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CHAPTER 1
GENERAL INTRODUCTION

Although a variety of temperate plant species can undergo processes leading to cold hardening,
many plants of tropical origin do not tolerate cold and can be damaged at quite modest temperatures.
Various mechanisms have been proposed to account for chilling injury in plants (Levitt, 1980). .A
critical element in chilling-sensitive plants appears to relate to cellular membrane integrity. ~ As the
temperature is reduced, lipids in cell membranes change from a liquid crystalline condition to a solid
state at a transition temperature that is determined by the ratio of saturated to unsaturated fatty acids
(Quinn, 1988).  This critical change occurs at a temperature that is equivalent to the temperature that
elicits chilling damage.  Development of frost hardiness in chilling- and frost-resistant plants appears
to involve changes in the ratio between the different classes of fatty acids.  An increase in the
proportion of unsaturated fatty acids results in the membrane functioning at low temperature. ~ The
change in the physicochemical state of plant cell membranes brought about by reduced permeability
may result in ionic and pﬁ imbalance together with the malfunction of complex membrane-based
systems such as mitochondria and chloroplasts.  Indeed, products of glycolysis have been observed to
accumulate and less ATP is formed (Levitt, 1980).  Such effects may be related to cell injury and
killing. However, some plants are more sensitive to chilling injury than others, although their fatty
acid ratios are similar, suggesting that other mechanisms are also important. It has been suggested
that oxidative stress may be a significant factor to chilling injury in plants (Burdon, ef al, 1994). An
evidence for oxidative stress in chilled Arabidopsis thaliana came from studies on tissue levels of H,O,
and changes in levels of reduced and oxidized glutathione (O’kane, ez al, 1996).  Evidence for
chilling induced oxidative stress has also been observed in maize seedlings (Prasad, ef al, 1994). In

these studies H,O, levels were elevated during acclimation, and catalase (CAT) and guaicol peroxidase



(POX) activities were also increased.

The production of active oxygen species, particularly H,O,, appears to be a ubiquitous defense
mechanism of eukaryotes.  In plants, the production of active oxygen species has been evidenced
during pathogen infection (Baker and Orlandi, 1995) and in photooxidative processes induced during
abiotic stress conditions such as chilling, drought, salt and ozone stress (Foyer, and Mullineaux, 1994).
By virtue of the chemical properties of active oxygen species, they are highly reactive and have the
potential to damage membrane lipids, proteins, chlorophyll, and nucleic acids, thus disrupting the
homeostasis of the organism (Shaaltiel and Gressel, 1986; Scandalios, 1993).  Plants have evolved
several mechanisms to prevent or alleviate the damage from active oxygen species.  These
mechanisms include scavenging the active oxygen species by natural antioxidants such as ascorbate and
o-tocopherol, and the use of an enzymatic antioxidant system including superoxide dismutase (SOD),
CAT, POX, ascorbate peroxidase (APx), and glutathion reductase (GR), many of which act in tandem
(Scandalios, 1993; Foyer and Mullineaux, 1994; Allen, 1995; Anderson et al,, 1995; Rao et al., 1996).
The existence of multiple molecular forms of antioxidant enzymes, their location within tissues, cells
and organelles, as well as any changes they may undergo in response to various environmental signals
or development implies potential roles for these isozymes in the detoxification of active oxygen species.
Several isozymes of SOD, CAT, GR, POX, and APx are present in plants and their relative
compositions change during exposure to stress.  Acclimation and chilling of maize (Scandalios, 1990,
Anderson et al., 1995), air adaptation of submerged rice seedlings (Ushimaru et al., 1995), and exposure
of Arabidopsis thaliana to UV-B light (280-320 nm) or ozone (Rao ef al., 1996) have been shown to
result in changes in antioxidant isozymes composition.  Additionally, increases in the activity of
different antioxidant enzymes under stress appear to occur simultaneously.  For example, in tobacco
and maize subjected to paraquot treatment, an increase in SOD activity is accompanied by an increase in

GR activity (Malen ef al, 1990).  Moreover, there were some reports that overexpression of SOD



results in improved oxidative stress tolerance (Bowler ef al., 1991; McKersie et al., 1993; Sen et al.,
1993; Pitcher and Zilinskas, 1996).  Regarding the other antioxidant enzyme against H,O,, APx, its
importance was demonstrated in APx-antisense transgenic tobacco which was highly susceptible to
ozone injury compared with the wild type (Orvar and Ellis, 1997).  Many authors have reported the
enhanced expression of APx in response to environmental and biotic stresses such as drought, salt, high
light, chilling, UV irradiation, ozone, oxygen tension, wounding, and pathogen attack (Mittler and
Zilinskas, 1994; Hemandez ef al., 1995; Mishra, ef al., 1993; Rao et al., 1996; Tanaka et al., 1985;
Willekens ef al., 1994; Conklin and Last, 1995; Ushimaru et al., 1992; Orvar ef al., 1997; Zahaby et al.,
1995).  Thus, in the detoxification APx seemed to mediate mainly the reduction of H,O, to HyO.
Of course, CAT, which is mostly localized in peroxisomes, may be the other antioxidant enzyme to
detoxify H,O,.  However, CAT possesses a very low affinity (Km value of more than 1.1 M) for
H,0,, and shows either no or very low activities in cytosol, mitochondria and chloroplasts.

Ascorbate (AsA) and glutathione (GSH) are the major water-soluble antioxidants in plants,
occurring in millimolar concentrations in most tissues. ~ AsA participates in the removal of hydrogen
peroxide via APx.  The resulting primary oxidation product, the monodehydroascorbate (MDHA)
radical, is reduced by NAD(P)H-dependent monodehydroascorbate reductase (MDHAR) to AsA.
Any MDHA escaping reduction disproportionates to form AsA and dehydroascorbate (DHA).  DHA
is unstable at physiological pH and is reduced to AsA
by GSH, the reaction being catalyzed by DHA

reductase.  The resulting oxidized glutathione is

reduced to GSH by NADPH-dependent glutathione

Halliwell-Asada
pathway

reductase.  This series of reactions are known as

the Halliwell-Asada pathway (Asada, 1994).

The AsA-GSH cycle has particular importance in



chloroplasts (which do not contain CAT), in which H,O, and other potentially damaging forms of active
oxygen species are formed as a consequence of photosynthesis (Asada, 1994).  Particularly, APx
allows scavenging of H,O, at its site of production in photosystem I (PSI) (Asada, 1994).

AsA can also react non-enzymically with superoxide and singlet oxygen (Asada, 1994).
Because AsA can directly and indirectly accept electron from photosystem 1, it has been proposed that it
has an important role in the regulation of photosynthesis and as a photoprotectant. ~ Furthermore, it is
also a cofactor for violaxanthin de-epoxidase, which forms zeaxanthin when leaves are exposed to
excess excitation energy.  Zeaxanthin is proposed to quench excitation energy in the light-harvesting
pigment bed and radiate it as heat (Siefermann and Yamamoto, 1975).  Therefore, AsA has a central
role in photosynthesis and can reach concentrations of 10-50 mM in the stroma.

Potato (Solarnmum tuberosum L) tubers are an important source of vitamin C (AsA) for many
people because much AsA remains in potato tubers even after a long storage time. Low
temperature storage of potato tubers can have the beneficial results of lowered respiration rates,
slowed physiological aging, inhibition of sprouting, reduced evaporative water loss, and minimized
microbial pathogenesis.  However, the contents of AsA decrease more rapidly during storage at
low temperature than those at high temperature.  This phenomenon results in the deterioration of
nutritional quality of potato tubers.  Although potato tubers are non-photosynthetic tissue, the
antioxidants and antioxidant enzymes are presumed to play the same role in scavenging active
oxygen species in the chloroplasts. However, the behaviors of antioxidants and antioxidant
enzymes are not fully understood in potato tubers stored at low temperature.

In Chapter 11, the changes of AsA content and antioxidant enzymes were investigated at low
and high temperatures in Solarum tuberosum L. cultivar “Touya’.  As it was ascertained that APx
was a key enzyme to detoxify active oxygen species in antioxidant enzymes, molecular cloning of

APx was carried out in Chapter III.  In Chapter IV, the oxidative stress response of cytosolic



APx using a DNA probe encoding potato tubers cytosolic APx and anti-APx antibody was
investigated. ~ As APx activities were regulated by the concentration of endogenous AsA (Miyake
and Asada, 1996), the changes of AsA contents and antioxidant enzymes were investigated using two
potato tubers with different AsA contents, Solarmum tuberosum L. cultivars ‘Danshaku’ and
‘Kitaakari’, in order to compare the influence of endogenous AsA contents on antioxidant enzymes
under low temperature stress in Chapter V. In Chapter VI, as in Chapter IV, molecular
mechanism of APx was investigated using two potato cultivars with different endogenous AsA
contents.  So far it was demonstrated that H,O, was generated more in potato tubers stored at low
temperature and APx was induced de novo synthesis to detoxify H;O,.  In Chapter VII, the author
cytochemically investigated the localizations of H,O, and APx in potato tubers stored at low
temperature mainly using transmission electron microscopy by its reaction with cerium chloride to
produce electron-dense deposits of cerium perhydroxides and by the immunostaining with anti-APx
antibody.  In Chapter VIIL, taking all data in this study in consideration, the author discussed the
defense mechanism by APx against generation of active oxygen species, particularly H,O,, and the

localization of H;O, and APx in tissue of potato tubers stored at low temperature.



CHAPTER 11
THE BEHAVIOR OF ANTIOXIDANT ENZYMES IN POTATO TUBERS
DURING STORAGE AT LOW TEMPERATURE

II-1  INTRODUCTION

During normal aerobic metabolism, ground state dioxygen can be chemically activated by a
series of univalent reductions, yielding superoxide (O;"), hydrogen peroxide (H,0;) and the hydroxyl
radical (\OH).  Oxygen can also be photochemically activated with an input of energy, yielding
singlet oxygen ('0) (Elstner, 1987).  Activated oxygen is highly reactive and can cause deleterious
oxidations of lipids, proteins, and nucleic acids (Halliwell, 1981; Fridovich, 1986; Halliwell, 1987,
Harper and Harvey, 1978, Liebler and Reed, 1986; Niehaus, 1978; Price and Hendry, 1987; Wise and
Naylor, 1987, Armstrong and Buchanan, 1978; Asada and Takahashi, 1987; Davies, 1987).
Excessive oxidative damage to such molecules can seriously perturb normal cell metabolism.

Superoxide radicals are produced continuously in plant chloroplasts as O, is reduced to O, by
electrons from the photosystems (the Mehler reaction) (Bovetis ef al., 1978; Rabinowitch and Fridovich,
1983) or in mitochondria as electron transport chains leak electrons to oxygen (Elstner, 1987; Fridovich,
1986; Bowler et al, 1994).  Superoxide dismutase (SOD) scavenges the superoxide radical, the one
electron reduced form of oxygen: 2 O,"+ 2H — H,O, + O,.  Most plants contain a number of
SOD isozymes that are located in various cellular compartments.  In pea, Cu,Zn-SOD isoforms are
found in chloroplasts and in the cytosol, whereas Mn-SOD is located in mitochondria.

H,0, is highly toxic.  Detoxification of H,O, is mediated by catalase (CAT) which is
mostly localized in peroxisbmes (Elstner, 1987).  However, CAT possesses a very low affinity (Km
value is more than 1.1 M) for HyO, and its activities are either low or not detectable in cytosol,

mitochondria and chloroplasts (Halliwell, 1981).  In the case of mammalian cells, glutathione



peroxidase plays an important role of detoxification of HyO, in the cytosol and mitochondria (Chance et
al., 1979).  In plant cells, an alternative and more effective detoxification mechanism against H,O,
exists, operating both in chloroplasts and the cytbsol (Asada, 1992). It has been reported that this
detoxification mechanism ié ascorbate peroxidase (APx) by which HyO; is reduced to H,O (Asada and
Takahashi, 1987).

Ascorbate (AsA), one of the important components used to estimate the quality of potato tuber,
decreases more during storage at low temperature (1°C) than at higher temperature (5 or 20°C).
Spychalla and Desborough (1990) demonstrated the possible relationship between the increases in
antioxidants such as SOD, CAT and a-tocopherol and the rate of activated oxygen production in the
potato tubers.  However, little has been reported on the effects of the low temperature during the
storage of potato tubers on AsA decrease.  In this chapter, the behavior of antioxidant enzymes in

potato tuber during storage at low temperatures will be described.

II-2 MATERIAL AND METHODS
I1-2-1 Growth and Storage Conditions.

Tubers of Solarnum tuberosum L. cultivar ‘Touya’ (an hybrid between WB77025-2 and R392-50)
were grown in the experimental farm of Kobe University and stored at 1, 5 and 20°C every 3 weeks for
15 weeks. At various times after storage, tubers were immediately frozen in liquid nitrogen and

stored at -80°C until use.

I1-2-2 Protein Extraction.
For the SOD assay, the frozen sample (10 g) was homogenized in 40 ml of 100 mM
Na,HPO4/KH,PO,4 (pH 7.0). The homogenate was centrifuged at 4,000 x g for 15 min at 4°C.

The supernatant was passed through a PD-10 column (Pharmacia Biotech, Tokyo) equilibrated with 50



mM Na,CO3/NaHCO; (pH 10.2) to remove low molecular weight substances which interfere with the
enzyme assay. For the CAT assay, all procedures were the almost same as for SOD except a
desalting step by column was omitted and the centrifugation was carried out at 105,000x g. ~ For the
APx assay, the sample (5 g) was homogenized in 20 ml of ice-cold extractant.  The extraction
medium contained 50 mM Na,HPO4/KH,PO, (pH 7.0), | mM EDTA, 5% polyvinylpyrrolidone
(PVP-40) and 1 mM AsA.  The homogenate was filtrated through four layers of gauze, and was
centrifuged at 105,000 x g for 10 min at 4°C.  For monodehydroascorbate reductase (MDHAR) and
dehydroascorbate reducatse (DHA) assay, the sample (5 g) was homogenized in 20 ml of 50 mM
potassium phosphate buffer (pH 7.8) containing 2 mM 2-mercaptoethanol.  The homogenate was
filtrated through four layers of gauze and centrifuged at 13,000 x g for 20 min.  For glutathione
reductase (GR) assay, the sample (5 g) was homogenized with 100 mM potassium phosphate (pH 7.8)
containing 2 mM EDTA and 1% PVP-40 at 4°C.  The following procedures were the almost same as
for DHA reductase except the centrifugation was carried out 15000 x g Total soluble protein
content in the enzyme extracts of potato tubers were determined by the method of Lowry et al. (1951).

Bovine serum albumin was the protein standard.

I-2-3  Enzyme assays.
I1-2-3-1) APx (EC 1.11.1.11)

APX activity was elicited out according to the methods of Nakano and Asada (Nakano and
Asada, 1981) in 3 ml of a reaction mixture containing 50 mM potassium phosphate (pH 7.0), 2 mM
AsA, 2 mM H;0; and 100 pl of enzyme extract.  Oxidation of AsA was determined by monitoring
the decrease in absorbance at 300 nm (extinction coefficient 0.74 mMecm™).  One unit of APx was

defined as the amount of enzyme oxidizing 1 pumole of AsA per minute.



1-2-3-2) CAT (EC 1.11.1.6)

CAT activity was measured at 25°C according to the method described by Aebi (1984).
The assay contained 3.125 mM H,O, in 50 mM phosphate buffer (pH 7.0) and 200 pl of enzyme
extract in a total volume of 3 ml.  CAT activity was estimated by the decrease in absorbance of H;O,
at 240 nm; one unit of CAT was defined as the amount of enzyme dismuting 1 pumole of HO, per
minute.
11-2-3-3) SOD (EC 1.15.1.1)

SOD activity was determined essentially as described by Spychalla and Desborough (1990).
The assay was performed at 25°C in a 3 ml cuvette containing 50 mM Na,CO3/NaHCO; (pH 10.2), 0.1
mM EDTA, 0.015 mM ferricytochrom ¢, and 0.05 mM xanthine.  The assay was initiated by the
addition of sufficient xanthine oxidase to produce a basal rate of ferricytocrome ¢ reduction
corresponding to an increase in Asso of 0.025.  After determination of the amount of xanthine oxidase,
enzyme extract was added and the resulting reaction velocity calculated.  One unit of SOD was
defined as the amount of enzyme inhibiting the rate of ferricytochrom ¢ reduction by 50%.

II-2-3-4) MDHAR (EC 1.6.5.4)

MDHAR activity was determined as described by Hossain ef al. (1984).  The reaction
mixture (1 ml) contained 50 mM Tris-HCI buffer (pH 7.6), 0.1 mM NADH, 2.5 mM AsA and AsA
oxidase (0.14 unit, 1 pmole Ascorbate oxidized min’ being 1 unit) at 25°C.  Oxidation of NADH
was determined by monitoring the decrease in absorbance at 340 nm (absorbance coefficient 6.2
mMecm?)
11-2-3-5) DHAR (EC 1.85.1)

DHAR activity was assayed at 25°C by following the increase in absorbance at 265 nm
(absorbance coefficient 6.2 mM”scm™) due to the GSH-dependent production of AsA (Nakano and

Asada, 1981).



II-2-3-6) GR (EC 1.6.4.2)

GR activity was determined at 25°C according to Rao (1992), by following the rate of
NADPH oxidation at 340 nm.  The assay mixture contained 0.2 mM NADPH, 0.5 mM GSSG and 2
mM EDTA in 0.1 mM potassium phosphate buffer (pH 7.8).  GR activity was expressed as nmole

NADPH oxidized mg” proteinemin’.

11-2-4 Quantitative Analysis of AsA by HPLC.

The sample (10 g) was homogenated in a sufficient amount of cold 5% metaphosphoric acid
(20 ml) and filtrated through four layers of gauze.  The filtrate was centrifuged at 10,000 x g for 20
min at 4°C, and the supernatant was passed through a Millipore filter (0.22 um).  HPLC analysis was
performed with slight modifications according to the method of Rose and Nahrwold (1981).  For the
HPLC, the filtrate was applied to a 5 NH; column (4.6 x 250 mm, Nakarai tesque, Japan) using a GL
Sciences model 570B; the sample was then eluted with 20 mM KH,PO,/CH;CN (20:80, v/v) at a flow
rate of 2 ml/min. An UV detector was used at 254 nm.  The quantity of AsA in the potato was

determined using three replicates each.
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II-3 RESULTS

SOD activity was low in tubers at
zero time storage (Figure II-1A), peaked at 6
weeks after harvest in tubers stored at 1 and
5°C and returned to basal levels by 15 weeks,
It was increased approximately 2.5-fold
during the first 6 weeks of storage at 1 and
5°C.  On the contrary, tubers stored at
20°C tended to increase gradually by
12weeks 1.7-fold, and thereafter reached to
the almost same level as the tubers stored at 1
and 5°C.  Over the course of the entire
storage, tubers stored at 1 or 5°C seems to
have higher SOD activity than at 20°C.

CAT activity decreased once by
6weeks and then increased by 15 weeks
again (Figure II-1B). Tubers during
storage at 1 and 5°C for 15 weeks storage
had higher CAT activity than tubers at 20°C.
Moreover, CAT activity after the storage for
15 weeks at 1 and 5°C returned to the levels

at zero time storage.  However, in the case
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Figure 1I-1.  Changes during storage in
(A) superoxide dismutase activity, (B)
catalase activity and (C) ascorbate
peroxidase activity.  After tubers had
been stored at 1°C (M), 5°C (O) or 20°C
(A) for the times indicated samples were
taken for the determination of tissue levels of
each antioxidant enzyme activity. — Data
are mean SE (n=3).

of storage at 20°C, its levels at 15 weeks decreased just to 0.7-fold original levels.

APx activity shows almost the same behavior as SOD activity (Figure II-1C).  During the

11



first 3 weeks of storage at 1°C potato tubers increased their APx activities, and thereafter declined and
returned to basal levels by 15 weeks.  All over of the entire storage, tubers stored at lower temperature
had higher activity than at higher temperature. ~ Thus, when potato tubers were stored at low
temperature, antioxidant enzymes such as SOD, CAT and APx were induced.  These demonstrated
that active oxygens were generated more at lower temperature than at high temperature during the
storage.

