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Abstract

ACC oxidase, the enzyme which converts 1-aminocyclopropane-1-carboxylic acid (ACC)
to ethylene, has been studied in leaves of a single genotype of white clover (Trifolium

repens L., Genotype 10F) during leaf maturation and senescence.

Leaf senescence in genotype 1 OF is associated with an increase in both ACC content and
ethylene evolution of the leaves. The increase in levels of ACC slightly precedes that of
ethylene production, but occurs concomitantly with the onset of senescence (as judged by

chlorophyll loss).

The coding regions of two distinct ACC oxidases were generated from leaf tissue of
genotype 10F using RT-PCR with degenerate oligonucleotide primers. The coding regions
were designated TR-ACO1 and TR-ACO2. TR-ACOI and 2 are 84 % and 87 % similar in
nucleotide and amino acid sequence respectively. Genomic Southern analysis using these
regions as probes confirmed that both sequences are encoded by distinct genes, but also
suggested that there may be additional genes closely related to both TR-ACO1 and TR-
ACO2.

Gene expression studies during leaf maturation and senescence were undertaken using
these regions as probes. TR-ACOI hybridised to a single RNA transcript of ca. 1.35 Kb
on the northern blot. Expression of this transcript was high in mature green leaves but
declined as the leaves senesced. By contrast, TR-ACO2 hybridised equally to two RNA
transcripts of ca. 1.17 Kb and 1.35 Kb on the northern blot, and unlike expression of TR-
ACOL1, the levels of these transcripts were low in mature green leaves and increased as the

leaves senesced.

The 3-UTRs of TR-ACOI and TR-ACO2 were generated using 3'-RACE (Randomly
Amplified cDNA Ends). Repeating the genomic Southern analysis with these regions as
probes indicated that the gene for TR-ACOI may be polymorphic, and that there may be an
additional ACC oxidase gene in the genome that encodes a transcript with a similar coding

region, but divergent 3-UTR to TR-ACO?2.

The 3'-UTRs of TR-ACO1 and 2 confirmed the expression patterns of their cognate coding
regions in northern analysis, except that the 3'-UTR of TR-ACO?2 hybridised only to the
1.35 Kb and not the 1.17 Kb transcript.



ACC oxidase activity assayed in vitro correlated with the levels of gene expression of TR-
ACOI1 but not the senescence-associated TR-ACO2, with the activity being highest in
mature green leaves and declining as the leaves senesced. The decrease in activity was
greatest when expressed on a per unit fresh weight basis (ca. 8-fold) than per unit protein
basis (ca. 3-fold). The extraction and assay conditions altered in this study were not able to

prevent the decline in ACC oxidase activity in vitro that occurred during leaf senescence.

Polyclonal antibodies raised against the translation products of TR-ACO1 and 2 expressed
in E. coli recognised a protein of the expected size (ca. 36.4 kDa) for ACC oxidase using
western analysis. The pattern of protein accumulation recognised by the antibodies raised
against TR-ACO1 (in rabbits) broadly matched gene expression of TR-ACO1 and activity
of ACC oxidase. That is, antibody recognition was highest in mature green leaves and
declined as the leaves senesced. By comparison, the antibodies raised against TR-ACO2
(in rats) recognised a protein of the same sizé\ﬁ;ith weak avidity. The pattern of
accumulation was similar to that observed with the TR-ACO!-raised-antibodies, and
therefore not consistent with the gene expression pattern of TR-ACO?2. It was concluded
that these antibodies were cross-reacting with the same protein as that recognised by the
TR-ACO1-raised-antibodies and that the lower enzyme activity was due to lower TR-

ACO1 ACC oxidase protein.

Wounding mature green leaves increased TR-ACO2 gene expression, but as observed for
the senescing leaves, increased gene expression of TR-ACO2 was not correlated with

increased protein accumulation or ACC oxidase enzyme activity.

