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ABSTRACT 

The damage to cellular proteins, DNA and lipids caused by the accumulation 

of reduced oxygen intermediates is collectively referred to as oxidative stress. 

Plants have evolved a number of antioxidative enzymes that ameliorate oxidative 

stress by scavenging toxic oxygen species. Ascorbate peroxidase (APX) is a 

hemoperoxidase that catalyzes the reduction of hydrogen peroxide to water by 

utilizing ascorbate as an electron donor. We isolated a pea cytosolic APX cDNA 

which was used to make chimeric gene constructs that express cytosolic APX in 

either the cytosol (cytAPX) or chloroplast (chlAPX). The gene constructs were 

developed in binary vectors and mobilized into Agrobacterium for leaf disk 

transformation into Nicotianana tabacum cv. Xanthi. The cytAPX transgenic 

plants showed a 3.8-fold increase in APX activity compared to the non-

expressing control plants. The chlAPX transgenic plants showed a 13-fold 

increase over the control plants. In order to determine if the increased levels of 

APX activity conferred protection against oxidative stress, leaf disks from two 

independent lines of both cytAPX and chlAPX transgenic plants were exposed to 

the superoxide-generating herbicide methyl viologen. The cytAPX transgenic 

plants showed significant protection from methyl viologen at concentrations of 

1.2 and 2.4 |LIM. However, the chlAPX transgenic plants showed no protection at 

any of the concentrations tested. 
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CHAPTER I 

INTRODUCTION 

1.1 Overview of Oxidative Stress 

Aerobic organisms face the paradox of requiring oxygen for survival while 

mediating the cytotoxic effects of reduced oxygen intermediates. Molecular 

oxygen (O2) can be converted to water through a series of four univalent 

reductions that also produce reactive oxygen intermediates such as the 

superoxide radical (O2"), hydrogen peroxide (H2O2) and the hydroxyl radical 

(OH) (Figure 1)(Scandalios, 1993). 
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Figure 1.1 The production of reduced oxygen intermediates through the 
univalent reduction of water. 

The O2- is formed by a single electron reduction of ground state dioxygen. A 

second electron transfer to O2- results in the formation of H2O2, a relatively 

stable reduced oxygen species. Hydrogen peroxide can be converted to OH by 



a transfer of one electron. The highly reactive OH has a half-life of 

microseconds and randomly reacts with almost all other molecules. The 

physiological damage associated with these reduced oxygen intermediates is 

collectively referred to as oxidative stress. The reactive nature of the toxic 

oxygen intermediates necessitates their immediate removal. Plants have 

evolved a variety of mechanisms to deal with the toxic effects of reduced oxygen 

species (Figure 1.2). 

Peroxidase 

RHsT-^Hp +R 

Superoxide 
Dismutase * _ . ^ Catalase, . _̂ , ^ 

3 0 2 T * 3 0 ^ ^ T - H P 2 + 0 2 ^ H p + 0 , 

OH • + O2 + OH • 

Fig. 1.2 Generalized representation of the oxidative stress pathway. 

A specific class of metalloenzymes called superoxide dismutases catalyze the 

natural dismutation of 02-into H2O2 and O2. The H2O2 can be reduced to water 

by ascorbate peroxidase or oxidized to O2 by catalase. 

Superoxide radicals are produced by electrons derived from the electron 

transport systems of the chloroplast, mitochondria and cytosol (Halliwell, 1989). 

Other sources of O2- include evolution by univalent oxidases, several different 



peroxidases and from the autooxidation of reduced compounds with a low 

reduction potential (Halliwell, 1989). The 02- is primarily implicated in the 

peroxidation of essential membrane lipids in the plasma membrane or 

subcellular organelles (Foyer and Mullineaux, 1994a). 

Superoxide dismutase isoforms can be divided into groups on the basis of 

their prosthetic metals and their location within the plant cell (Figure 1.3). 

chloroplast 

peroxisome 

cytosol 

mitochondria 

Cu/Zn SOD 
Fe SOD in some species 
Ascorbate Peroxidase 
Catalase 
Mn SOD 
Ascorbate peroxidase 

Cu/Zn SOD 
Ascorbate Peroxidase 

Mn SOD 

Figure 1.3 Cellular localization of antioxidative enzymes. 

Plants have manganese (Mn) SOD in mitochondria, copper and zinc (Cu/Zn) 

SOD isoforms are localized in chloroplasts and cytosol and a few 

phylogenetically unrelated plants have iron (Fe) SOD in chloroplasts (Bridges, 



1981). Superoxide dismutases have also been reportedly found in microbodies 

such as the peroxisomes (Sandalio, 1988), glyoxysomes (Bueno, 1992) and 

within the extracellular space (Castillo, 1987) but no corresponding genes have 

been found. 

Aside from its own deleterious effect, O2" can contribute to the production of 

the highly toxic and reactive OH through an Fe^*-mediated Fenton-like reaction 

(Figure 1.4). This reaction can be enhanced when cellular damage causes the 

release of more iron from ferredoxin, cytochromes and phytoferretin (Suite, 

1985). The production of OH can also occur through the Haber-Weiss reaction, 

a transition metal-catalyzed reduction of hydrogen peroxide (Figure 1.4). 

Haber-Weiss Reaction 

H2O2 + lAn(Fe^^ or Cu'"") -> OH" + OH + M^""'̂ " 

Fenton Reaction 

O2- + H2O2 -> O2 + OH" + OH 
Fe'^ 

Figure 1.4 Production of OH through the Haber-Weiss and Fenton reactions 

Due to the high reactivity of the OH with most any part of the cell at diffusion-

controlled rates (10^ to 10^ M'^ s'^) it can interact with organellar components 

before it has a chance to diffuse out of the organelle (Foyer, 1994a). The OH 

readily attacks two of the main unsaturated fatty acids in plant membranes. 



linoleic acid (18:2) and linolenic acid (18:3), producing a variety of breakdown 

products such as short-chain alcohols, aldehydes and ketones. Oxidation of 

membrane lipids can result in membrane instability and leakage that can disrupt 

energy producing proton and pH gradients in mitochondria and chloroplasts. 

Other deleterious events result from the interaction of the OH with methionine 

and histidine residues of proteins and with the nitrogenous base thymine, found 

in DNA (Foyer, 1994a). 

Hydrogen peroxide is produced in significant quantities in a variety of 

subcellular locations in the plant cell. Hydrogen peroxide is produced In the 

peroxisomes by the catabolic oxidation of intermediate molecules by oxidases, 

such as the conversion of glycolate to glyoxylate and H2O2 during C2 

photorespiration (Taiz, 1991). There are a number of "specialized peroxisomes" 

such as the glyoxysomes, oil containing microbodies utilized during germination 

of oil storing seeds. One of the early stages of the conversion of fatty acids to 

carbohydrates during germination involves acetyl CoA oxidase, which generates 

H2O2. The majority of the H2O2 production occurs in mitochondria and 

chloroplasts as an end product of O2- scavenging by SOD. Mitochondrial H2O2 

production is associated with respiration and largely depends on the metabolic 

activity within the organelle (Loschen, 1971). Conditions that raise mitochondrial 

H2O2 levels also cause an increased fiux of H2O2 through peroxisomal catalase, 

indicating that a significant portion of the H2O2 may diffuse out of the 

mitochondria and into the cytosol (Oshino, 1973). Chloroplasts produce copius 



amounts of H2O2 and it is estimated that under normal conditions 10 to 20% of 

electrons flowing through photosystem I can produce H2O2 through SOD 

scavenging of O2' (Asada, 1987). Hydrogen peroxide can also be produced by 

the reaction of O2" with a number of electron donors such as NADP(H) 

(Nadezhdin, 1979), ascorbate (Cabelli, 1983) and glutathione (Anderson, 1983) 

and photosynthetic electron transport chains can reduce O2" to H2O2 as well. 

Small quantities of H2O2 have been found in the nucleus, the endoplasmic 

reticulum and the cytosol as well; however, this may represent excess H2O2 

derived from the site of synthesis in the mitochondria and chloroplasts. 

Hydrogen peroxide can attack the functional thiol groups of a number of 

enzymes in the Calvin cycle including; fructose-1,6-bis-phosphatase, 

glyceraldehyde-3-phosphate dehydrogenase, sedoheptulose bisphosphatase 

and ribulose-5-phosphate kinase (Asada, 1992). Kaiser's observation that H2O2 

accumulations as low as 10 pM can cause a 50% reduction in the rate of 

photosynthesis demonstrates that the immediate scavenging of H2O2 is 

essential for maintaining the photosynthefic activity of the chloroplast (Kaiser, 

1976). 

1.2 Characterization of Ascorbate Peroxidase 

Peroxidases are a ubiquitous class of enzymes that catalyze the oxidation of 

cellular components utilizing either organic hydroperoxides or H2O2 (Asada, 



1992). There are three groups of plant-type peroxidases. Group I peroxidases 

have prokaryotic origins, such as cytochrome c peroxidase and ascorbate 

peroxidase (Welinder, 1995). Group II peroxidases are fungal secretory 

peroxidases and group III includes classic plant peroxidases such as guaiacol 

peroxidase (GPX) (Welinder, 1995). The majority of plant peroxidases that have 

been studied are collectively called guaiacol peroxidases and are characterized 

by having a low electron donor specificty (Chen et al., 1992). Guaiacol 

peroxidases are involved in a variety of physiological activities such as lignin 

biosynthesis, degradation of indole-3-acefic acid, wound response and healing, 

ethylene biosynthesis and pathogen defense (Chen et al., 1992). More recently, 

a separate class of peroxidases has been characterized in plants (Gerbling et al., 

1984) and can be distinguished from guaiacol peroxidases because they 

function as H2O2 scavengers , the oxidation product plays no important 

physiological role, and they have a high specificty for ascorbate as an electron 

donor (Asada, 1992). 

Ascorbate peroxidase (APX EC 1.11.1.11) is a Class I hemoperoxidase that 

catalyzes the transfer of an electron from ascorbate to H2O2, reducing it to H2O 

through a multistep reaction. Ascorbate peroxidase has been found in a large 

number of plants including the leaves of pea (Mittler and Zilinskas, 1991a), tea 

(Chen and Asada, 1989), maize (Nakano and Edwards, 1987), spinach (Nakano 

and Asada, 1981), duckweed and sycamore (Drotar, 1985), Arabidopsis (Kubo, 

1992) soybean root nodules (Chatfield, 1993), potato tubers (Rosaria et al.. 



1992), castor bean endosperm (Klapheck, 1990), seedlings of Dasypyrum 

villosum (De Gara et al., 1991) and Capsicum annuum fruit (Schantz et al., 

1995). Ascorbate peroxidase has also been detected in eukaryotic algae 

including Euglena (Shigeoka, 1980), Zooxanthella (Lesser and Shick, 1989) and 

Chlamydomonas (Yokota, 1988), and Mittler and Tel-Or (1991) reported APX 

activity in a number of species of cyanobacteria. Ascorbate peroxidase activity 

seems to be limited to photosynthetic organisms with the exception of the 

protozoan Trypnosoma cruzi (Boveris, 1988) and no APX activity has been found 

in fungi and mammals. 

There are thought to be at least three distinct forms of APX in angiosperms. 

The cytosolic isoform of APX (cAPX) is a homodimer with a molecular weight of 

57,500 Da (Mittler and Zilinskas, 1991b). An addifional soluble isoform of APX is 

found in the chloroplastic stroma (sAPX) (Nakano and Asada, 1981). Miyake et 

al. (1993) reported that a thylakoid bound isoform (tAPX) from spinach leaves 

that has similar functional properties as sAPX, as well as sequence similarity at 

the amino terminus. 

The chloroplastic APX isoforms can be further distinguished from the cytosolic 

isoforms on the basis of their afl'inity for ascorbate and their pH optimum. The 

plastidic isoforms are sensitive to ascorbate depletion and have been shown to 

have a half-inactivation time of 15 seconds. As little as 20 pM ascorbate will 

stabilize the chloroplastic isoforms and since chloroplasts contain approximately 
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10-12 mM ascorbate these isoforms are protected from inactivation. The 

cytosolic form of APX operates within a relatively broad pH range of 5-8 whereas 

the chloroplastic isoforms have a pH optimum of around 8 (Mittler and Zilinskas, 

1991a; Jablonsky and Anderson, 1982). 

1.3 Ascorbate Peroxidase Activity and Kinetics 

Ascorbate peroxidase transiently binds to H2O2 and produces compound I, 

which contains an oxididized heme iron and free radical of either the heme ring 

or an organic side group (Patterson et al., 1995). A second reduction converts 

compound I back to the ground state by two succesive one-electron reactions 

with ascorbate (Figure 1.5) (Patterson and Poulos, 1995). 

APX(Fe^^)R + H2O2 -^ APX(Fe'̂ ^=0)R- + H2O 
compound I 

APX(Fe'^''=0)R-+ ascorbate -^ APX(Fe'**=0)R + monodehydroscorbate 
compound II 

APX(Fe'^*=0)R + ascorbate -^ APX(Fe^ )̂R + H2O + monodehydroascorbate 

Figure 1.5 The formation of compound I and the reduction of H2O2 by APX 

Reaction rate studies indicated that this reaction does not follow standard 

Michealis-Menton kinetics (Mittler and Zilinskas, 1991a) and K^ is dependent on 



the concentrations of both ascorbate and H2O2 involved in the reaction. The 

cytosolic APX isoform K̂ , values for ascorbate and H2O2 were 325 pM and 20 

pM, respectively. In vitro analysis of ascorbate levels versus velocity showed a 

sigmoidal saturation curve, indicating a cooperative binding of ascorbate (Mittler 

and Zilinskas, 1991a). Reaction kinetic analysis in vitro using 10-400 pM 

ascorbate showed tAPX activity was inhibited by H2O2 concentrations higher 

than 100 pM, indicating that true kinetic rates must be determined using greater 

ascorbate to H2O2 ratios (Miyake, 1993). The K^ values of tAPX were 

determined using individual reaction rates of each reduction (Figure 1.6); 

APX + H2O2 -^ APX-I + H2O 
k2 

APX-I + Asa -^ APX-II + MDA 
ks 

APX-II + Asa -^ APX + MDA + H2O 

K m(Asa) - k/ka [H2O2] 

K m( H202) ~ kaVki [Asa] 

Figure 1.6 Determinafion of APX K^ values for ascorbate and H2O2. 

which indicated a K^ for ascorbate of 500 pM in the presence of 100 pM H2O2 

and the K^ for H2O2 in ascorbate levels between 200-700 pM is 87 pM. The 

tAPX K^ value for ascorbate is greater than the sAPX K^ of 200 pM in tea 

10 



(Chen and Asada, 1989) and 300 pM in spinach (Nakano and Asada, 1987) 

suggesting ki and k^ values differ between tAPX and sAPX (Miyake et al., 

1993). 

1.4 The Halliwell-Asada Pathway 

The APX catalyzed reduction of H2O2 to H2O oxidizes ascorbate to 

monodehydroascorbate (MDA). A system for the regeneration of ascorbate is 

essential for a peroxidase dependent scavenging system since the abundant 

levels of ascorbate in the chloroplast can be oxidized within 80 seconds (Asada, 

1994). The MDA can be directly reduced back to ascorbate in two ways. The 

photoreduction of the MDA radical to ascorbate is primarily carried out by 

ferredoxin. Although there is competition for photoreduced ferredoxin between 

NADP+ and MDA, the oxidized ascorbate radical is preferentially photoreduced 

at a rate of 30:1 (Miyake and Asada, 1994). Miyake and Asada (1994) showed 

that the addition of ascorbate oxidase, which catalyzes the four electron 

oxidation of ascorbate to four MDA radicals, did not affect MDA-induced 

chlorophyll quenching. However the addition of DCMU, which disrupts electron 

flow between Qa and Qb, and DBMIB, which inhibits electron flow from the 

plastoquinone pool to the Cytb/f complex did inhibit ascorbate oxidase induced 

chlorophyll quenching, indicating photoreduction of MDA in the thylakoids 

(Miyake and Asada, 1992). The regeneration of ascorbate from MDA can also 

be acheived through the Halliwell-Asada oxido-reductive pathway (Figure 1.7). 