Because the metabolism of H;O, involving APx uses AsA as a substrate, cellular levels of
AsA were investigated in potato tubers stored at 1°C as compared with at 5 and 20°C.  As shown in
Figure II-2, in tubers stored at 1°C AsA contents rapidly decreased by 6weeks and thereafter continued
to dwindle by 15weeks whereas in tubers at 20°C they remained fairly static. = While AsA contents at
5°C storage after 15 weeks were similar to that at 1°C for 15 weeks, differences were nevertheless

evident at moderate periods of storage between 3 to 12 weeks at lowest temperature.
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Figure II-2.  Changes of ascorate contents during storage. Used symbols
were the same in Figure 1. Data are mean SE (n=3).
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It has recently reported that APx
was inactivated at a low concentration of
AsA resulting in the instability of
Compound I to HO, (Miyake and Asada,
1996). This might cause APx to
inactivate during the storage after 6weeks.
Then, we measured each enzyme
associated with ascorbate recycling
(Halliwell-Asada  pathway). Figure
II-3A shows that during storage at 1°C,
MDHAR activity increased by 12 weeks
and then returned to baseline levels but in
storage at 5 and 20°C it not change so
much.  Particularly, at 5°C, it tended
rather to decrease.  In the other two
enzymes, DHA and GR, no drastic
changes were observed during storage at

each temperature (Figure 1I-3 B and C).
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11-4 DISCUSSION

In this chapter, the behaviors of antioxidant enzymes such as SOD, CAT and APx in potato
tubers were investigated during storage at low temperatures, because oxygen solubility in water is a
function of temperature. ~ There is 40% more dissolved oxygen in water at 9°C than 25°C, and 16%
more at 3°C than at 9°C (Forstner and Gnaiger, 1983).  This is important since electron transport
chains leak electrons to oxygen forming superoxide radicals (Elstner, 1987, Fridovich, 1986; Boveris et
al, 1978).  The rate of this leakage reflects proportionally to the local oxygen concentration
(Halliwell, 1987).

Dismutation of O,” by SOD might be the primary step for the defense against the low
temperature treatment.  SOD activity was a dramatic 2.5-fold increase in tubers placed into 1°C
storage compared to the zero time measurement with a corresponding increase in APx activity during
the storage at 1°C (Figure II-1A and C).  This result seems to demonstrate that following
dismutation of O, into HO, and O, by SOD, APx reduces H,O, into water by converting AsA into
monodehydroascorbate.  Okuda ef al. (1991) have previously observed levels of H;O, rise in leaves
of winter wheat when subject to cold treatments. A similar situation also exists in chilled cucumber
plants (Omran, 1980)) and in maize seedlings (Prasad ef al., 1994).  Such procedures resulting in
increased APx at low temperatures may be the protection mechanism against HO,.  In fact,
overproduction of SOD can be toxic to cells because excess H,0; reacts with Fe** to produce highly
toxic «OH (Mao er al, 1993). |

CAT, another H,O, scavenging enzyme, did not correspond to SOD increase (Figure 1I-1B).
CAT activity decreased first until APx activity tended to decrease and then increased slowly to basal
levels during the storage at 1 and 5°C.  Spychalla and Desborough (1990) also reported the same
results in CAT activity when potato tubers were stored at low temperature such as 3 or 9°C.  This

might be caused by either that CAT does not work until H,O, concentration increases more than certain
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threshold because CAT possesses a very low affinity for H;O, or that CAT is localized in peroxisomes.

Gupta ef al. (1993) have observed that there is a compensatory increase in the expression of
APx in transgenic tobacco plants that overexpress Cu,Zn-SOD.  This seems to suggest that APx was
induced to protect against hydrogen peroxide generated by SOD. It was suspected that an increase of
SOD activity at low temperatures could be inducing increased levels of hydrogen peroxide that can
diffuse freely between organelles and cytosol.  Thus, the newly accumulated hydrogen peroxide in
turn may be triggering a mechanism that increases the activities of APx.

It has been reported that mitochondria generated oxidative stress was the major source of the
cytosolic HyO, (Puntarulo, 1991).  Indeed, APx which is located only in cytosol in potato tubers (Elia
et al., 1992), was activated within 6 weeks. It seems that APx which has the higher affinity for H,0O,
works at low temperatures to detoxify H,0,, resulting the consumption of AsA as an electron donor.
It is generally said that oxidized ascorbate produced by APx is reduced to AsA by reactions that are
catalyzed by MDHAR, DHAR and GR in a series of reactions known as the Halliwell-Asada pathway
(Bowleretal, 1992). It was demonstrated that MDHAR was the most sensitive to low temperatures
(Figure II-3A).  This phenomena was also reported by Gupta et al. (1993). However, MDHAR
activity was just 2% at the maximum to APx activity, suggesting that the contents of AsA decreased
during storage even if the recycling system of AsA was activated by low temperature. ~ Recently, it
has reported that APx was inactivated at a low concentration of AsA resulting in the instability of
Compound I to H,O, (Miyake and Asada, 1996).  As shown in Figure II-2, the concentration of
AsA decreased more rapidly in the storage at 1°C than at higher temperatures.  Therefore, the
decrease of APx activity after storage for 3 weeks might be caused by the depletion of AsA as an

electron donor in potato tubers at low temperatures.
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CHAPTER 111
CLONING OF ASCORBATE PEROXIDASE IN POTATO TUBER

III-1 INTRODUCTION

In Chapter 11, it was demonstrated that APx was the most sensitive in potato tuber under
low-temperature stress and it was suggested that this enzyme played an important role of detoxifying
H,0, germinated in potato tuber under low-ternpérature stress. Indeed there are many reports that APx
responds to a wide range of environmental stresses.  Ushimaru ef all (1997) suggested that APx
played important roles in the protection against oxidative stress after exposure of rice (Oryza sativa)
seedlings germinated under water to air.  In infected tomato leaves, it was suggested that APx was
mobilized as a detoxification mechanism for active oxygen spices (Kuzniak and Sklodowska, 1999).
In Arabidopsis thaliana, APx was synthesized when the plant was irradiated with UV-B (Rao ef al,
1996).

APx in higher plants exists in at least three forms: cytosolic, stromal and thylakoid
membrane-bound isoforms (Chen and Asada, 1989; Tanaka ef al, 1991, Miyake and Asada, 1992).
Recently, some reports mentioned that the other types of APx were localized in mitochondria from pea
leaves (Jimémez et al., 1997; 1998), in membranes from oilseed glyoxysome (Yamaguchi et al., 1995,
Bunkelmann and Trelease, 1996), and in peroxisomes (Yamaguchi ef al, 1995).  Several cDNAs
which encode cytosolic APx of pea (Mittler and Zilinskas, 1992), Arabidopsis (Kubo et al., 1992;
Santos ef al,, 1996), and fruits of bell pepper (Schants ef al, 1991) have been isolated. = However,
potato APx cDNA has not been isolated and it was not known which form of APx efficiently detoxified
H,0; in potato tuber under low-temperature stress.  In this chapter, in order to determine the sequence

and the form of APx in potato tuber, cloning from potato cDNA library was performed.
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I11-2 MATERIAL AND METHODS
I11-2-1 Total RNA preparation.

Total RNA was prepared essentially as described by Yoshioka e al. (1995). Stored
tubers were ground to fine powder in a mortar with a pestle under liquid nitrogen.  The powdered
cells were immediately transferred to the mixtures of phenol/chloroform/isoamyl alcohol (25:24:1, v/v, 2
ml/g tissues), to which an equal volume of RNA extraction buffer (0.1 M Tris-HCL, pH 9.0, 1% SDS‘,
0.1 M NaCl, 1 mM EDTA) and 1/5 volume of 2-mercaptoethanol were added. = After the
centrifugation at 2,000 x g for 20 min the resulting aqueous phase was adjusted to 0.25 M NaCl and
subjected to RNA precipitation with an equal volume of isopropanol at -80°C for 30 minutes. ~ After
the centrifugation at 2,000 x g for 40 min at 4°C, the total RNA was isolated from the pellet according to
the method of Chomczynski and Sacchi (1987) with a slight modification. =~ The denaturing stock
solution was composed of 4 M guanidium thiocyanate, 25 mM sodium citrate (pH 7.0), and 0.5%
sarcosyl. Denaturing solution (solution D) was fleshly prepared by adding 2-mercaptoethaﬁol (final
concentration at 0.1 M) into the above solution. The pellet was completely dissolved in 500 pl of
solution D by drawing the solution up and down several times through a 18G needle fitted ona 1 ml
syringe.  Sequentially, 50 pl of 2 M sodium acetate (pH 4.0), 500 p of phenol (water saturate), and
500 l of chloroform:isoamy! alcohol mixture (49:1) were added to the tube, with thorough mixing by
inversion after the addition of each reagent. ~ The final suspension was shaken vigorously for 10 sec
and cooled on ice for 15 minutes.  The tubes were centrifuged at 15,000 rpm for 20 min at 4°C.
After centrifugation, the aqueous phase was transferred to a fresh tube, mixed with 1 volume of
isopropanol (or 2.5 volume of ethanol) and 1/10 volume of 3 M sodium acetate (pH 5.2), and then
placed at —80°C for 15 min to precipitate RNA. ~ Centrifugation at 15,000 rpm was again performed
and the resulting RNA pellet was resuspended in 75% ethanol. ~ After centrifugation, the supernatant

was sucked off and the pellet was dried for 5 min, and RNA precipitation was dissolved in 200 pl of

17



diethyl pyrocarbonate (DEPC) treated water. ~ The absorbance at 260 nm was measured by
spectrophotometer and total RNA concentration was calculated (1 ODy was considered as 40 ig/ml).
Finally, total RNA was dissolved in DEPC treated water to adjust the concentration to 11 pg/5 pl.
I11-2-2 ¢cDNA synthesis.

Total RNA from potato tubers was transcribed into single-stranded cDNA, following the
protocol of 1st Stand cDNA Synthesis Kit for RT-PCR (AMV) (Boehringer Mannheim).  The
reaction solution , consisting of 10x Reaction buffer (2.0 pl), 25 mM MgCl, (4.0 ul), deoxy nucleotide
mix (2.0 pl), Oligo-pd(T)15 Primer (2.0 ul), RNase Inhibitor (1.0 pl), AMV Reverse
Transcriptase-Polymerase (0.8 pl), sterile water (7.7 ul), and 1 ug of total RNA (0.5 ul) was incubated at
25°C for 10min and then at 42°C for 60 min in a thermocycler (GeneAmp PCR System 9700).
AMYV Reverse Transcriptase was denatured by incubating the reaction at 99°C for 5min and afterward
cooling to 4°C for 5 minutes.

11I-2-3 Amplification of APx DNA fragment by polymerase chain reaction (PCR).

The sense primer (APx1)

TableIII-1.  The sequence of APx1 and APx2
and the antisense primer (APx2) Primer Sequence

, , APxl | 5-GCATGGCACTCTGCTGGTAC-3"
(each synthesized 20 mer primer  Apy) | 5" TCATCCGCAGCATATTICTC-3’

described in table 1II-1) were

designed as a part of high homology among three plants APx cDNAs; Arabidopsis thaliana, soybean
(Glycine max .), and radish (Raphanus L.). APx DNA fragment was amplified from potato cDNA
by PCR, following the protocol of Expand™ Hight Fidelity (Boehringer Mannheim). ~ Two master
mixes were set up as follows.  Master mix 1 contained 1.6 pl of 25 mM dNTP mixture (consisting of
each 25 mM dATP, dCTP, dTTP, and dGTP, respectively, Pharmacia Biotech), 0.5 wl of each two primer
(100 pmol/ul APx1, and APx2, respectively), 3 pl of cDNA (synthesized by reverse transcription), and

44 4l of sterile water.  Master mix 2 contained 10 pl of 10x Expand HF buffer with 15 mM MgCl,,
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0.75 Wl of Expand enzyme mix and 39.25 wl of sterile water. Equal volume of master mix 1 and 2
were mixed in a PCR tube and placed in a thermocycler.  Template was denatured at 94°C for 2min

and then PCR was performed, 25cycles. ~ One cycle was composed of 3; degeneration (at 94°C for 15

sec), annealing (at 45°C for 30 sec) and

44— 25cycles——p
elongation (at 72°C for 1 minutes). 94°C 94°C

_ 2min 15sec 72T 72°C
Finally, the sample was kept at 72°C for 45c / 1lmin Tmin

30sec

7 min with a final extension (Figure

L1 Figure IlI-1.  The chart of amplification for APx by PCR.
- )

I11-24 Check of PCR product size.

The size of PCR product was checked by agarose electrophoresis.  The mixture of sample
(5 i), 5x dye |5 ul; composed of 1.25 pl of 100% autoclaved glycerol, 0.1 pl of 0.25 M EDTA (pH 8.0),
0.25 wl of 10% SDS (w/v), 6.25 ug of bromophenol blue, 6.25 ug of xylene cyanol, and 3.4 ul of
autoclaved water] and molecular maker (10 ul; composed of 0.5 pg of ADNA treated by Eco T14 I) was
analyzed on 0.9% agarose gel containing 1x TAE [8 mM Tiis, 8 mM acetic acid, and 10 mM EDTA
(pH 8.0)] in 1x TAE electrophoresis buffer. ~ The gel was stained for 10 min by etidium bromid (1.0
ug/ml) and then washed in distilled water for 10 minutes. PCR produét oould be observe on the
tranceilluminater. |
I11-2-5 DNA purification from agarose gel.

Equal volume of phenol was added in final PCR solution and mixed vigorously. After the
centrifugation at 6,000 x g for 3 min, the resulting aqueous phase was transferred to new tube. Three
molar sodium acetate (pH 5.2, 1/10 volume of this aqueous phase) and 100% ethanol (2.5-fold of this
aqueous phase) were added and mixed. ~ After it was placed for 10 min at room temperature, it was
centrifuged at 15,000 rpm for 10 min at4°C.  The pellet was washed with 70% ethanol and dried for

5 minutes. DNA precipitation was redissolved in appropriate volume of 1x TE [consisting 0.5 M

19



Na(l, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA].

After checking the size of the PCR product, the gel containing the band of PCR product was
excised on tranceilluminater. ~ The gel slice was put in a centrifugation tube with DNA recovery filter
(SPRECW—OI, Takara) and the tube was placed af -80°C for 30 minutes.  After cooling, the tube was
placed at 37°C for 5 min, and centrifuged at 10,000 rpm for 10 minat4°C.  1x TE (200 pl) was added
to the agarose gel remaining on filter and mixed, and then the tube was centrifuged again at 10,000 rpm
for I0minat4°C.  The filter was removed and 1 pl of glycogen (20 mg/ml), double volume of 100%
ethanol, and 1/10 volume of 3 M sodium acetate were added to the filtrated solution, and then the tube
was placed at -80°C for 10 minutes. The sample was centrifuged at 15,000 rpm for 10 min at 4°C and
the pellet was resuspended with 80% ethanol. Centrifugation was performed again at 15,000 rpm
for 10 min at 4°C, then the pellet was dried and dissolved in 20 pl of 1x TE.  Electrophoresis was
performed to check the size of PCR product.

I11-2-6 Subcloning of APx.
MI1-2-6-1) Ligation.

The PCR product was cloned into the vector pT-Adv (Clontech; AdvanTAge™PCR Cloning
Kit).  The ligation reaction mixture was composed of 2.9 pl of PCR product, 1 pl of 10x Ligation
buffer, 2 pl of pT-Adv Vector (25 ng/ul), 1 wl of TADNA ligase (4.0 Weiss units/ul), and 3.1 ul of sterile
water.  The ligation reaction was incubated at 14°C for overnight.
111-2-6-2) Transformation.

The ligation reaction solution (20 pl) and the 100 ! of thawed JM109 competent cell (Toyobo)
were gently mixed with the pipette tip, and then the tube was incubated on ice for 30 minutes. ~ The
tube was placed for exactly 30 sec in a 42°C water bath to produce heat shock, and then the tube was
placed on ice for 2 min immediately. ~ SOC medium (500 pl, consisting of 2% Bacto tryptone, 0.5%

Bacto yeast extract, 10 mM NaCl, and 2.5 mM KCl) preheated at 37°C was added to the tube, and the
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tube was shook horizontally at 37°C for 1 h in a rotary shaking incubator.  The tube containing the
transformed cell was placed on ice, and the transformed cell solution (50 pl and 200 pl) was spread on
LB/ X-Gal / IPTG plate [consisting 1% Bacto tryptone, 0.5% Yeast extract, 0.5% NaCl, 1.5% Bacto
agar, 04% X-gal, 0.1 mM IPTG (Isopropyl-B-D-thiogalactopyanoside)] containing 50 pg/ml -of
ampicillin. ~ These plates were incubated in at 37°C overnight and at 4°C for an additional 2 h to allow
proper color development.

I11-2-6-3) CTAB-boiling plasmid miniprep.

The white colonies were selected and these colonies were grown over night in 2-5 ml LB plate
(consisting 1% Bacto tryptone, 0.5% Yeast extract, 0.5% NaCl and 1.5% Bacto agar) containing 50
ug/ml of ampicillin.  The solution was centrifuged at 15,000 rpm for 1 min at 4°C.  The precipitate
was dissolved vigorously in 200 pl of STET consisting 8% sucrose, 50 mM Tris-HC] (pH 8.0), 50 mM
EDTA (pH 8.0) and 0.1% Triton X-100.  Then 4 ul of lysozyme solution consisting 10 mg lysozyme
in 200 pl STET was added to 5 pl RNase A (25 mg/ml in TE), and mixed vigorously.  The tube was
placed at room temperature for 5 min and confirmed jelly in the tube, and then incubated in boiling
water for 45 sec.  After the centrifugation at 15,000 rpm for 10 min at 4°C, the white pellet was
removed by pick.  Five percentage of hexadecyltrimetylammoniumbromide (CTAB) solution (10 pl)
was added to the tube, and the tube was placed for Smin at room temperature. ~ After a centrifugation
at 15,000 rpm for 10 min at 4°C, the pellet was dissolved in 300 pl of 1.2 M NaCl and added 750 pl of
95% ethanol was added, and then placed at -80°C for 10 minutes. Centrifugation at 15,000 rpm for
10 min was again performed and the resulting pellet was resuspended in 300 pl of 70% ethanol to wash.
After a centrifugation, the pellet was dried for 15 min, and the precipitate was dissolved in 20 pl of 1x
TE.
111-2-6-4) Incision of inserted PCR product from plasmid by restriction enzyme.

As PCR product was flanked on each side by EcoRl, it was excised from plasmid by
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restriction enzyme EcoRI.  The plasmid (150 ng) was digested completely at 37°C for 1 h by 0.04 pl
of EcoRI (10 unit/ul, Fermentas) in H-Buffer. Electrophoresis was performed to check excised PCR
product, and then PCR product was purified as in IT1-2-5.
II1-2-6-5) Partial APx sequencing.

DNA sequencing reaction was performed following the protocol of AutoCycle™ Sequencing
Kit (Pharmacia Biotech). Master Mix (18 pl) contained DNA 0.2-0.5 pmol (plasmid 0.5-2 pg),

Table. III-2.  The sequence of fluorescence primer

Primer Sequence
(Cy5) M13 Universal Primer 5’-F CGACGTTGTAAAACGACGGCCAGT-3’
(Cy5) M13 Reversal Primer 5’>-FTTTCACACAGGAAACAGCTATGAC-3’

fluorescence primers (2 wl of 1 pmol/ ul; shown in Table IHI-2), reaction buffer (2 ul), NTP solution (5
w), Tag DNA polymerase (2 wl, 2.5 unit/2 ul), DMSO (2 pl), and distilled water. Each of ddATP,
ddCTP, ddGTP and ddTTP was added at a volume of 2 pl to 4 tubes. ~ And then Master Mix (4 pl)

was added each tube, and mixed. PCR was performed following chart (Figure HI-2).  After all

cycles were completed, tubes were
17cycles | <4— 13cycles ¥

placed on ice and 4pl of stop ! 95° 95°C
! 3sec ° 36sec \_72C_ 1 72°C
solution were added.  In order to ! o 8dsec | 84sec | Smin-
! ! !

36sec '
degenerate the DNA , these Figure ITI-2.  The chart of sequence reaction.

solutions were heated at 95°C for 2-3 min and immediately placed onice. ~ Thereafter these solutions
were applied to the sequencer (ALFexpress DNA Sequencer).
11-2-7 Plaque hybridization (Screening of the cDNA library).

A potato tuber cDNA library constructed with the Zap-cDNA synthesis kit was a gift from Dr.
H. Yoshioka, Nagoya University.
111-2-7-1) Preparation of the host bacteria.

The bacteria XI.1-Blue MRF’ glycerol stock were grown at 37°C shaking over night in 3 ml
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of NZY broth adjusted with NaOH to pH 7.5, composed of 0.5% NaCl, 0.2% MgSOy * 7TH,0, 0.5%
yeast extract, and 1.0% NZ amine (casein hydrolysate) supplemented with tetracycline (final
concentration of 12.5pg/ml). Bacteria (3 ml) were added into 100 ml of NZY medium
supplemented with tetracycline, and grown again at 37°C shaking until an ODssp of 0.5.  After
centrifugation at 5,000 1pm for 5 min at 4°C, the pellet was gently resuspended in 40 ml of 10 mM
MgSO, and used as host cell.

