAACTCCTCCCGGCCCAGAAAGCACTTCACTTGCAACAGTCCCCGTCAGGGAGGGAG
1------------------------------------- -*-243

3 0 1  CATTGCTGTGCGGGATGGCGATAAGGAAGAGCGGAGGCGGTGGCGGGGTGGGGGGTGTGG
246<------------------------------------ 1

3 6 1  CGCGGCGGCTGCTGCTTCTGGCCTGCTGCTGCATTTGGCCTGGTGGACGGATCTTCACTG

4 2 1  CTGCGGACACTGACCCCAACGATCGTGANTTGGAAACTTCTGCTTTCATTGTGCTTCTTC
240'*---------------------------------- 1

4 8 1  TTCCGTGTAAATTTCTTTATTATGGGATCGCTCTTT

Figure 4-2. Putative promoter sequence of Ltk2.
(A) The restriction map of genomic clone p531.1, EcoR I; V, EcoR V and S, Sal I. El -4 
represents the EcoR I fragments subcloned as p531E1, p531E2, p531E3 and p531E4. 
Numbers in the box indicate the distance between two restriction enzyme in kb. Arrow 
indicates direction of transcription. The direction of transcription was determined by 
partial sequencing of fragments E2 and El and comparison with ltk cDNA.
(B) The sequence of the Ltk2 promoter deduced from p531E2. The boxed sequence is the 
putative TATA box; the putative Cap signal is underlined. The first exon, having an 
unidentified starting site, ends at nt 444, and contains a putative translation start codon at 
nt 315-317, shown bolded and underlined. The italicized sequence indicates the 5' end of 
the first intron; the first two conserved nucleotides are shown in bold. Numbers indicate 
sequences used for designing RT-PCR or sequencing primers and arrows indicate 
direction of synthesis.
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LTK2 TGLSSLKRMYLQNNQFTGYINVLANLPLETLNVGNNHFTGWI PSQLKEIN2 5 0
  7 ------------------------------------------------- 8-----------------
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I I II . II II II II I I I I II I M II I I II II III I ITI I I I II II I I I II 

LTK2 KNFKASNILLDSEFNPHLSDTGLAS FIPGAEFQAAEQSAGYTAPEVDMTG59 9
— V I b ----------------------------   V I I    V I I I -----------

LTK1 QYTFKSDVYSFGWMLELLTGRRPFDSSRPRSEQSLVRWATPQLHDIDAL609
III II II I II II I I II II I II II I II II I I II Til  I I I I • Mi l  I I I I I

LTK2 QYTLKSDVYSFGWMLELLTGRRPFDSSRPRSEQSLVRWAAPQLHDIDAL64 9
-----------------------------I X -------------------------  ----------------------------

LTK1 DRMVD PALKGLYPAKSLSRFADVLALCVQPEPE FRPPMSEWQALVRLVQ 659
II II II I II I I II II II II I II II I I II TII II I I I II I II I TI I I I I I I 

LTK2 DRMVDPALKGLYPAKSLSRFADVLALCVQPEPEFRPPMSEWQALVRLVQ699^   VJ
LTK1 RANMTKRMLDG-DTSRRPDDLDQDFX 684  
LTK2 AAlWrl,KAMil!)iGl!)4,^ G i>l!>l!)Ql!)QYi’i  7 2 5

Figure 4-3. Protein sequence comparison o f LTK1 and LTK2. The leucine-rich repeats 
(LRRs) are underlined and numbered 1 to 8; conserved residues are shown in bold. 
Residues contained within the putative signal peptide are bold and within a box; residues 
comprising the transmembrane domain are bold. Residues within the PEST motif are 
italicized, while those in the PRR are italicized and bold. A double underline indicates 
residues in the SRR. The eleven subdomains of the protein kinase catalytic site are 
underlined and numbered from I to XI; conserved residues are shown in bold. Horizontal 
lines and dots indicate identical and similar residues, respectively. Dashes in the amino 
acid sequence are gaps inserted to produce an optimal alignment.
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LTK1 2 PNDLNVLNTLFTSLNS PGQI.TG 2 4
LTK2 41 PNDLNVXiNTLFTSLHSPGQLRA 63
LTK1 44 GVTKXQIiPNX#SI*TGNLA.YN 63
LTK2 83  GVTKIKLPNLSLTGNLAYN 1 0 2
LTK1 64 MNNXX3SLVEX,CMSQNNX^GGGQV 8 6
I.TK2 1 0 3  MNNIGSI.VEI.DI^5QNNXGGGGQ 1 1 2 5
LTK1 87QYNLPNMK1EICLNLAGNQFGGNLP 1 1 0  
LTK2 126QYMX.PMVKX£KI^IAGNQE,GGNZ.P 14 9 
LTK1 111YSISTMPNLKY1NLNHNQLQGNIS 134  
LTK2 ISOYSZSlMFNIiECYIiNIiMHMQIiQGNIT 1 7 3  
LTK1 1 3 5  O V7SNX.YSLSELDLS FNSLTGDLP 158  
LTK2 174  DVFSNLYSLS EX.OX.S EKSLTGDLP 1 9 7  
LTK1 15 9QSFTGLSSLKKVY1QNNQFTGNIN 1 8 2  
LTK2 198QSFTGLSSUCBMniQNNQFT(5YIN 2 2 1  
LTK1 183  VLAMLPLETZiNVANHHFTGWI P 2 0 4
I.TK2 2 2 2  VLANLPLETLNVGNNHFTGWX P 24  3