11 
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Figure 1.7 - The Halliwell-Asada Pathway 

The FAD enzyme MDA reductase catalyzes the reduction of MDA to ascorbate 

in the chloroplastic stroma using NAD(P)H as the ulfimate electron doner 

(Hossain and Asada, 1985). Alternatively, if MDA is not reduced to ascorbate by 

MDA reductase or ferredoxin then the MDA radical can spontaneously 

disproportionate to dehydroascorbate (DHA) and ascorbate. The reduction of 

DHA to ascorbate is catalyzed by the thiol enzyme DHA reductase using 

electrons from reduced glutathione (GSH) which in turn ufilizes NAD(P)H as an 

electron doner (Hossain and Asada, 1984). Since the majority of ascorbate is 

regenerated from MDA by ferredoxin, the contribution of MDA reductase and 

GSH are apparently limited (Asada, 1994). 

12 



1.5 Molecular Characterization 
of Ascorbate Peroxidase 

The flrst reported APX cDNA encoded a cytosolic isoform isolated from Pisum 

sativum (Mittler and Zilinskas, 1991). It contained an open reading frame of 753 

nucleotides, encoding a polypeptide with a molecular weight of 27,275 Da. The 

holoenzyme consists of a homodimer with a molecular weight of 57, 900 

(Zilinskas, 1992). Additional full length cDNA's derived from tobacco (Orvar and 

Ellis, 1995), spinach (Webb and Allen, 1995), Arabidopsis (Kubo et al., 1992), 

soybean root nodules (Chatfield and Dalton, 1995), maize (Van Breusegem, 

1995), rice (Morita et al., 1995) and radish (Lopez et al., 1994) collectively have 

51% identity at the nucleotide level within the open reading frame (Figure 1.8). 

There is no report of a transit peptide on any of these cDNA's, further indicafing 

that they encode a cytosolic isoform. The amino acid sequences derived from 

these cDNA's share a 60% identity (Figure 1.9). A different isoform of APX was 

first characterized in tea leaves (Chen and Asada, 1989) and was later 

determined to be a soluble stromal chloroplastic isoform (sAPX) in spinach 

leaves (Tanaka et al., 1993). A thylakoid bound APX (tAPX) isoform was later 

isolated from spinach chloroplasts (Miyake et al., 1993). The sole difference 

between the sAPX isoform and the tAPX isoform is the molecular weight of their 

monomer subunits, 30,000 Da and 40,000 Da respectively (Tanaka et al., 1993). 

The plastidic Isoforms have been more difficult to characterize and to date the 

only available sequence informafion is derived from small portions of the NH2 

13 



PEAORFl ATGGGAAAATCTTACCCAACTGTTAGTCCCGATTACCAGAAGGCCATTGA 50 
SOYORFl ATGGGAAAGTCTTACCCAACTGTGAGTGCTGATTACCAGAAGGCCGTTGA 50 
TOBORFl ATGGGTAAGTGCTATCCCACTGTAAGCGAGGAGTACCTCAAGGCTGTTGA 50 
SPINORFl ATGGGAAAGAGCTACCCAACTGTCAGTGAGAACTACCAGAAATCTATTGA 50 
ATORFl ATGACGAAGAACTACCCAACCGTGAGCGAAGATTACAAGAAGGCTGTTGA 50 
RADCDNA ATGACGAAGAACTACCCAGCTGTTAGCGAAGAGTACCAGAAGGAGATTGA 50 
MZORFl ATGGTGAAGGCCTACCCCACGGTGAACGAGGACTACCTCAAGGCGGTCGA 50 
RICEORFl ATGGCTAAGAACTACCCCGTCGTGAGCGCCGAGTACCAGGAGGCCGTCGA 50 

* * * * * *-k -k-ir * * * * • * • * * * •*• * 

PEAORFl AAAGGCTAAGAGGAAGCTCAGAGGTTTTATCGCTGAGAAGAAATGCGCTC 100 
SOYORFl GAAGGCGAAGAAGAAGCTCAGAGGCTTCATCGCTGAGAAGAGATGCGCTC 100 
TOBORFl CAAATGTAAGAGGAAACTCAGAGGACTCATTGCTGAGAAGAATTGCGCTC 100 
SPINORFl AAAGGCCCGGAGATVAGCTCAGGGGTTTGATCGCAGAGAAGCAATGTGCTC 100 
ATORFl GAAGTGCAGGAGGAAGCTCAGAGGTTTGATCGCTGAGAAGAACTGTGCAC 100 
RADCDNA GAAGTGCAAGAGGAAGCTCAGAGGTTTAATCGCTGAGAAGAACTGTGCAC 100 
MZORFl CAAGGCCAAGCGTAAGCTCCGCGGCCTCATCGCCGAGAAGAATTGCGCCC 100 
RICEORFl GAAGGCCAGGCAGAAGCTGCGCGCCCTCATCGCCGAGAAGAGCTGCGCCC 100 

** + * -k-k * •*• •*• •*•* •*••*• + + •*••*••*•-*• * * * + + 

PEAORFl CTCTAATTCTCCGTTTGGCATGGCACTCTGCTGGTACTTTTGATTCCAAG 150 
SOYORFl CTCTAATGCTCCGTTTGGCATGGCACTCTGCTGGAACCTTTGACAAGGGC 150 
TOBORFl CTCTTATGCTCCGTCTTGCATGGCACTCTGCTGGTACCTATGATGTGTGC 150 
SPINORFl CTCTTATGCTTCGTCTTGCATGGCACTCTGCTGGTACCTTTGAT-TGTAC 14 9 
ATORFl CCATCATGGTCCGACTCGCATGGCACTCTGCTGGAACTTTCGAT-TGTCA 14 9 
RADCDNA CCATCATGGTCCGCCTCGCATGGCACTCTGCTGGAACATTCGAT-TGCGC 14 9 
MZORFl CGCTCATGCTCCGCCTCGCATGGCACTCCGTGGGCACCTTCGATGTGG-T 14 9 
RICEORFl CTCTCATGCTCCGCCTCGCGTGGCACTCGGCGGGGACGTTCGACGTGT-C 14 9 

** * • * • -k -k ^•k'k'k'k'k'k^k •k -k •*••*• ** 

PEAORFl 
SOYORFl 
TOBORFl 
SPINORFl 
ATORFl 
RADCDNA 
MZORFl 
RICEORFl 

PEAORFl 
SOYORFl 
TOBORFl 
SPINORFl 
ATORFl 
RADCDNA 
MZORFl 
RICEORFl 

A-CAAAGACTGGTGGTCCTTTCGGAACAATTAAGCACCAAG-CTGAGCTT 
A-CGAAGACCGGTGGACCCTTCGGAACCATCAAGCACCCTG-CCGAACTG 
TCCAAAA-CTGGAGGTCCATTCGGTACCATGAGGCTCAAGG-CTGAGCAA 
TTCAAAAACTGGAGGTCCCTTTGGTACAATGAAGCACCAGG-CAGAGCTG 
ATCi\AGGACTGGAGGTCCATTCGGAACAATGAGGTTTGACG-CTGAGCAA 
CTCGAGGACTGGTGGTCCCTTCGGAACAATGAGGTTTGACG-ATGAGCTA 
CACCAA7\ACCGGGGGCCCCTTCGGCACCATGAAGAACCCCGTCG-AGCAG 
GTCGAAGACCGGGGGCCCGTTCGGGACGATGAAGA-CCCCGGCGGAGCTG 

* * • •*••*• -k-k -k-k *-k -k-k -k-k -k-k -k -k -k -k -k 

• • • • . . . 

GCTCATGGTGCTAACAACGGTCTTGATATCGCGGTTAGGCTGTTGGAGCC 
GCTCACAGCGCTAACAACGGTCTTGACATCGCTGTTAGGCTTTTGGAGCC 
GGACATGGAGCAAACAATGGTATTGACATTGCTATAAGACTCTTGGAGCC 
GCTCATGGGGCTAACAATGGGCTTGTTATTGCTGTTAGGCTGTTGGAACC 
GCTCATGGAGCCAACAGTGGTATCCACATTGCTCTTAGGTTGTTGGACCC 
GCTCATGGAGCCAACAATGGTCTCCACATTGCTCTTAGGCTGTTGGAGCC 
GCGCACGGTGCCAACGCCGGACTGGAAATTGCCATCAGGCTGCTAGAGCC 
TCGCACGCCGCCAACGCGGGGCTGGACATCGCGGTGCGGATGCTCGAGCC 

+ • •A-* -k-k-k ** •*•* ** ** ** 

198 
198 
198 
198 
198 
198 
198 
198 

248 
248 
248 
248 
248 
248 
248 
248 

Figure 1.8 - Nucleotide alignment of open reading frame of seven APX cDNA's. 
The "*" character indicates exact identity, the "•" character indicates very similar 
identity. 
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PEAORFl TATTAAGGAGCAATTCCCTATTGTGAGCTATGCTGATTTCTACCAGTTGG 2 98 
SOYORFl ACTCAAGGCGGAGTTCCCTATTTTGAGCTACGCCGATTTCTACCAGTTGG 298 
TOBORFl CATTAAGGAGCAGTTTCCTATCCTCTCATATGGTGATTTCTATCAATTAG 2 98 
SPINORFl CATCAAGGAACAATTCCCCGAAATTACTTATGCTGACTTTTACCAGCTGG 2 98 
ATORFl CATCAGGGAGCAATTCCCTACCATCTCTTTTGCTGATTTCCATCAGCTTG 2 98 
RADCDNA TATCAGGGAGCAGTTCCCTACCATCTCCCATGCTGATTTCCATCAGCTTG 2 98 
MZORFl CATCAAGGAGCAGTTCCCCATCCTATCCTACGCTGACTTCTACCAGCTTG 298 
RICEORFl CATCAAGGAGGAGATACCCACCATCTCCTACGCCGATTTCTACCAGCTTG 2 98 

* * * * •*• -k-k-k -k -k-k -k-k -k-k-k -k-k 

PEAORFl CTGGTGTTGTTGCTGTTGAGATTACCGGTGGACCTGAAGTTCCTTTCCAC 34 8 
SOYORFl CTGGCGTTGTTGCCGTTGAGGTCACGGGTGGACCTGAAGTTCCATTCCAC 34 8 
TOBORFl CTGGAGTTGTTGCTGTTGAAGTTACTGGAGGACCTGATGTTCCCTTTCAC 34 8 
SPINORFl CTGAGTTTGTGGCCGTTGAAGTTACTGGAGGACCTGAAGTTCCCTTCCAC 348 
ATORFl CTGGTGTTGTGGCCGTTGAAGTTACTGGTGGCCCTGACATTCCTTTCCAC 34 8 
RADCDNA CTGGTGTTGTGGCCGTTGAAGTCACTGGTGGACCTGAAATTCCTTTCCAC 34 8 
MZORFl CTGGAGTCGTGGCAGTCGAGGTAACCGGCGGACCTGATGTCCCCTTCCAC 34 8 
RICEORFl CCGGAGTTGTGGCCGTCGAGGTGTCCGGTGGACCTGCCGTCCCCTTCCAC 34 8 

* •*• * * * + * -k-k -k-k -k * • * •*•+ •*••*••*••*• •*• •*••*• •*••*• •*••-*• 
• • • • • • • 

PEAORFl CCTGGTAGGGAGGACAAGCCTGAGCCACCACCTGAGGGTCGCTTGCCTGA 398 
SOYORFl CCTGGAAGAGAGGACAAGCCTGAGCCACCACCAGAGGGTCGCTTGCCCGA 398 
TOBORFl CCTGGTAGAGAGGACAAGACAGAGCCACCCGTTGAAGGTCGCTTGCCTGA 398 
SPINORFl CCAGGCAGAGAGGACAAGCCAGAGCCACCCCAGGAAGGACGTCTCCCTGA 398 
ATORFl CCTGGAAGAGAGGACAAGCCCCAACCACCTCCAGAGGGTCGTCTTCCTGA 398 
RADCDNA CCTGGAAGAGAGGACAAGCCCCAGCCACCTCCAGAGGGTCGTCTTCCTGA 3 98 
MZORFl CCTGGGAGGCAGGACAAGCCTGAGCCTCCACCGGAAGGCCGCCTTCCTGA 398 
RICEORFl CCAGGAAGGGAGGACAAACCTGCACCCCCACCTGAGGGCCGTCTTCCTGA 398 

•*•* -k-k *-k -k-k-k-k-k-k-k -k -k-k -k-k -k-k -k-k -k-k -k -k-k -k-k 

PEAORFl TGCCACTAAGGGTTCTGAGCATTTGAGGGATGTGTTTGGAAAGGCTATGG 448 
SOYORFl TGCCACTAAGGGTTCTGACCATTTGAGAGATGTGTTTGGCAAAGCTATGG 4 48 
TOBORFl TGCTACCAAGGGTTCTGACCACTTGAGAGATGTGTTTGTGAAGCAAATGG 4 48 
SPINORFl TGCCACCAAGGGTTGTGACCATTTGAGAGATGTCTTCATCAAGCAAATGG 4 48 
ATORFl TGCTACCAAGGGTTGTGACCATTTGAGAGATGTCTTTGCTAAGCAGATGG 4 48 
RADCDNA TGCCACCAAGGCCTGTGACCATTTGAGGCAGGTCTTCTTAAAGCAGATGG 4 48 
MZORFl TGCCACCCAAGGTTCTGATCACCTCAGGCAGGTTTTCTCCACACAGATGG 4 48 
RICEORFl TGCTACCAAGGGTTCTGACCACCTAAGGCAGGTCTTCGGTGCGCAGATGG 44 8 

-k-k-k -k-k -k -k -k -k-k-k -k-k -k -k -k ^ •*•_** -*r* _ _ ^ _ * + • • 

PEAORFl GGCTTAGTGTAGTACAGGACATTGTTGCTCTATCTGGTGGTCACACCATT 4 98 
SOYORFl GGCTTACTG ACCAAGATATCGTTGCTCTATCTGGGGGTCACACTATT 4 95 
TOBORFl GTCTATCTG ATAAGGATATTGTTGCACTCTCTGGTGGCCATACCTTG 4 95 
SPINORFl GTCTTACTG ACCAGGACATTGTTGCTCTATCTGGAGGCCACACTTTG 4 95 
ATORFl GCTTATCTG ACAAAGACATTGTCGCTTTATCTGGTGCCCACACTCTG 4 95 
RADCDNA GTTTAACTG ACCAGGACATCGTCGCTTTGTCTGGTGCCCACACTCTG 4 95 
MZORFl GTTTGAGCG ACCAGGACATTGTTGCGCTTTCTGGTGGTCACACCCTG 4 95 
RICEORFl GCTTGAGTG ATCAGGACATTGTTGCCCTCTCTGGCGGTCACACCCTG 4 95 

