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ABSTRACT

The Arabidopsis gene APX3 that encodes a putative peroxisomal
membrane-bound ascorbate peroxidase was overexpressed In Escherichia
coli and transgenic tobacco plants. APX3 expressing bacterial cells showed
high APX activity, whereas no APX activity could be detected in bacterial cells
alone. APX3 expressing plants had substantial levels of APX3 mRNA and
protein. The H2O2 can be converted to more reactive toxic molecules, e.g.
OH, if it is not quickly removed from plant cells.

Expression of APX3 in

tobacco can protect leaves from oxidative stress damage caused by
aminotriazole which inhibits catalase activity that is found mainly in
glyoxisomes and peroxisomes and leads to accumulation of H2O2 in those
organelles.

However, these plants did not show increased protection from

oxidative damage caused by paraquat which leads to ROS production in
chloroplasts. Therefore, protection provided by expression of APX3 seems to
be specific against oxidative stress originating in peroxisomes, not from
chloroplasts, which is consistent with the hypothesis that APX3 is a
peroxisomal membrane-bound antioxidant enzyme.
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CHAPTER 1
INTRODUCTION

1.1 The Toxicity of Reactive Oxvoen Species in Plant Cells
Plants are aerobic organisms that require molecular oxygen for survival.
However, oxygen is inherently dangerous to plants, because it can be readily
reduced to reactive oxygen species (ROS) (Halliwell, 1982).

These ROS

include superoxide radicals ("02"), hydrogen peroxide (H2O2) and hydroxyl
radicals ('OH) that can oxidize and damage cellular components (Halliwell,
1982; Hendry and Crawford, 1994).
Negatively charged 02" cannot move across membranes inside cells,
but it is rapidly converted to membrane-diffusible H2O2 by SOD, ascorbate,
thiols or spontaneous-dismutation (Asada, 1994; Cheeseman and Slater,
1993).
H2O2 can inhibit the activation of several enzymes in the Calvin cycle
such as fructose-1,6-bisphosphatase,
phosphoribulokinase

and

sedoheptulose-1,7-bisphosphatase,

NADP-dependent

glyceraldehyde

phosphate

dehydrogenase by preventing thioredoxin-dependent reductivation (Leegood,
1990). Therefore, if H2O2 is not removed immediately from chloroplasts, it can
inhibit the photosynthetic fixation of carbon dioxide by 50% at a concentration
of as low as 10 ^M (Kaiser, 1976). Another important reaction of H2O2 and
02' is that H2O2 and 02' can produce highly reactive hydroxyl radicals (OH)

by the transition metal-catalyzed Haber-Weiss reaction (Cheeseman and
Slater, 1993).
The OH can react with most molecules at a diffusion-controlled rate by
a combination of addition, hydrogen abstraction or electron transfer reaction
and causes cellular damage (Cheeseman and Slater, 1993). The 'OH triggers
the reactions of lipid peroxidation and leads to the formation of a large amount
of reactive molecules such as lipid peroxyl radical (ROO), lipid hydroperoxide
(ROOH) and lipid alkoxyl radicals (RO') (Kagan, 1988). These molecules can
induce further oxidation of lipids. For example, the degradation of lipids is
caused by p-splitting of lipid alkoxyl radicals (Esterbauer, 1982). Among the
degradation products of lipid, malondidehyde is commonly used for measuring
the extent of lipid peroxidation (Draper and Hadley, 1990). The 'OH can also
denature proteins by crosslinking or fragmenting them (Oliver et al., 1982).
Moreover, because some protein contain transition-metals such as heme
moieties or iron-sulfur clusters which can react with H2O2 in a Fenton reaction
to form 'OH, the amino acids which are very close to the metal catalyst are the
likely targets for oxidative modification.

These modifications which cause

conformational changes facilitate the attack by protease (Oliver et al., 1982).
DNA is another molecule that is sensitive to reactive oxygen species, because
its binding metals are effective in Fenton reactions. 'OH may attack DNA at
either the sugar or the base causing breakage of DNA chain (Imlay and Linn,

1986). Cross-linking of DNA to protein is another consequence of OH attack
on either DNA or its associated proteins (Oleinick et al., 1986).

1.2 The Production of Reactive Oxygen Species in Plant Cells
Chloroplasts, mitochondria and peroxisomes are major sources of ROS
in plant cells (Asada, 1994; Bowler et al., 1992; Bosch et al., 1992).

In

chloroplasts there are at least two major sites where oxygen can be activated.
One is the reducing side of PSI.

02" is produced when oxygen accepts

electrons from PSI and from the peripheral ferredoxin (Foyer et al., 1994). The
other site is the photoactivated chlorophyll. If the excited chlorophyll cannot
deliver its excited energy to another pigment, it has to transfer this energy to
oxygen and excite oxygen from the triplet state to the singlet state
(Macpherson et al., 1993). H2O2 can be produced by dismutation reaction
catalyzed by superoxide dismutases (SODs) in the chloroplasts (Asada, 1994).
The mitochondrion is another major source of reactive oxygen species.
02" is produced when the electron carriers cannot pass electrons to the next
one in the electron transport chain. SODs in mitochondria convert 02" to H2O2
(Bowler etal., 1994).
Microbodies such as glyoxysomes and peroxisomes also produce large
quantities of reactive oxygen species, especially H2O2 (Huang et al., 1983;
Ogren, 1984; Tolbert, 1981).

In greening leaves, glyoxysomes are

transformed directly into leaf peroxisomes which are converted back to

glyoxysomes in senescing leaves (Beevers, 1979; De Bellis and Nishimura,
1991). The primary function of glyoxysomes is to convert reserve lipids to
carbohydrates through fatty acid p-oxidation and glyoxylate cycle during seed
germination.