H
1 2

1 3

14
1 5

1 6  

IV 
1 8

Protein
LTK1&2
XA21
CtATL
TMK1
ER
RLKS
TMKL1
PRK1
SERK

Consensus Sequence

w j » w f  t . w  r . v r . w M v r ^ ^  p

xxlJcxr.xxr.xxLxLxxN xLSG xIP 
xxLjoooocLxST̂ xLxxNxLSGx I  P

yvfjfyr.wr.wr.vT.vMMvT-grPTP

Mo. oT Repeats 
8

23 
23 1 1 
20 
2 1  
7 5 5

■ XA21
• PfUCI
• T R K

Figure 4-4. Comparison of LTK structural motifs with those of other RLKs. (A) 
Comparison of the 8 LRRs in LTK1 and LTK2; conserved residues (either identical or 
similar) are shown in bold; sequences are flanked by residue numbers for first and last 
residue. (B) Comparison of LRR consensus sequences for LRR type RLKs. a, 
hydrophobic residues; x, any residue. (C) Dendrogram o f the alignment of the protein 
kinase domain of LRR type RLKs (bold), three cytosolic protein kinases and TRK 
(underlined). The GenBank accession number for each protein is: from Arabidopsis, 
TMK1 (L00670), TMKL1 (X72863), RLK5 (M84660), ER (U47029), CLV1 (U96879), 
RPK1 (U55875); from carrot, SERK (U93048); from maize, LTK1 (AF023164), LTK2 
(AF023165); from rice, XA21 (U37133), OsTMK (Y07748); from tomato, PTI 
(U28007), PTO (U02271), FEN (U13923); from Petunia inflata, PRK1 (L27341) and 
from human, TRK (M23102). The program used to generate this dendrogram is 
CLUSTAL developed by Higgins and Sharp (Higgins and Sharp, 1988). The length 
horizontal lines indicate the relative aa difference between two protein sequences.
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Figure 4-5. Southern analysis of the Ltk gene family in maize. A, B, and C are probes 
shown in Figure 4-1. P, Pvu II; E, EcoR I; B, BamH I; M, molecular weight markers.
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Figure 4-6. Northern analysis of Ltk expression. Top panels show transcripts hybridized 
by probe A (Figure 4-1). Bottom panels show ethidium bromide stained RNA 
electrophoretic gels used for hybridizations. Ten micrograms of total RNA were loaded 
per lane, except for R and L lanes in right panel, which contain 40 pg total RNA. R, 
roots; L, leaf; D, 20 DAP endosperm; M, 20 DAP embryo.
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Figure 4-7. RT-PCR analysis of Ltk expression. (A) Ltk transcripts amplified with 
primers 276 and 207; 1, without reverse transcriptase; 2, with reverse transcriptase; or 3, 
with reverse transcriptase but products digested by Hae IE. L, leaf; R, roots; M, embryo 
(20 DAP); D, endosperm (20 DAP). (B) Total RNA from unfertilized ovule (U) and 
developing endosperm at indicated DAP. Panels top to bottom show RT-PCR products 
for amplification of Ltk transcripts; the same products digested by Hae EE; RT-PCR 
products for amplification o f Pds and Sh transcripts, respectively.

1074-77 bp
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Chapter 5: Discussion and perspectives.

Using molecular biology techniques and a well-known classic genetic material, maize, I 

have isolated and characterized two kinds of genes unique to plants. The first is Pdsl, 

which encodes phytoene desaturase, with proven function in carotenoid biosynthesis. The 

second is Ltk, which represents a family of genes encoding novel receptor-like protein 

kinases, whose predicted function is in signal interpretation and transduction. Both the 

Ltkl and Pdsl genes mapped near the vp5 locus and are less than 4 kb apart. In this 

chapter, I will discuss the importance of cloning these genes and I will contemplate future 

studies of them.

5.1 Phytoene Desaturase

The study of carotenoid biosynthesis is such an active field, that in recent years dozens of 

genes encoding enzymes of the pathway have been cloned from various organisms. 

Though several studies have shown that Psy expression correlates with carotenoid content 

and that this is the rate-limiting step of the pathway in plants, the mechanism of how Psy 

is regulated remains unclear. In contrast, Pds expression appeared to be constitutive in 

some of these studies. In maize, a recessive Pds mutation blocks carotenoid biosynthesis 

in most tissues, while Psy mutants are impaired in endosperm carotenoid biosynthesis. 

Therefore, the comparative analysis of Psy and Pds promoters will shed light on how
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these two genes are differentially regulated. Cloning Pds cDNA and consequently the Pels 

promoter of maize places a foundation for this analysis since Yl, which encodes Psy of 

maize, has already been cloned.

Though Pds may not be the regulating point for the entire carotenoid biosynthetic 

pathway in maize, the desaturation of phytoene is an important and complex step, 

especially in higher plants including maize. Experiments with Arabidopsis mutants have 

shown that quinone biosynthesis is involved because quinones are electron acceptors and 

donors, which can transfer the electrons generated by dehydrogenation of phytoene. 

Mutants blocking phytoene desaturation are not necessarily mutants of Pds (Norris et al.,

1995). Four non-allelic loci (vp2, vp5, w3 and vp9) may not only encode PDS and ZDS, 

enzymes for carotenoid biosynthesis, but may also encode regulatory proteins or enzymes 

related to quinone biosynthesis. However, RT-PCR analysis of Pds expression in vp2, 

vp5 and w3 showed that it differed from that o f vp5, which decreases the Pds expression 

at the RNA level; vp2 and w3 had no effect on steady-state levels of Pds transcripts. This 

result suggested that vp2 and w3 did not encode regulatory proteins controlling Pds 

expression at the RNA level. Preliminary results from Luo and Wurtzel have shown that 

vp2, as in Arabidopsis, might encode one of the enzymes in the quinone biosynthetic 

pathway (Luo and Wurtzel, pers. comm, and unpublished). Obviously, cloning of Pds 

cDNA advanced the understanding of phytoene desaturation mutants (yp2, vp5, w3 and 

vp9) in maize.
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Though cytobiochemical localization has shown that PDS is primarily located on the 

plastid membrane as previously suggested, it has also been found in the plastid stroma. 

Recently published work by Al-Babili et al. suggested that PDS had two forms, one 

bound to membrane as an active form and a second one remaining in the stroma as an 

inactive form, complexed with Hsp70 and chaperonin (Al-Babili et al., 1996; Bonk et al.,

1996). This observation was made in the daffodil chromoplast and whether it is universal 

in all different types of plastids is still unknown. Cloned Pds cDNA can be used to 

produce maize PDS proteins in E. coli and then generate an antiserum. The PDS antibody 

will allow localization of PDS in the plastids, especially in the amyloplast of endosperm. 

The use of maize PDS antiserum in protein analysis will provide information on how 

cytosol-synthesized proteins are regulated in plastids. Compared with PDS isolated from 

prokaryotic cells, maize PDS, as PDS of other higher plants, contains a relatively long 

transit peptide (96 aa) (see Chapter 2). Understanding the function of the PDS transit 

peptide in assisting its plastid membrane integration will benefit the functional expression 

of PDS in the endosperms of transgenic plants and of other proteins targeted to the plastid 

membrane. The PDS antibody can be also used to analyze Pds expression in the 

developing endosperm at the protein level. Besides generating antiserum of PDS, the 

cDNA clone of Pds can be also employed to study the enzyme active site of PDS by 

mutagenesis.

One long-term goal of the study of carotenoid biosynthesis is to genetically engineer the
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rice genome to produce enzymes and proteins that can synthesize carotenoids in its 

endosperm. Like other plants, rice can produce carotenoids in its leaf though it cannot 

accumulate carotenoids or their precursors in its endosperm. Why carotenoid 

accumulation is diminished in the rice endosperm is still unknown. One possibility is that 

the whole carotenoid biosynthetic pathway is shut off in the rice endosperm. The other 

one is that the pathway is expressed in the endosperm, but the products or intermediates 

are not abundant enough to be detected. Recently results showed that both Psy and Pds 

were expressed in the endosperm at the RNA level indicated that the carotenoid 

biosynthetic pathway was turned on at least at the RNA level (Wurtzel et al., 1996). 

However, over-expression of daffodil PSY in the rice endosperm through transgenic 

techniques only produced an accumulation of phytoene without any carotenoid 

(Burkhardt et al., 1997). This result suggests that the carotenoid biosynthetic pathway is 

not functional in rice endosperm.