JL. + /̂r * * * • •*• * * * * * -k-k-k-k-k -k -k-k -k-k -k 

Figure 1.8 continued 
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PEAORFl GGA-GCTGCACACAAGGAGCGTTCTGGATTTGAGGGACCATGGACTTCTA 54 7 
SOYORFl GGA-GCTGCACACAAGGAGCGTTCTGGATTTGAGGGTCCCTGGACCTCTA 54 4 
TOBORFl GGAAGGTGC-CACAAGGAACGTTCTGGTTTTGAGGGACCTTGGACTACCA 54 4 
SPINORFl GGGAGATGC-CACAAGGACCGCTCTGGTTTTGAAGGTGCTTGGACTACCA 54 4 
ATORFl GGACGATGC-CACAAGGATAGGTCTGGCTTCGAAGGTGCATGGACATCAA 54 4 
RADCDNA GGAAGATGC-CACAAGGATAGGTCTGGTTTCGAAGGTGCTTGGACTTCAA 54 4 
MZORFl GGAAGATGC-CACAAGGACAGGTCTGGATTTGAGGGAGCCTGGACGTCCA 54 4 
RICEORFl GGAAGGTGC-CACAAGGAAAGATCTGGTTTTGAGGGACCTTGGACAAGAA 54 4 

•*r + _ + * • * * * * * * * * * * -k-k-k-k-k -k-k -k-k -k-k * * * * * * * 

PEAORFl ATCTTCTCATTTTTGACAACTCATATTTCACTGAGTTCTTGACTGGTGAG 597 
SOYORFl ATCCTCTTATTTTCGACAACTCATACTTCACGGAGTTGTTGAGTGGTGAG 594 
TOBORFl ATCCCCTCATCTTTGACAACTCATACTTTACGGAACTTTTGAGTGGGGAG 594 
SPINORFl ACCCTTTGGTCTTCGACAACACCTACTTCAAGGAGCTCCTGAGTGGTGAG 5 94 
ATORFl ACCCTCTAATCTTCGACAACTCTTACTTCAAGGAACTCTTGAGCGGAGAG 594 
RADCDNA ACCCTCTCATCTTCGACAACTCTTACTTCAAGGAACTCTTGAGCGGTGAG 594 
MZORFl ACCCTTTGATCTTTGACAACTCTTACTTCAAGGAGCTTCTGAGCGGAGAG 594 
RICEORFl ACCCTCTGCAGTTTGACAACTCTTACTTCACGGAGCTTCTGAGTGGTGAC 5 94 

* * * * * * * * * * * * * * ** * ** * * * * ** ** 

PEAORFl AAGGATGGCCTTCTTCAGTTGCCAAGTGATAAGGCACTTTTGACTGACTC 64 7 
SOYORFl AAGGAAGGTCTCCTTCAGCTACCTTCTGACAAGGCTCTTTTGTCTGACCC 64 4 
TOBORFl AAAGAAGGGCTTTTGCAGTTGCCTTCAGACAAGGCTCTCCTCTCTGATCC 64 4 
SPINORFl AAAGAAGGTCTCTTGCAGCTGCCATCTGACAAGGCTCTTCTCTCTGACCC 64 4 
ATORFl AAGGAAGGCCTTCTTCAGCTTGTCTCTGACAAAGCACTATTGGACGACCC 64 4 
RADCDNA AAGGAAGGTCTTCTTCAGCTTCCTTCCGACAAGGCTCTATTGGACGATCC 64 4 
MZORFl AAGGAAGGCCTTCTGCAGCTACCAAGTGACAAAGCCCTCCTCTCTGATCC 64 4 
RICEORFl AAGGAGGGCCTTCTTCAGCTTCCTAGTGACAAAGCCCTGCTGAGTGACCC 64 4 

* * * * ** ** * * * * * ** ** ** ** * ** * 

PEAORFl TGTATTCCGCCCTCTTGTTGAGAAATATGCTGCGGATGAAGATGTTTTCT 697 
SOYORFl TGTATTCCGCCCTCTCGTTGATAAATATGCAGCGGACGAAGATGCCTTCT 694 
TOBORFl TGCTTTCCGCCCCCTTGTTGAGAAATATGCTGCGGATGAAGACGCCTTCT 694 
SPINORFl TGTCTTCCGCCCACTGGTTGAGAAATATGCAGCTGATGAAGATGCATTCT 694 
ATORFl TGTTTTCCGTCCTTTGGTCGAGAAATACGCTGCTGATGAAGATGCCTTTT 694 
RADCDNA CGTTTTCCGTCCTCTTGTTGAGAAATACGCTGCTGACGAGGAAGCATTTT 694 
MZORFl ATCCTTCCGCCCACTTGTTGACAAATACGCAGCGGACGAGGACGCTTTCT 694 
RICEORFl TGCCTTCCGCCCACTCGTCGAGAAATATGCTGCAGATGAGAAGGCTTTCT 694 

* * * * * * * * * * * * -k-k-k-k-k -k-k -k-k -k-k -k-k * * * * * 

PEAORFl TTGCTGATTATGCTGAAGCACATCTTAAGCTCTCTGAGCTTGGATTTGCT 747 
SOYORFl TTGCTGATTACGCTGAGGCTCACCAAAAGCTTTCCGAGCTTGGGTTTGCT 74 4 
TOBORFl TTGCGGACTATGCTGAGGCTCACTTGAAGCTCTCTGAATTGGGATTTGCT 744 
SPINORFl TTGCCGACTATGCTGAGGCGCACTTGAAACTTTCTGAACTCGGATTTGCT 74 4 
ATORFl TCGCTGATTACGCTGAGGCCCACATGAAGCTTTCTGAGCTTGGGTTTGCT 744 
RADCDNA TCGCTGATTACGCTGAGGCCCACTTGAAGCTTTCTGAGCTCGGGTTTGCT 74 4 
MZORFl TTGCTGACTACGCCGAGGCCCACCTGAAGCTTTCAGAATTGGGATTTGCT 74 4 
RICEORFl TTGAAGACTACAAGGAGGCCCACCTCAAGCTCTCCGAACTGGGGTTCGCT 744 

* * * * ** ** ** * * ** ** ** ** * ** ** * * * 

Figure 1.8 continued 
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PEAORFl 
SOYORFl 
TOBORFl 
SPINORFl 
ATORFl 
RADCDNA 
MZORFl 
RICEORFl 

GAAGCCTAA 
GATGCCTAA 
GAAGCTTAA 
GATGCTTAA 
GATGCTTAA 
GATGCTTAA 
GAGGCGTAA 
GATGCTTAA 
** ** *** 

756 
753 
753 
753 
753 
753 
753 
753 

Figure 1.8 continued 
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PEAPROT MGKSYPTVSPDYQKAIEKAKRKLRGFIAEKKCAPLILRLAWHSAGTFDSK 50 
SOYPROT MGKSYPTVSADYQKAVEKAKKKLRGFIAEKRCAPLMLRLAWHSAGTFDKG 50 
TOBPROT MGKCYPTVSEEYLKAVDKCKRKLRGLIAEKNCAPLMLRLAWHSAGTYDVC 50 
MZPROT MVKAYPTVNEDYLKAVDKAKRKLRGLIAEKNCAPLMLRLAWHSVGTFDVV 50 
SPINPROT MGKSYPTVSENYQKSIEKARRKLRGLIAEKQCAPLMLRLAWHSAGTFDCT 50 
ATPROT MTKNYPTVSEDYKKAVEKCRRKLRGLIAEKNCAPIMVRLAWHSAGTFDCQ 50 
RADPROT MTKNYPAVSEEYQKEIEKCKRKLRGLIAEKNCAPIMVRLAWHSAGTFDCA 50 
RICEPROT MAKNYPVVSAEYQEAVEKARQKLRALIAEKSCAPLMLRLAWHSAGTFDVS 50 

* * * * * *** **** *** ****** ** * 

PEAPROT TKTGGPFGTIKHQAELAHGANNGLDIAVRLLEPIKEQFPIVSYADFYQLA 100 
SOYPROT TKTGGPFGTIKHPAELAHSANNGLDIAVRLLEPLKAEFPILSYADFYQLA 100 
TOBPROT SKTGGPFGTMRLKAEQGHGANNGIDIAIRLLEPIKEQFPILSYGDFYQLA 100 
MZPROT TKTGGPFGTMKNPVEQAHGANAGLEIAIRLLEPIKEQFPILSYADFYQLA 100 
SPINPROT SKTGGPFGTMKHQAELAHGANNGLVIAVRLLEPIKEQFPEITYADFYQLA 100 
ATPROT SRTGGPFGTMRFDAEQAHGANSGIHIALRLLDPIREQFPTISFADFHQLA 100 
RADPROT SRTGGPFGTMRFDDELAHGANNGLHIALRLLEPIREQFPTISHADFHQLA 100 
RICEPROT SKTGGPFGTMKTPAELSHAANAGLDIAVRMLEPIKEEIPTISYADFYQLA 100 

******* * * * * * * * * * ** *** 

PEAPROT GVVAVEITGGPEVPFHPGREDKPEPPPEGRLPDATKGSEHLRDVFGKAMG 150 
SOYPROT GVVAVEVTGGPEVPFHPGREDKPEPPPEGRLPDATKGSDHLRDVFGKAMG 150 
TOBPROT GVVAVEVTGGPDVPFHPGREDKTEPPVEGRLPDATKGSDHLRDVFVKQMG 150 
MZPROT GVVAVEVTGGPDVPFHPGRQDKPEPPPEGRLPDATQGSDHLRQVFSTQMG 150 
SPINPROT EFVAVEVTGGPEVPFHPGREDKPEPPQEGRLPDATKGCDHLRDVFIKQMG 150 
ATPROT GVVAVEVTGGPDIPFHPGREDKPQPPPEGRLPDATKGCDHLRDVFAKQMG 150 
RADPROT GVVAVEVTGGPEIPFHPGREDKPQPPPEGRLPDATKACDHLRQVFLKQMG 150 
RICEPROT GVVAVEVSGGPAVPFHPGREDKPAPPPEGRLPDATKGSDHLRQVFGAQMG 150 

**** *** ****** ** ** ******** *** ** 

PEAPROT LSVVQDIVALSGGHTIGAAHKERSGFEGPWTSNLLIFDNSYFTEFLTGEK 200 
SOYPROT LTD-QDIVALSGGHTIGAAHKERSGFEGPWTSNPLIFDNSYFTELLSGEK 199 
TOBPROT LSD-KDIVALSGGHTLGRCHKERSGFEGPWTTNPLIFDNSYFTELLSGEK 199 
MZPROT LSD-QDIVALSGGHTLGRCHKDRSGFEGAWTSNPLIFDNSYFKELLSGEK 199 
SPINPROT LTD-QDIVALSGGHTLGRCHKDRSGFEGAWTTNPLVFDNTYFKELLSGEK 199 
ATPROT LSD-KDIVALSGAHTLGRCHKDRSGFEGAWTSNPLIFDNSYFKELLSGEK 199 
RADPROT LTD-QDIVALSGAHTLGRCHKDRSGFEGAWTSNPLIFDNSYFKELLSGEK 199 
RICEPROT LSD-QDIVALSGGHTLGRCHKERSGFEGPWTRNPLQFDNSYFTELLSGDK 199 

* ******* ** * ** ****** ** * * *** ** * * * * 

PEAPROT DGLLQLPSDKALLTDSVFRPLVEKYAADEDVFFADYAEAHLKLSELGFAEA 251 
SOYPROT EGLLQLPSDKALLSDPVFRPLVDKYAADEDAFFADYAEAHQKLSELGFADA 250 
TOBPROT EGLLQLPSDKALLSDPAFRPLVEKYAADEDAFFADYAEAHLKLSELGFAEA 250 
MZPROT EGLLQLPSDKALLSDPSFRPLVDKYAADEDAFFADYAEAHLKLSELGFAEA 250 
SPINPROT EGLLQLPSDKALLSDPVFRPLVEKYAADEDAFFADYAEAHLKLSELGFADA 250 
ATPROT EGLLQLVSDKALLDDPVFRPLVEKYAADEDAFFADYAEAHMKLSELGFADA 250 
RADPROT EGLLQLPSDKALLDDPVFRPLVEKYAADEEAFFADYAEAHLKLSELGFADA 250 
RICEPROT EGLLQLPSDKALLSDPAFRPLVEKYAADEKAFFEDYKEAHLKLSELGFADA 250 

.̂̂ .ŷ .̂ .Ĵ . .^^^^.^^ -k -k-k-k-k-k * * * * * * * * * * * * * * * * * * * * * * 

Figure 1.9 - Amino acid aligment of seven APX protein sequences. The "*" 
character indicates perfect identity, the "•" character indicates very similar 
identity. 
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terminal region of the protein which has no apparent similarity with the cytosolic 

APX isoforms (Fig 1.10). 

Spinach tAPX 

Tea sAPX 

Spinach cAPX 

Pea cAPX 

Y[A-§-C)-F> 

A-S-D-P 

A-QL-K N A-R-E-D-l-K-E-L-l 

D-EL-K-fek-R-E-D-l-K-E-L-L 

Q-S-T-N-M-Q-l-l-M-V-F-V-W 

N-T 

G- -S-Y-P-T-V H-E-N Y-Q x|s|l-E-K 

G-K-S-Y-P-T-V-S-P-D-Y-Q-K-A-l-E-K- (\-K-R-K-L-R-G- F-l-A-E-K-K-C-A-P 

Arabidopsis cAPX TiK[NiY-P-T-V-S-E-D-Y[KlK-A|v[E-K C-R-R-K-L-R-G-L-l-A-E-K-N-C-A-P 

Figure 1.10 - Amino terminal sequence similarity in APX polypeptides 

A unique spinach isoform recently reported by Ishikawa et al. (1995) has 67% 

homology at the nucleotide level and 50% homology at the amino acid level with 

the spinach cytosolic APX cDNA (Webb and Allen, 1995). This novel APX cDNA 

has a unique 60 amino acid residue extension at the C terminus containing 

about 40% hydrophobic amino acid residues, which the authors suggest could 

function as a plasma membrane anchoring sequence. However, it has no 

apparent signal sequence or transit peptide. A similar APX isoform was recently 

found to be localized in the glyoxysome membrane of cotton cotyledons 

(Bunklemann and Trelease, 1995). 

The cytosolic and plastidic isoforms are immunologically disfinguishable in 

spinach (Tanaka et al., 1991) and pea leaves (Zilinskas, 1991a); however, 

antibodies raised against tea plastidic APX cross reacted with the cytosolic and 
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plastidic isoforms. Additionally, an Arabidopsis expression library was screened 

with an antibody raised against tea plastidic APX, and the resulting cDNA clone 

was found to have 75% sequence identity to pea cAPX (Creissen et al., 1994) 

and was later determined to be a cAPX isoform (Kubo, 1992). Based on the 

amino acid sequences of the cytosolic and chloroplasfic isoforms there appear to 

be two distinct classes of APX; however, further characterization will be required 

to establish these two isoforms. 

The amino acid sequences derived from available APX cDNA's show little 

homology with other bacterial and plant peroxidases; however, pea cAPX was 

found to have a 33% identity with cytochrome c peroxidase (CCP) from yeast 

(Mittler and Zilinskas, 1991b). The cAPX amino acid sequence contains 

residues found in all peroxidases including a proximal histidine ligand, Hiŝ ^̂  as 

well as distal residues Hiŝ ^ and Arg"*® that are important in cleaving the 0-0 

bond (Patterson and Poulos, 1994). Additionally, cAPX contains amino acid 

resdues that are homologous to Trp̂ ^̂  and Trp̂ ^̂  in CCP (Patterson and Poulos, 

1995). The Trp̂ ^̂  in CCP is thought to be site of the amino acid radical 

formation In compound I and to date has been found in no other plant peroxidase 

(Patterson and Poulos, 1994). 

1.6 Regulation of APX Gene Expression 

A variety of abiotic stresses have been shown to induce APX activity, 

including: drought (Mittler and Zilinskas, 1994; Van Resburg and Kruger, 1994; 
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Smirnoff and Colombe, 1988), high light intensity (Gillham and Dodge, 1987) and 

low temperature (Jahnke et al., 1992). It is also induced during seed germination 

(Cakmak et al., 1993) and fruit ripening (Schantz et al., 1995). Xenobiotic factors 

such as paraquat (Melhorn, 1990), ozone (Melhorn, 1990), and noflurazon 

(Thomsen et al., 1992) have also been shown to induce APX activity. 