H2O2 and NADH are generated during these reactions

(Breidenbach and Beevers, 1967).

The major biochemical process in

peroxisomes is photorespiration, a protective process for C3 plants against
photooxidation (Ogren, 1984). During photorespiration H2O2 is produced by
glycolate oxidase (Huang et al., 1983). Superoxide dismutase (SOD) in the
peroxisome is another source of H2O2 (del Rio et al., 1983; Sandalio and del
Rio, 1987; Sandalio et al., 1987). There are at least two sources of O2" in
peroxisome: one is xanthine oxidase in the matrix and another is NADHdependent process in peroxisome membranes (Sandalio et al., 1988; del Rio
et al., 1989). Therefore, peroxisomes have an essentially oxidative type of
metabolism.
Small quantities of reactive oxygen species can also be produced in
plasma membrane and cell wall (Vianello and Maori, 1991; Bolwell et al., 1995;
Bradley, 1992).
In addition to the generation of ROS under normal physiological
conditions, many environmental stresses can significantly inaease the
production of ROS and cause oxidative damages to plants.
Under chilling stress, low temperature slows all metabolic reactions.
Photooxidation occurs when the excited chlorophyll transfer energy to oxygen

to form singlet oxygen because chlorophyll accepts photons beyond the
requirements for chemical energy especially in the high light Intensity and PSI
and ferredoxin dump electrons to oxygen to form O2". Sen Gupta et al (1993)
found that overexpression of pea Cu/Zn-SOD gene in tobacco could retain
higher rates of photosynthesis compared to non-overexpression plants at 3 X
under moderate or high irradlance.
Another example of the production of reactive oxygen species in the
stress environmental condition is the use of herbicides.

A number of

herbicides that are widely used on many agricultural crops act by the
production of reactive oxygen species.

For example, paraquat that has a

redox potential of -446 mv can accept an electron from reducing agents to
form a free radical. The oxidation of this free radical causes the transfer of
electrons to oxygen and the formation of superoxide (Audus, 1976).
Subsequent Haber-Weiss and Fenton reactions yield highly reactive hydroxyl
radicals (Cheeseman and Slater, 1993).

So, this herbicide functions as a

catalyst to transfer reducing equivalents to oxygen.

In the leaf, the major

reducing agent to reduce paraquat is the primary electron acceptor in PSI,
ferredoxin (Audus, 1976). Overexpression of chloroplast-localized Mn-SOD
(Bowler et al., 1991, 1992), cytosolic and chloroplast-targeted APX (Allen et
al., 1997) In tobacco reduced cellular damage when the transgenic plants were
treated with paraquat.

There is also a lot of evidence showing that reactive oxygen species
have been implicated in other environmental stress conditions such as
drought, freezing and desiccation stress (Price and Hendry, 1991; Loubaresse
etal., 1991; Hendry, 1993).

1.3 The Antioxidant Compounds and Antioxidant
Enzymes in the Plant Cells
Plants have developed several mechanisms to defend themselves
against ROS produced during both normal and stress physiological processes
(Foyer and Mullineaux, 1994; Inze and Van Montagu, 1995). These defense
mechanisms include synthesis of antioxidant compounds and antioxidant
enzymes in plant cells.
Antioxidant compounds include water- and lipid-soluble molecules, such
as ascorbic acid (Vitamin C), a-tocopherol (Vitamin E), carotenoids and
glutathione (GSH). As a reductant, ascorbate can react nonenzymically with
either 02' or H2O2 to produce dehydroascorbate or monodehydroascorbate.
The reaction rates of superoxide with ascorbate and with superoxide
dismutase were comparable in organelles such as chloroplast where the
ascorbate concentration is in the millimolar range (Nishikimi, 1975).

The

reaction rate of ascorbate with H2O2 can be increased by the ascorbate
specific peroxidase - ascorbate peroxidase (Asada, 1992).

Another free

radical that ascorbate can react with is a-tocopherol radical. Ascorbate is
required to regenerate a-tocopherol (Vitamin E) which serves to reduce the
6

damage caused by singlet oxygen and lipid peroxides (Finckh and Kunert,
1985):
tocopherol radical + ascorbate = a-tocopherol + monodehydroascorbate
Therefore, ascorbate is a very important antioxidant compound in plants. To
avoid

depleting

ascorbate,

plant

cells

regenerate

it

from

monodehydroascorbate and dehydroascorbate by the Halliwell-Asada pathway
in chloroplasts (Asada, 1994).

According to the Halliwell-Asada pathway,

monodehydroascorbate radical can be converted back to ascorbate by
spontaneous

dispropotionation

or

by

NAD(P)H-dependent

monodehydroascorbate reductase (Asada and Takahashi, 1987; Hossain et
al., 1984). However the majority of monodehydroascorbate may be reduced to
ascorbate by ferredoxin (Asada, 1994). Dehydroascorbate can be reduced to
ascorbate nonenzymically or enzymically by dehydroascorbate reductase
using GSH as reducing power (Hossain and Asada, 1984). The HalliwellAsada pathway serves two functions: one is to detoxify hydrogen peroxide, the
other is to increase the pool of NADP* to provide a electron sink for PSI and
reduce its tendency to transfer electron to oxygen.
Key enzymes for detoxifying ROS in photosynthetic plant cells include
SOD that catalyzes the disproportionation of superoxide radicals to H2O2 and
oxygen (Bowler et al., 1992), and catalase and ascorbate peroxidase which
convert H2O2 to H2O (Scandalios, 1994; Asada, 1992).

SODs are metalloprotelns that are classified Into three types (Mn-, Feand Cu/Zn-SOD) according to their metal cofactor (Bannister et al., 1987).
Plants generally contain Cu/Zn SOD in the cytosol, Fe SOD and/or Cu/Zn
SOD in the chloroplasts and Mn SOD in the mitochondria (Bowler et al., 1994).
The type of SOD present in peroxisomes varies depending on the tissue
origin.