If genes of carotenoid biosynthetic enzymes are transcribed in the rice endosperm with no 

carotenoid detected, either the translation of Psy and Pds transcripts is blocked or PSY 

and PDS are translated with an extremely low enzyme activity. However, a simple 

possibility is that rice PSY and PDS cannot function well in the rice amyloplast, although 

they are active in the maize amyloplasts, which accumulate carotenoids. Comparative 

analyses of maize and rice Pds genes will advance the understanding of how Pds is 

expressed in the maize endosperm and why PDS cannot function in the rice endosperm.
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Hopefully, the conclusion o f these analyses will provide a unique means to overcome 

carotenoid deficiency of rice endosperm by transferring maize Psy and Pds genes into the 

rice genome.

5.2 Leucine-rich Repeat Transmembrane Protein Kinase

Cloning of the Ltk gene was serendipitous, since the original project was to study gene 

regulation of carotenoid biosynthesis in the maize endosperm. The finding of the close 

linkage of Pdsl and Ltkl and of the possibility that these genes are differentially spliced 

from the same transcript (see Chapter 3) implies that their encoded proteins could be 

• functionally related or that LTK1 could play a role in controlling PDS1 plastid import by 

phosphorylation of the PDS transit sequence. The cloned Ltk cDNAs can be transcribed 

and translated in an in vitro system and the function of LTK on phosphorylation of the 

PDS transit sequence can be tested. However, the function of LTK proteins proposed in 

Chapter 3 suggests that LTK may play a role in the development of maize. Also, it is hard 

to imagine that a plastid imported protein (PDS) has to be phosphorylated by a plasma 

membrane receptor (LTK).

Although genes encoding several LRR containing protein kinases have been cloned from 

higher plants, the structures o f these proteins are different, especially at their N-terminal 

LRR region (Figure 5-1). This observation indicates that they can bind to different signal
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ligands and may induce different signal transduction pathways. As stated in Chapter 3, 

Ltk encoded proteins might play an important role in maize endosperm development as 

well as in whole plant growth. I certainly believe that cloning of Ltk cDNAs will benefit 

the study of development not only of maize but also o f other plants because homologous 

genes will be found eventually. In fact, when rice DNA was probed by the maize Ltk 

cDNA, even at high stringency, it showed that an Ltk homolog was present in the rice 

genome (Figure 3-5 and data not shown). Consistent with this finding, database searching 

with the Ltk nucleotide sequence showed 89% homology to a rice EST clone sequence. 

These data suggest that Ltk not only is present in plants other than maize but is also well 

conserved in different species. However, when genomic DNA of two dicot plants (tomato 

and Arabidopsis) were probed by maize Ltk gene, no fragments hybridized (data not 

shown). This preliminary result implied that Ltk might be a gene unique to monocot 

plants or that the homology between monocots and dicots was so low that under stringent 

conditions the monocot Ltk could not hybridize to its dicot homolog. If this is correct, one 

could hypothesize that Ltk might play a significant role in controlling plants developing 

into monocot but not dicot and vice versa, into dicot but not monocot.

Sequence comparison of Ltk3 to Ltkl or Ltk2 showed that the cloned Ltk3 region had a 

higher homology to Ltk2 than to Ltkl (Chapter 3). However, the differential nucleotides 

of Ltk3 were primarily identical either to Ltkl or to Ltk2. As shown in Figure 5-2, out of 

85 different nucleotides among the three Ltk cDNAs, Ltk3 has 70 nt different from Ltkl
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(number 2), 11 nt different from Ltk2 (number I) and only 3 nt different from both Ltkl 

and Ltk2 (number 3). Furthermore, the 11 nt difference between Ltk2 and the other Ltk 

genes clusters at the 5' ends, whereas the 70 nt difference between Ltkl and the other two 

genes was mostly at the 3' end. These results suggest that Ltk3 might be a duplicated 

recombinant gene of Ltkl and Ltk2 and that the enzyme encoded by Ltk3, LTK3, may 

have an identical or similar LRR domain to that of LTK1 but an identical or similar 

kinase domain to that of LTK2 (Figure 5-3). How and why Ltk3 evolved from Ltkl and 

Ltk2 will be valuable in studying gene origin.

To dissect the function of LTK proteins, lines carrying a Mutator insertion in each of the 

Ltk genes will be needed. In cooperation with Pioneer Hi-bred International, Inc. using 

the TUSC (Trait Utility System for Com) system, several primers were designed 

according to the Ltkl sequence and tested in PCR reaction using maize B73 genomic 

DNA as template. Those primers that could generate PCR products were verified by 

Southern analysis. They were then used in combination with a primer designed based on 

a Mutator sequence to screen Mutator-containing maize lines by PCR. Preliminary 

results of the screening showed that several lines might contain a Mutator inserted into 

Ltk genes. These lines will be screened in the field for both Mw/afor-inserted Ltk genes 

and for mutant phenotypes. Using this technique, mutants of Ltk can be obtained and 

subsequently analysis of Ltk expression at both RNA and protein levels will provide 

information on the function and localization of Ltk products. Since LTKs are most likely
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involved in plant development as suggested in Chapter 3, phenotypes o f aberrant growth 

are expected.

Signal transduction in the animal kingdom has been studied extensively through cloning 

genes for both receptor and ligand. In higher plants, however, the understanding of 

external signal perception is limited. Until now, no paired ligand and receptor genes have 

been cloned from plants, although dozens of receptor genes and several proteins or small 

peptide ligand genes have been cloned. The newly cloned Ltk cDNAs will provide 

another opportunity to isolate the protein ligands and to clone the ligand genes because 

their LRR binding domains will bind specifically to polypeptide ligands. A yeast two- 

hybrid system with the LRR domain as a probe may be used to identfy a polypeptide 

ligand expressed and secreted from maize cells. The same technique can also be used to 

clone genes encoding protein substrates of the LTK protein kinase domains. In these 

cases, the protein kinase domain will be utilized as a probe.
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Figure 5-1. A diagram of several LRR-containing receptor-like protein kinases.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

L t k l  TCAGAGCTTGGCAGGCGAATGGGGGTGATCCTTGTGGCCAGTCATGGAAGGGCATTACTTGCTCAGGATCAGGGGTCACT 60 
L tk 2  TCAGAGCTTGGCAGGCGAATGGCGGTGATCCTTGTGGCCAGTCATGGCAGGGCATTACTTGCTCAGGATCAGGGGTCACT 286  
L tk 3  TCAGAGCTTGGCAGGCGAATGGGGGTGATCCTTGTGGCCAGTCATGGAAGGGCATTACTTGCTCAGGATCAGGGGTCACT 80

L t k l  AAAATCCAATTACCTAACTTGTCACTCACTGGAAATTTGGCCTACAACATGAATAACTTGGGTTCATTAGTTGAGCTTGA 140 
L tk 2  AAAATCCTATTACCAAACTTGTCACTCACCGGAAATCTGGCCTACAACATGAATAACTTGGGTTCATTAGTTGAGCTTGA 366  
L tk 3  AAAATCCAATTACCAAACTTGTCACTCGCTGGAAATTTGGCCTACAACATGAATAACTTGGGTTCATTAGTTGAGCTTGA 160 