111-2-7-2) Titer of the cDNA library.

Various dilutions (from 10" to 107) of the cDNA library were prepared in SM buffer
consisting 50 mM Tris-HCI (pH 7.5) , 100 mM NaCl, 0.2% MgSO; - 7H,0, and 0.01% gelatin.  Each
10 Wl of the dilution of the cDNA library were added to 200ul of host cell and this mixture was
incubated at 37°C for 30 min to allow the phage to attach to the cell. ~ The solution (210 pl) and 2.5 ml
of NZY top agar (NZY broth and 0.7% agarose were autoclaved and supplemented at the final
concentration 100 pg/ml ampicillin) were mixed and plated immediately on prewarmed NZY agar
plates (NZY broth and 15% Bacto agar were autoclaved and supplemented at the final concentration of
12.5 pg/ml Tetracycline). | After incubation at 37°C for 10 h, the plaques were counted and the titer in
plaque-forming units per milliliter (pfu/ml) was determined.
111-2-7-3) Plaque lifting.

Plaques lifting was performed flowing the protocol of Colony/Plaque screen™ Hybridization
Transfer Membranes (NEN™ Life Science Products). ~ Approximately 3 x 10° plaques were screened.
Plates were chilled to 4°C for 1 h prior to lifting.  The dry membrane was placed on to the agar for 3
min and position was marked by magic marker at appropriate position. ~ The membrane was carefully
removed from the plate and was placed with plaque side up onto a pool of 0.5 N NaOH (0.75 ml) at
evenly place.  After 2 min, the membrane was removed and placed on blotting paper (plaque side up).

The membrane was placed again onto the pool of fresh 0.5 N NaOH for more 2 minutes. ~ After
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removing the excess NaOH on blotting paper, the membrane was placed with plaque side up on to the
pool of 1.0 M Tris-HCl buffer (0.75 ml, pH 7.5) for 2 minutes.  The membrane was removed and
placed on blotting paper (plaque side up), and placed again onto the pool of the same buffer. Excess
buffer was removed and the membrane was wiped up with filter paper and UV-crosslinked fqr 3
minutes. Before prehybridization, the membrane was wet in 2x SSC (consisting 33.3 mM NaCl
and 33.3 mM CgHsO;Nas, pH 7.0).

111-2-7-4) Preparation of labeled probe.

The subcloned DNA (described at III-2-6) was used as probe.  Labeling was performed
following the protocol of AIKPhos Direct labeling kit (Amersham Life Science). DNA was diluted to
be labeled to a concentration of 10 ng/ul using the water supplied.  Diluted DNA sample (10 pl) was
placed in a microcentrifuge tube and denatured by heating for 5 min in a vigorously boiling water bath.
The DNA was immediately cooled on ice for 5 min and the cooled DNA was added to an equal volume
of reaction buffer, 1/5 volume of labeling reagent, and equal volume of the cross-linker working solution
in turn and the solution was mixed thoroughly but gently at each addition. = The reaction mixture was
incubated for 30 min at 37°C.  The probe can be immediately used or kept on ice for up to 2 h.
I1I-2-7-5) Plaque hybridization.

Hybridization was performed following the protocol of AlKPhos Direct labeling kit
(Amersham Life Science Itd).  The membranes were placed at 55°C in 2x SSC before
prehybridization. The required volume (0.125 ml/cm® membrane) of AIKPhos Direct hybridization
buffer (0.5 M NaCl and 4% Blocking reagent) was pre-heated to 55°C.  The membrane was placed
into plastic bags containing the hybridization buffer and prehybridized for more than 1 h at 55°C in
hybridization oven.  The labeled probe (10 pg/mi buffer) was added to the buffer used for the
pre-hybridization step.  Hybridization was performed at 55°C ovemight in hybridization oven.

After hybridization, the membrane was washed twice at 55°C for 10 min in primary wash buffer
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consisting of 2 M Urea, 0.1% SDS, 50 mM Na phosphate buffer (pH 7.0), 150 mM NaCl, 1 mM MgCl,
and 0.2% Blocking reagent (Amersham Life Science), and then washed twice at room temperature for 5
min in secondary wash buffer containing S0 mM Tris, 100 mM NaCl, and 2 mM MgCl,.

II1-2-7-6) Detection.

Detection was performed following the protocol CDP-Star™ detection kit (Amersham Life
Science).  After removing the excess secondary wash buffer on filter paper, the membrane was placed
with DNA side up on Saran Wrap ™, and detection reagent was pipetted on to the membrane and left on
for 5 minutes.  Excess detection reagent was drained off by touching the comer of the membrane on
the non-absorbent surface.  The membrane was warped in Saran Wrap ™, and exposed to film with
DNA side up for 1 h in the cassette.

III-2-7-7) The extraction of phage from plaque.

The putative clones with the strongest signal on film were determined. ~ The putative clones
that lined up with the film spot were cut out from the stock plate using an inverted 1000 pl tip. ~ These
putative clones were put into 1 ml of SM buffer, and vortexed vigorously at 4°C for 2 hours. ~ The
supernatant (500 ul) centrifuged at 15,000 rpm for 10 min at 4°C was stored at —80°C and used after
experiments.
111-2-7-8) Amplification of APx DNA fragment from phage.

In order to select the phage (extracted at III-2-7-7) that inserted the longest APx DNA
fragment, PCR was performed following the same protocol described in III-2-3.  The sequences of
the sense primer (T3 primer) and the antisense primer (APx2) were listed in Table II-3.  The size of

PCR product was checked by electrophoresis following the protocol described in I11-24.

Table ITI-3.  The sequence of T3 primers and APx2

Primer sequence
T3 5’-AATTAACCCTCACTAAAGGG-3’
APx2 5’-TCATCCGCAGCATATTTCTC-3’
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I11-2-7-9) Second Screening.

The selected phage and the bacteria (XL1-Blue MRF’) were mixed and incubated at 37°C for
30 min to allow the phage to attach to the cell. ~ The plaque lifting, prehybridization, and hybridization
were performed similarly as described in IT1-2-7-3 to I11-2-7-6.

I1-2-8 In vivo excision.
I11-2-8-1) Preparing the Host cell.

XL1-Blue MRF” and SOLR cells were cultured in LB broth, 0.2% maltose and 10 mM
MgSO; at 30°C over night.  After centrifugation at 5,000 rpm for 5 min at 4°C, the collected cells
were diluted with 10 mM MgSOj; in order to adjust to ODeoo=1.0
I11-2-8-2) In Vivo excision using ExAssist"™" helper phage with SOLR strain.

In vivo excision was performed following the protocol of Zap-cDNA synthesis kit. The
ExAssist/SOLR system is designed to allow efficient excision of the pBluescript phagemid from the
Uni-Zap vector.  The ExAssist helper phage contains an amber mutation that prevents replication of
the phage genome in a nonsuppressing E. coli strain such as SOIR cells.  This allows only the
excised phagemid to replicate in the host, removing the possibility of productive co-infection from the
ExAssist helper phage.  Since the ExAssist helper phage cannot replicate in the SOLR strain,
single-stranded rescue cannot be performed in this strain using this helper phage.

XL1-Blue MRF’( 200 pl), ExAssist™ helper phage (1 ul), and phage stock (250 pl, prepared
at 111-2-7-9) were incubated at 37°C for 15 min in 50 ml tube. LB broth (3 ml) was added and
incubated for 3 h at 37°C with shaking.  The tube was heated at 70°C for 20 min, and then centrifuged
for 15min at 1,000 x g.  The supematant (1.5 ml) was transferred to a new tube and stored as phage
stock at 49°C.  SOLR cells (200 wl) prepared at 111-2-8-1 were added to two 1.5 ml tubes, and 100 pl
of the phage stock was added to one tube and 10 pl of the phage stock to the other tube.  The tubes

were incubated! at 37°C for 15 min and 200 p! from each tube was plated on LB-ampicillin plate, and
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then these plates were incubated overnight at 37°C.  Colonies appearing on the plate contain the
pBluescript double-stranded phagemid with the cloned DNA insert.  Helper phage will not grow,
since they are unable to replicate in nonsuppressing SOLR strains and do not contain
ampicillin-resistance genes.

I11-2-8-3) Incision of DNA fragment from phagemid by restriction enzyme.

The preparation of phagemid was preformed following the same protocol described at
III-2-6-3.  Insert DNA fragment was excised from phagemid by EcoRI and Xho 1, and the size of
insert DNA fragment was checked by electrophoresis similarly as described in T11-2-4.

I11-2-9 DNA sequencing.

DNA sequencing reaction was performed following the protocol ABI PRISM™310 Genetic
Analyzer (Applied Biosystems). Each primer (1.6 pl of 2 pmol/pul) , premix (4.0, Applied
Biosystems), plasmid (1.0 ul of 100 ng/ ul), and autoclaved water (3.4 pl) were mixed and placed in a
thermocycler. PCR was performed following chart in Figure. III-3.  After reaction, 10 pl of
autoclaved water were added.  Three molar sodium acetate (2 1ul) and 95% ethanol (50 pl) were
added to the solution and the tube was placed at room temperature for 15 minutes.  The sample was

centrifuged at 15,000 tpm for 20 min at room temperature and the pellet was resuspended with 70%

ethanol. Centrifugation ~ was I 25 cycles | I

. 96°C 96°C

15,000 for 10
performed again at 15,000 rpm for p—m 0w
min at room temperature and then the 60°C
G 4min \
pellet was dried. Moreover, ethanol Ssec 4C
keep

was completely removed by Figure I11-3.  The chart of sequence reaction.

Kimwipe. The pellet was dissolved in 20 pl of TSR (Template Suppression Reagent, Applied
Biosystems) and heated at 95°C for 2 minutes.  Immediately, the solution was placed on ice and then

applied to the sequencer (ABI PRISM™ 310 Genetic Analyzer, Applied Biosystems).
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I11-3 RESULTS

HI-3-1 Subcloning of APx.
The size of RT-PCR products was checked by electrophoresis (Figure 1l1-4).  The band

showed 588-bp that corresponded to the size of APx DNA fragments. ~ After subcloning, the plasmid in
ecach clone was digested with EcoRI to check the insert DNA fragment.  As shown in Figure 111-5,
clone 3, 7 and 11 indicated just two bands that corresponded with pT-Adv vector (3,900-bp) and APx

DNA fragment (588-bp), respectively.

(bp)
19,329
7,743
6223

4,254
3,472

2,69
1882
1,489 -

95—

588 b
I P

M APx

Figure I1I4.  Electrophoresis of APx DNA probe amplified by PCR.
M: molecule marker.

M 1 2 3 4 5 6 7 8 9 10 11 12 13 M

3472 bp ‘ o pT-Adv Vector
(3,900 bp)

925 bp
APx (588 bp)

Figure III-5.  Electrophoresis of plasmid containing APx DNA fragment in pT-Adv vector
from each clone restricted by Eco RI.  M: molecule marker. 1~13: clone number
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111-3-2 Partial APx sequence.

Clone 3, 7, and 11 were used for sequence reaction.
the same sequence, a partial APx sequence from clone 7 is shown in Figure II1-6.
showed high homology with tobacco (90%) and Arabidopsis (80%) and spinach (81%), and deduced
amino acid sequence showed high homology.  As shown in Figure TII-7, the amino acid sequence of
partial APx aligned with tobacco cytosolic APx shows the highest homology from N terminal 41 to 221

residue, being 91%.  From these results, this DNA fragment seemed to be a cytosolic APx DNA

fragment.

Potato
Tobacco

Potato
Tobacco

Potato
Tobacco

Potato
Tobacco

Figure II1-7.

TTCATCOGCAGCATATTTCTCAACAAGGGACGGAAAGCRGGGTSACAG
AGGAGAGCCTTGTCTGATGGCAACTGTAAGAGCCCTTCTTITTTCCCSA
CTCAAAAGCTCOGTGAAGTATGAATTGTCAAAGATAAGAGGATTGGCG
GTCCAAGGTCCCTCAAAACCAGAACGCTCCTTGTGGCACCTTCCCAAG
GTATGGCCACCAGAGAGTGCAACAATATCCTTGTOGGAAAGACCCATT
TGTTTCTTGAACACATCTCTCAAGTGGTCAGAGCCCTTGGTGGCATCC
GGCAAGCGACCTTCAACTGGTGGTTCIGGCTTGTCCTYTCTGCCAGGG
TGAAAGGGAACGTCAGGTCCTCCAGTAACTTCAACAGCAACGACACCA
GCCAATTGATAGAAATCAGCATAGGAGATGGTGGGAAACTGCTCCCTA
ATGGGCTCCAAGAGTCTGAGAGCAATGTCAAGACCATTGTTTGCACCA
TGTGCTTGCTCAGCTTTGAATCTCATGGTACCAAAGGGACCACCAGTC
TTGGAACACACATCATAGGTACCAGCAGAGTGCCATCA

Figure III-6.  Partial APx sequence Solanum tuberosum L.

*WHSA GTYDV CSKTG GPFGT MRFKA EQAHG ANNGL
AWHSA GTYDV CSKTG GPFGT MRFKA EQGHG ANNGI

TI-8Y ADFYQ LAGVV AVEVT GGPDV PFHPG RXDKP
-ILSY GDFYQ LAGVV AVEVT GGPDV PFHPG REDKT

DHLRD VFKKQ MGLSD KDIVA LSGGH TLGRC HKERS
DHLRD VFVKQ MGLSD KDIVA LSGGH TILGRC HKERS

SYFTE LLSXE KEGLL QLBSD KALLC XPAFR PL 182
SYFTE LLSGE KEGLL QLBSD KALLS DPAFR PIL 221

APx with Nicotiana tabacum APx.
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DIALR LLEPI
DIAIR LLEPI

EPPVE GRLFPD
EPPVE GRLFPD

GFEGP WTANP
GFEGP WTTNP

REQFP
KEQFP

ATKGS
ATKGS

LIFDN
LIFDN

Amino acid sequence alignment of Solanum tuberosum L.

Since the results from 3 clones indicated

This sequence

50
89

100
139

150
189



I11-3-3 Screening of cDNA library.
Subcloned partial APx DNA fragment was used as a probe for plaque hybridization. At the

first screening of plaque hybridization, 23 spots were obtained on the film.  The phages corresponded
to each plaque in plates that were extracted. ~ After the phages attached to XL1-Blue MRF, DNA
fragments were amplified by PCR (Figure III-8).  Various sizes of DNA fragments were amplified at
first screening. ~ Clone 11, which showed the longest size, was used for the second screening. ~ As
shown in Figure ITI-9, the size of amplified DNA fragments from each clone was about 900-bp.
Clone 14, which showed the most visible band (Figure III-9), was sclected for the third screening.

Since clone 2 showed the highest titer (Figure ITI-10), this clone was used for In Vivo Excision.

(bp)
19329
925
421

M 12 3 45678 910 111213141516171819 20212223

Figure III-8. Agarose electrophoresis of each clone after first screening.
M: molecular weight marker, 1 ~23:clone number

(bp (bp)

19329 <" 19329
925 925
421 421

M1 2 3456 7 89101112131415M

Figure I1I-9.  Agarose electrophoresis of each clone after second screening. M: molecular
weight marker, 1~ 15:clone number

19329 Figure III-10.  Agarose electrophoresis of
each clone after third screening.

925 M: molecular weight marker, 1~ 8:clone number

421

M1 23456738
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111-3-4 In Vivo Excision.

After In Vivo Excision, 10 single colonies were selected and plasmids were extracted by
CTAB method.  Digested DNA fragments from all clones were shown in two bands corresponding to
pBluescript (2,958-bp) and putative full length APx (about 1,000-bp), respectively (Figure HI-11).

These results suggested that putative full length APx was inserted in multiple cloning sights.

2690 - ' & pBluescript
: (2,958bp)
1489 -

™M 1 2 3 45 67 8 9 10

Figure III-11.  Electrophoresis of plasmid containing full length APx cDNA in pBluescript
vector from each clone restricted by EcoRI and Xho L.
M: Molecular weight marker, 1~~10: Clone number

I1-3-5 Full length APx sequence.

The first sequence reaction was performed using Reverse primer and M13 primer shown with
black boxes in Figure III-12.  However, since the result indicated that the obtained sequence
included two unknown bases, two new primers (APx3 and APx4 shown in Figure III-13) were
designed by OLIGO™ ver. 4.0 Manual soft and were synthesized to decide the correct sequence of full
length APx.  Sequences obtained from APx3 and APx4 primers were overlapped partially from
reverse and M13 primers, respectively.  In addition to the result from the sequence of partial APx
cDNA shown in Figure I11-6, the full-length sequence of APx was determined as shown in Figure
11-13.  The full-length sequence of 1039-bp contains an ORF of 750-bp coding for 250 amino acids.

The cDNA contains an 84-bp 5° UTR (untranslated region) and 205-bp 3’ UTR.
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1

N ACAGGAAACAGCTATGACCTTG RIS multiple cloning sight |GCACGAGGTGG

—Reverse primery,
12 TCTGTTCGTGCCGTACACACTCTCTCTCTAGGGTTTATCATCTTTGCCTTTCTCTCTCTT

72 CAGATCAATTACTATGGGTAAGTCCTATCCCACCGTGAGCGAGGAGTACCTCAAGGCTGT

132 TGACAAATGTAAAAGGAAACTCAGAGCACTCATTGCTGAGAAGAATTGTGCTCCTATTAT

192 GCTCCGTCTﬂGCATGGCACTCTGCTGGTACkTATGATGTGTGTTCCAAGACTGGTGGCCC

APx] >
252 CTTTGGTACCATGAGGTTCAAAGCTGAGCAAGCTCATGGTGCAAACAATGGTCTTGACAT

312 TGCTCTCAGACTCTTGGAGCCCATTAGGGAGCAGTTTCCCACCCTCTCCCATGCTGATTT

372 CCACCAATTGGCTGGTGTTGTTGCTGTTGARGT TACTGGAGGACCTGATGTTCCCTTTCA
APx3

432 CCCTGGCAGAGAGGACAAGCCAGAACCACCTGTTGAAGGTCGCTTGCCTGATGCCACCAA

492 GGGCTGTGACCATIITGAGGGACGTGTTTGTGARACAAATGGGTCTTTCTGATAAGGATAT

APx4 B
552 TGTTGCACTCTCTGGTGCCCATACCTTGGGAAGGTGCCACAAGGAGCGTTCTGGTTTTGA

612 GGGACCTTGGACCGCCAATCCCCTTATCTTTGACAACTCATACTTTACGGAGCTTTTGAG

672 TGGGGAAAAAGAAGGGCTCTTACAGTTGCCATCAGACAAGGCTCTCCTCTGTGATCCTGC

732 TTTCCGCCTCCTTGTTbAGAAATATGCTGCGGATGAFGATGCCTTCTTCGCTGACTATGC
APx2

792 TAAGGCTCACTTGACACTCTCTGAATTGGGATTTGCTGAAGCTITAARATGGTGACGGGAA

852 GGAGGAGTTGGGAGAGTAGTGGCATATTTTACTATTGTTTCAATTCTGAAAAGCTCGCTG

912 GAGTTGTTGGATAATGTTAGGCTTTTTAATAAGTTCCATTTTCTTTTTTGATAATTTTTC

Figure IlI-12.  Complete full length cDNA sequence of APx from Solanum tuberosum L.,
and the location of each primers (APx 1, 2, 3, 4, reverse primer, and M13 primer).
ATG:initiation codon  TAA:termination codon
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The deduced amino acid sequence of the full-length APx of potato tuber is shown in Figure
II-13.  The sequence is 250 residues long and was found to have conserved amino acids of APx H42
(active site), H163 (binding site), W179 (active site), and D208 (active site) (Figure III-13, in

rectangular). These amino acids (H163, W179, and D208) are known to make up part of the

Potato

Tomato CcAPx

. Tobacco cAPx
Arabidopsis T. cAPx
Maize cAPx

Figure 111-13. Amino acid sequence homology between potato tuber (Solanum tuberosum L.)
and other plant APx.

His-Asp-Trp catalytic triad, as determined by the three-dimensional structure (Patterson and. Poulos,
1995).  To examine similarities and differences in individual amino acid sequence positions (Figure
111-13), we aligned the deduced amino acid sequence of potato APx with other plant APx in the
database of NCBI Blast Search. = The APx enzymes with high similarity (tobacco, tomato,
Arabidopsis and zea maize) were all cytosolic types. Tomato (accession No. CAB58361) and
tobacco (accession No. BAA12918) which fall into the same family as potato (classed Solanacea)
showed the highest similarity with potato, 89% and 85%, respectively. Arabidopsis. T (accession
No. S28816) and zea maize (accession No. S49914) in a different family to potato also showed high

similarity to potato (79% and 77%, respectively).  Furthermore, the fact that the cloned cDNA does
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not have a transit peptide supports the idea that this enzyme exists in the cytosol (Mittler and Zilinskas,
1992).  From these results, it is suggested that the subcloned APx cDNA was a cytosolic type in the

potato tubers.