So far all three types of SODs have been found in peroxisomes

(Sandalio etal., 1987, 1988).
For the antioxidant defense mechanism to operate, ascorbate
peroxidases and/or catalases are closely associated with SOD activity in order
to remove the H2O2 that is produced by SOD.
Catalase is a heme-containing enzyme and is important in the removal
of H2O2 generated in glyoxysomes by oxidases involved In p-oxidation of fatty
acids and in peroxisomes by the glyoxylate cycle of photorespiration (Huang et
al., 1983). Catalase has a very high catalytic capacity but low affinity for H2O2
(Km > IM) (Ahmad et al., 1991), so catalase is not efficient for removing H2O2
at low concentration.

Besides its low affinity for H2O2, catalase is light

sensitive and suffers from photoinhibition with subsequent degradation
(Feierabend and Engel, 1986; Hertwig et al., 1992; Volk and Feierabend,
1989; Cheng and Packer, 1979; Teh-or, 1986). Under normal physiological
conditions, catalase is compensated for by new synthesis (Feierabend and
Engel, 1986; Hertwig et al., 1992). However, when light degradation exceeds
the capacity for repair (Ranade and Feierabend, 1991) or when protein
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synthesis is blocked such as at low temperature (Volk and Feierabend, 1989),
an apparent decrease of total catalase activity occurs. Moreover, catalase is
not found in the chloroplast, so another enzyme is responsible for removing
H2O2 in these organelles. This enzyme is ascorbate peroxidase.
Ascorbate peroxidase (APX) is an enzyme which utilizes ascorbate as
Its electron donor to scavenge H2O2 and other organic hydroperoxides
produced under normal and stress conditions (Asada, 1992). The reactions
catalyzed by APX are shown as follows:
ascorbate + H2O2 (ROOH) = 2 monodehydroascorbate + 2 H2O (ROH +H2O)
There are four well-characterized APX isoforms in plant cells: the
cytosolic Isoform, the peroxisomal isoform, and two chloroplastic isoforms, one
in the stroma and the other associated with thylakoid membranes (Asada,
1992; Mittler and Zilinskas, 1992; Bunkelmann and Trelease, 1996; Ishikawa
et al., 1996; Yamaguchi et al., 1995).

There may be a fifth APX in

mitochondria (Dalton et al., 1993), making APX one of the most widely
distributed antioxidant enzymes in plant cells. The APXs found in organelles
are believed to scavenge H2O2 produced from the organelles, whereas the
function of cytosolic APX is probably to eliminate H2O2 that is produced in
cytosol or apoplast, and has diffused from organelles (Asada, 1992; Mittler and
Zilinskas, 1992). APXs have much lower Km value for H2O2 than catalase.
For example, the Km value of the thylakoid-bound APX for H2O2 Is 87 ^m in

the presence of 500 ^m ascorbate (Miyake et al., 1993) and the Km value of
cytosolic APX for H2O2 is 20 ^M (Mittler and Zilinskas, 1991).
It has been shown that drought (Smirnoff and Colombe, 1988; Tanaka
et al., 1990), high Intensity light (Gillham and Dodge, 1987), low temperature
(Jahnke et al., 1991), and ozone (Tanaka et al., 1985) can all induce APX
activities. Various prooxidant chemicals, such as paraquat and norflurazon,
also induce APX activities (Mitttler and Zilinskas, 1992; Thomsen et al., 1992).
In a systematic study on the expression and regulation of a pea cytosolic APX
gene named APXI, Mittler and Zilinskas (1992,1994) provided evidence that
the cytosolic APXs play an important role during oxidative stress. Much to
their surprise, a marked increase in the steady state level of both cytosolic
APXI and cytosolic SOD transcripts was observed during the progression of
drought stress and drought recovery processes (four- to 15-fold increase for
APXI gene), yet only a small increase in the quantity and the enzymatic activity
of the APXI protein was observed (about 1.8- to two-fold increase).

The

observed discrepancy between the significant increase in transcript level and
the small increase in APXI activity was probably due to the limited use of APXI
transcript for translation (Mitttler and Zilinskas, 1994). However, it has been
shown that small increases in the activities of antioxidant enzymes could
confer elevated resistance to oxidative stress in transgenic plants (Sen Gupta
et al., 1993a and b; Perl et al., 1993; Pitcher et al., 1994; Aono et al., 1991;
Aono et al., 1993).

It seems that small, rather than large changes in the
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activities of antioxidant proteins, could be sufficient to Increase tolerance
against oxidative stress (Allen, 1995).

1.4 Research Purposes: The Role of
Ascorbate Peroxidase 3 in Oxidative Stress
Compared with cytosolic APXs, APX3 Includes a C-terminal extension
that contains a putative transmembrane domain (Fig. 1.1), indicating that
APX3 is likely to be a membrane-bound protein. APX3 shows the highest
sequence

identity

to

a

cotton

glyoxysomal-membrane

APX

protein

(Bunkelmann and Trelease, 1996) throughout its entire length (Fig. 1.1). The
sequence comparison between them shows 91% similarity and 84% identity.
Furthermore, partial sequences from pumpkin glyoxysomal and peroxisomal
APX proteins (Yamaguchi et al., 1995) are also very similar to sequences of
APX3. These similarities Indicate that the Arabidopsis APX3 is most likely a
glyoxysomal or peroxisomal membrane protein. DNA sequence analyses also
indicate that APX3 is more similar to the cotton glyoxysomal APX gene than to
the other two Arabidopsis APX genes.
Except for the DNA and the protein sequences' similarity to cotton
peroxisomal APX, there is no experimental evidence showing that APX3
functions in peroxisomes.