Potential explanations as to why the increased gene expression of TR-ACO?2 during leaf
senescence (or wounding) is not accompanied by increased protein accumulation and ACC

oxidase activity are discussed.
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4. INTRODUCTION
Overview

The plant hormone ethylene has been shown to regulate a diverse array of physiological
processes in plants. An important aspect of how the hormone mediates these processes is
the regulation of ethylene biosynthesis. The 1-aminocyclopropane-1-carboxylic acid
(ACC)-mediated biosynthetic pathway in higher plants comprises three enzyme steps which
together convert methionine to ethylene. Traditionally, the conversion of S-
adenosylmethionine to ACC, catalyses by ACC synthase, has been considered to be the rate
determining step in the pathway. More recently, there is an emerging view that regulation
of ACC oxidase, which catalyses the terminal step in the pathway (the conversion of ACC
to ethylene), also represents a further tier of control of the pathway. In the few plants that
have been examined thus far, ACC oxidase has been shown to comprise a small multigene-
family with each member under different temporal, environmental and/or developmental

control.

This thesis examines the transcription and translation of ACC oxidase genes during leaf
maturation and senescence in the pasture legume white clover. The aim is to seek evidence
for differential transcription and translation of the white clover ACC oxidase gene family

during thic physiological process.

1.1 Ethylene in plant development

Human civilisation has unknowingly used the plant hormone ethylene to manipulate plant
development for hundreds, perhaps thousands of years. The Chinese, for instance, used
burning incense to ripen their fruits (Yang and Dong, 1993), and Puerto Rican pineapple
growers and Philippine mango growers used bonfires around their crops to help initiate and
synchronise flowering (Salisbury and Ross, 1985). Both affects are now attributed to
ethylene. However, it was not until early this century that ethylene was identified directly as
being able to modify plant responses (Neljubov, 1901, cited in Abeles et al., 1992).

Neljubov reported that treatment of etiolated pea seedlings with ethylene caused:
e thickening of the stem and inhibition of root and hypocotyl elongation

e more pronounced curvature of the apical hook
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e a horizontal growth habit

Collectively these morphological adaptations have been termed the triple response, the
physiolo gical purpose of which may be to facilitate soil penetration by germinating seeds

(see below).

The importance of ethylene for survival of plants is suggested by its omniscient presence in
plants.  There is, for instance, only one documented example of a higher plant
(Potamogeton pectinatus) that is unable to produce ethylene and survive successfully in the

environment (Summers et al., 1996).

Ethylene influences a diverse array of plant growth and developmental processes. Some of
these are listed below along with, in most cases, some recent evidence which demonstrates

unequivocally the involvement of ethylene in these processes.

e Seed germination: Application of ethylene breaks the dormancy of many seeds
including, lettuce (Lieberman, 1979), Amaranthus (Kepczynski et al., 1997), and
cocklebur (Yoshiyama et al., 1996).

e Emergence of seedlings from soil: Ethylene action has been shown to be important for
enabling newly germinated seedlings to emerge through soil. For example, Arabidopsis
thaliana seedlings selected by their ability to elongate in the presence of 10 pL L~
ethylene (i.e. absence of the triple response phenotype) were less able to emerge
through sand than wild type seedlings (Harpham er al., 1991), with the ability to

emerge being directly proportional to their sensitivity to ethylene.

e Root production and growth: The rate of root elongation of sunflower seedlings
treated with 10 uM ACC was 40 % that of the control plants 12 hours after application
(Finlayson et al., 1996). This inhibition of elongation could be prevented by treatment
of the seedlings with silver thiosulphate (STS; an mhibitor of ethylene action). The
number of root primordia formed on cut hypocotyls of sunflower could be lowered by
application of aminoethoxyvinyl glycime (AVG), an inhibitor of ethylene biosynthesis
(Liu et al., 1990). This effect could be reversed by application of ethephon (a

compound that readily degrades to ethylene).

e Aerenchyma formation in roots: Aerenchyma is stimulated by anoxic conditions, for
example those experienced by roots during flooding, and it involves cell death and lysis

of cell walls of specific cortical cells. It is thought to enable acceleration of O, diffusion
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from aerial parts to O,-deficient tissues of the root. Aerenchyma formation can be
promoted by exogenous ethylene in stems of sunflower under fully aerobic conditions
(Kawase, 1981). More recently, the formation of aerenchyma in maize roots by
treatment with ethylene has been reported to be blocked by EGTA a chelator of
calcium (He et al., 1996). Calcium has previously been shown to be an important
secondary messenger in the ethylene signal transduction pathway (Raz and Fluhr,

1992).

e Shoot elongation: Induction of ethylene can either inhibit shoot elongation (for
example, as part of the triple response) or promote it, as in rice (Sanders et al., 1990).
Norbornadiene (NBD; an inhibitor of ethylene action) was able to inhibit the promotion

of shoot elongation of rice coleoptiles (Sanders et al., 1990).