I11-4 DISCUSSION
It had been reported that most of full-length APx cDNA is about 1.1-kbp long: maize (1,042-bp,

Bresegem, et al. 1995), strawberry (1,044-bp, Kim and Chung, 1998), spinach (1,102-bp, Webb and
Allen, 1995), tobacco (1,040-bp, Orvar and Ellis, 1995), and pea (1,040-bp, Mittler and Zilinskas, 1991).
However, there had been no reports about potato APx.  Three different cDNA clones containing the
complete coding sequence were obtained.  One of them is shown in Figure III-12.  The full-length
potato APx sequence was 1,039-bp long and contained an open reading frame of 750-bp, which was
large enough to encode APx. The deduced amino acid sequence (Figure III-13) shares nearly
90-80% similarity with other plant cytosolic APx reported to date.  Furthermore, the isolated APx
gene has conserved sequences or regions, such as the catalytic triad, that are important for the
maintenance of structure and function in all APx.  Meanwhile, it does not have any sequence similar

to the transit peptide of plastidal isoforms (Yamaguchi, et al. 1996; Ishikawa et al., 1996).
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CAPTER 1V
DE NOVO PROTEIN SYNTHESIS OF ASCORBATE PEROXIDASE IN
POTATO TUBERS DURING LOW-TEMPERATURE STORAGE

IV-1 INTRODUCTION

In Chapter IL, it was ascertained that the enhancement of the active oxygen scavenging
system that was induced by low temperature in potato tubers could result not only in a decrease of AsA
but also in increases in APx, which was important for protection against the H,O, generated during
low-temperature storage.  Moreover, it has reported that the other antioxidant enzymes, SOD and
MDHAR, in potato tuber stored at a low temperature also showed higher activity than at a high
temperature.  This is in agreement with Foyer ef al., (1994), who suggest that an increase in several
components of the antioxidative defense system would simultaneously be necessary to increase
oxidative stress tolerance of plants.  Thus, it was demonstrated that active oxygens were more readily
generated when potato tubers were stored at low temperature.  However, little work has been
performed on the molecular mechanism of APx gene regulation during storage at low temperature.
In order to examine the detail of APx gene regulation, we investigated the oxidative stress response of
cytosolic APx using a DNA probe encoding potato tubers cytosolic APx and anti-APx antibody in this

chapter.

IV-2 MATERIALS AND METHODS
IV-2-1 Growth and Storage Conditions.

Tubers of Solarmum tuberosum L. Cultivar “Touya’ (a hybrid of WB77025-2 and R392-50)
were grown at the experimental farm of Kobe University. ~ Potato tubers were stored at 1°C, 5°C,

and 20°C, and each potato tuber was sampled at the 3rd, 6th, 9th, and 15th week of storage.
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1V-2-2 Northern Blot Analysis.
1V-2-2-1) Total RNA Preparation.

Total RNA was prepared essentially as previously described at III-2-1.  For Northern blot
analysis, 10 pg samples were run on 1.2% agarose (containing 5.4% formaldehyde) gels and transferred
to nylon membranes (Hybond™-N", Amersham pharmacia biotech).

IV-2-2-2) Subcloning of catalase.
All procedures were followed the same as APx subcloning. ~ After total RNA from potato

tubers was transcribed into
Table. IV-1.  The sequence of CAT1 and CAT2
Primer sequence

CAT1 and CAT2 shown in Table TV-1 CATI1 5-GTTTCTTCCTTGACTGTTGG-3’
CAT2 5-CGATGATTGTTGTGATGACC-3’

single-stranded cDNA, twenty mer of

were designed as a sense and an

antisense primer for potato CAT cDNA. < - >
- 94°C | 94°C
Amplification of CAT cDNA fragment 720C 7200

2min 15sec
by PCR was performed under the 52°C / Imin 7min
30sec

condition as shown in Figure IV-1.
After checking the size of PCR product, it FigureV-1.  The chart of amplification for CAT by PCR.
was purified from agarose gel, and cloned into the vector pT-Adv by the same method in Chapter IIL
Nucleotide sequences of CAT were carried out as decided in ITI-2-6.
IV-2-2-3) Hybridization.

Prehybridizaitions were carried out in prehybridization buffer [consisting 1 mM EDTA, 0.5 M
NaH,PO; (pH 7.2), and 7%SDS] prewarmed for more than one hour at 65°C.  Hybridizations were
carried out in the same buffer containing **P-labeled APx or CAT cDNA fragment for overnight at

65°C.  After hybridization, membranes were washed twice in first wash buffer prewarmed to 65°C

consisting lmM EDTA, 20mM NaH,POs (pH 7.2) and 5% SDS for 15 min at 65°C.  The
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membranes were washed again in a second wash buffer consisting ImM EDTA, 20mM NaH,PO, (pH
7.2) and 1% SDS for 1 min at 65°C.  Hybridization signals were detected by exposure to x-ray film
(Fuji Medical X-Ray Film Rx-U) for overnight at ~80°C.
IV-2-3 Native PAGE and Activity Staining,
1V-2-3-1) Protein Extraction.

The procedures of protein extraction were based on that described by Anderson et al., (1995).
Potato tubers (5 g) were homogenized in 20 ml of ice-cold extractant.  The extraction medium
contained 0.1 M potassium phosphate buffer (pH 7.8), 1 mM EDTA, 1 mM PMSF, and 200 mg
polyvinylpyrrolidone (PVP-40).  For analysis of APx, the extraction buffer also contained 5 mM
AsA.  Insoluble material was removed by centrifugation at 16,000 x g for 15 min at 4°C, and the
supernatant was immediately added to 40% glycerol.  For analysis of CAT, an aliquot of each sample
was added to 10 mM DTT to maintain the stability of CAT.
IV-2-3-2) Native PAGE and Activity Staining.
APx:  APx was visualized following the method described by Mittler and Zilinskas (1993).  Protein
extracts were subjected to discontinuous PAGE under nondenaturing, nonreducing conditions,
essentially as described by Laemmli (1970) except SDS was omitted and the electrode buffer contained
2mM AsA.  The gels were prerun for 30 min to allow AsA, present in the carrier buffer, to enter the
gel prior to the application of the samples.  Following the electrophoretic separation, the gels were
equilibrated with 50 mM sodium phosphate buffer (pH 7.0) and 2 mM AsA for a total of 30 min, the
equilibration buffer was changed every 10 minutes. The gels were then incubated with 50 mM
sodium phosphate buffer (pH 7.0) containing 4 mM AsA and HyO; for 20 minutes. Hydrogen
peroxide was added to this solution immediately prior to incubation with the gel. ~ The gels were
subsequently washed with 50 mM sodium phosphate buffer (pH 7.0) for 1 min and submerged in a

solution of 50 mM sodium phosphate buffer (pH 7.8), 28 mM N, N, N’, N “tetramethylethylenediamine
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(TEMED), and 2.45 mM nitroblue tetrazolium with gentle agitation.  The reaction was stopped by a
brief wash in distilled water. ~ The APx activity was observed as an achromatic band on a purple-blue
background.  To inhibit APx activity in the gel, the gels were incubated in 50 mM sodium phosphate
buffer (pH 7.0) containing 10 mM KCN for 20min prior to the staining of APx activity.

CAT: CAT was visualized following the method described by Anderson et al., (1995).  CAT was
separated on nondenaturing and nonreducing polyacrylamide gels at 80 V for 22 h at 4°C using the
procedures of Laemmli (1970) except SDS was omitted and the electrode buffer contained 10 mM
DTT.  The loading buffer contained no B-mercaptoethanol but was made to 80 mM DTT.  Native
gels were soaked in 3.27 mM H,O, for 25 min, rinsed in water, and then stained in a solution of 1%
(w/v) potassium ferricyanide, 1% ferric chloride in a method similar to that of Woodbury et al., (1971).
IV-2-4 Western blot analysis.

IV-2-4-1) Preparation of antiserum to APx and purificaiton of immunoglobulin.

Polyclonal rabbit antibody

=y
rose against internal hydrophilic é 2

2 1

Q
peptides containing 15 amino acids 2 0

s

1
(CGGPDVPFHPGREDK)  with g . | |
identical sequences to the cDNA of 20 40 60 80 100 120 140 160
Number of amino acid residue

potato APx were produced for the Figure IV-2.  Search of hydrophilic site.

detection of the molecule in Western blot analysis (Figure IV-2).  The peptide was chemically
coupled to hemocyanin conjugated with m-maleinidobenzoyl-N-hydroxysuccinimide ester (Liu ef al.,
1979). A rabbit (New Zealand White) was immunized with the peptide-hemocyanin emulsified in
complete Freund’s adjuvant, and antiserum was obtained after several of boosters with the
peptide-hemocyanin.  Rabbit sera was purified by affinity chromatography on cellulofine activated

by 2-fluoro-1-methylpyridinium toluene-4-sulfonate, which coupled with the peptide as a ligand.
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IV-2-4-2) Protein Extraction.

Protein extraction was performed following the protocol described by Elia er al (1992).
Potato tubers (5 g) were homogenized in 20 ml of ice-cold extraction medium [consisting 0.1 M
phosphate buffer (pH 7.6), 2 mM EDTA, 2 mM 2-ME, 2 mM MgSO, and 1 mM AsA].  The
homogenate was squeezed through four layers of gauze and the filtrate was centrifuged at 40,000 x g for
20 minutes.  The supernatant was used as the crude extract.

IV-2-4-3) SDS PAGE and detection of APx.

PVDF membrane (Hybond™-P, amersham pharmacia biotech) was soaked in methanol for
more than 1 min before use. ~ After SDS PAGE, proteins were transferred to PVDF membrane using
a semidry blotting apparatus (Bio-Rad Laboratories). = The membranes were blocked overnight in
TPBS (consisting 0.05% Tween20 in PBS) containing 5% skim milk at 4°C and then incubated for 2h
with the appropriate anti-APx antibody in 5% TPBS. Enhanced chemiluminescence (ECL plus,
Amersham Pharmacia Biotech Ltd) was used to detect the relevant proteins following protocols

suggested by the manufacture.
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1vV-3 RESULTS
IV-3-1 Subcloning of CAT.

CAT was also subcloned following the procedure
as described in subcloning of APx.  The size of RT-PCR
1,280 bp

products was checked (Figure VI-3) and it was indicated

that 1,280-bp corresponded to the size of CAT DNA

fragments. After subcloning, each plasmid in clones were M CAT

digested with EcoRI to check the insert DNA fragment. Figure IV-3.  Electrophoresis of
CAT DNA probe amplified by

As shown in Figure VI-4, most of the clones indicated just ~ PCR. M: molecule marker.

two bands that correspond with pT-Adv vector (3,900-bp) and CAT DNA fragment (1,280-bp),

respectively.  The sequence as shown in Figure VI-5 was the result of sequence reaction, and this
pe y seq

sequence was completely aligned with CAT of potato tuber in the database of NCBI Blast Search.

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

4—pT-Adv Vector

3’ 492 b P LS e
(3,900 bp)

925 bp <4—CAT (1,280 bp)

Figure IV-4. Flectrophoresis of plasmid containing APx and CAT DNA
fragment in pT-Adv vector from each clone restricted by Eco RI.
M: molecule marker. 1~ 13: clone number

TCGATGATTGTTGTGATGACCACACTTGGGAGCATTANCTGGGAGCTGCA
TATAGTTTGGTCCAATACCGCTCGCCTCTGACGTATCAGCATACGCGAATATC
CTAGTCTGEAGAAGCTTATCCTCGGAATAGTAAATACCAGGGACCGATATG
TCCAGGGTTAAACGCCAGCTGCTCATTCTCAGCAAAGAAGT TATCANTGT
TCCTGTTCAATACCAATCGACCAACTGGGATCAACGGCAAGAGATCCTCA
GGCCATGTCTTGGTTACATCTAGAGGRTCAAAATCGAACTTGTCTACATC
CTCAGGGTCCATTGTTTGGATGAAAAGTTTCCACTCAGGATAGTTTCCAG
CAGCAATTGAATCGTANAGATCCTTGGTCGCGTGACTATGATTAGTACCT
CCGACTCTAATAGCTTCTTCCTCAGACATACTTTCACACCACAAGTI'GSC
YCCCAGKGRMCYTCACATAATGTGCTTYCCCCCCTKTGTAATCAATTCAT
ACSCGTGAACGCCAAAMCCTCCCATGTGYCTGTAATCAGT TGGGAGACAA
ACATCATCGTAGAAGAAGGCCAATGTATGCAAACT CTCAGGAAGGAACGA
GANGAANTCARGGAKCCTCCAGTTCTCCTCGAATGCTGTGACTTTGGATTTG
GTYTCAATGCACGANTCGTGTCAGGGAACCACTTAGCATCACCATTARAG
AACACAGGGACATTGTTTCCAACAAGATCAAAGTTACCCICICTGGTGTA
ARACTTGACAGCAAANCCGCGANTGTCCCTGATTGACTCGGGGCTTCCAC
GI'TCATGGACAACAG'I'AGAGAATCGACAAATAACAGGCGTTTCACCMCCA
GGAGCTCGGAGAAAAT CAGCACAAGTAAGATGAGAAATGTCATGAGTAAC
TTCAAAGAATCCCTTAGCACTAGCCACCTCTAGCATGAACAACACGCTCAG
GTATCTTTTCGCGATCANNGGTGGCAAGCTTCTBDATTAGATAATAATCC
TCAAGCACAACAGGCCCTCTAGGTCCAACAGTCAAGGAAGAANCA

Figure IV-5. Partial CAT sequence Solanum tuberosum L.
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IV-3-2 The expression of APx and CAT at the level of mRNA.

To examine whether the induction of antioxidant enzymes, APx and CAT, at low
temperatures were derived from de novo protein synthesis, we subjected each enzyme to Northern bolt
analysis.  Although the accumulation of APx and CAT mRNAs was increased, the kinetics of them
were different.  APx mRNA levels during the storage at 1°C increased 2.5-fold and 1.4-fold in 3
weeks and 6 weeks, respectively (Figure 1V-6) as compared with the initial levels. Its levels
appeared to decline further during the storage and had decreased almost to the initial levels by 15 weeks.
On the other hand, APx mRNA levels at 5 and 20°C storage also increased and peaked 6 weeks after
storage, but the change was not as large as at 1°C and thereafter it deceased rapidly to the inttial levels.
Thus, the accumulations of APx mRNA were larger at low temperature than at higher temperature and
their kinetics were transient in the all storage conditions.

Whereas the kinetics of the accumulation of CAT mRNA were similar at 1 and 5°C, they
increased at slightly slower rate and lower at 20°C (Figure IV-6).  Within 3 weeks CAT mRNA at 1

and 5°C increased 3-fold compared to initial levels. CAT mRNA levels at 1°C did not increase

Touya

1.1 kb —»

3.4 kb
Total HNA
55—  rRNA

036 9121536 9 1215 3 6 9 1215 Storage weeks
| Il L ] | |

1°C 5°C 20°C

Figure IV-6. Northern blot analysis of APx and CAT mRNA by using 32P-labeled DNA
probe and ethidium bromide-stained rRNA band.
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further during the storage by 12 weeks and had increased somewhat when the storage was terminated.
They were elevated more by 6 weeks at 5°C and thereafter appeared to decline gradually by the end of
storage, which was the almost same level as at 1°C.  CAT mRNA levels at 20°C increased
transitorily at 3 weeks to the same levels as at 1 or 5°C, but they tended to decline to constitutive levels
by 12 weeks and thereafter had finally arrived to almost zero. The levels of ethidium
bromide-stained rRNA bands were almost unchanged and were essentially the same in all lines (Figure

IV-6).

1V-3-3 Activity staining of APx and CAT, and Western blot of APx.

Activity staining of APxX was carried out to make sure whether APx isoforms exist in potato
tubers.  Because there is a possibility that the DNA probe for APx used might detect one of APx
isoforms.  As shown in Figure I'V-7, some achromatic bands were detectable.  However, when the
activity stain was carried out in the presence of 10 mM KCN as described in Materials and Methods,
one band indicated by an arrow, disappeared (Figure IV-6 middle). = Moreover, NativeWestern blot

using anti-APx antibody indicated just

N
one band (Figure IV-7 right).  Thus, & o0
& @)Q\ Qé &
potato tubers did not have any isoforms . d% D ?3‘&'
Y
NN
of APx.  From the sequence of APx » X ot

¢DNA fragment, RT-PCR probe of
APx was homologous to a cytosolic

APx of tobacco (accession No. U15933) >

and spinach by a blastn research.
This reflects that the DNA probe used  Figure IV-7. Identification of APx by activity

staining with and without KCN, and Native
for APx was a cytosolic type and APx ~ Western blotting.
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contained in potato tubers could be detected by Northern analysis using a DNA probe which was
amplified by RT-PCR with two synthesized 20 mer primers.

Activity staining of APx was low in tubers at zero time storage and peaked at 12 weeks after
harvest in tubers stored at 1°C (Figure IV-8). It was increased approximately 3.4-fold during the first
12 weeks of storage.  In the contract, activity staining of APx at 20°C tended to increase gradually to
a 1.9-fold increase at the same weeks, and thereafter to reach the same levels as that at 3 weeks.  Over

the course of the entire storage, tubers stored at 1°C had higher APx activity than at 20°C.

D 3 6 9 1215 3 6 9 12 15 Storage weeks
1°C 20°C
Figure IV-8. Activity staining of APx during storage at 1°C and 20°C.

Activity staining of CAT at 1°C was highest in tubers at zero time storage, and thereafter
declined 9 weeks and returned to basal levels again at 15 weeks (Figure IV-9).  However, in the case
of storage at 20°C, activity staining of CAT did not show any change during storage.  For the storage
period as a whole, tubers stored at 1°C showed the same CAT activity except at 15 weeks as those

stored at 20°C.

0 3 6 9 1215 3 6 9 12 15 Storage weeks

1°C 20°C

Figure IV-9. Activity staining of CAT during storage at 1°C and 20°C.
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These results might indicate that active oxygen was more rapidly generated at low
temperature and that de novo synthesis of APx was induced in low-temperature storage to detoxify them.
Therefore, in order to assess the effect of low-temperature on APx expression, the amount of APx was
measured by Western blot analysis.  Figure IV-10 shows that during storage at 1°C, 5°C and 20°C,
contents of APx had increased by 9 weeks and then returned to the level at zero time storage, but tubers
stored at 1°C showed higher contents of APx than those stored at 20°C.  Thus, expressed APx levels

were correlated with activity staining of APx.

03 6 91215 3 6 91215 3 6 9 12 15 Storage weeks
l | l ] l I

1°C 5°C 20°C
Figure IV-10.  Western blotting of APx in potato tubers during storage.

1V-4 DISCUSSION

In this chapter, the effect of low temperature on expression of APx at the levels of mRNA and
protein in potato tubers during storage was investigated to make clear the response of APx to low
temperature stress.  Transient accumulation in APx mRNA levels after low-temperature storage was
observed higher than during high-temperature storage (Figure IV-6).  The kinetics of their
expression closely paralleled the results in the active staining of APx of which kinetics was delayed for
9 weeks (Figure IV-6 and 8).  APx amounts by Western blot analysis were correlated with its active

staining (Figure IV-8 and 10).  This shows that APx was produced via de novo protein synthesis by
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the stimulation of a low temperature stress.  Moreover, it was made clear that APx isoforms do not
exist in potato tuber (Figure V1I-7) and from blastp research that APx is a cytosolic type.  Eliaef al,
(1992) had also reported that APx is located only in cytosol in potato tubers.

As shown in Figure IV-6, stable accumulations in CAT mRNA levels were observed at both
low temperatures such as 1 or 5°C but not at 20°C.  The kinetics of CAT mRNA did not parallel the
active staining of CAT unlike APX mRNA (Figure IV-6 and 9).  Moreover, it was demonstrated
that CAT activity did not correspond to SOD increase in chapter I.  CAT activities are either
extremely low or not detectable in the cytosol, mitochondria and chloroplasts (Halliwell, 1981).  In
plant cells, an alternative and effective detoxification mechanism against H,O, exists, operating both in
chloroplasts and the cytosol (Asada, 1992).  As described by Asada and Takahashi (1987), in this
detoxification mechanism H,0; is reduced by H,O catalyzed APx which has higher affinity for H,O,
than CAT.  Taking this evidence into consideration, newly accumulated H,O; by low temperature
may be detoxified by APx but not CAT because de novo synthesis of APx was induced by low
temperature.