* * * * * * * 1* * » * * * 2 * * * * * * * * * * * * 3 * 1 * * * * * * 1* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

L t k l  CATGAGCCAAAATAACCTTGGCGGTGGAGGTCAAGTACAGTACAATCTTCCCAATATGAAGCTTGAGAAACTCAATCTTG 220 
L tk 2  CTTGAGCCAAAATAACCTTGGTGGTGGAGGCCAAATACAGTACAATCTTCCCAATGTGAAGCTTGAGAAACTCAATCTTG 346 
L tk 3  CATGAGCCAAAATAACCTTGGCGGTGGAGGTCAAATACAGTACAATCTTCCCAATATGAAGCTTGAGAAACTCAATCTTG 240 . 1.*.**..,...».*.**.*1**.**.*.1»*.2********************1************************
L t k l  CAGGAAATCAATTTGGTGGAAATTTACCCTACTCAATTTCGACGATGCCTAATCTTAAGTATTTAAACCTTAATCATAAC 300 
L tk 2  CAGGAAATCAATTTGGTGGAAATTTACCCTACTCAATTTCGACGATGCCTAATCTTAAGTATTTAAACCTTAATCATAAC 426  
L tk 3  CAGGAAATCAATTTGGTGGAAATTTACCCTACTCAATTTCGACGATGCCTAATCTTAAGTATTTAAACCTTAATCATAAC 320

L t k l  CAACTACAAGGAAACATCAGTGATGTATTTTCCAACCTTTACAGTTTGTCAGAACTGGATCTGTCCTTTAATTCCCTTAC 380 
L tk 2  CAACTACAAGGAAACATCACTGATGTATTTTCCAACCTTTATAGTTTGTCAGAGCTGGACCTCTCCTTTAATTCTCTTAC 506 
L tk 3  CAACTACAAGGAAACATCACTGATGTATTTTCCAACCTTTATAGTTTGTCAGAGCTGGATCTCTCCTTTAATTCTCTTAC 400

2 * . 2 * * * * * * * * * * * 2 * * * * * l * * 2 * * * * * * * * * * * 2 * * * * *

L t k l  TGGTGATCTACCACAAAGTTTCACTGGATTGTCAAGCCTGAAAAAAGTGTATTTGCAGAACAACCAATTTACTGGTAATA 460 
L tk 2  TGGTGATCTACCACAAAGTTTCACTGGATTGTCAAGCCTGAAAAGAATGCATTTGCAGAACAACCAATTTACTGGTTATA 586  
L tk 3  TGGTGATCTACCACAAGGTTTCACTGGATTGTCAAGCCTGAAAAGAATGTATTTGCAGAACAACCAATTTACTAGTTATA 480

. * * * . . * * . 3 . * . 2 * 2 * * 1* * * * * * * * * * * * * * * * * * * * * * * * * * 22**

L t k l  TCAATGTCTTAGCCAATCTCCCCCTTGAAACTTTGAATGTTGCGAACAACCATTTCACTGGTTGGATTCCTAGTCAGCTT 540 
L tk 2  TCAATGTCTTAGCCAACCTTCCCCTTGAAACCCTGAATGTTGGAAACAACCATTTCACTGGTTGGATTCCCAGTCAGCTT 666 
L tk 3  TCAATGTCTTAGCCAACCTTCCCCTTGAAACCCTGAATGTTGGAAACAACCATTTCACTGGTTGGATTCCCAGTCAGCTT 5 60 

. * » * * » * . * * * * . * * * 2 * * 2 * * * * * * * * * * * 2 2 * * * * * * * * * 22 * * * * * * * * * * * * * * * * * * * * * * * * * * 2 * * * * * * * * *

L t k l  AAGAAGATAAACAGTCTACAGACTGATGGAAATTCTTGGAGCACAGGACCAGCGCCACCTCCACCTCCATACACAGCGCC 620 
L tk 2  AAGAAGATAAACAATCTACAGACCGACGGAAATTCTTGGAGCACAGGACCAGCGCCACCTCCACCTCCATATACAGCG—  744 
L tk 3  AAGAAGATAAACAATCTACAGACCGACGGAAATTCTTGGAGCACAGGACCAGCGCCACCTCCACCTCCATATACAGCG—  638 

2 * * * * * * * * * 2 * * 2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 2******22

L t k l  GCCTCCTCCTCCAAACCATTGGAATG--------------- CTGATGGTTCATCAAGTTCATCAAGTTCTGGTGGAAGATCTGGGAT 692
L tk 2  -CCTCCTCCTCCAAACCATTGGAATGGCGCGGGTCAGAATGATGAT— GGTTCATCAAGTTCTGGTGGAAGACCTGGGAT 821 
L tk 3  -CCTCCTCCTCCAAACCATTGGAATGGCGCGGGTCAGAATGGTGAT— GGTTCATCAAGTTCTGGTGGAAGACCTGGGAT 715 

2 * * * * * * * * * * * * * * * * * * * * * * * * * 2 2 2 2 2 2 2 2 * 2 * * 2 2 * 3 * 2 * * 2 2 2 * * * * * * * * * * * * * * * * * * * * * * * 2 * * * * * * *

L t k l  AGGTGGTGGAGGTGCAGCAGGAATCATTATATCGTTGCTGGTTGTTGGATCAGTTGTTGCATTTCTTGTGATCAAAAGAA 772 
L tk 2  AGGTGGTGGAGGTGTAGCAGGAATCATTATATCATTGCTGATTGTTGGATCAGTTGTTGCATTTTTTCTAATCAAAAGAA 901 
L tk 3  AGGTGGTGGAGGTGTAGCAGGAATCATTATATCATTGCTGATTGTTGGATCAGTTGTTGCATTTTTTCTAATCAAAAGAA 795 

* * * * * * * * * * * * * * 2 * * * * * * * * * * * * * * * * * * 2 * * * * * * 2 * * * * * * * * * * * * * * * * * * * * * * * 2 * * 2 * 2 * * * * * * * * * *

L t k l  GAAAACGCAAAGCTGCTATGAAAGAACATTTTGAACAGCACCAGCCATTCACTTCCTTCCCTTCAAATGAAGTTAAAGAC 852 
L tk 2  GAAAACACAAAGCTATTATGGAAGAACAATTTGAACAGCATCAGCCGTTCACTTCCTTCCCTTCAAATGAAGTTAACGAC 981 
L tk 3  GAAAACACAAAGCTATTATGGAAGAACAATTTGAACAGCATCAGCCGTTCACTTCCTTCCCTTCAAATGAAGTTAACGAC 875 

* * * * * * 2 * * * * * * * 2 2 * * * * 2 * * * * * * * 2 * * * * * * * * * * * 2 * * * * * 2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 2 * * *