e Flower initiation, development and senescence: Application of ethylene can replace
drought or chilling as an inducer of flowering (Reid, 1995). Senescence of certain
flowers 1s considered to be an ethylene-mediated event. For example, increased levels
of ethylene are associated with senescence of carnation flowers (Sisler et al., 1996),
and both the increase in ethylene and flower senescence can be inhibited by treatment of
the flowers with I-methylcyclopropene (1-MCP; an inhibitor of ethylene action).
Treatment of roses with 1-MCP has also been shown to delay flower senescence and

abscission of buds (Sisler and Serek, 1997).

e Ratio of male to female flowers: Application of ethylene enhances the formation of
female flowers in cucumber (Reid, 1995). A study of monoecious (separate male and
female flowers on the same plant) and gynoecious (female flowers only) cucumber
plants has revealed the presence of an additional copy of ACC synthase (an enzyme in
the ethylene biosynthetic pathway) in the gynoecious plants that is closely linked (as
determined by segregation analysis) to the locus F that determines female sex

expression (Trebitsh et al., 1997).

e Fruit ripening: Ethylene is considered to control the initiation of changes in colour,
aromas, texture, flavour and other biochemical and physiological attributes in
climacteric fruit (Lelievre er al., 1997). When ethylene biosynthesis in tomato fruit is
downregulated (by the introduction of a gene for ACC synthase in antisense orientation
and under the control of the CaMV 35S promoter) the fruit fail to ripen fully (Oeller et
al., 1991).
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e Nodulation of legumes: Ethylene may have a role in limiting rhizobium infections as an
ethylene insensitive mutant of Medicargo trunculata was found to exhibit an increase in
the number of persistent rhizobium infections compared with wild-type plants

(Penmetsa and Cook, 1997).

e Response to pathogen: Sequences in the promoter regions of pathogenesis related
proteins have been shown to confer ethylene responsiveness (Shinshi et al., 1995).
Further evidence includes the increase in accumulation of two gene transcripts of ACC
oxidase (an enzyme in the ethylene biosynthetic pathway) in tobacco leaves infected

with the tobacco mosaic virus (Kim et al., 1998).

e Abscission: Ethylene has a crucial role in regulating the timing of abscission (Roberts
et al., 1988; Osbome et al., 1989). Using a B-glucuronidase (GUS) reporter gene
fused to the promoter of ACC oxidase, Blume et al, (1997) were able to show an
increase in GUS expression in cell layers of the green leaf petiole next to the future
abscission zone (before any visible tissue separation), which is consistent with a role for

ethylene in promoting the formation of the abscission zone.

e [ eaf senescence: (see section 1.4.7)

1.2 Mode of ethylene action

The ability of ethylene to influence such a diverse array of plant responses, from seed
germination to senescence, begs the question as to how a single hormone is able to achieve
this. Currently, the weight of evidence suggests that ethylene reception and transduction
rather than ethylene metabolism is the mediator of ethylene action as (i) the products of
ethylene metabolism do not elicit ethylene-like responses, and (i) ethylene effects can be

mimicked by some hydrocarbons (McKeon et al., 1995).

The ethylene receptor and some of the components of its associated transduction pathway
that lead to ethylene response have now been identified in A. thaliana (see reviews by
Chang and Meyerowitz, 1995; Chang, 1996). The ethylene receptor was initially found by
screening A. thaliana plants for absence of the triple response afier treatment with ethylene
(Bleecker et al., 1988). One mutant, designated ETR1, was shown to lack a number of
responses to ethylene that are present in the wild type plant. These responses included
inhibition of cell elongation, promotion of seed germination, enhancement of peroxidase

activity, feedback suppression of ethylene synthesis and acceleration of leaf senescence. As
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it was also shown to have a reduced capacity to bind ethylene (20 % of wild type), it was
suggested that the ETR] gene may encode the ethylene receptor (Bleecker er al., 1988).
The ETRI1 gene has now been cloned (Chang et al., 1993), found to display sequence
homology to a family of prokaryotic environmental signal transducers known as two-
component regulators, and when expressed in yeast demonstrated to bind ethylene
(Schaller and Bleecker, 1995). The ability to affect many developmental processes, and to
bind ethylene, coupled with its homology to other known prokaryotic environmental signal
transducers suggest that the ETRI protein is not just an ethylene binding protein, but an

ethylene receptor.