The molecular mechanisms that regulate APX activity have been recently 

studied in drough-stressed pea plants (Mittler and Zilinskas, 1994). Plants 

recovering from drought stress exhibit a 15 fold increase in APX transcripts over 

the control plants; however, there is only a 1.8 fold increase in APX transcripts 

associated with the polysomal fractions. These flndings suggest that APX is 

post-transcriptionally regulated in drought stressed and recovering plants. 

Transgenic tobacco plants that expressed a pea chloroplastic Cu/Zn SOD show 

a proportional increase in APX mRNA levels (Sen Gupta et al., 1993b). It was 

suggested that the increase in APX expression could be attributed to the 

potential excess H2O2 being generated by the enhanced SOD levels. A similar 

increase in APX activity is seen in wild-type tobacco plants treated with 60mM 

H2O2 for 2 hours (Allen et al., 1994). 

An antioxidative response element (ARE) that is responsive to phenolic 

antioxidants and hydrogen peroxide was first characterized as a c/s-acting 

element in a rat glutathione S-transferase Ya subunit promoter (Rushmore et al., 

1991). Treatment of cells that carry an ARE-chloramphenicol acetyl-transferase 
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(CAT) chimeric reporter gene construct with 100 pM to 1.0 pM H2O2 produced a 

dose-dependent increase in CAT activity, indicating that the ARE is responsive 

to reduced oxygen intermediates and is involved in the oxidative stress 

response. Similar results are reported from an ARE isolated from a rat 

NAD(P)H:quinone reductase 5' flanking sequence (Favreau and Pickett, 1993) 

and an ARE has also been isolated from human quinone reductase gene. 

Deletion studies have shown that the core ARE is the TGAC sequence and that 

the GC nucleotides located downstream of the three non-specific nucleofides 

have a lesser regulatory effect (Rushmore et al., 1991) (Figure 1.11). A putative 

ARE-like element in plants was first reported in the 5' fianking region of a pea 

cytosolic APX gene (Mittler and Zilinskas, 1992) in a reverse complementary 

orientation to the rat ARE sequences. We hypothesize that chimeric gene 

constructs containing the plant ARE-like element will be responsive to reduced 

oxygen species and provide information on the regulation of APX gene 

expression. 
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Gene ARE Core Sequence 

Rat Gluththlone-S-Transferase ^ GGTGACAAAGC ^ 

Rat NAD(P)H:Quinone Reductase '̂ AGTGACTTGGC ^ 

ARE Human '̂ GGTGACTCAGC ^ 

Consensus ^ PUGTGACNNNGC ^ 

Pea Cytosolic APX ^ GCTCTGTCA ^ 
'̂ CGAGACAGT '̂ 

Figure 1.11 The core nucleotide sequence of mamalian and plant ARE's. The 
core regulatory nucleotides are underlined in the consensus sequence. 

1.7 Transgenic Antioxidant Research 

There is an increasing amount of evidence that correlates higher levels of 

antioxidant enzymes with protection against oxidative stress in plants (Gresel 

and Galun, 1994; Foyer, 1994b; Sen Gupta et al., 1993b). Because oxidative 

stress can be induced by so many different factors it is hypothesized that 

introduction of antioxidant enzyme chimeric gene constructs into plants will allow 

them to respond to a variety of unfavorable environmental conditions. 

Transgenic plants that consititutivley overexpress specific ROI-scavenging 

enzymes have been produced in attempts to improve plant stress tolerance, and 

chimeric gene constructs combining reporter genes and antioxidant gene 
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regulatory regions have been made to examine the mechanisms involved in the 

oxidative stress reponse (Allen, 1995; Foyer, 1994b). 

Transgenic tobacco plants that overexpress an E. co//glutathione reductase 

(gor) gene in the cytosol (Aono, 1991) or the chloroplasts (Aono, 1993) showed 

a slight increase in MV protection but showed no increase in ozone tolerance. 

Transgenic tobacco plants that express MnSOD in chloroplasts showed 

approximately 2.5-fold less damage than control plants exposed to 1.2 mM MV 

(Bowler, 1991). Overexpression of mitochondria-localized MnSOD provided less 

protection, and in both cases the MV resistance effect was observed in older, 

bolting plants. The younger stages of plant growth exhibited less SOD activity 

and a greater suceptibility to MV-induced damage. Both types of Mn-SOD 

expressors showed a reduction in leaf-area-necrosis after treament with ozone; 

however, with the greater protection observed in the chloroplast-localized 

MnSOD expressing plants (Van Camp et al., 1994). Ped and co-workers 

reported overexpression of either tomato cytosolic or chloroplast-localized Cu/Zn 

SODs in transgenic potato reduced visual damage in shoots treated with ImM 

MV (Perl, 1993). The transgenic root cultures containing the cytosolic Cu/Zn 

SOD were tolerant to only O.ImM concentrations of MV, the chloroplast-localized 

lines showed little or no protection from MV. A tobacco Mn-SOD chimeric gene 

construct expressed in alfalfa enhanced regrowth after freezing (McKersie et al., 

1993). Transgenic tobacco plants that overexpressed a chimeric gene encoding 

chloroplast-localized Cu/Zn SOD from pea showed significant protection from 0.6 
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and 1.2 pM of MV (Sen Gupta et al.. 1993a). Following moderate photoinhibitory 

stress these plants retained 90% of their photosynthetic capability, compared to 

only 36% recovery observed in non-transformed control plants. These same 

plants exhibited an expected 3-fold increase in SOD activity; however, they also 

showed a corresponding increase in APX activity (Sen Gupta, 1993b). 

1.8 Purpose and Rationale 

Antioxidant enzymes have been shown to play an important role in the 

reduction of oxidative stress induced damage in plants. The complex interaction 

of these oxygen radical scavenging enzymes with reduced oxygen intermediates 

and with each other is not fully understood. The goal of this study is to 

determine the role that cAPX plays in protecting plants from oxidative stress. 

The first part of this study concerns the manipulafion of cAPX levels in 

transgenic tobacco plants to attempt to alleviate the effects of oxidative stress. A 

pea cAPX has been used to create chimeric gene constructs that overexpress 

the protein in either the cytosol (cytAPX) or the chloroplast (chlAPX). The 

chlAPX transgenic plants had much more transgene APX activity than the 

cytAPX transgenic plants. However, the cytAPX plants showed a significant 

amount of protection to the oxidative stress-inducing herbicide methyl viologen 

(MV) while the chlAPX plants showed no protection at any concentration of MV 
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tested. Additionally, a tobacco cAPX cDNA was used to created antisense 

constructs designed to deactivate native cAPX in transgenic tobacco plants. 

The second phase of this study focused on how native APX genes are 

regulated in tobacco. A tobacco cAPX promoter region was isolated and used to 

create a series of promoter deletions. The promoter and promoter deletions 

have been fused to a green fluorescent protein (GFP) reporter gene and 

transformed into tobacco plants. The localization and intensity of the reporter 

gene can provide information about the normal regulation of cAPX in plants. 

Subjecting these plants to various forms of oxidative stress might also indicate 

how reduced oxygen intermediates influence the regulation of cAPX as well. 

Chimeric gene constructs have also been made by fusing a p-glucuronidase 

(GUS) reporter gene to a minimal promoter containing a normal and mutated 

artificial antioxidant responsive element (ARE). The localization and intensity of 

the GUS gene product can provide information concerning the oxidative stress 

response and regulation of the APX gene. 
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CHAPTER II 

MATERIALS AND METHODS 

2.1 RNA Isolation and Northern Blots 

Total RNA was extracted from pea and tobacco leaves using the acid 

guanidinium method (Chomzynski and Sacci, 1987). Approximately 2.5 grams of 

leaf tissue was ground in liquid nitrogen and then homogenized in extraction 

buffer (15 ml phenol, 15 ml guanidinium homogenization buffer [ 4 M 

guanidinium thiocyanate, 25 mM Na citrate, 0.5% sarcosyl, 0.1 M p-

mercapthoethanol ] 3 ml CI and 1 ml 1 M NaOAc) using a Tekmar Tissumizer. 

The homogenate was separated by centrifugation at 12,000Xg for 20 minutes 

and the aqueous fraction was precipitated in 50% isopropanol at -20°C for 1 hour 

followed by another centrifugation. The pellet was resuspended in 

homogenization buffer and again precipitated as described above. After 

centrifugation the pellet was resuspended in 2 M LiCI and precipitated overnight 

at 4°C followed by another centrifugation. The RNA pellet was resuspended in 

water and precipitated using 0.1 volume of NAOAc and 2 volumes of ethanol at 

"20°C for 1 hour and pelleted in a microcentrifuge. The final pellet was washed 

in 70% ethanol, vacuum dried and resuspended in a minimal amount of 

diethylpyrocarbonate (DEPC) treated water. The RNA sample was incubated at 

70°C for 10 minutes and microcentrifuged to pellet out any final debris. The total 
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RNA samples were quantified at 260 nm using a Shimadzu UV160U 

spectrophotometer and used for Northern blots and RT-PCR reactions. Northern 

blot analysis was done using 20 pg of total RNA electrophotically separated on 

1% agarose gels, containing 20% formaldehyde, in a IX MOPS buffer (0.2 M 

MOPS, 8 mM NaOAc, 1 mM EDTA, pH 7.0). The gels containing the RNA were 

soaked in 75 mM sodium hydroxide for 30 minutes, washed in water for 15 

minutes, washed in 20X SSPE (3 M NaCI, 0.2 M NaH2P04, 20 mM EDTA, pH 

8.0) for 40 minutes and transferred to nitrocellulose membranes using 20X SSPE 

as a transfer buffer according to Sambrook et al. (1989). The nitrocellulose 

membranes were dried at 82°C for 3-4 hours in a vacuum oven and stored in 

sealed plastic containers. 

2.2 Reverse Transcriptase Polymerase 
Chain Reaction 

Approximately 2 pg of total RNA were used as a template to synthesize a first 

strand cDNA using 200 units of Moloney Murine leukemia virus reverse 

transcriptase, 2 pi of 5X buffer (250 mM Tris-HCI pH 8.3, 375 mM KCl, 15 mM 

MgCl2, 50 mM DTT), 2.5 pg of oligo dT(i2.i7) primer, 10 mM dNTP's, and 26units 

RNAsin RNAse inhibitor in a 20 pi reaction at 37°C for 1 hour. Approximately 2 

pi of the first strand cDNA reaction were used directly as a template for the 

polymerase chain reaction (RT-PCR). The oligonucleotide primers used in RT-
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PCR were based on a published pea cytosolic APX cDNA sequence (Mittler and 

Zilinskas, 1991b). 

^ CCAACTGTTAGTCCCGATTACCAGAAGGC^' 

^'GACACGGTGGTGGACTCCCAGCGAACGAAC^' 

Figure 2.1 - Oligonucleotide primers used to synthesize pea cAPX cDNA by 
PCR. 

The PCR reaction was performed at final concentrations of: 5 pi 10X reaction 

buffer (500 mM KCl, 100 mM Tris-HCI pH 9.0, 1.0% Triton-X), 2.5 mM MgCl2, 

1.6 mM dNTP's, 1 mM each oligonucleotide primer, 2.5 units Taq polymerase in 

a 50 pi reaction. The reactions were covered with sterile mineral oil and 

amplified in a Perkin-Elmer thermal cycler by denaturing at 94°C for 1 minute, 

annealing at 57°C for 1.5 minutes and extending at 72°C for 2 minutes for 34 

cycles. Twenty microliters of the PCR reaction mixture was electrophoretically 

separated on a 1% agarose gel. Amplificaton of a single band, approximately 

570 bp long, corresponding to the distance between the oligonucleotide primers, 

was detected. The single band was excised from the gel and the cDNA was 

purified using a powdered glass DNA purification kit (US Biochemical, Cleveland, 

OH). 
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2.3 CDNA and Genomic Library Screening 

The RT-PCR amplified cDNA fragment was radiolabeled with ^̂ P random 

primer (Feinburg and Vogelstein, 1983) and used as a hybridization probe to 

screen a ?L-gt10 cDNA library derived from etiolated Pisum sativum leaves 

(Clontech, Palo Alto, CA). Five positive clones were isolated from approximately 

3.9 X 10^ recombinant phage plated on C600hfl host cells after three rounds of 

screening. The cDNAs were excised from the X vector with EcoRI and ligated 

into the EcoRI site of the pUC19 plasmid. The largest cDNA, approximately 

1100 bp long, was sequenced using sequenase (USB, Cleveland, OH) and 

confirmed to be a full length pea cAPX cDNA. A spinach leaf 7.-ZAPII cDNA 

(Strategene, La Jolla, CA) library was screened using the full length pea cAPX 

cDNA mentioned above. Seven positive clones were isolated from about 4.5 X 

10^ recombinant phage plated on host strain XL-1 Blue and recovered in 

pBluescript using in vivo excision. The cDNA's were excised using EcoRI and 

Xho\ and ligated into the EcoRI/Sa/l site of pUC19. Only one of the seven 

spinach cDNA clones was found to be a full length cDNA. 

A X-ZAPII tobacco leaf cDNA library (Strategene, La Jolla, CA) was screened 

using PCR. The X-ZAPII libraries have modified X phage vectors which contain 

pBluescript arms located between the phage and the insert (Figure 2.2). 
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A.ZAP II Vector (40,820 bp) 

left end T3 cDNA Insert T7 right end 

KI 111 MS! 1 -• 4* f" I.J -i ttirifl I S'lM 

3" 

pBluescript Arms^ 

Primers 

5' Primer '̂ ATGGGAAAGTCTAC "̂ 
3' Primer '̂ CTTAAGCCTCGGCAAATC^' 
T3 Primer '̂ AATAACCCTCACTAAAGGG 
T7 Primer '̂ TAATACGACTCACTATAGG 

Figure 2.2 - The ?i-ZAP-ll vector and primers used to screen a tobacco cDNA 
library. 

The oligonucleotide primers used to amplify from either the 5' or 3' end of an 

APX cDNA were designed based on consensus sequences of pea, Arabidopsis 

and spinach APX cDNA's (Fig. 2.1). T3 and T7 primers, found in the pBluescript 

arms, were used in conjunction with the APX primers to screen the library. 

Polymerase chain reaction was performed using 5 pi of the phage lysate from X-

ZAPII library as a template. The lysates were incubated at 97°C for 5 minutes (to 

denature the X protein capsid) and the PCR reaction was performed exactly 

described in the RT-PCR section above. The PCR products were ligated into 

pGEM-T TA cloning vectors (Promega, Madison, Wl). Only one out of fourteen 

recovered cDNA's positively hybridized with a pea cAPX probe. The clone was 

sequenced and found to be a cAPX cDNA lacking 16 bases of the 5' end of the 

largest open reading frame, including the start codon. Because this specific 
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library had repeatedly yielded cDNA's truncated at the 5' end the process was 

repeated using a recently-acquired X-gtIO tobacco leaf cDNA library (Clontech, 

Palo Alto, CA) using primers specifically designed for the 3' and 5' ends of a 

tobacco APX cDNA (Figure 2.3) (Orvar and Ellis, 1995). 

^ CCGTAAGCCAGGAGTACCTC ̂' 

^ GAGCCTCAGCATAGTCCG ̂' 

Figure 2.3 Oligonucleotide primers for PCR amplificafion of tobacco APX cDNA. 

The PCR reaction produced a single ~1 kb fragment which hybridized strongly to 

the truncated tobacco cAPX cDNA described above. The PCR product was 

ligated into the TA cloning vector PCR-II (Invitrogen, San Diego, CA). The insert 

was sequenced and found to be a full length tobacco APX cDNA that included 

the ATG start codon and 78 bases of 5' untranslated sequence. 