L t k l  ATGAAGCCTGTCTACGAGGCCACCACAGTAGACATAGAGTCTTTGGCTTCACCTGCTTCAGTTAATCTGAAACCACCTCC 932 
L tk 2  ATGAAGCCTATCTATGAGTCCACCACAGTAGACATAGAGTCTTTGGCTTCACCTGCTTCGATTAATCTGAAACCACCCCC 1161 
L tk 3  ATGAAGCCTATCTATGAGTCCACCACAGTAGACATAGAGTCTTTGGCTTCACCTGCTTCGATTAATCTGAAACCACCCCC 955 

* * * * * * * * * 2 * * * * 2 * * * 2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 22 * * * * * * * * * * * * * * * * 2 * *

L t k l  GAAGATAGAACGAAACAAATCATTTGATGATGACGATGATTTTTCAAACAAGCTTGTTGCAAAGAAAAGTAATATAACAC 1012 
L tk 2  GAAGATAGAACAGAACAAATCATTTGATGATGATGATGATTTTTCAAACAAGACTGCTGCAAATAGAAGTAATATAACAC 1241 
L tk 3  GAAGATAGAACAGAACAAATCATTTGATGATGATGATGATTTTTCAAACAAGACTGCTGCAAATAGAAGTAATATAACAC 1035 

. * * * * * * * * * * 2 2 * * * * * * * * * * * * * * * * * * * * 2 * * * * * * * * * * * * * * * * * * 22 * * 2 * * * * * * 2 * 2 * * * * * * * * * * * * * *

L t k l  CTATAAATGCAACTGTTTATTCAGTTGCAGATCTACAGATGG 1054 
L tk 2  CTATGAAGGCAACTGTTTATTCAGTTGCAGATCTACAGATGG 1283  
L tk 3  CTATGAAGGCAACTGTTTATTCAGTTGCAGATCTACAGATGG 1077  

* * * * 2 * * 2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Figure 5-2. Comparison of the nucleotide sequence of Ltkl, Ltk2 and Ltk3. Identical 
nucleotides are indicated with asterisks. Number 1 indicates Ltk3 has identical 
nucleotides to Ltkl but not Ltk2; Number 2 indicates Ltk3 has identical nucleotides to 
Ltk2 but not Ltkl', Number 3 indicates Ltk3 has unique nucleotides different from Ltkl or 
Ltk2. Sequence number reflects the number in Appendix 4.
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LTKl RAWRANGGDPCGQSWKGITCSGSGVTKIQLPNLSLTGNLAYNMNNLGSLV 71 
LTK2 RAWRANGGDPCGQSWQGITCSGSGVTKILLPNLSLTGNLAYNMNNLGSLV 110 
LTK3 RAWRANGGDPCGQSWKGITCSGSGVTKIQLPNLSLAGNLAYNMNNLGSLV 50

* * * * * * * * * * * * * * *  I *  * * * * * * * * * * *  j _ * * * * * *  2 *  * * * * * * * * * * * * *

1—   2 -------------------------
LTK1 ELDMSQNNLGGGGQVQYNL PNMKLEKLNLAGNQFGGNLPYSISTMPNLKY 121 
LTK2 ELDLSQNNLGGGGQIQYNLPNVKLEKLNLAGNQFGGNLPYSISTMPNLKY 160 
LTK3 ELDMSQNNLGGGGQIQYNLPNMKLEKLNLAGNQFGGNLPYSISTMPNLKY 100

_  3 --------------------------------------4 -------------------------------------- 5  _
LTK1 LNLNHNQLQGNISDVFSNLYSLSELDLSFNSLTGDLPQSFTGLSSLKKVY 171 
LTK2 LNLNHNQLQGNITDVFSNLYSLSELDLSFNSLTGDLPQSFTGLSSLKRMH 210  
LTK3 LNLNHNQLQGNITDVFSNLYSLSELDLSFNSLTGDLPQGFTGLSSLKRMY 150 

* * * * * * * * *  *  *  * 2 *  * * * * * * * * * * * * * * * * * * * * * * * * 3 *  * * * * *  **221
--------------------------------------------6 ------------------------------------------ 7-------

LTK1 LQNNQFTGNINVLANLPLETLNVANNHFTGWIPSQLKKIWSLQTDGWS^S 221  
LTK2 LQNNQFTGYINVLANLPLETLNVGNNHFTGWIPSQLKKINNLQTDGNStVS 260  
LTK3 LQNNQFTSYINVLANLPLETLNVGNNHFTGWIPSQLKKIA/NLQTDGNSf/S 200  

*  *  *  * * * * 2 2 * * *  * * * * * * * * * *  * 2 *  * * * * * * * * * * * * * *  * 2 *  * * * * * * *  *

 8 ---------------
LTK1 rGPAPPPPPYTAPPPPPNHWNADG— SSSSSSSGGRSGIGGGGAAGIIIS 269  
LTK2 YGPAPPPPPYTflPPPP-NHWNGAGQNDDGSSSSGGRPGIGGGGVAGIIIS 309 
LTK3 TG PAP P P PP YTA P P P P -NHWNGAGQNGDGSSSSGGRPGIGGGGVAGIIIS 249  

*•*•**•*•*** + + + + + * + *2****22*22222* ******2******2******

LTK1 LLWGSWAFLVXKRRKRKAAMKEHFEQHQPFTSFPSNEVKDMKPVYEAT 319 
LTK2 LLIVGSWAFFLIKRRKHKAIMEEQFEQHQPFTSFPSNEVNDMKPIYEST 359  
LTK3 LLIVGSWAFFLIKRRKHKAIMEEQFEQHQPFTSFPSNEVNDMKPIYEST 299  

+  * 2 *  * * * * * * 2 2 * *  *  * * 2 * * 2 * 2 * 2 * * * * * * * * * * * * * * * 2 * *  * * 2 * * 2 *

LTK1 TVDIESLASPASVNLKPPPKIERNKSFDDDDDFSNKLVAKKSNITPINAT 369  
LTK2 TVDIESLASPASINLKPPPKIEQNKSFDDDDDFSNKTAANRSNITPMKAT 419 
LTK3 TVDIESLASPASINLKPPPKIEQNKSFDDDDDFSNKTAANRSNITPMKAT 349

* * * * * * * * * * * *  2 *  * * * * * * * *  2 *  * * * * * * * * * * * *  2 2 *  2 2 *  *  *  *  *  2 2 *  *

LTK1 VYSVADLQM 378
LTK2 VYSVADLQM 328
LTK3 VYSVADLQM 358

* * * * * * * * *

Figure 5-3. Comparison of the protein sequence of LTK1, LTK2 and LTK3. Identical 
amino acid residues are marked with asterisks. Number 1,2 and 3 indicates LTK3 has 
identical aa to LTK1, LTK2 and unique residue respectively .The leucine-rich repeats 
(LRRs) are underlined and numbered 1 to 8 as in Figure 4-3. Residues comprising the 
transmembrane domain are bold. Residues within the PEST motif are italicized, while 
those in the PRR are italicized and bold. A double underline indicates residues in the 
SRR. Sequence number reflects the number in Figure 4-3.
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Appendix

Appendix 1: List of plasmid clones.