O’kane et al., (1996) have recently reported that cellular HO, was observed to increase
initially upon chilling but by day 8 cellular levels had declined to below control levels when chilling of
Arabidopsis thaliana callus tissue to 4°C led to conditions of oxidative stress.  Moreover, activity of
APx increased although levels of CAT activity remained similar to those in unchilling tissue. ~ Durner
and Klessig (1995) suggested that salicylic acid (SA)-dependent inhibition of APx and CAT might
result in the elevation of H,O, levels. However, studies on the interaction of SA with CAT have
provided evidence against the specific binding to SA to plant CAT (Ruffer ef al, 1995).  Taken
together with these data, it seems that the much higher reactivity of APx for HO, compared with CAT
and the increase in its expression as a response to several stress conditions indicate a key role for this

enzyme in the detoxification of oxygen-activated species. ~ Hydrogen peroxide can cross biological
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membranes because it has no unpaired electron, whereas the charged superoxide species can do so only
very slowly.  Therefore, H,O,, which enters the cell cytoplasm, might survive in sufficient
concentrations to reach the plant nucleus. According to the hypothesis of Dumer and Klessig
(1995), the elevated level of HO, may act as a second messenger to switch on defense gene expression,
especially APx.  Prasad er al (1994) also showed that H;O, was the inducer of an antioxidant
mechanism.  From the results of the observed accumulation of APx mRNA in potato tubers treated
only to low temperatures, it seems to indicate that HyO, may function as a secondary messenger in the

low temperature stress.

46



CHAPTER V
THE BEHAVIOR OF ACTIVE OXYGEN SCAVENGER ENZYMES IN
POTATO TUBERS DURING LOW-TEMPERATURE STORAGE

V-1 INTRODUCTION

The author have demonstrated that APx is a most sensitive enzyme that is stimulated by
low-temperatures in potato tuber (Chapter II) and newly accumulated H,O, by low temperature may
be detoxified by APx because de novo synthesis of APx was induced by low temperature (Chapter IV).
In potato tuber it seemed that low-temperature stress led to a rapid decrease in the contents of AsA,
which was used as a substrate of APx, during storage (Chapter II).  Some reports have also shown
the same phenomenon (Esteve ef al,, 1995; Mizuno et al., 1998). It has been ascertained that APx
activity is inactivated at the concentration of less than 30 uM of the endogenous AsA contents (Miyake
and Asada, 1996).  Thus it seemed that the endogenous AsA contents was important factor for APx.
In this chapter, we used two potato cultivars with different AsA contents in order to compare the
influence of endogenous AsA contents on antioxidant enzymes under low-temperature stress.

Addition to this, the author also investigated the generation site of active oxygen.  In plants
photosynthesis, system of scavenging active oxygen species and the site of generating active oxygen are
well documented (Asada, 1996).  However, little has been reported on these mechanisms in
non-photosynthetic organs.  Recent work indicates that mitochondrial respiration is an important
source of active oxygen in vivo (Longo et al,, 1996).  Treatments, which inhibit cytochrome pathway
activity, such as low temperatures, are known to induce the synthesis of alternative oxides (AOX),
which was the specific enzyme of another respiration chain in plants (Wagner and Krab, 1995).  The

common substrate of AOX is ubiquinol [reduced Q (ubigquinone)].  AOX has been shown to remain

47



inactivated until the level of reduced Q reaches a high threshold value (Dry et al., 1989; Moore et al.,
1988).  Some in vifro studies have confirmed that progressive reduction of Q pool leads to an increase
in the generation of active oxygen (Boveris and Cadenas, 1982).  Therefore, we also measured the

level of Q and reduced Q in mitochondria to obtain a clue about the generation site of active oxygen.

V-2 MATERIALS AND METHODS
V-2-1 Growth and Storage Conditions.

Tubers of the Solarum tuberosum L. cultivars, ‘Kitaakari’ and ‘Danshaku’, were grown at the
Kobe University experimental farm.  ‘Danshaku’ was an ‘Early Rose’ sprout mutant.  ‘Kitaakari’,
as a high AsA contents cultivar, was an interspecific hybrid between ‘Danshaku’ and “Tsunica’.  Both
‘Danshaku’ and ‘Kitaakari’ were stored at 1°C and 20°C and each group was sampled at the 3rd, 6th,
9th, 12th, and 15th week of storage.
V-2-2 Quantitative Analysis of AsA by HPLC.

Same procedure described at T1-2-4 was used.
V-2-3 Enzyme Extraction.

Same procedure described at II-2-2 was used.
V-2-4 Enzyme assays.

APx (EC 1.11.1.11), CAT (EC 1.11.1.6), SOD (EC 1.15.1.1), MDHAR (EC 1.6.5.4), and
DHAR (EC 1.8.5.1) were performed following the procedure described at 1I-2-3.
V-2-5 Preparation of mitochondria.

Mitochondra from potato tubers were prepared as described by Neuburger et al. (1982).
The grinding medium consisted of a cold mixture of 20 mM pyrophpsphate buffer (pH 7.5), 03 M

mannitol, 1 mM EDTA, 0.1% bovine serum albumin and 0.05% cysteine. ~ The cysteine was added
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immediately before using the medium. ~ The material was homogenized in three successive batches in
a Waring blender at low speed for 2 s. It is desirable to maintain the extraction medium as a
semi-frozen slush. It is also critical that the grinding (mincing) process passes through eight layers of
gauze and 75-um nylon net.  The crude mitochondrial pellet was further prepared as fast as possible
according to the method of Bonner (1967).

V-2-6 Q-extraction.

Q-extraction was performed according to Van Den Bergen ef al. (1994).  Mitochondria
(0.6-1.05 mg mitochondria protein) in a steady state were chemically quenched with 3 ml 0.2 M HCIO;4
in MeOH (0°C).  Quinones were subsequently extracted when this mixture was added to 2 ml of
petroleum ether and all components were vigorously mixed with a vortex for 30s.  Centrifugation for
a duration of 1.5 min at 1,500 x g resulted in a clear phase partitioning with the quinones present in the
upper petroleum ether phase.  The methanol phase (bottom phase) was rinsed once with 1 ml
petroleum ether. ~ The extract (2 ml and 1 ml petroleum ether combined) was evaporated to dryness
with a stream of nitrogen and added to 200 i ethanol in dried extract.  Analysis of the redox state of
the ubiquinone extract was performed by HPLC.

V-2-7 Determination of ubiquinone and ubiquinol contents.

Ubiquinol-10 and ubiquinone-10 were measured by an HPLC system (Hitachi LaChrom)
equipped with an ECD detector (Shodex EC-1).  The oxidation potential was 600 mV.  Fifty mM
sodium perchlorate in methanol/fer#-butyl alcohol (9:1, v/v) was used as a mobile phase and its flow rate
was | m/min. CAPCELL PAK CI18 UGI120 (3 pum, 4.6x150 mm) was used for the separation
column.  Ubiquinone was converted to ubiquinol by an on-line reduction column (model RC-10,
IRICA) before detection.  The efficiency of the reduction of ubiquinone to ubiquinol was determined

using standard ubiquinone (1 mole) with sodium borohydride (2 mole).
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V-3 RESULTS
V-3-1 AsA contents and APx activities.

The AsA content of ‘Kitaakari’ (330 uM) was about triple that of ‘Danshaku’ (120 uM) at
zero time storage (Figure V-1A).  Though it was higher at 1°C than at 20°C until 3 weeks, the
contents decreased more rapidly at 1°C than at 20°C after 6 weeks in both cultivars.  In the case of
‘Kitaakari’ the AsA contents within 15 weeks of storage at 1°C and at 20°C decreased to approximately
41% and 23% respectively to compare with the respective storage conditions at time zero (Figure
V-1A).  In the case of ‘Danshaku’ compared to the AsA contents at time zero storage with 1°C and
20°C storage, they decreased to about 18% and 28% respectively (Figure V-1A).  The APx activity
is shown in Figure V-1B.  In the storage at 1°C, APx activity of ‘Kitaakari’ could maintain higher
activity than at 20°C during the storage period and the highest activity was approximately 1.5 folds,

Kitaakari Danshaku
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APx activities
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Figure V-1.  Changes in AsA contents and APx activities during storage in ‘Kitaakari’.
After tubers had been stored at 1°C (@) and 20°C ([]) for the times indicated. Samples were
taken for the determination of tissue levels. Data are mean + SE (n=3).  Asterisks indicate
significant difference between the value of storage at 20°C and at 1°C by Student’s #-test (*p<0.05).
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compared with time zero storage (3.81 U).  In contrast, at 20°C, APx activity of ‘Kitaakari’ did not
show any change during the 15 weeks storage period.  APx activity of ‘Danshaku’ showed different
tendency that of the ‘Kitaakari’.  APx activity in the storage at 1°C seemed to decrease after 9 weeks
in ‘Danshaku’ (Figure V-1B).  However, at 20°C, APx activity maintained the same levels than at
time zero and was lower than activity in the storage at 1°C throughout the storage period in ‘Danshaku’.
V-3-2 CAT activity and SOD activity.

Though SOD activity of ‘Kitaakari’ barely changed during the entire storage period in the storage
at 20°C, its activity increased after 12 weeks during the storage at 1°C, (Figure V-2A).  During the
storage period as a whole, SOD activity was higher at lower temperatures than it was at higher

temperatures in ‘Kitaakari’.  While, in the case of ‘Danshaku’ no drastic change in SOD activity was
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Figure V-2. Changes in CAT activity and SOD activity during storage of potato
tuber at 1°C (@) and 20°C ([J) for the times indicated. Samples were taken for the
determination of tissue levels.  Data are mean + SE (n=3).  The Values of total protein
contents (each cultivars at each of 3 sampling dates during storage) do not differ significantly
(P<0.05) through the whole storage period and storage temperature. ~ Astetisks indicate
significant difference between the value of storage at 20°C and at 1°C by Student’s rtest
(*p<0.05).
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observed during the entire storage period at either storage temperature (Figure V-2A). CAT activity
did not show any significant change throughout the storage period at 20°C, but in the storage at 1°C,
CAT activity tended to decrease temporarily and afterward it increased in ‘Kitaakari’.  In the case of
‘Danshaku’, their tendencies at each temperature were reverse to the case of ‘Kitaakari’. Thus, CAT
activity did not depend on the storage temperature, as shown in Figure V-2B.  As shown in Figure
V-2A and B, SOD and CAT activities changed very little and did not depend on the storage temperature.
V-3-3 MDHAR activity and DHAR activity.

In both cultivars, MDHAR activity gradually increased in the storage at 1°C (Figure
V-3A), and ‘Kitaakari’ and ‘Danshaku’ reached 124.4 and 70.7 nmol *mg’ protein *min”,
respectively.  In the case of ‘Kitaakari’, its activity in the storage at 20°C decreased to 25% of

the zero time storage levels within the first 3 weeks.  Thereafter, MDHAR activity in
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Figure V-3. Changes in MDHAR activity and DHAR activity during storage of
potato tubers at 1°C (@) and 20°C ([J) for the times indicated. Samples were taken
for the determination of tissue levels. Data are mean + SE (n=3).  The Values of total
protein contents (each cultivar at each of 3 sampling dates during storage) do not differ
significantly (P<0.05) through the whole storage period and storage temperature.
Asterisks indicate significant difference between the value of storage at 20°C and at 1°C
by Student’s -test (*p<0.05).
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weeks.  While, in the case of ‘Danshaku’ it increased gradually in the storage at both 1 and 20°C, but
the degree of change was a little higher at 1°C than at 20°C throughout the storage period.  As
compared with ‘Kitaakari’, the MDHAR activity of the ‘Danshaku’ was less pronounced.

DHAR, the other enzyme of AsA recycling system, was also measured.  Though DHAR
activity in the storage at 20°C was higher than at 1°C, its activity gradually decreased in both storage at
1°C and 20°C in ‘Kitaakan’ (Figure V-3B). At 1°C, DHAR activity decreased to 36% of time zero
storage levels, whereas at 20°C, it decreased to 46% of the original levels of DHAR activity in
‘Kitaakan’ (Figure V-3B).  In the case of ‘Danshaku’, its activities decreased by 36% and 57% (1°C
and 20°C, respectively) compared to time zero storage.  Thus, DHAR showed higher activity in the
storage at 20°C than at 1°C during the storage period in both cultivars.

V-3-4 Reduced ubiquinone (QH) / ubiquinone (Q) plus QH.

As shown in Figure V-4, in ‘Kitaakari’ the ratio of reduced Q / Q plus reduced Q in the storage at
1°C increased dramatically at 6 weeks, mounted until 12 weeks and thereafter declined to the basal
levels.  In the storage at 20°C, this ratio temporally decreased at 6 weeks and increased gradually by

12 weeks in ‘Kitaakari’.  However, in ‘Danshaku’ throughout the storage period, this ratio was higher

at low temperature than at high 028 Kitaakari Danshaku
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the storage period in the storage at Figure V4. Changes in reduced ubiquinone (QH) /
ubiquinone (Q) plus QH during storage of potato tubers at

1°C.  The behavior of this ratio at 1°C (@) and 20°C () for the times indicated. Samples were
taken for the determination of tissue levels. Data are mean + SE

o . o (n=3).  Asterisks indicate significant difference between the
20°C was the same as it was at 1°C o o'oe cioraoe a1 20°C and at 1°C by Student’s £-est (*p<0.05).
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until 6 weeks.  However, at 9 weeks, this ratio rapidly decreased to basal levels.

V-4  DISCUSSION

In this chapter, we used two potato cultivars with different AsA contents in order to compare
the influence of endogenous AsA contents on antioxidant enzymes under low-temperature stress.
AsA contents in both cultivars decreased drastically during storage at a low temperature (1°C) (Figure
V-1A).  The tendency towards such decrease in both types of potato cultivars was much higher at
20°C than at 1°C for the first 6 weeks of storage. ~ Thereafter, the trend reversed until 15 weeks.  As
described at Chapter I1, the decrease in AsA contents at low temperatures might be associated with the
generation of active oxygen.  As shown in Figure V-1B, APx activity seemed to increase in
‘Kitaakari’ throughout the entire low-temperature storage period. =~ However, APx activity seemed to
decrease after 9 weeks in ‘Danshaku’. It has been ascertained that APx activity is inactivated at
concentrations of less than 30 tM of the endogenous AsA contents (Miyake and Asada, 1996).  This
is considered to be the reason why the APx activity showed the tendency of increasing throughout the
storage period in the case of ‘Kitaakari’ and the tendency of decrease after 9 weeks in the case of
‘Danshaku’.  Indeed, at 1°C AsA levels in ‘Kitaakari’ were at least 73 UM, at 15 weeks, but the AsA
levels in ‘Danshaku’ had already reached 22 uM at 9 weeks (Figure V-1A).  This result was the
same as described at Chapter II about “Touya’, which contained almost same levels of AsA as in
‘Danshaku’.

Dismutation of the superoxide anion by SOD might be the primary step in the defense against
the low-temperature treatment. ~ SOD activity in ‘Kitaakari’ showed a 2.0-fold increase in tubers
stored at 1°C compared with the activity at O weeks (Figure V-2A, left).  As shown in Figure V-1B,

APx activity in the ‘Kitaakari’ continued to increase during storage at 1°C, but not at 20°C.  These
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results demonstrates that, after dismutation of the superoxide anions into H,O, and O, by SOD, APx
may reduce H,O, into water, thus converting AsA into monodehydroascorbate, resulting in AsA
consumption.  On the contrary, in the Danshaku plants storage at low and high temperatures, SOD
activity showed no changes.  This suggests that H,O, generation in Danshaku is lower than in
‘Kitaakari’.  CAT, another H,O, scavenging enzyme, did not correspond to SOD activity (Figure
V-2A and 2B).  The same phenomena have been observed by Spychalla and Desborough (1990).
Such observations might be explained by CAT not working until the H,O, concentration has increased
beyond a certain threshold, since CAT possesses a very low affinity for H,O,.

The regeneration of reduced AsA from MDHA or DHA, which are the reaction products of
APx, can be catalyzed either by NADH-dependent MDHAR or by GSH-dependent DHAR, coupled
with glutathione reductase. ~ As shown in Figure V-3A, MDHAR was sensitive to low-temperatures.
However, DHAR activity declined during storage (Figure V-3B).  Our results imply that during
storage at low temperatures the regeneration of reduced AsA for scavenging H,O, may be mostly
catalyzed by MDHAR activity rather than by DHAR activity. =~ However, the rate of increase in
MDHAR activity was, at its maximum, equivalent to 1/45-fold of the rate of increase of the APx
activity (Figure V-1B).  These findings suggest that the AsA levels decrease during storage, in spite
of the regeneration of AsA activated by low temperatures.

The mitochondria of plant tissues, exposed to low temperatures, produces superoxide and/or
H,0, when electron transport through the cytochrome pathway is impaired due to the energy state of the
cell or the stress-induced physical changes in membrane components (Purvis and Shewfel, 1993).  In
both cultivars, the ratio of reduced Q to Q plus reduced Q increased more drastically in the storage at
1°C than at 20°C (Figure V4).  This indicates that the redox poise of the Q pool tends to be reduced

at a low temperature.
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CHAPTER VI
EFFECTS OF ENDOGENOUS ASCORBATE IN POTATO TUBRES ON DE
NOVO SYNTHESIS OF ASCORBATE PEROXIDASE DURIGN STORAGE
AT LOW TEMPERATURE

VI-1 INTRODUCTION

In Chapter IV, mRNA and protein levels of APx in ‘Touya’ was investigated to clarify
whether APx is produced with de novo protein synthesis.  The kinetics of APx expression closely
paralleled the results in the activity staining of APx, with a 9-week delayy =~ APx amounts as
determined by Westemn blot analysis using anti-APx antibody correlated well with activity staining of
APx.  These findings indicate that APx was produced with de novo protein synthesis induced by low
temperature stress, and detoxified hydrogen peroxide.  In Chapter V, in the case of ‘Kitaakari’ at the
high concentration of AsA, APx activity continued to increase during storage at low temperature.
However, in the case of ‘Danshaku’ at the normal concentration of AsA, its activity increased transiently
until 9 weeks and thereafter declined to the almost same level as those at 3 weeks during storage at low
temperature.  These results demonstrated that APx activity might be affected by the concentration of
endogenous AsA and AsA contents might be regulated at the level of mRNA expression. In this
Chapter, ‘Danshaku’ and ‘Kitaakari’ of which contents of AsA was about triple that of ‘Danshaku’ were

used to clarify effects of concentration of endogenous AsA on de novo synthesis of APx.

VI-2 MATERIAL AND METHODS
VI-2-1 Growth and Storage Conditions.
Potato tubers grown and stored under the same conditions as described in V-2-1 were used for

the following assays.
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VI-2-2 Native PAGE and Activity Staining.

VI1-2-2-1) Protein Extraction.

APx and CAT: The protein extraction of APx and CAT for activity staining was performed by the
procedure described in Chapter IV.

SOD:  SOD protein extraction was following the procedure described in Rao e al (1996).  Potato
tubers (5 g) were homogenized in 100 mM potassium phosphate (pH 7.5) containing 2 mM EDTA and
1% PVP-40 at 4°C.  The homogenate was filtered through four layers of gauze and centrifuged at
15,000 x g for 20 minutes.  Protein content in the supernatant was concentrated by 45% ammonium
sulfate precipitation for 30 min and centrifuged at 10,000 x g for 20 minutes. ~ The supernatant was
again concentrated by 90% ammonium sulfate precipitation for 30 min and centrifuged at 10,000 x g for
20 minutes. The pellet was in the same buffer (1 ml) and this solution was passed through a PD-10
column (Pharmacia Biotech, Tokyo), which was equilibrated with the same buffer to remove low
molecular weight substances that interfere with the enzyme assay.  Protein content was determined
according to the method of Bradford (1976) with BSA as the protein standard.

V1-2-2-2) Activity Staining.

Activity staining of APx and CAT: The activity staining of APx and CAT were performed by the
procedure described in Chapter IV.

Activity staining of SOD: SOD was visualized following the method described by Rao ez al. (1996).
Gels were stained for SOD isoforms by incubating in a solution containing 2.5 mM nitroblue
tetrazolium for 25 min, followed by incubation in 50 mM potassium phosphate buffer (pH 7.8)
containing 28 uM riboflavin and 28 mM TEMED for 20 min in the dark. ~ The gels were placed in
distilled water and exposed on a light box for 10 to 15 min at room temperature. ~ Visualization of
cyanide-sensitive and —insensitive isozymes was achieved by incubating gels in 50 mM potassium

phosphate buffer (pH 7.0) containing 10 mM KCN for 30 min before staining for SOD activity.
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V1-2-3-3) Northern Blot and Western Blot Analysis.
Northern Blot and Western Blot analysis were performed by the procedure described in

ChapterIV.