The ethylene receptor in A. thaliana and tomato is encoded by a multigene family with four
members in A. thaliana (ERS, Hua et al., 1995; ein 4, Roman et al., 1995; ETR2, Sakai, et
al., 1998) and two in tomato (tETR, Paynton ef al., 1996; eTAEI, Zhou et al., 1996).

The presence of different forms of the receptor may, in part, explain changes in ethylene
sensitivity of tissue (Barendse and Peeters, 1995). For instance, the ETR] homologue in
tomato (tETR), is expressed differentially during ripening, flowering, senescence and
abscission (Payton er al,, 1996). Levels of tETR were undetectable in unripe fruit and
presenescent flowers, but accumulated during the early stages of ripening and flower

senescence. Similarly in floral abscission zones, levels of tETR increased after anthesis.

A consequence of ethylene binding to its receptor is the induction of mRNAs and proteins
which carry out the ethylene response. There are now examples of mRNAs that are
induced by ethylene. These include the mRNAs encoding chitinase (Ishige et al., 1991),
cellulase (Ferrarese et al, 1995) and a cysteine protease (Jones et al., 1995). Progress has
now been made in identifying the promoter elements in the sequences of these genes that
confer ethylene responsiveness (Ohme-Takagi and Shinshi, 1995). These sequences
(ethylene response elements, EREs) have been shown to be conserved in the promoter
regions of a number of pathogenesis-related proteins and found to consist of an 11 base
pair sequence (TAAGAGCCGCC) named the GCC box. This sequence has been shown to
be important for ethylene responsiveness because deletion of the GCC box eliminates
ethylene responsiveness of promoters (for example, the chitinase promoter of tobacco;
Shinshi et al., 1995), and because it is able to confer ethylene responsiveness to a minimal
CaMV promoter (Ohme-Takagi and Shinshi, 1995). Recently, an AT rich enhancer

sequence (distinct from the GCC box) has been shown to confer ethylene responsiveness to
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a carnation glutathione S-transferase gene by GUS-promoter deletion studies (Maxson and

Woodson, 1997).

Changes in sensitivity (or competence to respond) to ethylene are important in determining
the ability of the plant to respond to the hormone. Tomato fruits, for example, need to
have reached a certain developmental stage in order to be responsive to the ripening effects
of ethylene (Grierson and Kader, 1986). However, of equal importance, is the
concentration of ethylene that the fruit tissue is exposed to. For example, the fruit of
transgenic tomato plants that have been genetically engineered to produce low levels of
ethylene (as compared with wild type) ripen more slowly (Klee, 1993) and in some
instances fail to completely ripen (Oeller er al., 1991). Furthermore, transgenic tomato
plants that are unable to produce high levels of ethylene in response to flooding stress
(through the introduction of an ACC oxidase gene in the antisense orientation) display
lesser epinastic curvatures of the petioles (an ethylene-mediated response) than wild type
(English er al, 1995). It would appear then, that control of ethylene production is an

important aspect of how the hormone regulates a diverse array of responses in plants.

1.3 Ethylene biosynthesis

In higher plants (cycads, gnetales, gymnosperms, and angiosperms; Osborne et al., 1996),
production of ethylene is regulated both in a developmental manner and by external factors
(biotic and abiotic). Typically, production is high in young fruit, vegetative and floral tissue
during the period of rapid cell division, but declines during cell expansion before increasing
again during ripening and senescence (Abeles er al.,, 1992). An increase in ethylene
production due to the presence of external factors is termed stress ethylene (Abeles er al.,
1973). Stresses of abiotic nature that increase ethylene production by tissue include
mechanical wounding, bending, rubbing, physical restraint, radiation, elevated
temperatures, chilling, dehydration, and various chemical stimuli such as heavy metal ions,
herbicides, and defoliants and gases such as sulphur dioxide and ozone (Hyodo, 1991;
Abeles et al., 1992). In contrast, biotic stresses are caused by invasion of tissues by

viruses, bacteria, fungi, or attack by insects and nematodes.

The pathway by which ethylene is formed in higher plants differs from that of lower plants
(liverworts, mosses and ferns). Treatments that influence the rate of ethylene production in
higher plants (wounding, hormone treatment, ACC application) have little or no effect in

lower plants (Osborne er al., 1996). While it remains unclear how ethylene is produced in
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lower plants (Osborne ez al., 1996), significant progress has been achieved in determining

the pathway of ethylene formation in higher plants (Yang and Hoffman 1984).