An X EMBL-3 tobacco leaf genomic library (Clontech, Palo Alto, CA) was 

screened using the full length pea APX cDNA. One positive clone was isolated 

from about 4.2 X 10^ recombinant phage plated on LE392 host cells after three 

rounds of screening. The >.-clone was digested with an array of restriction 

enzymes and the subclones were ligated into pUC19. The largest subclone, 

~9kb, was sequenced and found to contain a tobacco cAPX cDNA upstream 

sequence and its 5' flanking region. 
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2.4 Site Directed Mutagenesis 

The full length pea cAPX cDNA was modified using site directed mutagenesis 

(Deng and Nickoloff, 1992) in order to facilitate subsequent transfer into an 

expression vector. This technique involves the annealing of a mutagenic primer 

and a selection primer to virtually any double stranded DNA plasmid (Figure 2.4). 

Mutagenic 
primer 
To introduce 
a desired 
mutation 

Selection To disrupt 
primer a;estriction 
^ site, such as 

Hindlll 

DNA Plasmid 

Digest with 
Hindlll I 

Mutated 
Restriction 
Site, 

Desired 
mutation 

Mutated plasmid 

or Non-mutated plasmid linearized 
by HindWl digestion 

1 Transformed into 
mutS E. co// 

Plasmid isolated 
for restriction 
enzyme analysis 

Figure 2.4 Summary of the site directed mutagenesis technique used to modify 
specific nucleotides. 
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The mutagenic primer introduces the desired mutafion and the selection 

primer introduces another mutation in the plasmid, usually to disrupt a specific 

restriction site. The primers are extended using T4 DNA polymerase and the 

remaining gaps in the sugar-phosphate superstructure of the DNA are filled 

using T4 DNA ligase. The mixture of mutated and unmutated plasmids are 

digested with the restriction enzyme whose recognition site was disrupted by the 

selection primer and transformed into mutS, a mismatch repair defective strain of 

E. coli. The undigested plasmids carrying the mutation will replicate normally in 

the host cell, however the linearized unmutated plasmids will not replicate. Site 

directed mutagensis was used to disrupt an internal A/col site (CCATGG to 

CCTTGG) at position 615-620 of the published cAPX cDNA (Mittler and 

Zilinskas, 1991b) and to introduce an A/col site (CTATGG to CCATGG) at 

position 79-84 which includes the translation start codon (Figure 2.5). The site 

directed mutation that disrupts the internal A/col site changed the codon CCA to 

CCT. Both triplets code for the amino acid proline so no changes were made to 

the amino acid sequence of the APX polypepfide. The mutation to introduce that 

5' A/col site changed the codon CTA to CCA. This mutation substitutes proline for 

leucine but since both have non-polar side chains this represents a minmal 

change. 
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Mutagenic Primers 

Disruption of internal A/col site '̂ CCTAAACTCCCTGGAACCTGAAGATTAG ^ 

Introduction of 5' Nco\ site '̂ GCAAACGGTACCCTTTTAGAATGGG '̂ 

Introduction of a 5' Sail Site '̂ GGGTAAGATTTGTCGACAGCAAACG '̂ 

Selection Primer 

Disruption of pUC19 HindWl site '̂ CAGGCATGCACGCGrGGCGTAATC '̂ 

Figure 2.5 - Oligonucleotide primers used to make site directed mutations in pea 
the cAPX cDNA. 

An independent site directed mutagensis was used to introduce a Sail site into 

the 5' terminal region of the native pea cAPX cDNA (ATGGGA to GTCGAC) at 

position 81-86 (Figure 2.5). The mutagenesis to introduce the Sail site changed 

codon ATG to GTC changing methionine to valine; however, both of these 

triplets code for amino acids with non-polar side chains. Mutating nucleotide 

GGA to GAC substitutes aspartic acid for glycine and this represents the most 

substantial change made using site directed mutagenesis. The mutated 

plasmids were recovered by boiling mini-prep plasmid isolation (Sambrook et al., 

1983) and analyzed by restriction analysis. 
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2.5 Construction of Chimeric 
APX Constructs 

To develop a cytosolic APX chimeric gene construct (pRWIO) the cAPX cDNA 

in pUC19, mutagenized to disrupt the internal A/col site and add the 5' A/col site, 

was digested with A/col and Smal and ligated into the A/col and Smal sites in the 

expression vector pRTL2 (Figures 2.6, 2.7), generously donated by J.R. 

Carrington, Department of Biology, Texas A&M University. 

Figure 2.6 - The pRTL2 expression vector 

o u 

TEV pea cAPX J — J I 35S Terml 

Figure 2.7 - Strategy for the construction of pea cytosolic APX chimeric gene 
construct pRWIO. 
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A chimeric chloroplast- targeted APX cDNA (pRW20) was developed by 

digesting the pea cAPX cDNA with an introduced 5' Sail site with Sail and Xbal 

and ligating it into a vector containing a 205 bp fragment that Included a transit 

peptide from pea chloroplasfic Cu/Zn SOD cDNA transit pepfide (Isin, 1991). 

This cDNA was transferred to pRTL2 as described above (Figure 2.8). 

E 
(0 

pea cAPX -35S Term 

Figure 2.8 - Strategy for constructing pea chloroplasfic targeted APX chimeric 
gene construct pRW20. 

Both chimeric gene constructs were digested with Hindlll and ligated into the 

Hindlll site of a pCGN1578 binary vector for plant transformafions (Figure 2.9). 

Genf 

z = 
^ re ^ (/)•=: 
^ OQ X Q-X 

3'tm-npt-35S 

Figure 2.9 - Binary cloning vector pCGN1578 
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Two double constructs containing pea chloroplasfic Cu/Zn SOD and either the 

cytosolic or chloroplasfic-targeted APX chimeric gene constructs were also 

developed. A pea chloroplasfic Cu/Zn SOD chimeric gene construct, pCSODIO, 

(generously supplied by Dr. Woo Sung Lee) containing a chlCu/Zn SOD cDNA 

and an upstream tobacco etch virus ribosomal binding site was digested with 

EcoRI and Xbal and ligated into the EcoRI and Xbal site of pRTL2 (Figure 2.10). 

tr 
o 
u 

LU 

(0 
.a 
X pCSODIO 

chl Cu/Zn SOD pUC19 

I 

EcoRUXba\ fragment 
into pRTLZ 

chl Cu/Zn SOD SSSTer 

Hind\\\ fragment 
Into PCGN1578 
second 

E35S 

(0 

pea cAPX 35STerm 

I Psfll fragment 
into pCGN1578 
first 

Figure 2.10 - Summary of the construcfion of pRW50 

The pea cytosolic APX chimeric gene construct was digested with Pstl and 

ligated into the Pstl site of pCGN1578. The pea chloroplastic Cu/Zn SOD 

transgene in pRTL2 was digested with Hindlll and ligated into the Hindlll site of 

the binary vector containing pRWIO to make pRW50 (Figure 2.7). This cloning 

scheme was repeated using pRW20 to make chimeric gene construct pRW60. 
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Two tobacco cAPX antisense gene constructs were made using the 

incomplete and full length tobacco APX cDNA's. The rafionale behind making 

two constructs was the discrepancies concerning the need for the 5' end of the 

cDNA, specificially including the ATG start codon, to create an effective 

antisense construct. Due to the lack of available restriction sites needed to insert 

the truncated tobacco cAPX cDNA in pRTL2 in the "anfisense" orientafion the 

cDNA was digested with EcoRI and Sail, end-filled using Klenow fragment and 

ligated into the Smal site of pBluescript (Figure 2.10). 

pBluescript sequence 
PCR T7 primer from l-ZAPII library 

< w < Z o j 8 OTZ°-"'Z 
LU I Digest with £coRI/Sa/l, purify fragment 

Blunt with Klenow fragment 
Ligate into Smal site of pBluescript 

:dVO oooeqo} 'unji 

'^uescriptj^^i OR ^ pBluescript %-;..j 

t ^ ^ ^ ' i g I I S 
I ,3 î  I 00 I 

I 
Digest with EcoRI 
and Xbal, purify fragment. 
Ligate into EcoRI/Xba site 
ofpRTL2. 

T3 
C 
X 

|E35S Promoter Q B B i i i i B ^ ^ I ^ L 

EcoRI Xbal 

Figure 2.11 - Summary of the construcfion of pRW70 
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The orientafion of the tobacco cAPX cDNA in the pBluescript vector was 

determined by restricfion analysis and confirmed by sequencing. A cDNA in the 

correct posifion was digested with EcoRI and Xibal and ligated into the EcoRI 

and Xbal site of pRTL2 (Figure 2.10). This chimeric gene construct was 

digested with Hindlll and ligated into the Hindlll site of pCGN1578. 

The full length tobacco cAPC cDNA in pCR-ll was digested with EcoRI and 

ligated into the EcoRI site of pRTL3, a derivative of pRTL2 which lacks the TEV 

leader sequence (Figure 2.12). 

CR-II Full Length tobacco cAPX : JpO|*(l 
I i" _ I 

't*-4M9'; 

1 "g :§• w i 8 Digestwith 8 R z ^ g 
^ ^ I EcoRI ^ m 

Ligate into pRTL3 

o R 
l l j UJ 

CO 

Q. 
Q. I I 

\ XdV9 oooeqoi qtBuai i|nj i 

^ 8 P ^ OR ^ T f ^ ; pRTL3 
. Full Length tobacco c A l P ^ 

1 Digest with Pstl and 
ligate into pCGN 1578 

Figure 2.12 - Summary of the construcfion of pRW80. 

The orientation of the cDNA in pRTL3 was determined by sequencing using a 

primer designed on the downstream sequence the enhanced CaMV 35S 
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promoter. The transgene in the anfisense orientafion (pRW80) was digested 

with Pstl and ligated into the Pstl site of pCGN1578 (Figure 2.11). 

During the construction of pRW70 and pRW80, I took the opportunity to make 

"sense" versions, pRW90 and pRWIOO, respectively. These constructs will be 

transformed into tobacco in order to see if "sense inhibition" occurs and what 

effect this has on the host plant's physiology. All of these chimeric gene 

constructs were transferred to Agrobacterium tumafaciens for inoculation into 

tobacco plants. 

2.6 Construction of the ARE 
Chimeric Gene Constructs 

To help determine the role of the putative plant ARE in the oxidative stress 

response normal and mutated core ARE sequences were synthesized and fused 

to a 35S minmal promoter and a p-glucuronidase (GUS) reporter gene. The 

GUS reporter gene is the gusA portion of the prokaryofic gus operon which 

serves to import and metabolize glucuronides (Sambrook, 1989). The gusA 

gene product metabolizes the chromogenic substrate 5-bromo-4-chloro-3-indolyl 

p-D-glucuronide, producing a characterisfic blue color. The locafion and intensity 

of the dye yield information about the promoter and other regulatory elements 

controlling the expression of the gusA gene. A -90 minimal promoter was 

isolated from the CaMV 35S promoter in pRTL2 by digestion with EcoRI and 
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EcoRV and ligated into the EcoRI and Smal site of a pUC19 cloning vector 

(Figure 2.13). 

^ 5 
8 8 
UJ m 

35STemi 
m 

I Digestwith 
XEcoRI/EcoRV 
• and purify fragment 

pUC19 

I ^ 
lU X 

Digest with 
lEcoRI/SamHI 

yand purify fragment X 

Simultaneously ligate into pUC19 

1 1 1 
m ai X 

„..„..,., I 

Digest with 
EcoR!/H/naflll 
and purify fragment 

GUS 3fSJerm pAW10 

Figure 2.13 - Summary of the construction of pAWIO 

An exisfing transgene (pRTL2/GUS, kindly supplied by Phat Dang) was digested 

with EcoRI and Hindlll. The EcoRI/H/ndlll fragment containing the GUS gene 

and a 35S terminator and the EcoRI/BamHI fragment containg the -90 CaMV 

35S minimal promoter were simultaneously ligated into the BamHI/H/ndlll site of 

pUC19 to make pAWIO (Figure 2.13). This construct contained no ARE 

regulatory element and was to be used as a control, to measure GUS expression 

from the -90 CaMV 35S minimal promoter fragment. The chimeric gene 

construct was digested with BamHl and H/r;dlll and ligated into the 

BamHl/Hindlll site of the binary vector pBIN19. 
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A synthefic ARE was made by annealing two oligonucleotides that have 

terminal overhangs with BamHl compafible ends (Figure 2.14). 

Normal ARE 

^ GATCTAACAATAGGGCTCTGTCATAACT '̂ 
Bglll end TTATCCCGAGACAGTATTGAGTACCTAG ^ 

BamHl end 

Mutant ARE 

^ GArCTAACAATAGGGTTCTAATATAACT ̂' 
^ TTATCCCAAGATTATATTGAGTACCTAG ̂' 

Figure 2.14 The oligonucleotides used to make the synthefic ARE fragments 
used in the construction of pAWIO and pAW20. 

The BamHl compafible ends above are indicated in italics. The base 

substitufions of the mutated ARE are indicated in bold type face. The synthefic 

ARE were then ligated into the BamHl site of pUC19 containing the minimal 

promoter (Figure 2.8). The EcoRl/Hindlll fragment containing the GUS coding 

sequence and the CaMV terminator and the EcoRI/Xibal fragment containing the 

CaMV E35S -90 minimal promoter fused to either a normal or mutant ARE were 

simultaneously ligated into the Hindlll/Xbal site of pUC19 (Figure 2.15). 
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ARE GUS 35S Term pAW20 and pAW30 

Figure 2.15 - Construcfion of pAW20 and pAW30 

The wild type and mutant ARE:GUS transgenes were digested with Xbal/Hindlll 

and ligated into pBIN19 to make pAW20 and pAW30 respectively (Figure 2.15). 

These chimeric gene constructs were mobilizied into Agrobacterium for plant 

transformafion. 

2.7 APX 5' Flanking Region Constructs 

In order to gain a better understanding of the regulatory mechanisms in the 

cAPX gene approximately 1258 bp of the tobacco cAPX 5' flanking region was 

sequenced and characterized from one of the genomic DNA subclones (Secfion 

3.6). The full length promoter was used as a PCR template to generate a series 

44 



of promoter deletions which were fused to a "green fluorescent protein" (GFP) 

reporter gene to be transformed into tobacco plants. 

The GFP from the bioluminescent jellyflsh, Aequorea victoria, emits a green 

light (--510 nm) when exposed to ultraviolet light at 395 nm. The protein has 

been characterized as stable, species-independent and can be monitored, non-

invasively in living cell (Kitts, 1995). However, the gene was found to yield very 

low fluorescence when expressed in dicot plants and this was attributed to a 

cryptic splice site that resulted in splicing of an 82 bp "intron" from the GFP 

coding sequence (Dr. James Hasseloff, personal communicafion). The GFP 

sequence was modifled to remove this cryptic splice site and to alter the codon 

bias to better effect that of plants and has since been shown to yield substantial 

fluorescence in transgenic Arabidopsis cells (Dr. James Hasseloff, personal 

communication). 

The oligonucleotide primers were designed to synthesize a full length 1258 bp 

tobacco APX 5' flanking region and a series of seven truncated promoters. The 

promoter deletions were specifically engineered to exclude a number of 

potentially important regulatory sequence elements found in the cAPX promoter 

(Section 3.6). To facilitate cloning of the promoter delefions into a position 

adjacent to the reporter gene, a Pstl restricfion enzyme site was introduced into 

the primer corresponding to the upstream region of the 5' fianking sequence and 

a BamHl site was engineered in the primer corresponding to the downstream 

region, proximal to the reporter gene (Figure 2.16). 
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Full length, 1285 bp 

DNA Sequence ^ AAGATCTCTAGCTCAGCGTC '̂ 
Engineered primer ^ AAGATCTGCAGCTCAGCGTC ̂  

Promoter deletion #1, 585 base pairs 

DNA sequence '̂ ATATATGGCAAAAAATACGAGC '̂ 
Engineered primer '̂ ATATACTGCAGAAAATACGAGC '̂ 

Promoter deletion #2, 396 base pairs. Removal of putative ARE and G-Box core. 