To study the function of APX3, I choose to

overexpress APX3 in tobacco, and then treat APX3 overexpressing and wild
type plants with 3-amino-1,2,4-triazol and metyl viologen which initiate
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oxidative stress mainly in peroxisomes and chloroplasts respectively, to look
for protection due to the presence of overexpressed APX3.
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Figure 1.1. Sequence comparison between Arabidopsis APX3 (APX3.A) and
the cotton glyoxysomal membrane-bound APX (APX.C). The sequence
underlined is the suggested transmembrane domain.
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Aminotriazole can irreversibly Inactivate catalases activity by directly
binding to them (Margoliash and Novogradsky, 1960). Catalases are mainly
present in peroxisomes or glyoxysomes to scavenge H2O2 produced during
photorespiration and p-oxidation (Huang et al., 1983).

The inactivatlon of

catalases activity in leaves by aminotriazole causes the accumulation of H2O2
in peroxisomes. H2O2 then diffuses out of peroxisomes into the cytosol where
it participates in diverse toxic oxidative reactions and reacts with O2" through
Haber-Weiss reaction to give rise to the highly reactive hydroxyl radical (OH)
(Cheeseman and Slater, 1993).

The 'OH oxidizes almost all cellular

components at a diffusion-controlled rate and causes lipid peroxidation,
denaturation of proteins, and mutation of DNA (Asada and Takahashi, 1987).
If APX3 is on the membrane of peroxisomes, the plants that overexpress
APX3 should be able to scavenge more of the H2O2 that diffuses out of
peroxisomes so that they can reduce the damage caused by oxidative stress
originated from peroxisomes.

Damage caused by aminotrlazole-induced

oxidative stress can be detected by measuring lipid peroxidation (Draper and
Hadley,

1990).

Lipid peroxides are unstable compounds, and the

decomposition of lipid peroxides leads to the formation of a large number of
oxygen-containing compounds. Malonyldialdehyde is one of them and can
react with TBA to form a colored product.
Methyl viologen can form 02" in chloroplasts by accepting an electron
from ferredoxin and then dumping this electron to oxygen (Audus, 1976). H2O2
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Is produced by chloroplast SODs. Membrane damage caused by MV can be
detected by measuring the electrolyte leakage from the leaf discs treated with
MV. Allen et al. (1997) showed that the overexpression of either cytosolic or
chloroplast-targeted APX significantly reduced electrolyte leakage from leaf
discs treated with 1.2 jiM and 2.4 ^M MV.

Knowing whether or not

overexpression of APX3 can increase resistance against MV treatment is
Important in understanding its function.
The goal of my research is to understand the function of the third APX
(APX3) enzyme (Zhang et al., 1997) Identified in Arabidopsis by aqnalysis of
some physiological consequences of the overexpression of APX3 protein In
tabacco.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Bacterial Expression and in vitro Detection of APX3
Cloning techniques followed procedures detailed in Ausubel et al.
(1992). The full-length sequence of APX3 was first amplified from a cDNA
library using the oligonucleotides, oAPX-13 and oAPX-18, as the primers for
PCR, and then subcloned in frame into the Nde I and Bam HI sites of the
expression vector pET-19b (Novagen, Madison). The construct (Fig. 2.1) was
sequenced to insure accuracy before transformation into Escherichia coli
strain BL21(DE3) (Novagen).

Transformed cells were plated on LB media

supplemented with 100 jig/ml of ampicillin. After overnight growth at 37*'C,
individual colonies were inoculated into 30 ml of liquid LB medium containing
the same antibiotics, and incubated at 37°C for about 3 h before IPTG was
added to a final concentration of 1 mM. Bacterial cells were harvested about 3
h after IPTG addition. For in vitro detection of APX3 activity, bacterial cells
were broken by sonication, then centrifuged at 12,000g for 15 min and the
pellet discarded.

The supernatant, that contained -50 |ig of protein, was

directly loaded onto a native polyacrylamide gel or was boiled for 10 min
before loaded onto a 12% SDS gel for electrophoresis. The detection of APX3
activity in gels was essentially the same as described by Mittler and Zilinskas
(1993). The sequences of oAPX-13 and oAPX-18 are as follows:
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oAPX-13: GATCAGCATATGGCTGCACCGATTGTTGATGCG
oAPX-18: CTAGTCGGATCCTTACTTCATCCTCTTCCGAATC.

Nco I

NdeI

Sam HI

T7 Promoter

Figure 2.1. Construct of overexpression of APX3 in pET-19b. A full length
APX3 gene was subcloned in frame into the Nde I and Bam HI sites of the
expression vector pET-19b (Novagen, Madison) under the control of T7
promoter. The His.Tag sequence contains a stretch of 10 histidine residues.
2.2 Construct for Expression of APX3 in Tobacco
The full-length coding sequence of APX3 was first amplified through
PCR from an Arabidopsis X cDNA library using oligonucleotides oAPX-18 and
oAPX-19 as the primers. The amplified fragment was digested with Bam HI,
and then subcloned in frame into the dephosphorylated Bam HI site of the
expression vector pRTL-2 (gift of James Carrington, Texas A&M University).
The construct (Fig. 2.2) was then sequenced to insure accuracy.

The

construct of pRTL2-APX3 was further digested with Hind III and ligated into
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the Hind III site of a pCGN 1578 binary vector (McBrlde and Summerfelt,
1990) which contains a neomycin phosphotransferase (NPTII) selectable
marker (Fig. 2.3). The sequence of oAPX-19 Is as follow:
oAPX-19: CAGTCGGATCCTCATGGCTGCACCGATTGTT.