VI-3 RESULTS
VI-3-1 Activity staining of APx, CAT, and SOD.

Some achromatic bands were detectable by APx activity staining in both cultivars (Figure
IV-1). Likely in “Touya’, the only band (indicated by arrow) disappeared when the activity staining

was carried out under the same conditions in the presence of 10 mM KCN, suggesting that ‘Danshaku

and ‘Kitaakari’ did not have any isoforms of APx.

Danshaku Kitaakari

APx APx

-KCN +KCN -KCN  +KCN

Figure VI-1.  Identification of APx by activity staining with and without KCN.
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The kinetics of activity staining of APx was shown in Fig. VI-2.  In the case of ‘Kitaakari’,
activity staining of APx at 1°C continued to increase during the storage period.  In contrast, activity
staining of APx at 20°C tended to increase gradually during the first 9 weeks of storage, and thereafter

declined by 15 weeks.  In the case of ‘Danshaku’, activity staining of APx at 1°C peaked at 9 weeks

and seemed to decrease to the same
levels as those immediately after Kitaakari
harvest.  However, in the case of
storage at 20°C, activity staining of

. . Danshaku
APx did not show any change during
storage.  These results were quite

9 12 |5 3 6 9 12 I5
similar to the changes of APx

1°C 20°C

activities in both cultivars shown in Figure VI-2.  Activity staining of APx during storage at

1°C and 20°C.
Chapter V.

As shown in Figure VI-3, only a single band was detected by activity staining of CAT in both
cultivars. In the case of ‘Kitaakari’ at 1°C storage, activity staining of CAT tended to decrease
temporarily and afterward it increased, while it did not show any significant change throughout the
storage period at 20°C.  In the case of ‘Danshaku’, their tendencies at each of the temperatures were

reverse to the case of “Kitaakari’. Moreover, activity staining of CAT was positively correlated with

Kitaakari

Danshaku

03691215I I3691215I

1°C 20°C
Figure VI-3. Activity staining of CAT during storage at 1°C and 20°C.



the changes of CAT activity in both cultivars shown in Chapter V.
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Figure VI4. Identification of SOD by activity staining with
and without KCN.

The band 5 disappeared by the treatment of KCN.  Therefore band 5 was identified to be Cu,Zn-SOD,

detected in ‘Danshaku’.

and band 1, 2, 3, and 4 were identified to be Mn-SOD because Cu,Zn-SOD was inactivated with KCN,
but Mn-SOD was not. In the case of ‘Kitaakari’, two isoforms were detected.  These bands were
not inhibited by KCN, indicating that they were Mn-SOD.

The kinetics of activity staining of SOD during storage was shown in Figure VI-5.
Cu,Zn-SOD did not change through the storage period at both storage temperatures. It was suggested
that Cu,Zn-SOD did not relate to the changes of SOD activity. The kinetics of each Mn-SOD

isoform in both cultivars did not relate to the changes of SOD activities measured by spectrophotometry

. --
0o 3 6 9 12 15 3 6 9 12 15

Kitaakari

Weeks
1°C 20°C

Figure VI-5.  Native gels stained the superoxide dismutase activity of potato tubers during
storage at 1°C and 20°C.
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in Chapter V. Therefore it was suggested that SOD activity was not due to the reflection of activity

from one of each of the Mn-SOD isoforms but the total activities of each Mn-SOD isoform.

VI-3-2 The expression of APx and CAT at the level of mRNA.

The size of APx and CAT mRNA detected by Northern blot analysis was calculated on the
base of rRNA size [25 S (3.4 kb), 17 S (1.8 kb),and 16 S (1.6 kb)].  The size of APx and CAT mRNA
was estimated to be 1.1 kb, which corresponds to (Figure V1-6) the size reported by Elia ef al. (1992)
and 4.3 kb (Figure VI-7) that indicated to be the same size of CAT mRNA of S. tuberosum reported by
Niebel et al. (1995) and Wu et al. (1995), respectively.

The accumulation of Northern blot analysis of APx mRNA during storage was shown in

Figure VI-6.  In the case of ‘Kitaakari” APx mRNA during the storage at 1°C continued to increase

1.1 kb—
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0 3 6 912 15 3 6 912 15
L I L |
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1°C 20°C
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L. 1

Figure VI-6.  Northern blot analysis of APx mRNA by using 32P-labeled DNA probe and
ethidium bromide-stained rRNA band.
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continuously with storage periods. ~ While, during the storage at 20°C it was hardly induced through
the storage period.  In the case of ‘Danshaku’ in the storage at 1°C APx mRNA induced until 9 weeks
and tended to decrease after 12weeks, and in the storage at 20°C, it maintained the same levels as at time
zero without 12 weeks.  These changes of APx mRNA levels were similar to the changes of APx
activity and activity staining.

The accumulation of Northern blot analysis of CAT mRNA was shown in Figure VI-7.  In the
case of ‘Kitaakari’ the CAT mRNA level during storage at 1°C tended to decrease temporarily and
increase afterward. While, during the storage at 20°C it hardly induced through the storage period.
In the case of *Danshaku’, the tendency of CAT mRNA level during storage at 1°C was similar to that in
‘Kitaakari’.  On the contrary during the storage at 20°C its level induced at 3 weeks, then temporarily
decreased and afierward increased by slow degrees until 15 weeks.  Unlike APx mRNA, the changes

of CAT mRNA levels were not similar to those of activity and activity staining of CAT.
CAT
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Figure VI-7.  Northern blot analysis of CAT mRNA by using 32P-labeled DNA probe
and ethidium bromide-stained rRNA band.
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VI1-3-3 Western blot analysis of APx.

The result of Western blotting was shown in Figure VI-8.  During storage at 1°C, amounts
of APx in ‘Kitaakari’ increased gradually until 15 weeks.  On the contrary, in the case of ‘Danshaku’
they tended to temporarily increase by 6 weeks and afterward retum to the same level as at 3 weeks.
Over the course of the entire storage time, amounts of APx in ‘Kitaakari’ were more than those in
‘Danshaku’.  During storage at 20°C, amounts of APx showed no change throughout storage period
in both cultivars.  Considering the results of activity staining, mRNA and protein levels of APx, it was

demonstrated that APx is produced by de novo synthesis in to response to low temperature.

Kitaakari

S ,-.---‘ —————

Danshaku

28 kd -
Lot ? % e
0 3 6 9 12 15 3 6 9 12 15
L ] L ]
1°C 20°C

Figure VI-8.  Western blotting of APx in potato tubers during storage.

Vi-4 DISCUSSION

It has been reported that APx was inactivated at low concentration of AsA (less than 30 uM)
due to the instability of compound I to H,O, (Miyake and Asada, 1996).  Indeed, it was demonstrated
in Chapter 11 that endogenous AsA contents in “Touya’ had reached to less than 30 uM by 9 weeks
after the low-temperature storage with a corresponding decrease in APx activity. ~ Moreover, transient

accumulation in APx mRNA levels after low-temperature storage were observed to be higher than after
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high-temperature storage. ~ The kinetics of their expression closely paralleled the results in the activity
staining and Western blot analysis of APx, with a 9-weeks delay (Chapter IV).  These findings
ascertained that APx was produced with de novo protein synthesis in response to the stimulation of low
temperature.  In this Chapter, in order to make clear the effect of endogenous AsA on de novo
synthesis of APx during low temperature stress, the expression of APx at the levels of mRNA and
protein were investigated in two types of potato tubers, ‘Danshaku’ and ‘Kitaakari’ (originally about
triple AsA contents of ‘Danshaku’).  As shown in Figure VI-6, accumulation in APx mRNA levels
at low temperature (1°C) continued to increase in ‘Kitaakari’, but in ‘Danshaku’ it was increased
transiently by 6 weeks and thereafter declined. ~ Regarding the protein level (Figure VI-9) and activity
staining (Figure VI-2) of APx, a similar tendency in mRNA levels were observed.  In Chapter V, in
‘Danshaku’, APx was inactivated after 9 weeks when the concentration of the endogenous AsA
contents decreased to less than 30 UM during the low-temperature storage. ~ However, in ‘Kitaakar?’,
APx showed the tendency to increase throughout the same storage period when the concentration of the
endogenous AsA contents maintained more than 30 uM.  Therefore, the decrease of APx levels in
‘Danshaku’ after storage for 9 weeks might be caused by the depletion of AsA as an electron donor at a
low temperature.  Thus, concentration of endogenous AsA affected not only APx activity but also
APx mRNA expression.

It was reported that mitochondria generated oxidative stress and was the major source of the
cytosolic H;O, (Puntarulo ef al, 1991).  The detoxification of H;O, might be mediated by catalase
which is mostly localized in the peroxisome (Elstner, 1987).  However, catalase possesses a very low
affinity with H,O, (Halliwell, 1981).  Though in has already been demonstrated in Chapter IV, stable
accumulations in CAT mRNA levels were observed at 1°C but not at 20°C.  However, the kinetics of
CAT mRNA did not parallel the activity staining of CAT unlike APx mRNA. A similar tendency

was observed in both cultivars in this chapter. It has reported that dark-grown maize seedlings
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contain two CAT isoforms, peroxisomal CAT1 and mitochondrial CAT3 (Prasad, 1997). CAT2 is
present only in photosynthetic tissues, not in nonphotosynthetic tissues (Scandalios ef al, 1984).
However, any of the isoforms of CAT were not detected by activity staining in potato tubers stored at
low and high temperature (Figure VI-3). It was clear that potato tubers did not have any isoforms.
This evidence shows that there is no possibility that the other isozymes of CAT are contributing to the
detoxification of H,O, generated during low temperature storage. ~ Moreover, it was described in
Chapter V that CAT activity does not correspond to SOD increase in both cultivars.  Therefore it
seemed that CAT could not detoxify H,O, generated by dismutation of O," through SOD in potato
tubers exposed to low temperature. ~ When the levels of H,O; levels in suspension-cultured potato
tuber cells incubated at 5°C were measured using 2’,7’-dichlorofluorescin diacetate, cellular H,O,
increased.  Moreover, APx mRNA expression was induced in this case.  Furthermore, APx
mRNA expression was rapidly induced within 30 min when the cells were directly stimulated with
exogenous H,0, (data not shown).  Taken together with these data, dismutation of O, by SOD into
H,0, might be the primary step for the defense against the low temperature treatment, and the increase
in APx expression as a secondary response to several stressful conditions might indicate a key role for

APx in the detoxification of H,O,.
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CHAPTER VII
THE LOCALIZATION OF HYDROGEN PEROXIDE AND
ASCORBATE PEROXIDASE IN POTATO TUBER

ViI-1 INTRODUCTION

It has already been demonstrated that active oxygen species generated in potato tubers
exposed to low temperature stress and APx play an important role in scavenging H;O,.  Some
investigators have reported that HyO, might act as the second messenger of signal transduction for
defense mechanism or an inducer of antioxidant mechanism against oxidative stress (Durner and
Klessig, 1995; Prasad ef al, 1994). However, it has not been clarified from the biochemical data
carried out so far where active oxygen species including H,O, were produced in potato tubers at low
temperature. It was reported that the mitochondria generated oxidative stress, was the major source
of the cytosolic HyO, (Puntarulo et al., 1991). It appeared to be more effective that APx was located
close to the site of H,O, and close to the sites at high risk of oxidative stress.  APx is determined to
mainly locate in chloroplasts and cytosol, and it has also been found in peroxisomes or glyoxysomes by
the isolation of each of organelles (Jimémez et al., 1997; Jimémez et al., 1998; Yamaguchi et al., 1995,
Bunkelmann and Trelease, 1996). This method (a density gradient centrifugation) included the
possibility of the cross-contamination on the purity of the sample. ~ Hence, in this chapter, the author
proposes to determine the localization of APx and H,O, cytochemically by light microscopy and
transmission electron microscopy in potato tubes during low temperature storage.  To examine the
localization of H,0O, and APx, ‘Kitaakari’ was used because it has been demonstrated that the behavior
of APx was regulated by the AsA contents and was most sensitive to low temperature among the three

cultivars examined.
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VII-2 MATERIALS AND METHODS
VII-2-1 Growth and Storage Conditions.

Tubers of the Solarmum tuberosum L. cultivars, ‘Kitaakari’ and ‘Danshaku’, were grown at the
KFC Colonel farm in Hokkaido. ~ Both ‘Danshaku’ and ‘Kitaakari’ were stored at 1°C and 20°C and
each group was sampled at the 3rd, 6th, Sth, 12th, and 15th week of storage.

VII-2-2 Tissue prints of H,0, using cross-sections of potato.

Tissue printing assay was performed by according to the procedure described by Bestwick
(1997) with a slight modification. PVDF membranes (HybondTM-P, amersham pharmacia biotech)
were soaked in methanol for more than 1 min before use.  H,O; printing paper was prepared by
soaking strips of PVDF membrane with the mixture solution containing 100 g/l soluble starch and 0.5
M KI in distilled water.  The starch was solubilized by boiling before KI was added to the cooled
solution.  The membranes were dried in a stream of warm air (30°C) and stored in the dark before the
use. To minimize background staining with autoxidation of KI, the reagent solution was used no
longer than 5 h and the printing paper no longer than 2 h after preparation.

Tissue printing was performed as described by Cassab and Varner (1989) at room temperature
(18-20°C).  Small pieces of H,O, printing paper were placed on a pad of five layers of
chromatographic papers.  The tissue sections with about 5 mm thickness were prepared by hand
cutting and immediately transferred to the printing papers, and the displacement of sections after
contacting the papers were avoided carefully.  The group of sections were covered with a pad of soft
cleaning tissue (16 layers) and gently pressed with four fingers for 60 s (the effective load on the sections
was about 200-300g).  Then the sections were carefully removed with a forceps and the prints were
examined after 5to 10 min of drying.  H,O, staining was developed within O to 5 min depending on
the amount of H,O, transferred.  Because the prints intensify with time, it was necessary to examine

them after a defined period. ~ Experiments were repeated at least three times on different occasions
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with very similar results.  The pictures shown in the figures were typical examples from these
experiments.
VII-2-3 Immunostaining prints of APx using tissue-sections of potato.

PVDF membranes were soaked in methanol for more than 1mim before use.  The tissue
sections were immediately transferred to the printing papers; the displacement of the sections after
contacting the paper was carefully avoided.  After preparing the membrane, the immunostaining
assay for APx was performed by the procedure described in IV-2-4.

VII-2-4 The localization of APx in potato tuber tissues at light microscopy.

Tissues were fixed in 4% (v/v) paraformaldehyde in 1/15 M sodium phosphate buffer (pH
72) overnight.  After the fixation, tissues were dehydrated in a graded series of 10, 15, and 20 %
sucrose solution for 8 h at the each step.  The tissues were frozen in OCT compound and preserved at
-80°C until use. ~ Semi-thin sections (with the thickness of 6 pum) were cut at -24°C on a Microtome
Cryostat HM S0SE using steel knives.  The sections were mounted on APS-coated slide glasses and
dried at room temperature for 30 minutes.  The detection of APx was performed by immunochemical
methods.  The samples were incubated with immunoreagents as following orders; (1) in rabbit
anti-APx polyclonal antibody (1:500, v/v) for 1 h at room temperature, (2) in biotin-conjugated goat
anti-rabbit IgG (H+L) antibody (1:10, v/v) for 10 min, (3) in streptavidin-labeled HRP for 10 minutes.
In the procedure for negative stains, rabbit anti-IgG polyclonal antibody was used instead of rabbit
anti-APx antibody. After incubation in the immunoreagents, the sections were rinsed 3 times with
TBS buffer for Smin at the each step. The APx was then visualized by reaction with substrate solution
containing 0.02% diaminobenzidine (DAB) and 0.001% H,0,.

VII-2-5 Electron microscopic observation of HO»-generated site.
Hydrogen peroxide was able to be detected histochemically by its reaction with cerium

chloride to produce electron-dense deposits of cerium perhydroxides as described in detail by Bestwick
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el al. (1997).  Samples were prepared as described by Bestwick er al. (1995).  Tissue pieces (1
mm’) were excised from potato tubers with razor blades and incubated for 1 h in 5 mM CeCl; reaction
medium in 50 mM 3-(N-morpholino) propaneselfonic acid (Mops) at pH 7.2.  Tissues were then
fixed in 1.25% glutaraldehyde in 50 mM sodium cacodylate buffer (CAB), pH 7.2, for lhour.  After
the pre-fixation, tissues were washed twice for 10 min in CAB buffer and postfixed for 45 min in 1%
osmium tetroxide in CAB buffer for 1 hour.  Tissues were then washed again in CAB buffer (twice
for 10min) and dehydrated in a graded ethanol series.  Samples were transferred to two changes of
propylene oxide of 20 min each in duration and progressively embedded in Spurr resin.  Tissues were
polymerized at 60°C for 12 hours.  Ultrathin sections were sectioned from resin blocks on an
Ultra-microtome MT-1 (Ivan, Sorvall, Inc.), using a diamond knife (Diatome, Bienne, Switzerland), and
mounted on uncoated copper grids (200 mesh).  In order to distinguish the identical deposits of
cerium perhydroxides from non-specific electron-dense materials, energy-filtering transmission electron
microscopy (EFTEM, LEO 912AB Omega) was performed as described by Hirai ez al. (1999).

After identifying the element in electron-dense deposits by using EFTEM (data not shown),
sections were examined with 7100 type of electron microscope of Hitachi at an accelerating voltage of
75kV.  The frequency of appearance of HO, generated site was examined in ‘Kitaakari’ exposed to
1°C and 20°C respectively.  The examination was carried out in 50 different cell types of potato

tubers, phloem, vascular bundle sheath and parenchymal cells with the magnification of x 2,500.
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VII-3 RESULTS
VII-3-1 Appearance of potato tubers during various storage periods.

Appearance of potato tubers during various storage periods was compared between
‘Kitaakari’ and ‘Danshaku’.  Both potato cultivars never germinated at 1°C through the storage
period (FigureVII-1 and 2).  Different germination patterns were observed between ‘Kitaakari’ and
‘Danshaku’ during the storage at 20°C.  In the case of ‘Kitaakari’ (FigureVII-1), the germination was
earlier than that of ‘Danshaku’ (FigureVII-2).  However, the surfaces of cross-sections showed no
changes in both cultivars at different storage temperatures through the storage periods.

VII-3-2 Tissue prints of H,0, using cross-sections of potato.

A test with a HyO, reaction medium (FigureVII-3-A) showed that the detection limit of this
assay was in the range of 0.1 to 2 mM H,0, (0.25-0.5 nmol/dot). ~ The result of tissue printing assay
during storage period is shown in Figure VII-3-B.  The characteristic specific patterns of H,O,
distribution in ring vascular bundle and epidermis of ‘Kitaakari’ were found more drastically at 1°C than
at 20°C.  Though the contents of HO, were not highly significant at the O week storage in vascular
bundles, it was higher at 1°C than at 20°C in 6 and 12 weeks storage.  On the contrary, in epidermis,
the higher contents of HyO, were detected through the storage petiod at both storage temperatures.
VII-3-3 Immunostaining prints of APx using tissue-sections of potato.

To elucidate the locating sites of APx in the potato tuber tissue, the author performed a tissue
prints assay by immunohistochemical analysis using anti-APx antibodies. ~ As shown in Figure VII-4,
tissue prints of potato tubers cross-sections displayed some different patterns during storage periods.
Although APx was localized only in epidermis at O week storage, accumulated APx was also detected
in vascular bundles in addition to epidermis in which the tendency was also maintain at the same level,
when potato tubers were stored for 6 and 12 weeks.  Moreover, APx contents were markedly high n

vascular bundle at 1°C during 12 weeks storage.
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Kitaakari

6weeks

9weeks

FigureVII-1. Appearance of potato tuber (c.v.Kitaakari)
during storage periods.
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Danshaku

20°C

6weeks

12weeks

15weeks

FigureVII-2. Appearance of potato tuber (c.v.Danshaku)
during storage periods.
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(A)

H,0, concentration (mM)

0 weeks

(B)

6 weeks

12 weeks

Figure VII-3. The detection of H,O, in ‘Kitaakari’ potato

tubers by tissue printing assay.

(A) Calibration of the H,O, printing assay.

(B) The comparison of the spatial resolution of the H,O, printing
assay during storage periods.
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0 weeks

6 weeks

12 weeks

Figure VI1-4. The detection of APx in stored potato tubers
by immunostaining assay.
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VII-3-4 The localization of APx in potato tuber tissues for light microscopy.