Clone Name Brief Description Insert Chapter GenBank
Size Number Accession 
(kb) Number

pACCRT-EB Erwinia CrtE and CrtB, accumulates phytoene 2,3

pMPDS3 Maize Pds cDNA clone 3 2.0 2,3 U37285

pMPDSd3-33 Maize Pds cDNA clone 3 in frame with lacZ 2.0 2

pMPDS 1 Maize Pds cDNA clone 1 l.l 3

pMPDS 2 Maize Pds cDNA clone 2, identical to clone 10, a 
chimeric cDNA containing Ltkl and Pds

2.0 3

pMPDS 4 Maize Pds cDNA clone 4 0.7 3

pMPDS 6 Maize Pds cDNA clone 6 1.0 3

pMPDS 7 Maize Pds cDNA clone 7, encoding PDS andTCTP- 
like protein.

3.1 3

pMPDS 10 Maize Pds cDNA clone 10, identical to clone 2, a 
chimeric cDNA containing Ltkl and Pds

2.0 3,4

p624 Maize genomic DNA clone with Pds promoter and 
Ltkl 3' end.

12.2 3, AF039585

pH58 a Hind III fragment of p624 containing Pds promoter 
and Ltkl 3' end.

5.8 3,4 AF039585

p5R900 Maize cDNA of Ltkl, 5' RACE product 0.99 4

p3R41 Maize cDNA of Ltkl, 3' RACE product 22 4

plOF(E) Maize cDNA with inserts of pMPDS 10 and p5R900 2.8 4

pLTKl Maize cDNA of Ltkl 2.3 4 AF023164

pLTK2 Maize cDNA of Ltk2 2.4 4 AF023I65

pLTK3 Maize cDNA of Ltk3 1.07 4 AF023166

p531 Maize genomic DNA clone containing Ltk2 promoter 16.6 4 AF023267

p531E2 an EcoR I fragment from p531 containing Ltkl 
promoter

5.07 4 AF023267
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Appendix 2: List of primers.

Oligo# Sequence (5'—► 3’) Chapter Gene

94 CCTGATGAAATC(T)TCG(A,T)GCG(A,T)GAC(T)CA 2 Pds

95 ACAGCA(G)CCTTCCATG(T)GAAGCC(T)AA 2 Pds

96 AGGCACATGGCTGAATATCG 2 Agtl I vector

97 CGGCAGTACAATGGATTTCC 2 Xgtl 1 vector

106 TGTGAGGAGTATGCCAAGACG 3 Psy

109 CAGGTACGCTCATTAACCCG 3 Psy

110 GGAACTGTGAAACACTTCGC 2,3 Pds

111 GAAACCTTCGATAGGTGACC 2,3 Pds

141 ATCCCTGAGAAAGGCAGAGG 2,3 Shi

142 AGTGACTCCCAACTTGTGCG 2.3 Shi

189 CGTCC AAAAGTACCCTCT 4 Ltkl

207 CCATCTGTAGATCTGCAACTGAA 4 Ltkl, Ltk2, Ltk3

208 AAG ACTCT ATGTCT ACTGTGG 4 Ltkl

219 GGGCATTACTTGCTCAGGAT 4 Ltkl

226 CCCTGATCCTGACAAGTAAT 4 Ltkl

227 GGGAAGATTGTACTGTACTTG 4 Ltkl

229 CAAGGTCGACGAAGCTAAAGC 4 Ltkl, Ltk2

231 CGCAATAACCCTCACTAAAGG 4 Ltkl, Ltk2

232 GGGAAGATTGTACTGTACTTG 4 Ltk2

240 ACGATCGTTGGGGTCAA 4 Ltkl, Ltk2

243 TGCACTTCACTTGTCAACAG 4 Ltk2 promoter

246 GCTCTTCCTTATCGCCAT 4 Ltkl promoter

247 CGGATTTGGAGGAGTCGAT 4 Ltkl

276 TCACAGGTTGGCAGGCGAAT 4 Ltkl, Ltkl,Ltk3
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Appendix 3: Partial sequence of pH58 aligned with the 3' ends of Lktl and Ltkl.*

H58 1
H58 61
H58 121
H58 181
H58 241

H58 301
LTK1 1913
LTK2 2132

H58 361
LTK1 1917
LTK2 2136

H58 421
LTK1 1977
LTK2 2196

H58 478
LTK1 2033
LTK2 2255

H58 523
LTK1 2078
LTK2 2315

H58 576
LTK1 2131
LTK2 2370

H58 636
LTK1 2191

H58 696
LTK1 2190

H58 756
H58 816
H58 876
H58 936
H58 996
H58 1025
H58 1081
H58 1141
H58 1201
H58 1261
H58 1321
H58 1381
H58 1441
H58 1501
H58 1561
H58 1621
H58 1681
H58 1741

TTAATTCTTTTCTTGTTATTGTCCCCGTCTCAATTGTAACGGTATCGGGGCCCTTCCTTA
TAGTATAAATTTGGTATTGATGATCAGATATGCCACTGTTTCCATTACAGCTCTAGACCC
AGGTCAGACAGTCCTTGTGCGGTGGGCAACACCCCACTGCATGACATCGACGCATTGGAC
AGGATGGTCGATCCTGCACTCAAGGGTCTATACCCAGCCAAATCTCTTATCCCGGATTTG
CTGATGTCCTTGCCCTGTGTGTCCAGGTAGCAGTTCCATTCATCATCCATGCAGGATAGC

CATAGCATATCCATCTAAATATAACCTGAACCTTGTGAACCAAATTCTTATTGCATCCTG
CCTG
CCTG

AACCAGAATTCAGGCCACCAATGTCAGAGGTGGTGCAAGCATTGGTTCGACTTGTGCAGA
AACCAGAATTCAGGCCACCAATGTCAGAGGTGGTGCAAGCATTGGTTCGACTTGTGCAGA
AACCAGAATTCAGGCCACCAATGTCAGAGGTGGTGCAAGCATTGGTTCGACTTGTGCAGA

GGGCCAACATGACGAAGAGGAATGCTTGATGGGGA TACTTCTCGGCGACCAGATGAC
GGGCCAACATGACGAAGAGG-ATGCTTGATGGGGA TACTTCTCGGCGACCAGATGAC
GGGCCAACATGACGAAGAGG-ATGCTTGATGGAGGAGATACTTCTCGTGGACCAGATGAT

CTGGACCAAGATTTCATATGACAAGCTGAACTCT TGTCAGA--------------------- TTGT
CTGGACCAAGATTTCAT ATGACAAGCTGAACTCT TGTCAGA--------------------- TTGT
CAGGACCAATATTTCATATGACAAGCTGAACTCGAGCTTTTCAGCTACCTCTCAGATTGT