HindWl
Dual 358 Promoter-

Nco I

Bam HI

TEV Leader

Bam HI
APX3

HindWl

35STenn

Figure 2.2. Construct of overexpression of APX3 In pRTL2. A full length
APX3 gene was subcloned in frame into the dephosphorylated Bam HI site of
the expression vector pRTL-2 (gift of James Carrington, Texas A&M
University) under the control of dual promoter.
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3'tml-npt-35S

Genf f

U LB

Figure 2.3. Binary cloning vector pCGN 1578. RB, right T-DNA border; LB,
left T-DNA border; 3'tml, tml 3' region; npt, neomycin phosphotransferase
gene; 35S, CaMV 35S promoter; Gent, gentamycin.
2.3 Plant Transformation
The APX3 overexpression construct was introduced into Agrobacterium
tumefaciens strain EHA101, then the Agrobacterium tumefaciens was used to
transform tabacco plants, Nicotiana tabacum cv. Xanthi, according to the
protocols of Horsch et al. (1985).

The transformation was conducted as

follows: young leaves from about 2-month-old tobacco plants were sterilized in
14% bleach solution for 5 minutes, and then washed three times in sterile
water. Leaf discs were punched out using No.7 cork borer, and incubated with
overnight grown Agrobacteria which had been diluted 38:1 with MSNH
medium (IX MS basal salt, B5 vitamins and 3% sucrose pH 5.7) for 5 minutes.
After blotting to sterile Whatman paper, leaf discs were placed upside down on
MSA plates (basal MS medium containing 100 ^g/l NAA and 1 mg/IBAP,
pH:5.7) at 26°C to allow transformation. After two days leaf discs were moved
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to MSB plates (MSA medium containing 250 mg/l kanamycin and 250 mg/l
cefotaxine) to Induce callus and shoots. Leaf discs were left on MSB plates at
26**C until callus and shoots formed. The shoots were excised and moved to
MSC plates (MS medium containing the same concentration of antibiotics as
MSB) to root. Rooted shoots were moved to soil in Magenta boxes and then
in 3.5 Inch X 3.5 inch pots. After the plants grew to about 20 cm, they were
transfered to 1 gallon pots and moved to the greenhouse. These To plants
were self-pollinated and seeds (T1) were collected and used for subsequent
experiments.

2.4 Detection of APX3 in Transgenic Plants bv PCR
Genomic DNA samples were Isolated from wild-type and APX3
overexpressing plants (Ti generation) according to Guillemant et al. (1992)
with some modifications. Fresh tissue (500 mg) was ground in liquid nitrogen
into fine powder, and then homogenized in 2 ml of grinding buffer (lOOmM
NaOAc pH 4.8, 50 mM EDTA pH 8.0, 500 mM NaCl, 2%PVP (10000 MW) and
1.4% SDS). The homogenate was Incubated at 65°C for 15 min, and 2 ml of
10 M ammonium acetate was added and the mixture was incubated at 65*^0
for another 10 min to precipitate proteins. After centrifugation, the supernatant
was transferred to a new microfuge tube and 0.6 volume of cold isopropanol
was added to precipitate DNA at -20**C for 20 min. DNA was precipitated by
centrifugation for 10 min and was dissolved in 500 |il TE. The DNA solution
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was extracted twice with PCI (phenol: chloroform : isoamylalcohol = 25 : 24 :
1) and once with CI (chloroform : isoamylalcohol = 24 : 1).

DNA was

reprecipitated by adding one volume of cold Isopropanol and 1/10 volume of 3
M NaOAc. After centrifugation, the pellet was washed with 70% ethanol, air
dried and resuspended in 100 ^il TE. About 80 ng of genomic DNA was used
to amplify the APX3 transgene using the oligonucleotides, o35S-1 (within 35S
promoter) and oAPX-^ (within APX3). The PCR reaction was conducted at
9 4 X 1 min, 5 6 X 1 min, and 7 2 X 2 min for 35 cycles. The PCR products
were then diluted 500-fold before they were used again in the second round
PCR reaction in which the reaction condition was the same as above except
two nested primers were used (o35S-2 and oAPX-8). The amplified bands
were stained with ethidium bromide and photographed under UV light after
electrophoresis. The sequences of oAPX-4, oAPX-8, o35S-1 and o35S-2
are as follows:

oAPX-4: AAAGCTCAACAAGACGAC
oAPX-8: CTGCTACCACACCAGCAA
035S-1: GGGATGACGCACAATCCCACT
035S-2: CAAGACCCTTCCTCTATATAAGG.

2.5 RNA Blot Analysis
About 100 mg of plant leaf tissue was ground In liquid nitrogen Into fine
powder and then homogenized in 2 ml of trizol solution (GIBCO-BRL,
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Gaithersburg, MD). The homogenate was placed at room temperature for 5
mm, mixed with 400 ^il of chloroform, and then centrifuged at 3800 rpm for 20
min. About 700 |il of supernatant was removed to an eppendorf tube and an
equal volume of isopropyl alcohol was added to precipitate RNA at -20X for
30 min. The RNA was pelleted by centrifugation at 13,000 rpm in the
microfuge for 30 min, then was washed once with 75% ethanol, air dried and
dissolved in 100 |il water. The RNAs were separated by electrophoresis (10
|ig per lane), blotted to Biotrans nylon membranes (ICN Biomedicals, Inc.,
Aurora, OH), and hybridized with ^^P labled APX3 or 18s rRNA probes that
were

made

by

random

priming

(Feinberg

and

Vogelstein,

1983).