Ethylene may be produced from three sources in higher plants; the methionine cycle (Yang
cycle), from non-enzymatic oxidative processes resulting from the interaction of free
radicals with ACC (Lesham, 1992), and from conversion of short linear aldehydes
(pentanal) to ethylene (Knudsen ef al., 1994). The physiological significance of the latter
two sources remains unclear. In contrast, it is well established that in higher plants ethylene
is formed predominantly via the ACC-mediated biosynthetic pathway (an offshoot of the

methionine cycle) (Yang and Hoffman 1984).

1.3.1 ACC-mediated ethylene production

Elucidation of the ACC-mediated pathway was mainly achieved by S.F. Yang and
associates (see Yang and Hoffman, 1984). Initially, model (non-enzymatic) systems were
used to unravel the biosynthetic pathway (Lieberman, 1979) since no ethylene could be

produced from tissue in the cell-free state.

One of the first systems investigated was the peroxidised linolenate system (Lieberman and
Mapson, 1964). This system was considered originally as analogous to the natural (in vivo)
ethylene forming system (EFS), which acted upon linolenate released from membranes

during senescent-associated disintegration. However, although ethylene could be produced
. . . . . 14 .
by this model system, it did not represent the EFS in vivo as C-linolenate was not

converted by apple, tomato, or cauliflower tissue into 14C—ethylene (Mapson et al., 1970).

The discovery of methionine (a known free radical scavenger) as an intermediate of the
pathway occurred fortuitously. When methionine was added to the linolenate system in an
attempt to reduce ethylene production (by quenching free radical production), ethylene
production increased. It was then discovered that methionine itself could act as a substrate
for ethylene in the model system in the absence of peroxidised linolenate (Lieberman et al.,

1965). Further proof that methionine may be part of the EFS came from studies which

showed that 14C-methionine, labelled at carbons 3 and 4, was incorporated into ethylene in

apple tissue (Lieberman et al., 1966).

: L .14 o T,
Tissue systems in vivo using C-methionine, together with inhibitors of ethylene
biosynthesis, were then used to identify further components of the pathway. S-adenosyl-L-

methionine (AdoMet) was proposed by Adams and Yang (1977) to be an intermediate of
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the pathway, because '“C methionine fed to apple tissue was incorporated into both 5'-
methyl thioadenosine (MTA) and 5'-methyl thioribose (MTR), which were known products

of the reaction catalysed by ATP: methionine S-adenosyltransferase (AdoMet synthetase).

The immediate precursor of ethylene was then found using another characteristic of the in
vivo ethylene forming system, the requirement for oxygen. The substrate for the ethylene
forming enzyme (EFE) was identified in 1979 by feeding radiolabelled '“C methionine to
plugs of apple fruit tissue (Adams and Yang, 1979). Apple tissue efficiently converted
'4C-methionine to ethylene when the tissue was held in air, but if the tissue was made
anaerobic (held in N,), "*C-methionine was not metabolised to ethylene, but to a compound
“X” which accumulated. Upon placing the tissue back in air, the level of compound “X”
decreased with a concomitant surge in ethylene production. This compound was identified

by Adams and Yang (1979) as the cyclic non protein amino acid, ACC.

The complete pathway for ethylene synthesis is now well established (Kende, 1993). The
pathway starts by the diversion of methionine into the Yang (or methionine) cycle
(Figure 1). The adenosyl group of ATP is then attached to methionine by AdoMet
synthetase to produce S-adenosyl-methionine (AdoMet). At this stage the pathway is not
committed to ethylene formation as AdoMet can participate in a variety of other reactions
in the cell (see below). The first committed step is that catalysed by the enzyme ACC
synthase. ACC synthase produces ACC by cleaving the MTA moiety from AdoMet.
Production of MTA in this reaction is important as methionine can be regenerated from it
via the Yang cycle. Without this regeneration it is thought that levels of methionine would
quickly become limiting in tissue (Baur et al., 1972). Two possible fates await the ACC
produced. ACC can either be conjugated to l-(malonylamino)cyclopropane-1-carboxylic
acid (MACC) which appears to be the major ACC-conjugate in plants (Amrhein et al,
1981; Hoffman et al, 1982A). In immature green tomato fruit ACC can also be
conjugated to 1-(gamma-L-glutamylamino) cyclopropane-1-carboxylic acid (GACC)
(Martin et al., 1995), to alevel of about 10 % that of MACC (Peiser and Yang, 1998). If
not conjugated, ACC is converted by the action of ACC oxidase to ethylene with the

overall result being that ethylene is derived from carbons 3 and 4 of methionine.
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Figure 1. The Ethylene Biosynthetic Pathway.