ATTTATTTCGTT-CGA CTAGCGGCCCA-GCA-GAGACATNAATCACACANAGAGGA
ATTTATTTCGTT-CGA CTAGCGGCCCAAGCAAGAGACATAATCACACA— AGAGGA
ATTTATCTCGTCTCGTTCCACTAGCGCCC— GGCA-GAGACATAATCACACA— AGAGGA

AGAAACAGAACTCTGTCAGCTTCGCCAGTACATAATCACAAGTTTTTCTTGGTAGCAAAG
AGAAACAGAACTCTGTCAGCTTCGCCAGTACATAATCACAAGTTTTTCCTGGTAGCAAAG
AGAAACAGAACTCTGTC

TTGTGCTATATGGTTGTACTGTGTCTACAAAATAGTACCTTGATCTTACGNCTAATGGCA
TTGTGCTATATGGTTGTACTGTGTCTACAAAATAGTACCTTGATCTTAC-GCTAATGGCA

TATTGTTATAATTCTTTGGTAACTTATATGCAAATGCCCCAGATAAACANANCTATGGTG
TATTGTTATAATTCTTTGGTAACTTATATGCAAAT-CCCCAGATAAACA

AAGTGTGNNCCGAATGTTAAAATAACTGATTAGTCCAGTACTGCTGCATCAACTGAAACA 
AGTTGCACAGTGGAAATATTTATCTTGGTCCCTCAACTATCCCCTTGAGGCTTATTTTCG 
ACCTTGAACTTTCAACATGACTTTCCAGACTTCATCGGTTCTTAAACTTTACTCTTGGGT 
CAGTTTTATCCTAAAACTATCAAAATAACTGTTTTGGTCCTCGAACTTTGCATTGTTAGT 
TCAAT T T TAT AT GAACT ATN C AAAGT AAA
TTTCAGACCTCAAACTTTTTTTTATTCAACGAGCCGCTGAAAAAAGGTTTTATGTA
TGAAAACAACAACTTCACTGCTTGTTAGGTAAATGGATAAACAAAGCGCTGATGAATCCC
CTAATGATTTTTATCAAAATCATTAAGTTAAGGTAGATACACATCTTGTCATATGATCAA
ATGGTTTCGCCAAAAATCAATAATCAGACAACAAAATGTGCGAACTCGATATTTTACACG
ACTCTCTTTACCAATTCTGCCCCGAATTACACTTAAAACGACTCAACAGCTTAANCGTTG
GCTTGCCACGCCTTACTTGACTGTAAAACTCTCACTCTTACCGAACTTGGCCGTAACCTG
CCAACCAAAGCGAGAANCAAAACATAACATCAAACGAATCGACCGANTTGTTAGGTAATC
GTCACCNTCCNACAAAGAGCGACTCGCTGTATACCGTTGGCATGCTAGCTTTATCTGTTC
GGGCAATACGATGCCCATTGTACTTGTTGACTGGTCTGATATCCGTGAGCAAAAACGGCT
TATGGTATTGCGAGCTTCAGTCGCACTACACGGTCGTTCTGTTACTCTTTATGAGAAAGC
GTTCCCGCTTTCAGAGCAATGTTCAAAGAAAGCTCATGACCAATTTCTAGCCGACCTTGC
GAGCATTCTACCGAGTAACACCACACCGCTCATTGTCAGTGATGCTGGCTTTAAAGTGCC
ATGGTATAAATCCGTTGAGAAGCTGGGTTGGTACTGGTTAAGTCGAGTAAGAGGAAAAGT
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H58 1801
H58 1861
H58 1921
H58 1981
H58 204 1
H58 2 101
H58 2161
H58 2221
H58 2281
H58 2341
H58 2401
H58 2461
H58 2 521
H58 2581
H58 2641
H58 2701
H58 2761
H58 2821
H58 2881
H58 2941
H58 3001
H58 3061
H58 3121
H58 3181
H58 3241
H58 3301

ACAATATGCAGACCTAGGAGCGGAAAACTGGAAACCTAICAGCAACTTACATGATATGTC
ATCTAGTCACTCAAAGACTTTAGGCTATAAGAGGCTGACTAAAAGCAAICCAATCTCATG
CCAAATTCTATTGTATAAATCGGGCTCCTCAAGGCCGAAAAAATCATTCGTCGACACGGA
CTCATTGTCACCACCCGTCACCTAAAATCTACTCAGCGTCGGCAAAGGAGCCATGGATTC
TAGCAACTAACTTACCTGTTGAAATTCGAACACCCAAACAACTTGTTAAIATCTATTCGA
AGCGAATGCAGATTGAAiGAAACCTTCCGAGACZTGAAAAGTCCTGCCTACGGACTAGCCT
ACGCCATAGCCGAACGACAGCTCAGAGCGTTTTGATATCATGCTGCTAATCGCCCTGATG
CTTCAACTAACAIGTTGGCTTGCGGGCGTTCATGCTCAGAAACAAGGTTGGGACAAGCAC
TTCCAGGCTAACACAGTCAGAAATCGAAACGXACTCTCAACAGTTCGCTTAGGCATGGAA
GTTTTGCGGCATTCTGGCTACACAAIAACAGGGAAGACTTACTCGTGGCTGCAACCCTAC
TAGCTCAAAATTTATTCACACATGGTTACGCTTTGGGGAAATTATGAGGGGATCTCTCAG
AACAAAGCGTCGCTGCACTCCTACGGCAAATCTCCGCTCCGTCTATTCCTGCACACGGGG
AACACTGCGTTCGGCTGAAACGATTGAGCGAGCACGACAGTGGTATTGGGCCGTTGGGCT
CAAAGAACGAGCCAAAAAACAGGGTGGGGTATTTTGACTCTTGATACTAAAGTATAGTGA
TGACAATGGATCGGATTCAGATTTGGTATTACAAATATCCACTCGCAATTATATAAATAG
TTGCAACTATTATCCGTTATCGATCATATCCACAGGTAGAAATTTATATTTATGTTTGTG
TCCATTGAATTTTGGACGGGGTTCGGACATTCATCGGATATGACAAACATAATCAATTTT
CAACAATTCAATAGCATAATTAATCAATTTTTTTCTCAATTCACTATCATATATAATTTA
AAATTTAATAAGAGAATTATTATGGGCCCGCGGGCTACGGCTAAAGGTACTAGAGCTTGA
AAAGGGCAGGCCACGGCACTTACTGTTGCGGCCTATAAGACCTTAGCAAATGGCACAAGG
CATAGCGCAGGAAGCCAACGAGGCTAAAAGGGGCGACCAACCGTGGAGAATTGGAAGAAG
TTAGGGTTTACTCTTTGCTATGTAATATGGATTAGACCAAAAAATAAACTAAAGTCAATT
TTGGATATCTAACAGATAACCTGTGGGTGAGAAGGTAATATTCTAATTCATGCTCGTCCG
ACTTTGACTCAAATATGGGTTTAATACACGGGTCTAAAAATGTATTATACTCAGCTTCAT
CGGATCAGATATACAACGAATATCCAAATCCACGTTTTAAATTGTCATCTCTAAGTATAC
ATGGCATGATTGGTTAGCAGCCTAATTCGCAATAATTTACTTAATATTCTTTACTAAAGT