DNA sequence ^[ ATATATGGCAAAAAATACGAGC '̂ 
Engineered primer ^ ATATACTGCAGAAAATACGAGC ̂  

Promoter deletion #3, 299 base pairs. Removal of G-Box core TAGTCA. 

DNA sequence ^[ CATAAATATTCAAAGTCCCTTG ^[ 
Engineered primer ^ CATAAATCTGCAGAGTCCCTTG ̂  

Promoter delefion #4, 258 base pairs. Removal of G-Box core. 

DNA Sequence '̂ CACGATGCACAAAAATCCAACAC ^[ 
Engineered primer ^ CACGCTGCAGAAAAATCCAACAC ̂  

Promoter deletion #5, 171 base pairs. Removal of H-Box core. 

DNA sequence ^\ TCCATACTTTACTTCACC ̂  
Engineered primer '̂ TCCCTGCAGTACTTCACC ̂  

Figure 2.16 - The PCR primers used in construcfing the APX-GFP promoter 
deletions. The bold type indicates the restriction site. The mutafions are shown in 
italics. 
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Promoter delefion #6, 54 base pairs. Core promoter including TATA box. 

DNA sequence '̂ CTTCCTTCAATTCAAAACC '̂ 
Enginnered primer '̂ CTTCCTGCACTTTCAAAACC ^ 

DNA sequence ^[ CCAGTGCTTGTGGTCTCCTCG '̂ 
Mutated sequence ^[ ccAGTGCTTGTGGArcccTCG ^ 
Engineered primer '̂ GGTCACGAACTCCTAGGGAGC "̂ 

Figure 2.6 Confinued 

The modified GFP chimeric gene construct was digested with EcoRI and 

BamHl, to remove the GFP coding region and the nopaline synthetase 

terminator sequence, and ligated into the EcoRI/BamHI site of pUC19 (Figure 

2.17). 
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Term''—<] 

Xbal BamHl EcoRI 

Hindlll SphI Pstl 

EcoRI BamHl Hindlll 

pUC19 pUC19 

Figure 2.17 - mGFP4/pBIN chimeric gene construct fragment ligated into pUC19 
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The PCR-synthesized promoter fragments in pUC19 were confirmed by 

sequencing and then digested with BamHl and Pstl and ligated into the pUC19 

vector containing the GFP coding region and the nopaline synthetase terminator 

sequence (Figure 2.18). 
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Figure 2.18 - Tobacco APX promoter/mGFP4 promoter chimeric gene 
constructs. 
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The APX/GFP promoter constructs in pUC19 were digested with EcoRI, the 

restricfion enzyme 5' overhang was filled using Klenow fragment and dNTP's 

and then was excised from pUC19 with Pstl. The binary vector pCGN1578 was 

digested with Xbal, followed by end filling with Klenow and finally digested with 

Pstl. The APX/GFP constructs were ligated into the blunt s'lie/Pstl site of 

pCGN1578 for transformafion into Agrobacterium tumefaciens. 

2.8 Plant Transformafion 

The chimeric gene constructs in pCGN1578 were mobilized into 

Agrobacterium tumefaciens strain EHA101 by direct transformation. A single 

colony was used to inoculate 50 ml of MG/Lmedia (Appendix A) containing 50 

pg/ml kanamycin and grown 8-12 hours at 30°C at 250 rpm. Approximately 1 ml 

of the culture was used to inoculate another 50 ml of MG/L media containing no 

antibiotics and grown for 4-6 hours. The cells were pelleted for 10 minutes at 

6,000Xg and immediately resuspended in 1-2 ml of fresh MG/L. Approximately 1 

pg of the purified plamid containing a specific chimeric gene construct was 

added to 200 pi of fresh MG/L and 200 pi of the resuspended cells in a 1.7 ml 

microcentrifuge tube. The mixture was then frozen in liquid nitrogen for 5 

minutes and thawed at 37°C for 5 minutes and transferred to 1 ml of MG/L and 

grown at 30°C for 2 hours. The culture was plated on to MG/L plates containing 

100 pg/ml gentamycin and incubated at 30°C. Putative transformant colonies 
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were streaked onto MG/L plates containing 100 pg/ml gentamycin and 50 pg/ml 

kanamycin. Plasmids were recovered from the positive colonies and analyzed 

by restricfion analysis and Southern blotting. Positive transformants were used 

to incolulate 2 ml minicultures to be used for inoculation into tobacco plants. 

The ARE constructs were in pBIN19 binary vector and were transferred to 

Agrabcterium tumafaciens strain LBA4404, which carries streptomycin and 

rifampcin resistance genes. Since pBIN19 carries a kanamycin resistance gene 

the only change in protocol was that rifampcin was used in place of gentamycin 

in the direct transformation procedure. 

Leaf disk inoculation of Nicotiana tabacum cv Xanthi was done according to 

Horsch et al (1985). Leaves from 9-14 week old tobacco plants were collected, 

disinfected in 20% chlorox for 5 minutes, followed by treament with the anti

fungal agent benalate (1.2 g/L) for 5 minutes and washed 4 fimes in sterile 

water. Leaf disks 1.7 cm in diamater were cut using a #7 cork borer and 

immersed in a solution oi Agrobacterium, containing the chimeric gene construct 

of interest, for 5 minutes. The leaf disks were blotted on sterile Whatman paper 

and placed upside down on MSA nutrient plates (Appendix A) for 48 hours to 

allow infecfion and then transferred to MSB plates containing hormones and 

anfibiofics to promote callus growth and shoot formafion (Appendix A). The 

shoots derived from the callus were cut and transferred to MSC roofing plates 

(Appendix A) without hormones to promote root growth. When the shoots 

50 



developed visable roots they were transferred to sterile potting soil in Magenta 

boxes and finally potted in 1 gallon pots and moved to the greenhouse. 

2.9 Chloroplast Isolafion 

Three to five grams of leaf tissue from dark-adapted plants was deribbed, 

washed in ice water, cut into pieces and homogenized in a frozen slurry grinding 

buffer (330 mM sorbitol, 100 mM HEPES pH 7.9, 20 mM KCl, 2 mM EDTA) 

using a Tekmar Tissumizer. The homogenate was filtered through 4 layers of 

cheesecloth into a chilled 50 ml Falcon tube and centrifuged 60 seconds at 

1500Xg. The chloroplast fraction of the pellet was resuspended in a small 

amount of grinding buffer, poured into 20 ml of chilled grinding buffer and 

centrifuged for 90 seconds at 1500Xg. The pellets were dissolved in 1ml of 

resuspension buffer (330 mM sorbitol, 10 mM KCl, 1 mM EDTA, 1 mM MgClz, 1 

mM MnCl2, 1% BSA and 50 mM HEPES pH 7.9). Aliquots of the chloroplast 

preparafions were diluted in 80% acetone to determine chlorophyll concentration. 

The samples were then frozen at -80°C for 1 hour, thawed and microcentrifuged 

for 3 minutes to disrupt the chloroplasts. The chloroplast extract was then 

transferred to a fresh tube and immediately used for both APX activity gels and 

APX spectrophotometric assays. 
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2.10 Analvsis of APX Activitv 

Transgenic plants that overexpress pea cAPX in the cytosol or in the 

chloroplast were inifially identified by using APX activity gels (Mittler and 

Zilinskas, 1993). A 1.4 cm^ diameter leaf disk was cut from the first fully 

expanded leaf of the putatve transgenic plants, non-transformed control tobacco 

plants or pea plants and homogenized in 120 pi of grinding buffer (100 mM 

NaP04 pH 7.0, 5 mM ascorbate, ImM EDTA pH 8.0, 10% glycerol and .001% 

bromophenol blue) in an Eppendorf tube. The homegenate was 

microcentrifuged for 2 minutes to pellet out cellular debris and the supernatant 

was transferred to a fresh tube and kept on ice. About 40 mg of total protein 

from the leaf extract was loaded onto a non-denaturing, 10% polyacrylamide gel 

and electrophoretically separated for no more than 6 hours at 4°C in a IX Tris-

glycine buffer (24 mM Tris, 192 mM glycine). After separation, the gels were 

soaked three fimes for ten minutes in 50 mM NaP04 pH 7.0, containing 2 mM 

ascorbate. The gels were then soaked in 50 mM NaP04 pH 7.0, 4 mM 

ascorbate and 2 mM H2O2 for 30 minutes. The gels were visualized by negative 

staining in 50 mM NaP04, 28 mM TEMED and 2.45 mM NBT. The APX 

isoforms appear as achromatic regions on a dark-blue background. The reacfion 

was terminated using deionized water and the gels were stored in 10% acefic 

acid. 
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The APX activity in the transgenic plants was also measured 

spectrophotometrically by measuring the oxidafion of ascorbate at 290 nm. Leaf 

disks (1.4 cm^ in diameter) were taken from the first fully expanded leaves, 

wrapped in tinfoil and immediately frozen in liquid nitrogen. The leaf tissue was 

ground in 1 ml of grinding buffer (50 mM HEPES pH 7.0, 20 mM ascorbate ,1 

mM EDTA) in a chilled 2 ml ground glass homogenizer and transferred to a 

chilled Eppendorf tube. The cellular debris was pelleted by microcentrifugation 

for 20 seconds and the supernatant was transferred to a fresh tube and kept on 

ice. The reacfion was initiated by adding 25 pi of the leaf extract to a quartz 

spectrophotometer cuvette containnig 775 pi of APX assay buffer (50 mM 

HEPES pH 7.0, 1 mM EDTA), 100 pi of 0.6 pM ascorbate and either 100 pi of 

H2O2 or 100 pi of water (control). The rate of oxidafion of ascorbate was 

measured at 290 nm for 2 minutes. The protein concentration in the leaf extracts 

was determined (Bio Rad, Richmond, CA) and used to calculate APX specific 

activity in pmol of ascorbate oxidized/mg protein/hour. 

2.11 Methyl Viologen Membrane 
Permeability Assay 

Leaf disks 1.2 cm^ in diameter from the first fully expanded leaves of cytAPX 

and ChlAPX plants were collected, washed and placed in 3.5 cm petri dishes 

containing 3 ml of water (control) or 1.2 or 2.4 pM MV. After 5 minutes of vacuum 

infiltrafion, the samples were incubated in the dark for 16 hours at 21°C, 
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illuminated for 2 hours (PPFD of 200 pmol m"̂  s"""̂  and then incubated in the dark 

for 16 hours at 30°C. The membrane damage was determined by measuring the 

conductivity of the MV solufion in an Orion 120 conductivity meter. The solution 

and the sample leaf disks were then autoclaved to completely disrupt the cells 

and the conductivity of the solution was measured again. The fracfion of 

electrolyte leakage attributable to methyl viologen treatment was determined. 

2.12 Assay of GUS Activitv 

Fresh tissue from leaves, stems and roots of the ARE transgenic Ti plants 

were used to stain for GUS activity. The plant fissue was incubated in a solution 

containing a chromogenic dye (0.1 M NaP04 pH7.0, 10 m M EDTA pH 7.0, 0.5 

mM K Ferricyanide pH 7.0, 0.5 mM K Ferrocyanide pH 7.0, 1.0 mM 5-bromo-4-

chloro-3-indolyl p-D-glucuronide and 0.1% Triton-X-100) at 37°C overnight. The 

stained fissues were cleared in two changes of 95% ethanol and stored at 4°C in 

distilled water. 
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CHAPTER 111 

RESULTS 

3.1 Site Directed Mutagenesis 

To facilitate cloning the full length pea cAPX cDNA into an expression vector 

specific nucleofide mutafions were made to add or remove restriction enzyme 

sites. The efficiency of the site directed mutagenesis of the cDNA was 

determined by restriction enzyme analysis. The products from the single site 

directed mutagensis to remove the internal A/col site at 615-620 of the pea 

cytosolic APX cDNA were digested with EcoRI and A/col (Figure 3.1). 

4,361 bp • 

2,027bp ^ 

non-mutagenized ^ 
APX cDNA • 

pUC19 

Mutagenized APX cDNA 

EcoRI EcoRI 

#|||i;#|-; la cytosolic APX cD 
iiMi riTii ii iiiiMiiiiiiiiiMMwwr 

Ncol site at 
615-620 

1078 

Figure 3 1 Plasmid products of site directed mutagenesis digested with EcoRI 
and A/col to Identify pea cAPX cDNA's with a disrupted internal A/col site. 
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Digestion of the native cDNA, containig the internal A/col site, with EcoRI and 

A/col produced a -600 bp and a -400 base pair fragment. Removal of the 

internal A/col site by site directed mutagenesis resulted in a ~ Ikb EcoRI 

fragment. Six of the eight putative mutagenized APX cDNA's had disrupted 

internal A/col sites, as shown above. The double site directed mutagenesis 

designed to not only disrupt the internal A/col site, but to add an A/col site at 

position 79-84 was digested with A/col and EcoRI as well (Figure 3.2). 

• D 

C 

5 1 2 3 4 5 6 7 8 9 10 11 

pUC19 

Mutagenized APX cDNA 
non-mutagenized 
APX cDNA 

Figure 3.2 Preliminary restriction analysis of plasmids recovered from the double 
site directed mutagenesis, to disrupt and internal A/col site and add a 5' A/col 
site, digested with EcoRI and A/col. 

Only two of the eleven putative mutagenized APX cDNA's lost the internal 

A/col site. To determine if these two cDNA's had also gained the 5' A/col site, 

they were digested with A/col and EcoRV. The pea cytosolic APX cDNA has an 

EcoRV site at posifion 303, so digestion of the cDNA with the correct mutations 

with EcoRI and A/col should excise a -300 base pair fragment (Figure 3.3). 
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Figure 3.3 Restricfion analysis of double site directed mutafions containing a 5' 
Ncol site and a disrupted of an internal Ncol site. Digestion with Ncol and EcoRV 
produces a -300 bp fragment in cDNA's containing both mutafions. 

So, using two mutagenic primers simultaneously did work although, the 

efficiency was less than using a single mutagenic primer. The mutated cAPX 

cDNA's were used to make chimeric gene constructs as oufiined in Secfion 2.5. 

3.2 APX Activitv Gel Assays 

Six independent transgenic TQ plants that contained the pea cytAPX 

construct and twelve independent transgenic TQ plants that contained chlAPX 

construct were recovered from the Agrobacterium mediated plant transformation. 
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Transgenic plants that overexpressed the pea chimeric gene constructs were 

inifially identified by APX activity gel analysis (Figure 3.4). 
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Figure 3.4 APX activity gel assay of leaf protein extracts from the six 
independent TQ transgenic plants containing the cytAPX construct. Lanes 7-9 are 
leaf protein extracts from pea and two independent non-transformed control 
tobacco plants. 

Transgenic tobacco plants that overexpressed cytAPX showed an addifional 

APX isoform that co-migrated with native pea cAPX and that was absent from 

the non-transformed control tobacco plants. Ten of the twelve transgenic 

tobacco plants that contained a chloroplast-targeted pea cAPX chimeric gene 

construct (chlAPX) displayed an addifional band, although the diffuse pattern of 

the transgenic band made it difficult to judge if it co-migrated precisely with the 

native pea cAPX isoform band (Figure 3.5). 
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Based on the results of the activity gels, two independenfiy transformed lines 

of transgenic plants expressing pea cytAPX In the cytosol, cytAPX2 and 

cytAPX4, and two independently transformed lines that expressed pea cAPX in 

the chloroplasts, chlAPX14 and chlAPX16, were chosen for further analysis. 