The localization of APx was investigated light microscopically by the immunostaining of
tissue sections with anti-APx antibody in ‘Kitaakari’ stored for 12 weeks.  The specific sections of
APx were detected as shown Figure VII-5 (A, B, C, and D).  In the storage condition at 20°C, the
positive immunoreactions were specifically found in the parenchyma and vascular bundles, suggesting
that APx was produced in these regions.  On the contrary, no reactions were detected except for the
weakly stained surfaces when anti-rabbit IgG antibody was treated as negative controls (Figure VII-S a,
b, ¢, and d). Though APx was located around epidermis by tissue printings in Figure VII-4,
APx-producing sites were compatible with the parenchyma but not with the epidermis (Figure VII-5B).
VII-3-5 Electron microscopic observation of H,O,-generated site.

As shown in Figure VII-6, the deposition of H,0, was classified into 4 different types as
follows; a small volume of the electron-dense deposits of cerium-reaction products in cell wall (type I),
a moderate volume of the deposits of the products in cell walls (type II), a large volume of the deposits
of the products in cell walls (type III), and the deposition of the products in cell membrane (type IV).
The frequency of H,0, deposition was estimated at three different cell types: phloem cells (Figure
VII-7A and a), vascular bundle sheath cells (Figure VII-7B and b) and the parenchymal cells (Figure
VII-7C and c) on the basis of the foregoing criteria. ~ Potato tubers stored at 1°C (Figure VII-7A, B,
and C) showed the higher H,0, deposition than those stored at 20°C (Figure VII-7a, b,and ¢).  The
accumulations of H,0, indicated no significant change in any tissue in potato tubers in type Il and type
IIl.  However, the high accumulation of H,0, in type I was detected in phloem cells (Figure VII-7A)
and vascular bundle sheath cells (Figure VII-7B). In type IV, the high accumulations of H,O, were
recognized in phloem cells (Figure VII-7A) at the late period during storage. ~ As shown in Figure
VII-7A and B, H,0, accumulation in type I reached a peak at 6 weeks and thereafter decreased

gradually to the basal levels.
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FigureVII-S. The localization of APx in 12 week-stored potato tubers.
(A)  The parenchymal cells under epidermis stored potato tissues at 20°C.

(B)  The parenchymal cells under epidermis stored potato tissues at 1°C.

(C)  Around vascular bundle cells stored potato tissues at 20°C.

(D)  Around vascular bundle cells stored potato tissues at 1°C.

(A), (B), (C), and (D) were positive staining using anti-APx antibody.

(a), (b), (¢), and (d) were negative staining using anti- rabbit IgG antibody.
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Type 111 Type 1V

Figure VII-6. The classification of H,0, deposition types.

The arrow indicates the electron-dense deposits of cerium perhydroxides.

Type I, a small volume of electron-dense deposits in cell wall;
Type 11, a moderate volume of electron-dense deposits in cell wall;
Type 111, a large volume of electron-dense deposits in cell wall;
Type IV, on cell membrane.

CW, cell wall; CS, cytosol; CM, cell membrane.
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Figure VII-7. Comparative frequency of appearing H;O,-generated sites in the cells of
potato tubers during stored at low-temperature (1°C) and at room temperature (20°C).

Vii-4 DISCUSSION

The aim of this chapter was to examine the cytochemical localization of H,0, and APx in
potato tubers during low-temperature storage.  Figure VII-3 showed typical prints prepared from
cross-sections of a potato tuber under low-temperature storage.  This result was similar to the resuits
obtained by Liu et al. (1999).  The contents of H,O,were higher in tissue sections prepared from older
plants.  In addition, phloem, epidermis, and parenchymal cells were compatible with the regions
where H,0, markedly accumulated in longer stored potato tubers and the H,O, accumulation was higher
in the storage of 1°C than in that of 20°C.  However, as it was presumed that significant amounts of

H,0, were spontaneously produced in the cell walls at the epidermis for lignin biosynthesis (Schopfer,
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1994; Liu et al., 1999), the accumulation caused by low-temperature stress probably occurred in vascular
bundle cells.  The localization of H,0, was found in cell walls and cell membranes of phloem cells of
potato tubers by using the cerium chloride method (Figure VII-6 and 7).  The contents of H,O, in
phloem and vascular bundle sheath cells were increased at 6 weeks and thereafter decreased gradually to
basal levels for protracted 6 weeks storage (Figure VII-7).

APx, which is an important enzyme to detoxify H,0,, was located in the similar region where
H,0,was accumulated (Figure VII-4).  APx expression was at a very high level in vascular bundles
at 1°C during 12 weeks storage (Figure VII-4) and was remarkably induced by low temperature stress
in vascular bundles (Figure VII-5).  These results are in harmony with the report by Pastori ef al
(2000).  They described the bundle sheathe cells suffered from oxidative damage arising from H,O,
accumulation at low-temperature and detoxification of H,O, in virtues of induced APx at
low-temperature (Pastori ef al, 2000).  To be effective, antioxidants must be located at the sites close
to the sites of oxidant production and close to sites at high risk of oxidative damage. ~ Therefore, it was
presumed that the remarkable expression of APx was induced in the vascular bundle system (including
phloem and bundle sheathe cells) by H,O, accumulation.

It has been reported that reactive oxygen intermediates can be formed in the mitochondrial
inner membrane by the direct oxidation of the semi-ubiquinone radical by O, and that the rate of this
reaction increases exponentially as the ubiquinone pool is reduced (Milar and Day, 1997).  This
seems to suggest that there is the possibility that the site of HO, generation is the mitochondrial
respiration chain.  Indeed, measurement of the amount of Q and reduced Q (Chapter V) showed that
the redox poise of the Q pool tends to be under reduction at a low temperature. ~ Moreover, the activity
of Mn-SOD localized in mitochondria was effectively increased by low-temperature (Chapter VI).
Taking into consideration of these findings, O," will be the first product generated inside mitochondrial

inner membrane and then will be converted to O, and H,0, by Mn-SOD when potato tubers are stored
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at low temperatures.  And the generated H,O, whose life time was longer than O,™ might be defused
into cytosol.  The evidence that anti-APx antibody is specifically recognized a cytosolic APx leads to
the hypothesis that H,O, might be finally detoxified by APx in cytosol of the vascular bundle (Figure

VII-8).

Low temperature

Potato

[]

| Electron transportatio_nl

\\Cytosol //

phloem cell

Figure VII-8.  Proposal defense mechanism against low temperature
stress during storage in potato tubers.
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CHAPTER VIII
CONCLUSION

Potato (Solarnnn tuberosum L.) tubers are an important source of vitamin C for many people
because much AsA remains in potato tubers even after a long storage time.  Low temperature storage
of potato tubers can have the beneficial results of lowered respiration rates, slowed physiological aging,
inhibition of sprouting, reduced evaporative water loss, and minimized microbial pathogenesis.
However, the contents of AsA decreases more rapidly during storage at low temperature than at high
temperature. It is well known that reactive oxygen species were generated under low temperature
stress, particularly as a chilling injury, and plants have defense mechanisms including antioxidant
enzymes against reactive oxygen species.  Although potato tubers are said to be insensitive against the
chilling injury, the antioxidant enzymes are presumed to play the role in scavenging active oxygen
generated during the storage at low temperature.

In Chapter II and V, the changes in activities of antioxidant enzymes, APx, SOD, and CAT,
were investigated during storage of potato tubers between at low and high temperatures. ~ APx was the
most sensitive of the antioxidant enzymes at low temperature storage, suggesting that H,O, was
generated more at a low temperature (1°C) than at a high temperature (20°C) in potato tubers (Chapter
I).  As it has been reported that APx was inactivated when the concentration of endogenous AsA
reached a level less than 30 UM, two potato tuber cultivars with different AsA contents were used to
compare the influence of endogenous AsA contents on antioxidant enzymes exposed to low
temperature.  The ‘Kitaakari’ and ‘Danshaku’ cultivars contained high and normal AsA concentration
at original levels, respectively.  However, The APx activity continued to increase in ‘Kitaakari’
cultivar throughout the entire low temperature storage period, while it started to decrease after 9 weeks in

‘Danshaku’ cultivar when endogenous AsA concentration were less than 30 uM at which APx is
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inactivated (Chapter V).  The decrease in the contents of endogenous AsA during storage is
considered to be the reason why APx activity showed the tendency of increasing throughout the storage
period in ‘Kitaakari’ and the tendency of decrease after 9 weeks in ‘Danshaku’. It is generally
believed that MDHA and DHA produced by APx are reduced to AsA by reactions that are catalyzed by
MDHAR, DHAR and GR in a series of AsA recycling known as the Halliwell-Asada pathway. It
was demonstrated that MDHAR was most sensitive to low temperature.  However, the ratio of
increase of MDHAR activity was, at its maximum, equivalent to 2% (Chapter II) or 1/45-fold
(Chapter V) of the rate of increase of APx activity, suggesting that the concentrations of endogenous
AsA decreased during storage even when the recycling system of AsA was activated by low
temperature.  Thus, APx is one of the key enzymes against low temperature stress, and its activity
depends on an endogenous concentration of AsA in potato tubers.

To investigate the APx response to low temperature stress in potato tubers, in Chapter IIL a
cDNA clone encoding APx was isolated from a potato tuber cDNA library.  The full-length clone
contains a cDNA that is 1039 bp in length and has an open reading frame of 750 bp coding for 250
amino acids.  The sequence was found to have conserved amino acids of APx, including His 42
(active site), His 163 (binding site), Trp 179 (active site), and Asp 208 (active site).  The deduced
amino acid sequence of APx had high homology with the cytosolic APx (cAPx) from other plant
sources and lacked a transit peptide, implying that it encoded a cAPx.

In Chapter IV, mRNA and protein levels of APx were investigated to clarify whether APx is
produced with de novo protein synthesis. ~ APx mRNA levels during storage at 1°C increased 2.5-fold
and 14-fold in 3 weeks and 6 weeks, respectively, as compared with the initial levels.  Levels
appeared to decline further during protracted storage, and decreased almost to the initial levels by 15
weeks.  Activity staining of APx was low in tubers at zero time storage, and peaked 12 weeks after

harvest in tubers stored at 1°C. 1t increased approximately 3.4-fold during the first 12 weeks of
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storage.  Thus, the kinetics of their expression closely paralleled the results in the active staining of
APx, with a 9-week delay.  APx amounts as determined by Western blot analysis using anti-APx
antibody correlated well with activity staining of APx.  The accumulation of hydrogen peroxide and
the induction of APx mRNA expression were also investigated in suspension-cultured potato tuber cells
incubated at 5°C.  APx mRNA levels peaked at 24 h, and hydrogen peroxide levels started to increase
at 6 h, peaking at 24 h.  Moreover, APx mRNA levels in the cells stimulated directly with exogenous
hydrogen peroxide (100 M) rapidly increased within 30 minutes.  These findings indicate that APx
was produced with de novo protein synthesis induced by low temperature stress, and detoxified
hydrogen peroxide.

It was demonstrated that APx activity was affected by the concentration of endogenous AsA
in Chapter V. In Chapter VI, the influence of endogenous AsA upon APx expression was
investigated using the ‘Kitaakari’ and ‘Danshaku’ cultivars.  In the case of ‘Kitaakari’ at the high
concentration of AsA, APx mRNA levels continued to increase during storage at low temperature.
However, in the case of ‘Danshaku’ at the same concentration of AsA as Touya, its levels increased
transiently until 9 weeks and thereafter declined to the almost same level as those at 3 weeks during
storage at low temperature. A similar tendency was observed in the activity staining of APx. ~ Thus,
expressed APx levels were positively correlated with activity staining of APx.  These results
demonstrated that APx was regulated by AsA concentration at the level of mRNA expression when
potato tubers were stored at low temperature.

In Chapter VII, the cytochemical localization of H,0, and APx in potato tuber during
low-temperature storage was investigated. ~ The characteristic specific patterns of H,O, distribution in
vascular bundle and epidermis were found more drastically at 1°C than at 20°C using tissue printings.
Moreover, the localization of H,O, especially in cell wall and the cytomembrane around vascular

bundles cell of potato tuber was also detected by TEM using the cerium chloride at low temperature.
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APx, which is an important enzyme to detoxify H,0O, was interestingly located in the same region
(vascular bundle and parenchyma) where H,0, was accumulated as shown by immunostaining with
anti-APx antibody using light microscopy.  However, H,O, and APx were detected around epidermis
without the storage at low temperature, presuming that the remarkable expression of APx could be

induced in vascular bundle (especially phloem) where HO, accumulated.

84



REFERENCES

Aebi, H. (1984) Methods Fnzymol 105, 121-126.

Allen, R.D. (1995) Dissection of oxidative stress tolerance using transgenic plants. Plant Physiol,, 107,
1049-1054.

Anderson, M.D., Prasad, TK., Stewart, C.R. (1995) Changes in isozyme profiles of catalase,
peroxidase, and glutathione reductase during acclimation to chilling in mesocotyls of maize
seedlings. Plant Physiol, 109, 1247-1257.

Armstrong, D.A., Buchanan, J.D. (1978) Reactions of O,, H,O, and other oxidants with sulfhydryl
enzymes. Photochem. Photobiol., 28, 743-755.

Asada, K. (1992) Ascorbate peroxidase-hydrogen peroxide-scavenging enzyme in plants. Physiol. Plant.,
85, 235-241.

Asada, K. (1994) Production and action of active oxygen species in photosynthetic tissues. In Foyer, CH.
and Mullineaux, PM.eds. /n Causes of photooxidative stress and amelioration of defense systems in
plant. CRC Press, Florida, pp77-104

Asada, K. (1996) In ‘“Photosynthesis and the Environment”, Wedited by Baker, N.R. and Bowyer, JR. pp.
129-142, Bios. Sci. Pub., Oxford.

Asada, K., Takahashi, M. (1987) Production and scavenging of active oxygen in photosynthesis. /2 Kyle,
D.J. Osmond, CB., Amtzen, D.J. eds. Photoinhibition. Elsevier, Amsterdam, pp 227-287.

Bailey, B.A., Taylor, R, Dean, J.ED., Anderson, J.D. (1991) Ethlene biosynthesis-inducing
endoxylanease is tanslocated through the xylem of Nicotiana tabacum cv xanthi plants. Plant
Physiol, 97, 1181-1186.

Baker, C.J., Ordandi, E.W. (1995) Active oxygen in plant pathogenesis. Amm. Rev: Phytopathol., 33,
299-321.

Bestwick, C.S., Bennett, M.H., Mansfield, J.W. (1995) The origin of the oxidative burst in plants. /ree
Rad. Res., 23, 517-532.

Bestwick, C.S., Brown, MLR,, Bennett, M.H., Mansfield, J.W. (1997) Localization of hydrogen
peroxide accumulation during the hypersensitive reacion of lettuce cells to pseudomonas syringae
pv phaselicola. Plant Cell., 9,209-221.

Bonner, W.D. (1967) In Methods in Enzymology: Estabrook, R. W, and Pullman, M. E,, eds.; Vol. 10, pp.
126-133, Academic Press, New York

Boveris, A., Sanchez, R.A., Beconi, M.T. (1978) Antimycin- and cyanide-resistant respiration and
superoxide anion production in fresh and aged potato tuber mitochondria. FEBS Lett., 9, 333-338.

Boveris, A., Cadenas, E. (1982) Production of superoxide radicals and hydrogen peroxide in
mitochondria., /n Superoxide Dismutase, ed. LW Oberley, 2, pp15-30, Boca Raton, FL.: CRC Press

Bowler, C., Slooten, L., Vandenbranden, S., De Rycke, R., Botterman, J., Sybesma, C., Van
Montagu, M., Inze, D. (1991) Manganese superoxide dismutase can reduce cellular damage
mediated by oxygen radicals in transgenic tobacco. Plant Physiol., 97, 452-457.

Bowler, C., Van Camp, W., Van Montagu, M., Inzé, D. (1994) Superoxide dismutase in plants. CRC
Crit. Rev. Plant Sci., 13, 199-218.

Bowler, C., Van Camp, W., Van Montagu, M, Inzé, D. (1992) Superoxide dismutase and stress

85



tolerance. Arrmt. Rev. Plant Physiol. Plant Mol. Biol,, 43, 83-116.
Bradford, M.M. (1976) A rapid and sensitive methhod for the quontitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem., 72, 248-254.

Bresegem, EV., Villarroel, R., Montagu, M.V,, Inzé, D. (1995) Ascorbate Peroxidase cDNA from
Maize. Plant Pysiol, 107, 649-650.

Bunkelmann, J.R., Trelease, R.N., (1996) Ascorbate peroxidase. A prominent membrane protein in
oilseed glyoxysomes. Plant Physiol., 110, 589-598.

Burdon, R.H., Gill, V,, Boyd, P.A. O’Kane, D. (1994) Chilling, oxidative stress and antioxidant enzyme
response in Arabidopsis thaliana. Proc. R. Soc. Fdinburg., 102B, 177-185.

Cassab, G.I, Varner, J.E. (1989) Tissue printing on nitrocellulose paper: a new method for
immunolocalization of proteins, loxalization of enzyme activities and anatomical analysis. Cell Bol.
Int. Rep., 13, 147-152.

Chance, B., Sies, H., Boveris, A. (1979) Hydroperoxide metabolism in mammalian organs. Physiol. Rev.,
59, 527-605.

Chen, X.G., Asada, K. (1989) Ascorbate peroxidase in tea leaves: occurrence of two isozymes and the
differences in their enzymatic and molecular prosperities. Plant Cell Physiol., 8, 987-998.

Chomezynski, P, Sacchi, N. (1987) Single-step method of RNA isolation by acid guanidium
thiocyanate-phenol-chloroform extraction. Anal. Biochem., 162, 156-159.

Conklin, P.L. Last, R L. (1995) Differential accumulation of antioxidant mRNAs in Arabidopsis thaliana
exposed to ozone. Plant Physiol,, 109, 203-212.

Davies, K.J.A. (1987) Protein damage and degradation by oxygen radicals: I. General aspects. J. Biol
Chem., 262, 9895-9901.

Dry, LB., Moore, A.L., Day, D.A., Wiskich, J.T., (1989) Regulation of alternative pathway activity in
plant mitochondria: nonlinear relationship between electron flux and the redox poise of the quinone
pool. Arch. Biochem. Biophys., 273, 148-157

Durner, J.,, Klessing, D.F. (1995) Inhibition of ascorbate peroxidase by salicylic acid and
2,6-dichloroisonicotinic acid, two inducers of plant defense responses. Proc. Natl. Acad. Sci. USA.,
92, 11312-11316.

Elia, MLR., Borraccino, G., Dipieerro, S. (1992) Soluble ascorbate peroxidase from potato tubers. Plarnt
Sci,, 85, 17-21.

Elstner, E.F. (1987) Metabolism of activated oxygen species. /n D.D. Davies ed, the Biochemistry of
Plants, Vol. 11. Biochemistry of Metabolism, Academic Press; San Diego, CA, pp 253-315.

Esteve, MLJ., Farre, R., Frigola, A. (1995) Changes in ascorbic acid content of green asparagus during
the harvesting period and storage. J. Agric. Food Chem., 43, 2058-2061.

Forstner. H., Gnaiger, E. (1983) Appendix A calculation of equilibrium oxygen concentration. /n E.
Gnaiger, H. Forstner, eds, Polarographic Oxygen Sensors. Aquatic and Physiological Applications.
Springer-Verlag, Berlin, pp 321-333.

Foyer, C.H. Mullineaux, P.M. (1994) Causes of photooxidative stress and amelioration of defense
systems in plant.(Foyer, C. and Mullineaux, P, eds.), pp-2-42. CRC Press, Boca Raton.

Foyer, C.H., Descourviéres, P., Kunert, K.L. (1994) Protection against oxygen radicals: an important

86



defense mechanism studies in transgenic plant. Plant Cell Environ., 17, 507-523.

Fridovich, L (1986) Biological effects of the superoxide radical. Arch. Biochem. Biophys., 247, 1-11.

Gupta, A.S., Heinen, J.L., Holaday, S., Burke, J.J., Allen, R.D. (1993) Increased resistance to oxidative
stress in transgenic plants that overexpress chloroplastic Cw/Zn superoxide dismutase. Proc. Natl
Acad Sci. USA., 90, 1629-1633.

Halliwell, B. (1981) Free radicals, oxygen toxicity and aging. /n RS Sohal, ed Age Pigments. Elsevier,
Amsterdam, pp 1-62.

Halliwell, B. (1981) /i1 Age Pigments Photochem. Photobiol., 37, 679-690.

Halliwell, B. (1987) Chem. Phys. Lipids., 44, 327-340.

Hariyadi, P., Parkin, K.L. (1991) Chilling-induced oxidative stress in cucumber fiuits. Postharvest Biol.
Technol., 1,33-45.

Harper, D.B., Harvey, BM.R. (1978) Plant Cell Environ., 1,211-215.