•See text (Chapter 3) for detailed information. The TnlO sequence is bold.
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Appendix 4: The alignment of L tk l and Ltk2 cDNA.

mCGATCTTAACGTCCTCAACACGCTCTTC
cgatcM aatgtcctcJJitacgctct

m m m m m m m w m
TCACTjWtATCCAATTACCT/Uj^
TCACTAJw\TCCTATTACCAAACTTGTCACTCACCGGiJATCTGGCCTAC
^CATGAAT^CTTGGGTTCATTAGTTGAGCTTGACA'I’GAGCCAA^TAA.
JULcATGAATAACTTGGGTTCAMAGTTGAGcWGACTTGAGCcJUy^
CCTTGGCGGTGGAGGTCAAGTACAGTACAATCTTCCCAATATGAAGCTTG
CCTTGGTGGTG(^GGCCAAATACAGTACAATCTTCCCAATGt GAAGCTTG

f f l i i i i m i i i j i i i i
ATTTCGACGATGCCTMTCTTAAGTATTTAAACCTTAATCA'
ATTTCGACGATGCCTJJ^TcWAAGTAMTiyjLCCT

L t k 2  GATTTGGAGGAGTCGAATAAACAAGGAAACTCCTCCCGGCCCAGAAAGCA 
L t k 2  CTTCACTTGCAACAGTCCCCGTCAGGGAGGGAGCATTGCTGTGCGGGATG 
L t k 2  GCGATAAGGAAGAGCGGAGGCGGTGGCGGGGTGGGGGGTGTGGCGCGGCG 
L t k 2  GCTGCTGCTTCTGGCCTGCTGCTGCATTTGGCCTGGTGGACGGATCTTCA 
L t k l  (
L t k 2  CTGCTGCGGACACTGAC
L t k l  ACCAGTCTGAATTCTCCTGGGCAGCTGACAGGTTGGCAGGCGAATGGGf 
L t k 2  ACCAGTCTGAATTCTCCTGGGCAGCTCAGAGCTTGGCG 
L t k l  T5A- 
L t k 2  
L t k l  
L t k 2  
L t k l  AA<
L t k 2
L t k l  CCTTGGCl 
L t k 2  CCTTGGTI 
L t k l  AGAAA<
L t k 2
L t k l  ATT'
L t k 2  
L t k l  AC 
L t k 2  
L t k l  
L t k 2  
L t k l  
L t k 2
L t k l  TAATATCAAC 
L t k 2
L t k l  ACAA<
L t k 2  
L t k l  
L t k 2  
L t k l  
L t k 2
L t k l  C^fC^A^T-T^':
L t k 2  AGAATGi 
L t k l  
L t k 2  
L t k l  
L t k 2
L t k l  ATTTTGAAI^GCACCAGCCATTCACTTCCTTCCCTTCA^TGAAGTTAAA
L t k 2  AAMTcyUlcAGCATCAGCCGMcAcMccMcCcMcAAATGAAGTTAAC 
L t k l  
L t k 2

ACAAGGAAACATCAGTGATGTATTTTCCAACCTTTACAGTTTGTCAGA
ACAAGGilUACATCACTGATGTAMTTCCAACcWTATAGTTTGTCAGA
TGGATCTGTCCTTTAATTCCCTTACTGGTGATCTACCACAAAGTTTCACT
TGGATCTCTCCTTTAATTCTCTTACTGGTGATCTACCAcJJUiGTTTCACT

TAATATCAATGTCTTAGCCpAATCTCCCCCTTGAAACTTTGAATGTTGCGA
tta ta tc a atGtcttagcciLaccttccccttgaaaccctgaatgttggaa

m s f i i i m m i
TCCATACACAGCGCCGCCTCCTCCTCCAAACCATTGGAATGCTM.TGGTT
TCCATATACAGCGCC TCCTCCTCCaJJ iCCATTGGAATGGCGCGGGTC

'ATCAAGT-TCATCAAGTTCTGGTGGAAGATCTGGGATAGGTGGT 
3ATGATGGTTCATcJUlGMcTGGTGGiUlGACCTGGGATAGGTGGT 

GGAGGTGTAGCAGGMTCATTATATCGTTGCTGGTTGTTGGATCA  ̂
GGAGGTGMGCAGGAATCAMAmT<hvTTGCTGAMGMGGATCAGTTGTmmtmMmm'SMmmii
S f f l f f l l l l i i S I I ®

L t k l  TTCACCTGCTTCAG 
L t k 2  TTCACCTGCTTCGAt1 
L t k l  AATCATTTQAT5AT1 
L t k 2

m a m s s»a
AATCATTTGATGATGACGATGATTTTTCA^CAAGCTTGTTGCAAAGAAA
AATCŷ TWGATGACGATGMGAWWTciJJlcJUGACTGCTGCAAATAGA

- 5 0
- 1 0 0
- 1 5 0
-2 0 0
- 3 4
- 2 5 0
- 8 4
- 3 0 0
- 1 3 4
- 3 5 0
- 1 8 4
- 4 0 0
- 2 3 4
- 4 5 0
- 2 8 4
- 5 0 0
- 3 3 4
- 5 5 0
- 3 8 4
- 6 0 0
- 4 3 4
- 6 5 0
- 4 8 4
- 7 0 0
- 5 3 4
- 7 5 0
- 5 8 4
- 8 0 0
- 6 3 4
- 8 5 0
- 6 8 4
- 9 0 0
- 7 3 4
- 9 4 7
- 7 7 8
- 9 9 7
- 8 2 8
- 1 0 4 7
- 8 7 8
- 1 0 9 7
- 9 2 8
- 1 1 4 7
- 9 7 8
- 1 1 9 7
- 1 0 2 8
- 1 2 4 7
- 1 0 7 8
- 1 2 9 7
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L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k 2
L t k l
L t k l
L t k l
L t k l

CAGTACATAATCACAAGTTTTTCCTGGTAGCAAAGTTGTGCTATATGGTT 
GTACTGTGTCTACAAAATAGTACCTTGATCTTACGCTAATGGCATATTGT 
TATAATTCTTTGGTAACTTATATGCAAATCCCCAGATAAACAAAAAAAAA 
A -2306

-1128 
-1347 
-1178 
-1397 
-1228 
-1447 
-1278 
-1497 
-1328 
-1547 
-1378 
-1597 
-1428 
-1647 
-1478 
-1697 
-1528 
-1747 
-1578 
-1797 
-1628 
-1847 
-1678 
-1897 
-1728 
-1947 
-1778 
-1997 
-1828 
-2047 
-1878 
-2097 
-1928 
-2147 
-1978 
-2197 
-2025 
-2247 
-2071 
-2297 
-2105 
-2345 
-2155 
-2386 
-2205 
-2255 
-2305
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