Activity gel assays of extracts from isolated chloroplast fractions of these 

transgenic plants indicated that an additional isoform found in the chlAPX 

transgenic plants co-purified with the chloroplasts and was absent from the non-

transformed control tobacco plants as well as the cytAPX transgenic plants 

(Figure 3.5). 
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Figure 3.5 APX activity gel from chloroplast extracts. Lanes 1-4 are chlAPX 
transgenic lines 14 and 16 expressors (+) or non-expressors (-). Lanes 5 and 6 
are chloroplast extracts from a cytAPX expressing transgenic plant and a non-
transformed control plant. Lanes 7 and eight are leaf extracts from pea and a 
cytAPX expressing transgenic plant. 
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These results Indicate the the pRW20 chimeric gene products was correcfiy 

transported into chloroplasts. The chloroplast extract from cytAPX2-4 shows no 

transgenic isoform on the APX activity gel and appears idenfical to the non-

transformed control plant. This indicates that the transgenic isoform that co-

purifies with the chloroplasts Is seen only in the chlAPX transgenic plants and it 

is not inherent In the pea cAPX cDNA used to make the chimeric gene 

constructs. 

Activity gel assays using equal protein concentration of leaf extracts from the 

selected cytAPX and chlAPX transgenic expressors and non-expressors 

indicated that the chlAPX transgenic tobacco plants had a much greater APX 

specific activity (Figure 3.6). The chlAPX-expressing transgenic plants appeared 

to have a several fold increase in activity over the cytAPX expressing transgenic 

plants. 
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Figure 3 6 - Activity gel assay of APX-expressing (+) and non-expressing (-) 
transgenic plants from cytAPX lines 2 and 4 and chlAPX lines 14 and 16 
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3.3 Spectrophotometric APX Assav 

The spectrophotometric APX assay confirmed the results of the APX acfivity 

gels. The cytAPX-expressing transgenic tobacco plants had a 3.8-fold increase 

in activity in leaf extracts over the non-expressors (Figure 3.7). 
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Figure 3.7 Spectrophotometric APX assay of cytAPX and chlAPX transgenic 
tobacco plants. Error bars indicate SD, n = 10 for APX expressors and 6 for APX 
non-expressors. ** denotes 0.005 < P as determined by Mann-Whitney test. 

The chlAPX-expressing transgenic plants showed a 13 fold increase in acfivity 

over the chlAPX non-expressors and a 3.4-fold increase in APX acfivity over the 

cytAPX-expressing transgenic plants. Spectrophotometric measurements of 

APX activity were also made using the same chloroplast extract that was used to 

perform the APX activity gel assays (Figure 3.8). 
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Figure 3.8 - Spectrophotmetric analysis of chloroplast extracts from chlAPX 
transgenic tobacco plants. Error bars indicate SD, n = 4 for chlAPX+, n = 2 for 
ChlAPX-. ** denotes 0.005 < P by Mann-Whitney test. 

The spectrophotometric analysis again supports the results of the APX activity 

gels seen in Figure 3.5 and 3.6. The transgenic tobacco plants that expressed 

the chimeric gene construct pRW20 are properly targefing and expressing pea 

cAPX in the tobacco chloroplasts. 

:^ 4 Northern Blot Analvsis 

A Northern blot of the cytAPX and chlAPX expressors and non-expressors 

was hybridized to a ^^P-labelled full length pea cAPX cDNA. The membrane was 

washed with 2X SET at 50°C for 30 minutes, IX SET at 60°C for 30 minutes and 

0.5X SET at 62°C for 30 minutes, dried and exposed to X-ray film (Amersham, 

Arlington Heights, IL). The autoradiogram indicated that the chlAPX transgenic 
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plants had a several fold higher steady-state level of APX mRNA than the 

cytAPX transgenic plants (Figure 3.9). 
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Figure 3.9 Northern blot of pRWIO lines 2 and 4 and pRW20 lines 14 and 16 
expressors (+) and non-expressors (-) hybridized with a ^^P-labeled pea cAPX 
cDNA. 

The RNA from the non-expressing control tobacco plants did not hybridize 

with the heterologous pea cAPX probe, probably because of the stringency of 

the washing condifions used. This indicates the signal seen in the 

autoradiogram is from the transgene mRNA and not from any of the native 

tobacco APX mRNA's. The APX activity gels, spectrophotometric analysis and 

the Northern blot information all indicated that the pea cAPX transgenes were 

functional in transgenic tobacco plants. They also indicated that the chlAPX 
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g e n e construct produced about 6-fold more A P X m R N A activity and almost 4-

fold more A P X enzymat ic activity than the cytAPX transgenic plants. 
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Figure 3.10 - Total RNA from mature tobacco flower, roots, leaves 1-3, leaves 4-
6, leaves 7-9, stems and pea leaves was blotted onto nitrocellulose and 
hybridized with a ^^P-labeled tobacco APX cDNA. 

Northern blots of total RNA from leaves, stems, roots and flowers of wild-type 

tobacco and total RNA from pea were hybridized with a ^̂ -P labeled tobacco 

cAPX cDNA and washed under the same condifions as described above. The 

results indicate cAPX mRNA is present in all of the tobacco tissues; however, 

there was no cross-hybridization with pea total RNA. The total RNA from the 

tobacco stems was slightly degraded despite several attempts to recover intact 

RNA (Figure 3.10). 
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Figure 3.11 - A duplicate of the Nothern blot in figure 3.10 above hybridized with 
a ^^P-labeled APX cDNA. 

A duplicate Northern blot of that shown in Figure 3.10 was hybridized with a 

pea ^^P-labeled cAPX cDNA and washed under the same condifions (Figure 

3.11). The pea cDNA failed to hybridize with the any of the mRNA from the 

various tobacco tissues. The Northern blots in Figures 3.10 and 3.11 indicate 

that very little cross hybridization occurs between pea and tobacco cAPX and 

that the increase in the APX mRNA signal in Figure 3.9 is caused by the 

transgene activity. 
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Figure 3.12 Nothern blot of total RNA from chlAPX lines 14 and 16 expressors 
(+) and non-expressors (-) hybridized with a ^^P-labeled robacco APX cDNA. 

A Northern blot of total RNA from the chlAPX transgenic plants hybridized with 

a ^^P-labeled tobacco APX cDNA indicated that the endogenous cAPX mRNA 

levels in the chlAPX-transgenic plants are roughly the same as the non-

expressors (Figure 3.12). 

3.5 Methvl Viologen Assav 

In order to see if the enhanced levels of APX seen in the cytAPX and chlAPX 

transgenic plants would provide any protecfion from oxidative stress, the plants 

were treated with MV. Methyl viologen is a herbicide that intercepts electrons 

normally transported from reduced ferredoxin to NADP+ in the PSI electron 

transport chain. Reduced MV can react with oxygen to produce the superoxide 

radical and initiate the oxidative stress response in plants. Leaf disks from the 

cytAPX and chlAPX Ti transgenic plants were treated with specific 

concentrafions of MV and the extent of membrane damage was determined by 

66 



the amount of electrolyte leakage. Leaf disks from non-expressing transgenic 

plants showed a dose-dependent increase in membrane leakage with nearly 

complete membrane disrupfion (-90% leakage) at 2.4 pM MV. Leaf disks from 

APX-expressing plants from cytAPX lines 2 and 4 showed significantly less 

electrolyte leakage at both 1.2 and 2.4 pM MVthan the non-expressing control 

plants (Figure 3.13). 
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Figure 3.13 Methyl viologen-associated damage in cytAPX transgenic plants. 
Error bars indicate SD, n = 17 for chlAPX+, n = 7 for chlAPX-. ** denotes 0.005 < 
P by Mann-Whitney test. 

On the other hand, the chlAPX-expressing transgenic tobacco plants showed 

no significant difference from the non-expressors in electrolyte leakage after MV 

treatment at any of the concentrafions tested (Figure 3.14). Therefore, despite 
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Figure 3.14 Methyl viologen associated damage in chlAPX transgenic plants. 
Error bars indicate SD, n = 17 for chlAPX+, n = 6 for chlAPX-. 

the very high levels of APX acfivity in the chloroplast of chlAPX-expressing 

plants there was no detectable protecfion against methyl viologen induced 

oxidative stress. 

3.6 APX 5' Flanking Region Analvsis 

The single positive X-genomic clone (XNtAPX^) isolated from the tobacco 

genomic library after three rounds of screening was enriched using a Lambda-

Sorb resin ;i-DNA isolation procedure (Promega, Madison, Wl). The sole 

change to the published procedure was that the phage/host culture was grown in 

NZGYM (Sigma, St Louis, MO) medium rather than LB medium. This change 
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clearly enhanced the phage growth, based on the cell lysis as determined by 

culture clearing, that was not seen when LB was used. 

The XNtAPX^ clone was digested with a combination of Sail, to release the 

insert from the X vector, and BamHl, Hindlll, EcoRI, Pstl and X^al to cleave the 

insert into smaller fragments (Figure 3.15). Digesfion ofXNtAPXI with Sail 

S a l l + 

•- 1 =5 ̂  ^ _ -
I 5 := o a (0 ^ 

c< CQ X LU (/) 0- X 

Figure 3.15 Restriction enzyme analysis of tobacco APX genomic clone 
XNtAPX^ 

shows no obvious insert, however it appears that the insert comigrated with the 

smaller of the two X vector arms because presence of an insert is confirmed by 

the multiple digests. Southern blot analysis showed only the Sa/l/EcoRI and 

Sall/Hindlll digested fragments hybridized to the pea cAPX cDNA probe, the 
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Sa/l/EcoRI digest was arbitrarily chosen for further analysis. The genomic clone 

was digested with Sa/l/EcoRI and with EcoRI alone to determine which 

enzyme(s) produced the fragments that hybridized with a "'-P labeled tobacco 

APX cDNA probe, the results are summarized in Figure 3.16. 

Left Arm (19.3 kb) 
< Right Arm (9.2 kb) 
'^ 1 EcoRI/Sall fragment 
< 2 EcoRI fragment 

3 EcoRI fragment 
4 EcoRI/Sall fragment 

^ 5 EcoRI fragment 

6 EcoRI/Sall fragment 

Figure 3.16 - EcoRI/Sa/l digesfion ofXNtAPXI. The Southern blot was hybridized 
32 with a ""̂ P-labeled tobacco APX cDNA. 

As a result of the Southern blot analysis discussed above, fragments 1, 2 and 

3 were ligated into the corresponding restriction site of pUC19. In order to 

determine which of the subcloned fragments potenfially contained the 5' flanking 

region each of the subclones was sequenced using a primer designed from the 

5' terminal region of the truncated tobacco APX cDNA that had been cloned and 

sequenced earlier (Figure 3.17). 
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5" 
- GAGGTACTCCTGGCTTACG -̂' 

Figure 3.17 - Oligonucleotide sequencing primer used to screen the tobacco 
APX genomic subclones. 

The sequencing reaction was successful only with the largest of the three 

fragments, subclone #1. However, while the sequencing reacfion did work, there 

was no match with our tobacco APX cDNA, because the sequencing primer was 

designed using the extreme 5' terminus of our APX cDNA and there was no 

further upstream Informafion on which to base a match. At the same time, a full 

length tobacco APX cDNA was posted on the Genbank database and later 

published (Orvar and Ellis, 1995). This sequence revealed that our truncated 

cDNA lacked 78 bases of the 5' untranslated region as well as 19 bases of the 

coding region, including the ATG start codon. More importantly, a match was 

found between the additional upstream cDNA informafion and the sequence 

obtained from APX genomic sub-clone #1. However, the cDNA sequence 

stopped approximately 13 bases upstream of the ATG start codon, indicating the 

start of an intron. A homologous intron was reported in the Arabidopsis (Kubo, 

1993) and pea cAPX genes (Mittler and Zilinskas, 1992). The genomic fragment 

was further sequenced by designing new primers based on the futhermost 

clearly readable sequences. A total of eight oligonucleofide primers were used 

to sequence 2,147 bp of the genomic fragment that included an 811 bp intron, 

considerably larger than those reported in the Arabidopsis and pea genes, and 
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1258 bp of the 5' flanking region. The 5' flanking region is characterized in 

Figure 3.18 and the enfire sequence is In Appendix B. A number of putative 

regulatory elements were discovered by matching the tobacco APX promoter 

region with documented c/s-acting elements using DNAsis for Windows (Hitachi, 

San Diego, CA). A putative G-box at nucleotides -433 to -436, CAACGTAAG. 

of the tobacco APX promoter is similar to abcisic acid responsive complexes, 

CGCACGIGTC and GCCACGTACA characterized in barley and they all have 

the idenfical core sequence ACGT (Shen and Ho, 1995). Another G-box at 

nucleofides -309 to -304, TAGTCA, is identical to a GC-box reported in the pea 

cAPX gene 5' flanking region (Mittler and Zilinskas, 1992). Further downstream 

another G-box core, at nucleofides -266 to -261, CCACGT, is idenfical to G-box 

cores from maize (Vetten et al., 1992) and Arabidopsis (Giuliano, et al., 1988). 

There is an H-box like core at nucleotides -183 to -190, CCTACC(N7)GA, that is 

similar to an H box, CCTACC(N7)CT, found in the chalcone synthase promoter of 

alfalfa (Loake, 1992). A plant heat shock element is found at nucleotides -51 to -

64 (Barros, 1992). There is an inverted ARE core region similar to that 

characterized in a pea cAPX gene (Mittler and Zilinskas, 1992) at nucleotides -

306 to -303 and an ARE core in the mammalian orientation at nucleotides -214 

to -211. Many of these c/s-acfing elements have a variable nucleofide sequence 

and can only be characterized by a conserved core region that is responsible for 

protein binding. 
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The putative transcripfional start site, determined by using the Primer 

Extension System (Promega, Madison, Wl), appeared to be in the 5' 

Full length promoter primer 
-12 5 8 AAGArcrcrAGCrCAGCGTCACATTGTTCTAATATGTTTCATTGTGAAAT 
-1208 GACCTGTCACCCTGTATATGTTCTTTTCTTGAAGAAGCATAACAAGTATA 
-1158 TCAAGGAATCTGTGTTAGGTTGCGATACATAGAGGGAAAAATAAAAATCA 
-110 8 TGAATAAATCTAGAAGAAGAATAATTCTTAAAAGAATCATGAAAAAATCT 
-1058 TGGCATAAAAGTATTTCACTAATAGTTTGAAAGTATATTTGTGATTAAGG 
-1008 GATTTTCCATATGTATAGAGAAATTTGGCTATGTTCAAGGAAGAAATAAA 
-958 AGTTGTAATAAAGATCATGATTTTAAATATTTTGTAAAGTAATTTTTGAT 
-908 GAGATCTCTTTTGAATGGAAAGAATATACTCCTACATGCACTTGATGTTT 
- 8 5 8 GCATCAAACCAATAGAAAGTAATATAGTGTTGCACATAGAGTTTTATTAC 
- 8 0 8 C T AAT C AT AAT CAAT T AAT G T AAT T T T TAT T T CAT T AAAT CAC T AAT CAA 
-7 58 GATAAATTTAATCGATTTAGTGTAAACACCGAGTGCAAATAATTATTTAT 
-7 08 CCTTTTAAACCCTTTTTCTATCCTTCCAAATTGAAGTTTTACCATACAAT 

-658 TTTTGTCCATTCTAAAAA7VAAGTAGAATTTTAGTTATAT7\AAAGCTTAAA 

-608 TTTTAAACTTTTTTTATAACCTTAGTTTTACAATTTTAGATAAATAACAC 

-558 ATATTTTT C AAT AGAAAC T C T GAAT AT T T AG AAAAT AT T AAGG T GAAGAT 
Primer #2 to trucate the promoter by 700 bases 

-508 GGAArCArGCACCrAAATGGAGTTCAATTTATGTGAGTATTTCATTTTTT 

- 4 5 8 TTAGCTAATATACCACTGCCCAACGTAAGTTTATCAATAAAAAACAA/^AA 
G-Box(Shen, 1995) 

- 4 0 8 TATATTTCTTAATArArGGCAAaAaATACGAGCTCACAAAAATAATACAA 
Primer #3 to remove G-box core 

- 3 5 8 TCTGAAACT7\AAAAGACAATCTTTTCTTCTTCTTTTTTTATGGGTGTTAT 
Primer #4 to remove G-box 

- 3 0 8 AGTCATTTCArAAATArrCAAAGrCCCrrGATATGATGGAGTCCACGTCC 
ARE Core & GC-Box (Mittler and Zilinskas, 1992) G-Box (Vetten et al.,1992) 

- 2 5 8 ACGATGCACAAAAArCCAACACCCATACAAAGAATCCTTCGTCTGACTTC 

Primer #5 to remove G-box ARE-Core 
- 2 0 8 CTCCGATTTCAATT C AC T CACCTACC AT AC AAC G AA TCCA TACTTTACTT 

H-box (Loake, 1992) Primer #6 to remove core H-box 

-158 CACCCTTATAAAAAACCAAATCTCAACCGTTCAATTCATATCTCAATCTA 

-10 8 AGCCGCCCGATCATCCTTAATCTACGGTCCACATTCACCTACTAGAACGT 

Heat shock element (Gurley, and Key, 1991) 
- 5 8 TCTCTTCCrrCAArrCAAAACCCTTTATATCCCCCATTTCCAGrGCrrGr 

Primer for minimal promoter TATA-Box Anchor primer 
- 8 G G r c r c c r C G T G C C A T A T T C T C T T T A T A G 

Putative transcriptional start site 

Figure 3.18 - Tobacco APX 5' flanking sequence. The primers are in bold italics. 
The putative regulatory regions are undedined and labeled. The large case bold 
characters indicate the 5' untranslated portion of the tobacco APX cDNA. 
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untranslated region of the cDNA, approximately 15-19 bases from the end of the 

reported cDNA. The same results were found using 2 independent reactions and 

two independent sources of RNA. 