Hybridization was carried out at 6 3 X overnight according to the method of
Church and Gilbert (1984). The washing conditions were as follows: two times
(10 min each) in 0.5% BSA, 1 mM EDTA, 40 mM NaP04 (pH 7.2) and 5% SDS
at 6 3 X : then four times (5 min each) in 1 mM EDTA, 40 mM NaP04 (pH 7.2)
and 1 % SDS at 64°C. The condition for stripping filter was as follows: two
times (15 min each) in 2 mM Tris (pH 8.2), 2 mM EDTA, and 0.1% SDS at
75X.

2.6 Western Blot Analysis
Leaf protein was extracted by grinding 2 leaf discs (about 60 mg) from
the first fully expanded leaves of APX3 overexpressing and wild type plants in
IX SDS sample buffer (62.5 mM Tris-CI, 1% SDS, 10% Glycerol, 100 mM
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DTT, 0.01% Bromophenol Blue, pH 6.8). The homogenate was boiled for 10
min.

After centrifugation, the supernatant was removed to a clean tube.

Protein concentration was determined by Bradford method (1976) using
bovine serum albumin as a standard.

Western blotting was carried out

according to the instruction manual of alkaline phosphatase goat anti-rabbit
Immuno-blot assay kit (Bio-Rad Laboratories, CA).

Proteins of APX3

overexpressing plants (54 ^ig each) and 60 ^lg protein of wild-type plants were
subjected to electrophoresis in a 12% SDS polyacrylamide gel. Following the
electrophoretic separation, proteins were transferred onto a nitrocellulose
membrane. Transfer was carried out at 100 V for approximately 1 hr at 15**C.
All of the following steps were carried out at room temperature.

The

nonspecific binding sites were blocked with 5% non-fat dry milk (30-60 min).
After washing with TTBS (20 mM Tris-CI, pH 7.5, 140 mM NaCl, 0.05%
Tween), the blot was probed with the polyclonal antibody raised against HPLC
purified APX3 for 2 hr, washed three times for 10 min each with TTBS,
incubated with alkaline phosphatase conjugated goat anti-rabbit secondary
antibody for I hr, and then washed again as above with TTBS. Finally the
APX3

was visualized

by adding substrates (BCIP/NBT)

phosphatase (Bio-Rad laboratories, CA).
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of alkaline

2.7 Analysis of Oxidative Stress Caused bv Aminotriazole
The

petioles

of the first fully expanded

leaves from APX3

overexpression lines (Ti generation) and wild-type plants were cut, and
immersed vertically in a solution of 5 mM 3-amino-1,2,4-triazol (AT) or water
(control) so that only the base of leaves was immersed in the solution. AT was
transported to the whole leaf through the vascular system.

Leaves were

incubation was at 2 5 X with a white light source of 60 |iE m^^ s'^ for 55 hr. The
leaf damage caused by AT treatment was assessed visually and by measuring
the lipid peroxidation product according to Draper and Hadley (1990). The top
half of the treated leaf was ground in liquid nitrogen. About 50 mg powdered
leave was homogenized in 500 \i\ of 5% TCA plus 50 \x\ of methonolic
butylated hydroxytoluene in an eppendorf tube. The homogenate was boiled
for 30 min, then centrifuged in a microfuge at 13,000 rpm.

Five hundred

microliters of supernatant was removed to a clean tube. One volume of 0.67%
TBA was added to the supernatant, and the mixture was boiled for another 30
min. After cooling down, the absorbances of the samples were measured at
532 and 600 nm.

The amount of MDA was calculated according to the

following formula:
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OD532 - ODeoo

s.b
MDA (nmol / g fr. wt.) =

X 10^
50
X fresh weight (mg)
550

[s: (extinction coefficient) = 155 L / mmol.cm; b: (light distance) = 1 cm].

2.8 Analysis of Oxidative Stress Caused bv Methvl Viologen
MV treatment was carried out according to Sen Gupta et al. (1993b).
Leaf discs were punched out from the first fully expanded leaves of transgenic
and wild-type plants using No. 7 cork borer. Three leaf discs were floated in a
3.5 cm petri dish with either 1.2 nM MV or 2.4 iiM MV, then vacuum infiltrated
for 5 min before they were incubated in the dark for 16 hr at 22°C. After
Illumination at 200 ^mol m"^ s'^ for 2 hr at 22°C, samples were incubated In the
dark for another 16 hr at 30°C. The conductivity of MV solution was measured
by using Orion 120 conductivity meter. After the MV solution and leaf discs
were autoclaved, the conductivity of the MV solution was measured again.
The percentage of electrolyte leakage due to MV treatment was calculated by
two measurements.
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CHAPTER 3
RESULTS

3.1 Bacterial Expression of APX3
When a full-length APX3 gene was inserted into a prokaryotic expression
vector and transformed into Escherichia coli, overexpressed APX3 protein and
APX activity were detected in bacterial extracts, whereas extracts from
cultures that contained the pET vector alone (without APX3) or no plasmid
vector showed no APX3 protein or APX activity (Figures 3.1 and 3.2).
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Figure 3.1. Expression of APX3 in E.coli. Lane 1, bacterial cells only; lane 2,
bacterial cells that contain expression vector only; lanes 3 to 5, three
Independent bacterial transformants that contain the APX3 gene construct.
The arrow indicates the overexpressed APX3 protein.
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3

4

APXS supercomplex
APX3 dimer

Figure 3.2. Native APX activity gel of APX3 expressing cell. The APX activity
appears as a colorless band on a dark blue background in the native gel assay
system. Lanes 1 and 2, two independent bacterial transformants that contain
the APXS overepression construct; lane S, bacterial cells that contain
expression vector only; lane 4, bacterial cells only.

S.2 Transformation of Tobacco Plants with the
Arabidopsis APXS Gene
An APXS cDNA sequence from nucleotides 127 to 988 encoding the full
length APXS protein (Zhang et al., 1997) was used for the construction of the
overexpression vector in Agrobacterium. Wild-type tobacco plants (XNN) were
used as hosts for Agrobacterium infection, and a total of 14 independently
transformed lines were produced.