Hernandez, J.A., Olimos, E., Corpas, EJ., Sevilla, F, del Rio, L.A. (1995) Salt-induced oxidative stress
in chloroplasts of pea plants. Plant Sci., 105, 151-167.

Hirai, KL, Pan, J., Shimada, H., Izuhara, T., Kurihara, T., Moriguchi, K. (1999) Cytochemical
energy-filtering transmission electron microscopy of mitochondrial free radical formation in
paraquat cytotoxicity. J. Electron Microsc., 48, 289-296.

Hossain, M.A., Nakano, Y., Asada, K. (1984) Plant Cell Physiol.,, 25, 385-395.

Ishikawa, T., Sakai, K, Yoshimura, K, Takeda, T., Shigeoka, S. (1996) cDNAs encoding spinach
stromal and thylakoid-bound ascorbate peroxidase, differing in the presence or absence of their
3%-coding regions. FEBS Lett., 384, 289-293.

Jespersen, M.H., Kj A rsgard, V.H.L, Ostergaard, L., Welinde, G.K. (1997) From sequence analysis of
there novel ascorbate peroxidases from Arabidopsis thaliana to structure, function and evolution of
seven typess of ascorbate peroxidase. Biochem. J., 326, 305-310.

Jimémez, A., Hernindez, A.J., del Rio, L.A., Sevilla, F. (1997) Evidence for the presence of the
ascorbate-glutathione cycle in mitochondria and peroxisomes of pea leaves. Plart Physiol.,, 114,
275-284.

Jimémez, A., Hernindez, A.J.,, Pastoril, G., del Rio, L.A. Sevilla, FE (1998) Role of
ascorbate-glutathione cycle of mitochondria and peroxisomes in the senescence of pea leaves. Plant
Physiol, 118, 1327-1335.

Kawakami, S., Mizuno, M., Tsuchida, H. (2000-a) The defense mechanism against oxidative stress
generated in potato tubers during low-temperature storage. Plarit Perox. Newslett,, 14, 125-132.

Kawakami, S., Mizuno, M., Tsuchida, H. (2000-b) Comparison of antioxidant enzymes activities
between Solarmm tuberosum L. cultivars “Danshaku” and “Kitaakari” during low-temperature
storage. J. Agric. Food Chem., 48,2117-2121.

Kim, LJ., Chung, LW. (1998) Molecular characterization of a cytosolic ascorbate peroxidase in
strawberry fiuit, Plant Sci,, 133, 69-77.

Kubo, A., Saji, H., Tanaka, K., Tanaka, K., Kondo, N. (1992) Cloning and sequncing of a cDNA
encoding ascorbate peroxidase from Arabidopsisi thaliana, Plart Mol. Biol., 18, 691-701.

Kuzniak, E., Sklodowska, M. (1999) The effect of Borrytis cinerea infection on ascorbate-glutathione

87



cycle in tomato leaves. Plant Sci., 148, 69-76.

Laemmli, UK. (1970) Nature, 227, 680-685.

Lagrimini, L.M. (1991) Wound-induced deposition of poly phenols in transgenic plants overexpressing
peroxidase. Plant Physiol., 96, 577-583.

Levitt, J. (1980) Responses of plants to environmental stresses: chilling, freezing and high temperature
stress (2nd edn). Academic Press, New York

Liebler, D.C,, Kling, D.S., Reed, D.J. (1986) Antioxidant protection of phospholipid bilayers by
alpha-tocopherol. Control of alpha-tocopherol status and lipid peroxidation by ascorbic acid and
glutathione. J. Biol. Chem., 261,12114-12119.

Liu, ET, Zinnecker, M., Hamaoka, T., Katz, D.H. (1979) New procedures for preparation and isolation
of conjugates of proteins and a synthetic copolymer of D-amino acids and immunochemical
characterization of such conjugates. Biochentistry, 18, 690-697.

Liu, L., Eriksson, K.E.L., Dean, J.F.D. (1999) Localization of hydrogen peroxide production in Zinnia
elegans L. stems. Phytochem., 52, 545-554.

Longo, V.D., Gralla, E.B., Valentines, J.S. (1996) Superoxide dismutase activity is essential for stationary
phase survival in Saccharomyces cerevisiae: mitochondrial production of toxic oxygen species in
vivo. J. Biol. Chem., 271, 12275-80.

Lowry, O.H., Rosebrough, N.J., Farr, A.L, Randall, R.J. (1951) Protein measurement with the Folin
phenol reagent. J. Biol. Chem., 193, 265-275.

Malen, C., Greyling, M.M., Gressel, J. (1990) Correlation between Cu,Zn superoxide dismutase and
glutathione reductase enhances tolerance to freezing stress in transgenic alfalfa (Medicago sativa L.).
Plant Physiol, 69, 157-166

Mao, G.D., Thomas, P.D., Lopaschuk, G.D., Poznansky, M.J. (1993) Superoxide dismutase
(SOD)-catalase conjugates. Role of hydrogen peroxide and the fenton reaction in SOD toxicity. J
Biol. Chem., 268, 416-420.

McClure, B.A., Guilfoyle, T. (1989) Tissue print hybridization. A simple technique for detecting organ-
and tissue —specific gene expression. Plant Mol Biol,. 12, 517-524.

McKersie, B.D., Chen, Y., Debeus, M., Bowley, S.R., Bowler, C., Inze, D., D’Halluin, K. Botterman,
K. (1993) Superoxide dismutase enhances tolerance to freezing stress in transgenic alfalfa
(Medicago sativa L). Plant Physiol,, 103, 1155-1163.

Melhorn, H. (1990) Ethylene-promoted ascorbate peroxidase activity protects plants against hydrogen
peroxide, ozone and paraquot. Plant Cell Environ., 13, 971-976.

Millar, A.H., Day, D.A. (1997) Alternative solutions to radical problems. Trends plart Sci., 2, 289-290.

Mishra, N.P,, Mishra, RK,, Singhal, G.S. (1993) Changes in the activities of anti-oxidant enzymes
during exposure of intact wheat leaves to strong visual light at different temperature in the presence
of protein synthesis inhibition. Plant Physiol., 102, 903-910.

Mittler; R., Zilinskas, A.B. (1991) Molecular cloning and nucleotide sequence analysis of cDNA
encoding pea cytosolic ascorbate peroxidase. FEBS Lett., 289,257-259.

Mittler; R., Zilinskas, A.B. (1992) Molecular cloning and characterization of a gene encoding pea
cytosolic ascorbate peroxidase J. Biol Chem., S,21802-21807.

88



Mittler, R., Zilinskas, A.B. (1993) Detection of ascorbate peoxidase activity in native gels by inhibition of
the ascorbate-dependent reduction of nitroblue tertazolium. Anal. Biochem., 212, 540-546.

Mittler, R., Zilinskas, A.B. (1994) Regulation of pea cytosolic ascorbate peroxidase and other antioxidant
enzymes during the progression of drought stress and following recovery form drought. Plant J., 5,
397-405.

Miyake, C., Asada, K. (1992) Thylakoid-bound ascorbate peroxidase in spinach chloroplasts and
photoreduction of its primary oxidation product monodehydroascorbate radicals in thylakoids, Pl
Cell Physiol., 33, 541-543.

Miyake, C., Asada, K. (1996) Inactivation mechanism of ascorbate peroxidase at low concentrations of
ascorbate: hydrogen peroxide decomposes compound I of ascorbate peroxidase. Plarit Cell Physiol,
37, 423430

Mizuno, M., Kamei, M., Tsuchida, H. (1998) Ascorbate peroxidase and catalase cooperate for protection
against hydrogen peroxide generated in potato tubers during low-temperature storage. Biochem. Mol.
Biol. Int., 44, 717-726.

Moore, A.L., Dry, LB., Wiskich, J.T. (1988) Measurment of the redox state of the ubiqunone pool in
plant mitochondria. FEBS Lett., 235, pp76-80.

Nakano, Y., Asada, K. (1981) Hydorogen peroxide is scavenged by ascorbate specific peroxidase in
spinach chloroplasts. Plant Cell Physiol., 22, 867-880.

Neuburger, M., Journet, PE,, Bligny, R,, Carde, P.J., Douce, R, (1982) Purification of plant
mitochondria by isopycnic centrifugation in density gradients of Percoll, Arch. Biochem. Biophys.,
217(1), 312323,

Niebel, A., Heungens, K., Barthels, N., Inze, D.,, Van Montagu, M., Gheysen, G. (1995)
Characterization of a pathogen-induced potato catalase and its systemic expression upon nematode
and bacterial infection. Mol. Plant Microbe. Interac., 8,371-378.

Niehaus, W.G.Jr. (1978) Bioorg. Chem., 7, 77-84.

Okuda, T., Masuda, Y., Yamanaka, A., Sagisaka, S. (1991) Abrupt increase in the level of hydrogen
peroxide in leaves of winter wheat is caused by cold treatment. Plarzt Physiol., 97, 1265-1267.
Omran, R.G. (1980) Peroxide levels and activities of catalase, peroxidase and indoleacetic acid oxidase

during and after chilling cucumber seedlings. Plant Physiol., 65, 407-408.

O’kane, D,, Gill, V., Boyd, P, Burdon, B. (1996) Chilling, oxidative stress and antioxidant responses in
Arabidopsis thaliana callus. Planta, 198, 371-377.

Orvar, B.L., Ellis, B.E., (1995) Isolation of a cDNA encoding cytosolic ascorbate peroxidase in tobacco.
Plant Pysiol., 108, 839-840.

Orvar, B.L., Ellis, B.E. (1997) Transgenic tobacco plants expressing antisense RNA for cytosolic
ascorbate peroxidase show increased susceptible to ozone injury. Plant J,, 11, 1297-1305.

Orvar, B.L., McPheron, J., Ellis, B.E. (1997) Pre-activating wounding response in tobacco prior to
high-level ozone exposure prevents necrotic injury. Plant J, 11, 203-212.

Pastori, G., Foyer, H.C., Mullineaux, P. (2000) Low temperature-induced changes in the distribution of
H,0, and antioxidants between the bundle sheath and mesophyll cells of maize leaves. J. Fxpi. Bot,
51, 107-113.

89



Patterson, R.W., Poulos, T.L. (1995) Crystal structure of recombinant pea cytosolic ascorbate peroxidase,
Biochemistry, 34,4331-4341.

Pitcher, L.H., Zilinskas, B.A. (1996) Overexpression of cuppet/zinc superoxide dismutase in the cytosol
of transgenic tobacco confers partial resistance to ozone-induced foliar necrosis. Plart Physiol., 110,
583-588.

Prasad, TK. (1997) Role of catalase inducing chilling tolerance in pre-emergent maize seedlings. Plant
Physiol., 114, 1369-1376.

Prasad, T.K., Anderson, M.D., Martin, B.A., Steward, C.R. (1994) Evidence for chilling-induced
oxidative stress in maize seedlings and a regulatory role for hydrogen peroxide. Plan Cell, 6, 65-74.

Price, A., Hendry, G. (1987) In Free Radical, Oxidant Stress and Drug Action (Rice-Evans, C. ed.) pp
443-450, Richelieu Press, London.

Puntarulo, S., Galleano, M., Sanchez, R.A., Boveris, A. (1991) Superoxide anion and hydrogen
peroxide metabolism in soybean embryonic axes during germination. Biochim. Biophys. Acta., 1074,
277-283.

Purvis, C.A., Shewfel, R.L. (1993) Does the alternative pathway ameliorate chilling injury in sensitive
plant tissues?, Physiol. Plantarum, 88, 712-718.

Purvis, C.A., Shewfelt, R L., Gegogeine, J.W. (1995) Superoxide production by mitochondria isolated
from green bell pepper fruits. Physiol. Plant, 94, 743-749.

Quinn, P. (1988) Effects of temperature on cell membranes. Symp. Soc. Exp. Biol., 42, 237-258.

Rabinowitch, H.D., Fridovich, 1. (1983) Superoxide radicals, superoxide dismutases and oxygen toxicity
in plants. Photochem. Photobiol., 37, 679-690.

Rao, MLV. (1992) J. Plant Physiol., 140, 733-740.

Rao, MLV, Paliyath, G., Ormrod, P.D. (1996) Ultraviolet-B-and ozon-induced biochemical changes in
antioxidant enzymes of Arabidopsis thaliana. Plant Physiol,, 110, 125-136.

Rose, R.C., Nahrwold, D.L. (1981) Quantative analysis of ascorbic acid anddehydroascorbic acid by

high-performance liquid chromatography. Amal. Biochem., 114, 140-155.

Ruffer, M., Steipe, B., Zenk, M.H. (1995) Evidence against specific binding of salicylic acid to plant
catalase. FEBS Lett, 377, 175-180.

Santos, M., Gousseau, H., Lister, C., Foyer, C., Creissen, G., Mullineaux, P. (1996) Cytosolic ascorbete
peroxidase from Arabidopsis thaliana L. is encoded by a small multigene family. Planta, 198,
64-69.

Scandalios, J.G. (1990) Response to plant antioxidant defense genes to environmental stress. Adv. Genet.,
28, 1-41.

Scandalios, J.G. (1993) Oxygen stress and superoxide dismutase Plant Physiol., 101, 7-12.

Scandalios, J.G., Tsaftaris, A.S., Chandlee, J.M., Skadsen, RW. (1984) Expression of the
developmentally regulated catalase (car) genes in maize. Dev: Genet., 4,281-293.

Schants, L.M., Schreiberr; S.H., Guillemaut, P, Schantz, R. (1991) Changes in ascorbate peroxidase
activities during fruit ripening in Capsicum ammumm. FEBS Lett, 358, 149-152.

Schopfer, P. (1994) Histochemical demostration and localization of H,O, in organs of higher plants by
tissue printing on nitorocellulose paper. Plant Physiol., 104, 1269-1275.

90



Shaaltiel, Y., Gressel, J. (1986) Multienzyme oxygen radical detoxifying system correlated with paraquat
resistance in Conyza bonariensis. Pestic. Biochem. Physiol., 26,22-28.

Shoner, S. and Krause, G.H. (1990) Protective systems against active oxygen species in spinach:
response to cold acclimation in excess light. Planta, 180, 383-389.

Siefermann, D., Yamamoto, H.Y. (1975) Properties of NADPH and oxygen-dependent zeaxanthin
epoxidation in isolated chloroplasts. A transmembrane model for the violaxanthin cycle. Arch
Biochem. Biophys., 171, 70-77.

Spychalla, J.P., Desborough, S.L. (1990) Superoxide dismutase, catalase, and o-tocopherol content of
stored potato tubers. Plant Physiol., 94, 1214-1218.

Tanaka, K., Suda, Y., Kondo, N., Sugahara, K. (1985) O; tolerance and the ascorbate-dependent H,0O,
decomposing system in chloroplasts. Plant Cell Physiol, 26, 1425-1431.

Tanaka, K., Takeuchi, E., Kubo, A., Sakaki, T., Haraguchi, K. (1991) Two immunologically different
isozymes of ascorbate peroxidase from spinach leaves. Arch. Biochem. Biophys., 286,371-375.

Taylor, R., Inamine, G., Anderson, J.D. (1993) Tissue printing as a tool for observing immunological
and protein profiles in young and mature celery petioles. Plant Physiol., 102, 1027-031.

Ushimaru, T., Shibasaka, M. Tsuji, H. (1992) Development of the O,-detoxification system during
adaptation to air of submerged rice seedlings. Plart Cell Physiol, 33, 1065-1071.

Ushimaru, T., Ogawa, K., Ishida, N., Shibasaka, M., Kanematsu, S., Asada, K., Tsuji, H. (1995)
Changes in organelle superoxide dismutase isozymes during air adaptation f submerged rice
seedings: differential behavior of isozymes in plastids and mitochondria. Planta, 196, 606-613.

Ushimaru, T., Maki, Y., Sano, S., Koshiba, K., Asada, K. Tsuji, H. (1997) Induction of enzymes
involved in the ascorbate-dependent antioxidative system, namely, ascorbate peroxidase,
monodehydroascorbate reductase and dehydroascorbate reductase, after exposure to air of rice
(Oryza sativa) seedlings geminated under water. Plant Cell Physiol., 38, 541-549.

Van Den Bergen, C.W.M., Wagner, M.A., Krab, K., Moor, L.A. (1994) The relationship between
electron flux and the redox poise. Eur: J. Biochem., 226,1071-1078.

Wagner, A.M., Krab, K. (1995) The altemnative respiration path way in plants: Role and regulation.
Physiolo. Plantarum., 95, 318-325.

Webb, PR., Allen, D.R. (1995) Isolation and characterization of a cDNA for spinach cytosolic ascorbate
peroxidase. Plant Physiol., 108 1325.

Willekens, H., Van Camp, W., Van Montagu, M., Inzé, D., Langebartels, C., Sandermann, H.Jr.
(1994) Ozone, sulfate oxide, and ultraviolet B have similar effects on mRNA accumulation of
antioxidant genes in Micotiana plumbaginifolia L. Plant Physiol,, 106, 1007-1014.

Wise, RR,, Naylor, A.W. (1987) Chilling-enhanced photooxidation. Plant Physiol., 83, 272-277.

Woodbury, W., Spencer, AK., Stahmann, MLA. (1971) An improved procedure using ferricyanide for
detecting catalase isozymes. Anal Biochem., 44, 301-305.

Wu, G., Shortt, B.J., Lawrence, E.B., Levine, E.B., Fitzsimmons, K.C., Shah, D.M. (1995) Disease
resistance conferred by expression of a gene encoding H,O,-generating glucose oxidase in
transgenic potato plants. Plant Cell, 7, 1357-1368.

Yamaguchi, K., Mori, H., Nishimura, M. (1995) A novel isoenzymeof ascorbate peroxidase localized on

91



glyoxysomal and leaf proxisomal membranes in pumpkin. Plant Cell Physiol., 36, 1157-1162.
Yamaguchi, K., Hayashi, M., Nishimura, M. (1996) cDNA cloning of thylakoid-bound ascorbate
peroxidase in pumpkin and its characterization, Plaret Cell Physiol., 37, 405-409.
Yoshioka, H., Hayakawa, Y., Doke, N. (1995) Suppression of phenylalanine ammonialyase mRNA
accumulation by supressors from Phytophthora infestans. Ann. Phytopathol. Soc. Jpn., 61, 7-12.
Zahaby-EL H.M., Gullner, G., Kiraly, Z. (1995) Effects of powdery milder infection of barley on the
ascorbate-glutathione cycle and other antioxidants in different host-pathogen interactions.
Phytopathology, 85, 1225-1230.

92



ACKNOWLEGEMENT

The author would like to express her grateful thanks to Associate Professor Dr. Masashi
Mizuno for kind guidance and various suggestions throughout the course of this study.

The author wishes to express her sincere gratitude to Professor Drs. Chiharu Nakamura,
Shigeyuki Mayama, and Pyoyun Park of Kobe University for their helpful advice and useful comments.

The author wishes to express thanks to Professor Dr. Shigeru Shigeoka of Kinki University
and Assistant Professor Dr. Hirofumi Yoshioka of Nagoya University for their useful information.

In this study, the author had many discussions with her colleagues, Mr. Yoshio Matsumoto and
Miss. Akiko Matsunaga.  Their contributions to this study have been great and the author
acknowledges the important part played by them.

The author thanks Mr. Yutaka Hatanaka of Kobe University for his kind helps in
immunostaining assay.

It is my pleasure to acknowledge the supports and encouragement by the members of the
Laboratory of Resource Science, Faculty of Agriculture, Kobe University.

The author is also grateful to her parents for the support while at school.

93



	 0001
	 0002
	 0003
	 0004
	 0005
	 0006
	 0007
	 0008
	 0009
	 0010
	 0011
	 0012
	 0013
	 0014
	 0015
	 0016
	 0017
	 0018
	 0019
	 0020
	 0021
	 0022
	 0023
	 0024
	 0025
	 0026
	 0027
	 0028
	 0029
	 0030
	 0031
	 0032
	 0033
	 0034
	 0035
	 0036
	 0037
	 0038
	 0039
	 0040
	 0041
	 0042
	 0043
	 0044
	 0045
	 0046
	 0047
	 0048
	 0049
	 0050
	 0051
	 0052
	 0053
	 0054
	 0055
	 0056
	 0057
	 0058
	 0059
	 0060
	 0061
	 0062
	 0063
	 0064
	 0065
	 0066
	 0067
	 0068
	 0069
	 0070
	 0071
	 0072
	 0073
	 0074
	 0075
	 0076
	 0077
	 0078
	 0079
	 0080
	 0081
	 0082
	 0083
	 0084
	 0085
	 0086
	 0087
	 0088
	 0089
	 0090
	 0091
	 0092
	 0093
	 0094
	 0095
	 0096
	 0097
	 0098