3.7 GUS Staining of the 
ARE Transgenic Plants 

The preliminary results of the GUS staining of the ARE-GUS Ti transgenic 

plants are Inconclusive. Only two independently transformed lines of pAWIO and 

pAW20 were recovered from Agrobacterium mediated plant transformation while 

six independent lines of pAW30 were recovered. GUS staining of the leaf fissue 

from the transgenic plants indicated that pAW20, containing the normal ARE, 

showed the most GUS activity. Less staining was seen in the pAWIO transgenic 

plants containing the CaMV -90 promoter and very small amounts of GUS 

activity were seen in the pAW30 plants containing the mutated ARE. Soaking 

the transgenic leaf tissue in 60 mM H2O2 did not reproducibly alter the GUS 

activity described above. Because so few independent lines of pAWIO and 

pAW20 were recovered, new inoculations of tobacco have been done and this is 

considered an ongoing project. 
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CHAPTER V 

DISCUSSION 

4.1 APX Transgenic Tobacco 

The results of this study indicate the cytAPX and chlAPX transgenic tobacco 

plants have higher levels of APX activity that are attributable to the pea cAPX 

chimeric gene constructs. The chlAPX transgenics exhibit significantly higher 

steady-state levels of APX mRNA and APX specific activity than the cytAPX 

expressing plants. Since both constructs contain idenfical regulatory sequences, 

we hypothesize that this difference may be due to increased stability of the 

ChlAPX gene product or decreased stability of the cytAPX transgene product. 

The ChlAPX transgene includes a pea chloroplasfic Cu/Zn SOD targeting 

sequence and site directed mutations of the nucleofides coding for the first two 

amino acids of the pea cAPX polypeptide. The cDNA in the cytAPX gene 

constructs has two single nucleofide changes that do not alter the amino acid 

sequence of the APX polypeptide. When compared to other transgenic plants 

analyzed in our laboratory, the cytAPX transgenics exhibit low levels of mRNA 

but normal levels of activity while the chlAPX transgenic plants exhibit normal 

levels of mRNA but very high levels of activity. The reason for these shifts is not 

yet apparent. 
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The MV assays Indicate that moderate increases of cytAPX in transgenic 

tobacco provide increased protecfion from MV concentrations up to 2.4 pM. 

Suprisingly, despite the high levels of APX activity the chlAPX transgenic 

tobacco plants show no protection against MV at any of the concentrafions 

tested. There are a number of possible explanations for the lack of protection 

from-MV induced damage obsen/ed in the chlAPX transgenic plants. Although 

the chlAPX transgenic plants show high levels of APX activity in the chloroplast 

extracts, a cytosolic-derived enzyme might not be properly assembled or fully 

active in within the chloroplast. Another possibility Is that excess H2O2, caused 

by the dismutafion of the MV induced increase in O2- in combinafion with very 

high levels of APX activity, might lead to the oxidafion of the available pools of 

ascorbate. Given the specificty of APX for ascorbate as an electron doner this 

might decrease the efficiency of APX in the chloroplast and allow excess H2O2 to 

diffuse into the cytosol. Once in the cytosol it can react with the MV-induced O2-

to produce OH, resulfing in the plasma membrane damage that is characterisfic 

of MV treatment. Another argument is that if endogenous SOD-catalyzed 

dismutation of O2- occurs at a rate equal to or less than the rates of the H2O2 

scavenging by endogenous APX scavenging, then increased levels of APX 

might offer no protection against MV-induced damage. Addifionally, the changes 

in electrolye permeability measured in the MV assay reflect plasma membrane 

damage and provides no information about the integrity of the photosynthetic 
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component. It is possible that the chlAPX transgenic plants might potentially 

have some protection against chloroplasfic damage; however this protective 

effect would have to be measured in terms of photosynthetic rate. 

Since the scavenging of toxic oxygen species is a multi-step pathway it seems 

plausible that overexpression of more than one antioxidant enzyme might be 

required to confer more protection than obsen/ed in transgenic plants that 

express a single ROI-scavenging enzyme. Much of the the current research 

indicates that proper localization of antioxidant enzymes is crifical and that 

chloroplast-targeted ROI scavenging transgenic plants exhibit greater protection 

against oxidative stress than cytosolic expressors. Sen Gupta and coworkers 

suggested that a combined increase in SOD and APX activity might be needed 

for increased stress protection (Sen Gupta et al., 1993b). The dramafic post-

photoinhibitory recovery of the transgenic Cu/Zn SOD-expressing plants that 

exhibit an equal increase in endogenous APX activity, both in the cytosol and in 

the chloroplasts, certainly suggests a synergistic relafionship. Northern blot 

analysis of RNA from the leaves of the SOD-expressors indicated a 3-4-fold 

increase in activity when hybridized with a tobacco cAPX cDNA. Because the 

cytosolic and chloroplastic isoforms of APX are apparenfiy quite different, this 

suggests that the increased SOD activity in the chloroplast led to an increase in 

cAPX mRNA and activity levels. 
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4.2 ARE Constructs 

The GUS/ARE constructs are sfill being analyzed and new lines of pAWIO 

and pAW20 are being produced. The hypothesis made when these chimeric 

gene constructs were designed was that since the ARE was H2O2 inducible in 

mammals that it might be responsive to H2O2 in plants. The increased APX 

activity observed in the chl-SOD transgenic plants has been suggested to be a 

response to the excess H2O2 produced by elevated levels of O2- dismutation 

Allen et al., 1994). This hypothesis was supported by the characterizafion of an 

ARE-like sequence in the 5' flanking region of the pea APX gene (Mittler and 

Zilinskas, 1992). The pea ARE is in the inverse orientafion to the mammalian 

analogue but since upstream activating sequences are orientafion independent it 

is presumable funcfional. Additionally, H202-induced mammalian cis acfing 

factors that bind to the ARE sequence might not be present in plants. 

4.3 Conclusions 

These results, combined with the results of this study, appear to indicate that 

expression of the correct combinafion of cytosolic and chloroplasfic ROI-

scavenging enzymes in transgenic plants can result in oxidative stress tolerance 

that is beyond the capabilities of the endogenous ROI-scavenging system. 
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APPENDIX A 

TRANSFORMATION AND TISSUE CULTURE MEDIUM 

MG/L Medium 
Mix in 800 ml of deionized water; 

Mannltol 5.0 g 
L-glutamic acid I.Og 
KH2PO4 0.25 g 
NaCI O.lOg 
MgS04 7H20 0.1 Og 
Tryptone 5.0g 
Yeast extract 2.5g 

Mix well, pH to 7.0 with 1.0 M NaOH. Add 2 grams of phytagel for plates. Adjust 
volume to 1 liter and autoclave. 

MSA Plates (for inoculation) 
To 800 ml of deionized water add; 
1 bag of MS concentration (Murashige and Skoog Basal Salt) 
30 g sucrose 
1 ml 1000X B-5 vitamins 
10 pi lOmg/mlNAA 
200 pi 5 mgml BA 
Mix well, pH to 5.7, bring volume to 1 liter. Add 2 g of phytagel, autoclave. Pour 
into 10X200 fissue culture plates. 

MSB Plates (for shoot and callus formation) 
Same as MSA except for the addition of anfibiotics as follows; 

For pCGN1578/EHA101 inoculafions use 50 pg/ml kanamycin 
250 pg/ml cephotaxime 
250 pg/ml carbenecillin 

For pBIN19/LBA4404 inoculations use 50 pg/ml kanamycin 
100 pg/ml cephataxime 

MSC Plates (for root formation) 
Same as MSB plates but NO hormones, NAA or BA are used. The anfibiotic 
concentrafions are the same. 
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APPENDIX B 

FULL LENGTH TOBACCO APX UPSTREAM REGULATORY REGION 

1 AAGATCTCTAGCTCAGCGTCACATTGTTCTAATATGTTTCATTGTGAAAT 
51 GACCTGTCACCCTGTATATGTTCTTTTCTTGAAGAAGCATAACAAGTATA 
101 TCAAGGAATCTGTGTTAGGTTGCGATACATAGAGGGAAAAATAAAAATCA 
151 TGAATAAATCTAGAAGAAGAATAATTCTTAAAAGAATCATGAAAAAATCT 
201 TGGCATAAAAGTATTTCACTAATAGTTTGAAAGTATATTTGTGATTAAGG 
251 GATTTTCCATATGTATAGAGAAATTTGGCTATGTTCAAGGAAGAAATAAA 
301 AGTTGTAATAAAGATCATGATTTTAAATATTTTGTAAAGTAATTTTTGAT 
351 GAGATCTCTTTTGAATGGAAAGAATATACTCCTACATGCACTTGATGTTT 
4 01 GCATCAAACCAATAGAAAGTAATATAGTGTTGCACATAGAGTTTTATTAC 
4 51 CTAATCATAATCAATTAATGTAATTTTTATTTCATTAAATCACTAATCAA 
501 GATAAATTTAATCGATTTAGTGTAAACACCGAGTGCAAATAATTATTTAT 
551 CCTTTTAAACCCTTTTTCTATCCTTCCAAATTGAAGTTTTACCATACAAT 
601 TTTTGTCCATTCTAAAAAAAAGTAGAATTTTAGTTATATAAAAGCTTAAA 
651 TTTTAAACTTTTTTTATAACCTTAGTTTTACAATTTTAGATAAATAACAC 
7 01 ATATTTTTCAATAGAAACTCTGAATATTTAGAAAATATTAAGGTGAAGAT 
7 51 GGAATCATGCACCTA/^TGGAGTTCAATTTATGTGAGTATTTCATTTTTT 
801 TTAGCTAATATACCACTGCCCAACGTAAGTTTATCAATAAAAAACAAAAA 
851 TATATTTCTTAATATATGGCAAAAAATACGAGCTCACAAAAATAATACAA 
901 TCTGAAACTAAAAAGACAATCTTTTCTTCTTCTTTTTTTATGGGTGTTAT 
951 AGTCATTTCATAAATATTCAAAGTCCCTTGATATGATGGAGTCCACGTCC 
1001 ACGATGCACAAAAATCCAACACCCATACAAAGAATCCTTCGTCTGACTTC 
1051 CTCCGATTTCAATTCACTCACCTACCATACAACGAATCCATACTTTACTT 
1101 CACCCTTATAAAAAACCAAATCTCAACCGTTCAATTCATATCTCAATCTA 
1151 AGCCGCCCGATCATCCTTAATCTACGGTCCACATTCACCTACTAGAACGT 
1201 TCTCTTCCTTCAATTCAAAACCCTTTATATCCCCCATTTCCAGTGCTTGT 

promoter <-|^5' untranslated cDNA 
1 2 5 1 GGTCTCCTCGTGCCATATTCTCTTTATAGGGTTTAACGTTTTGCCTTTTC 

5' untranslated cDNA ^| -> Intron 1 
1301 TCCTCGACTCGATTATATCAGTTTCTTCAGGTTCTTATATTTCATTTATC 

1351 TTCCGATGTGTAATGCTACTGTAGTTGAGTGTTTTTTTAATTTTATTTAT 
1401 TTTATTCACTTTTTTTATTCTCGATTATAGTTTTCAAGCTCTTTTATGGC 
1451 CTTAATGTTGTGAAATATGTGTGTAGATCCTTTAAAAATGAAAGTGTATA 
1501 GATGTTTAACTACGTTATTATTTTGTACTGTGGACTATTGTTTTTTCTTG 
1551 AAGTATGTGTTACTTACAGAGTCGGATCAATAGATGAAGTTGATCTCCAG 
1601 CACAGCAATGTTTTAATTATTATTATTAATTTTATTTAAACTGTATGTCG 
1 651 ATTAAAGTTTTCAAGCTCTTTTCGGTTAAATGGTGTGAAAAATGTGTATG 
1 701 TATGTATTTTTTTAAAATTAAAATTTGTATAGATTTTTAATCTAAAGTTT 
1 751 TTAGTTTGGTATGAGGTTTTAGTTTCTGAAACACCTTTTTATGGATTATG 
1801 TGCTCCTAATATTAGCAGATCCATGATTTTAAAGACATTATATCAATTTA 
1851 TATTATTTTTAGTTTTTCAAAAACTGTATAGATTTTTTATTGCTAATGAT 
1901 GTGTATAAGTGTTTTAACTATGATTTAGTTTGACCAAAGGTTTTAACTAA 
1951 GATATAACACACATTATATTTGTGTTTTTTTGCTTATTTTAACTACAATG 
2001 TTTTTGACATATACATGCGCCTTCTGGATCAAATCTAACAATAGATATGT 
2051 ATGGTAACTGTTAACGGCATATGTACTGTTAATACTTTTATGTGTATTGG 

Intron 1 <-|^ cDNA 
2101 ATTCTGAAACTTGGATCTTATTGTGATTGAATGTTGTGTAC?A.C?iATTGC 
2151 TATGGGTAGT 

Translation start codon 
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APPENDIX C 

ONGOING RESEARCH 

There are a number of projects which were discussed in chapter II that are not 

complete and that are ongoing projects I will finish as a post-doctoral researcher. 

The double constructs that express a pea chloroplast-localized Cu/Zn SOD and 

either cytAPX (pRW50) or chlAPX pRW60) have been transformed into tobacco 

and 4 transgenic plants are on soil in Magenta boxes and will be assayed soon. 

The truncated tobacco cAPX anfisense construct has also been put into plants 

and 2 independent transgenic lines are on soil in Magenta boxes. Total RNA will 

be isolated from these plant fissues Northern blot analysis will determine if the 

endogenous cAPX mRNA levels are reduced. The full length tobacco APX cDNA 

anfisense construct and the sense versions ofthe truncated and full length 

tobacco APX cDNA chimeric gene constructs are ready to be transformed into 

tobacco. 

91 