The original transgenic lines (the To

generation) were self-pollinated to produce Ti progeny that were plated on
kanamycin plates for segregation analysis.
transgenic lines are shown in Table 3.1
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Segregation data of some

Table 3.1. Segregation data of some TI generation seeds on kanamycin
pisies

Plants^

Km +

Km-

Km + /Km -

T-DNA Insertion^

XNN

0

60

0

0

B

41

11

3.7

1 (P > 05)

C

37

18

2.1

1 (P > 05)

D

47

15

3.1

1 (P > 05)

F

46

9

5.1

1 (P > 05)

H

119

1

119

3 (P > 05)

K

49

22

2.2

1 (P > 05)

L

65

16

4.1

1 (P > 05)

Y

40

12

3.3

1 (P > 05)

^ The original transformants were designated as the To generation plants.
^ The T-DNA insertion number was predicted based on the segregation data.
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The

genomic

DNAs were

isolated from wild-type

and seven

independent Ti transgenic plants, and analyzed by PCR using CaMV S5S
promoter-specific and APXS-specific primers.

No DNA fragment could be

amplified from wild-type plants, whereas an expected 550-bp fragment was
amplified from DNAs of all the transgenic plants tested (Figure 3.3), indicating
that these lines contain the APXS transgene.

Ml M2Wt B D E G H K Y

Figure 3.3. Gel electrophoresis showing PCR analysis of wild-type and
transgenic plants for the presence of APXS transgene. The DNAs isolated
from wild-type and seven independently transformed plants were first used in
PCR reactions with a 35S promoter-specific primer and an APXS-specific
primer, then a second round of PCR reactions were run with nested S5S
promoter-specific and APXS-specific primers. In lanes, Ml and M2, DNA size
markers; Wt, DNA from wild-type plants; B to Y, DNAs from transgenic lines.
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3.3 The Levels nf APXS Transcripts Were Variable
Among Transgenic Plants
The total RNAs from wild-type plants and eight independent transgenic
plants (Ti generation) were isolated, blotted, and probed with a ^^P-labeled
APXS probe. As shown in Figure 3.4, the wild-type plants do not contain
transcripts that hybridize with the APXS probe. However lines B, D, and Y
contain abundant APXS transcript, while line H contains less, and the lines C,
F, and L contain little APXS transcript. Our data suggest that although all
transgenic plants tested contain the APXS transgene, transcript levels driven
from the double CaMV 35S promoter were considerably variable, presumably
due to the position effect of the neighboring genomic DNAs in which the TDNAs were inserted. We therefore focused our later experiments on the high
expression lines (B, D, and Y).
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Wt B C F H K L Y D
APX3

IHsRNA

Figure 3.4. RNA gel blot analysis of wild-type plants and APXS-expressIng
transgenic plants of T I generation. The probes used are listed on the right.
The blot was first hybridized with a ^^P-labeled APXS cDNA fragment. Then
the blot was stripped and hybridized again with a double-stranded 18s DNA
probe. Images were obtained from scanning the blot by using a molecular
imager system (GS-363, Bio-Rad, Hercules, CA). In lanes, Wt, RNA from wildtype plants; B to Y, RNAs from transgenic lines.

SO

3.4 Western Blot
When the level of APXS protein was measured by Western blotting
analysis, it was found that the APXS protein can be detected from about 54 ^ig
of total proteins extracted from overexpression plants and it cannot be
detected from 60 ^ig of protein of wild-type plants (Fig. 3.5). The additional
bands In both wild-type and APXS-expressing samples were caused by the
cross-reactions of the anti-APXS antibody with native APX isoforms from
tobacco. We estimated that the APXS protein is at least 0.1% of the extracted
total proteins in APXS-expressing plants based on the Intensities of APXS
bands with respect to purified APXS band in Fig. 3.5. The APX activities from
crude extracts of APXS-expressing plants are about two- to three-fold higher
than that of wild-type plants (data not shown).

m o >* ^ <
^^^^^^^^^^m^-^i^f^-x

APX3

Figure 3.5. Immunoblot analyses of wild-type and APXS overesxpresslon
plants. Lanes, B, D, and Y were loaded with 54 [ig of protein extracts from
transgenic lines. Lane WT was loaded with 60 jig of protein extracts of wildtype plants. Lane APX3 was loaded with 50 ng of purified APXS protein. The
arrow indicates the APXS bands.
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3.4 Transgenic Plants Are More Resistant Against
Aminotriazole Treatment
After AT treatment, the wild-type leaves quickly developed lesions in the
tips, whereas transgenic leaves had fewer lesions. Example leaves are shown
in Fig.3.6. On average the damage in wild type leaves covered about 25% of
the leaf while transgenic plants had less than 5% leaf area damage.

The

extent of membrane damage caused by AT treatment was assessed by
measuring the content of MDA, a product of lipid peroxidation, in the treated
leaves.

The MDA level in leaves of both wild-type and APXS-expressing

plants increased substantially following AT treatment (Fig. 3.7). However the
MDA in leaves of B, D, and Y transgenic lines was about 60.4%, 78.8% and
50.7% of that In leaves of wild-type plants, respectively. MDA levels In APXSexpressing lines were significantly lower than that in wild type plants (t-test
values comparing B to XNN, P < 0.01; D to XNN, P < 0.05; Y to XNN, P < 0.01).
These results indicate that expression of APXS can protect plant cells from
oxidative stress that originates from peroxisomes.

32

Figure 3.6. Effects of aminotriazole on wild-type and APXS overexpression
plants. The wild-type plant is on the right, and a transgenic plant (from line D)
is on the left.
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Figure 3.7.
Analysis of lipid peroxidation products of wild-type and
overexpression plants after 5 mM of aminotriazole treatment. ** denotes p <
0.01; * denotes p < 0.05.

3.5 APXS Overexpression does not Provide Protection
Against Paraguat Treatment
Leaf discs of wild-type and APXS overexpression transgenic lines B, D,
and Y plants were treated with 1.2 |iM and 2.4 |xM MV under conditions that
produce ROS in chloroplasts.

Membrane damage caused by MV was

detected by measuring the electrolyte leakage from the MV treated leaf discs.
Although the electrolyte leakage was reduced slightly in transgenic APXSexpressing plant, compared with wild-type at 1.2 |iM MV (Fig. 3.8), the
differences are only significant (P < 0.05) for line B. There is no significant
difference in electrolyte leakage between transgenic lines B, D, Y and wildtype plants at 2.4 |iM MV (t-test values: B to XNN: p < 0.1; D to XNN: P < 0.2; Y
to XNN: P < 0-5). Therefore, it is apparent that overexpression of APXS in
tobacco plants provides little or no protection against MV treatment.
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• Y
1.2 ^iM MV

2.4 ^iM MV

Figure 3.8.
Analysis of lipid peroxidation products of wild-type and
overexpression plants after paraquat treatment. * denotes P < 0.05.
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CHAPTER 4
DISCUSSION

Overexpression of antioxidant genes in plants to provide additional
protection against oxidative stress has been the goal that many laboratories
hope to achieve (Allen, 1995). Some encouraging results have been obtained.
For example, production of MnSOD in tobacco chloroplasts resulted in an
increased protection against paraquat and ozone treatment (Bowler et al.,
1991, 1994; Van Camp et al., 1994); overexpression of a bacterial glutathione
reductase leads to increased antioxidant capacity and resistance to
photoinhibition In poplar trees (Foyer et al., 1995).

It has also found that

overexpression of a pea Cu/Zn-SOD in tobacco could retain higher rates of
photosynthesis at 3**C compared to wild-type plants under moderate or high
irradlance (Sen Gupta et al., 199Sa). Although overexpression of a cytosolic
APX in tobacco chloroplasts does not provide protection against ozone
(Torsethaugen et al., 1997), antisense repression of APX expression could
render plants more susceptible to ozone treatment (Orvar and Ellis, 1997).
Additionally, overexpression of either cytosolic APX or chloroplast-targeted
APX increased resistance against paraquat treatment (Allen et al., 1997)
indicating that the protection provided by the targeted expression of
antioxidant genes may be selective, depending on the nature of oxidative
stress.
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The results of this study showed that expression of a peroxisomal APX
from Arabidopsis in tobacco plants does provide increased protection against
AT treatment.

Aminotriazole binds to and irreversibly inactivates catalase

(Margoliash and Novogradsky, 1960). Because catalases are mainly found In
peroxisomes or glyoxysomes where they play a major role in scavenging H2O2
produced during photorespiration and p-oxidation (Tolbert, 1981; Huang et al.,
1983), their inactivatlon by AT results in accumulation of H2O2 that can diffuse
out of peroxisomes to the cytosol where it can cause diverse toxic oxidative
reactions. The presence of increased levels of peroxisomal membrane-bound
APX is likely to reduce the diffusion of H2O2 from peroxisomes, which may
explain why overexpression of APXS in tobacco plants can provide some
protection against AT treatment.
Although catalase is highly abundant in the peroxisomes and
glyoxisomes (Scandalios, 1994), its high Km value (over IM) makes it an
inefficient scavenger of H2O2 at low concentration (Ahmad et al., 1991). In
addition, catalase is light sensitive and undergoes photoinactivation with
subsequent degradation (Feierabend and Engel, 1986; Feierabend et al.,
1992; Hertwig et al., 1992; Volk and Feierabend, 1989; Tel-Or et al., 1986).
Under

normal

physiological

conditions,

catalase

decomposition

is

compensated for by new synthesis (Feierabend and Engel, 1986; Hertwig et
al., 1992). However, when light-induced degradation exceeds the capacity for
repair (Ranade and Feierabend, 1991) or when protein synthesis is blocked
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such as at low temperature (Volk and Feierabend, 1989), an apparent
decrease of total catalase activity occurs. APXs, however, have much higher
affinity for H2O2 than catalase. For example, the Km of the thylakoid-bound
APX is 87 nm (Miyake et al., 1993), and the Km value of cytosolic APX for
H2O2 is 20 ^m (Mittler and Zilinskas, 1991). Glyoxisomal or peroxisomal APXs
should have similar Km values because of their high degree of similarity in
structure and function.

Clearly APX is not an alternative to catalase in

peroxisomal functions, instead it is an irreplaceable component of peroxisomal
antioxidant system.
del Rio et al. (1996) pointed out that an ascorbate-based antioxidation
defense system in peroxisomes might play a far more important role than had
previously been thought. Bueno et al. (1995) and Bunkelmann and Trelease
(1996) found monodehydroascorbate reductase activities in peroxisomal and
glyoxysomal membranes, respectively, raising the possibility that a full set of
enzymes analogous to the Halliwell-Asada pathway of chloroplasts (Foyer et
al., 1994) may also exist in glyoxysomes and peroxisomes. Our data which
shows that overexpression of a peroxisomal membrane-bound ascorbate
peroxidase could partially compensate for the loss of catalase in the presence
of AT support this hypothesis. Also, the protection that we have observed is
somewhat

specific against oxidative stress originating primarily from

peroxisomes,

but not from chloroplasts,
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supporting

the

notion that

overexpression of an antioxidant protein could indeed provide limited
protection under certain circumstances.
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