ACC, 1-aminocyclopropane-1-carboxylic acid; AdoMet, S-adenosylmethionine;
DAdoMet, decarboxylated AdoMet; MTA, 5'-methylthioadenosine; MTR, 5'-
methylthioribose; MTR-1-P, 5'-methylthioribose-1-phosphate; KMB, 2-keto-4-
methylthiobutyrate; GACC, 1- (gamma-L-glutamylamino) cyclopropane-1-carboxylic acid;
MACC, 1- (malonylamino) cyclopropane-1-carboxylic acid.
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1.3.2 Enzymes of the ACC-mediated biosynthetic pathway

1.3.2.1 AdoMet synthetase

AdoMet synthetase (EC 2.5.1.6) is a ubiquitous enzyme found in both prokaryotic and
eukaryotic organisms (Tabor and Tabor, 1984). AdoMet synthetase is classified as a
house-keeping enzyme due to its pivotal role in cellular biochemistry (Fluhr and Mattoo,
1996). It provides AdoMet not only for ethylene production, but for polyamine synthesis,
and transmethylation reactions of proteins, carbohydrates, lipids and nucleic acids (Tabor
and Tabor, 1984). The link between polyamine production and ethylene biosynthesis is of
particular interest as application of polyamines has been shown to inhibit ethylene
production in some plants. For example, application of spermine to cut carnation flowers
delayed flower senescence, and reduced ethylene production, ACC content, and activities

and transcript amounts of both ACC synthase and ACC oxidase (Lee et al., 1997).

Although not a committed enzyme of ethylene biosynthesis, AdoMet synthetase is encoded
by a multigene family in plants with the different family members under differential control
(Schroder et al., 1997; Peleman et al., 1989). The existence of multiple controls on
AdoMet synthetase suggests that the level of AdoMet produced by the constitutive enzyme
is not always sufficient. In this regard, expression of AdoMet synthetase genes is increased
by a variety of environmental factors including drought stress (Mayne et al., 1996), salt
stress (Espartero et al, 1994), fungal and bacterial elicitors (Somssich et al., 1989; Gowri
et al., 1991; Kawalleck et al., 1992), mechanical stimuli (Espartero et al., 1994; Kim et al.,
1994) and ozone exposure (Tuomainen ez al., 1996, cited in Gomez-Gomez and Carrasco,
1998), 2,4-dichlorophenoxyacetic acid (2,4-D) application (Gomez-Gomez and Carrasco,
1998) and during fruit ripening (Whittaker ez al., 1997). Interestingly, all of these factors
are also known to induce ethylene biosynthesis (Abeles et al., 1992). Further, a more
direct effect of ethylene on transcript induction has been shown in Actinidia chinensis fruit
where AdoMet synthetase transcripts were shown to be induced by the exposure to
exogenous ethylene (Whittaker et al., 1997). Taken together, these observations suggest
that an important role of the enzyme is to replenish AdoMet during periods of enhanced

ethylene synthesis (Boerjan et al., 1994, Whittaker et al., 1997).
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1.3.2.2 ACC synthase

ACC synthase (S-adenosyl-L-methionine; methylthioadenosine lyase; EC 4.4.1.14), an
enzyme found in the cytosolic fraction of plant tissues, converts the aminopropyl group of
AdoMet into ACC (Adams and Yang 1979). The enzyme requires pyridoxal-5'-phosphate
as a cofactor, and like other enzymes that require pyridoxal-5'-phosphate, is inhibited by

AVG and aminooxyacetic acid (AOA) (Imaseki, 1991).

ACC synthase protein was first purified from ripened tomato pericarp after a wounding
pretreatment (Bleecker er al., 1986). Subsequently it has been purified from aged
mesocarp of Cucurbita maxima (Nakajima et al., 1988), hypocotyls of mungbean (Tsai et
al., 1988), thin slices of zucchini after induction with indole-3-acetic acid (IAA), benzyl
adenine, lithium chloride and AOA (Satoh and Theologis, 1989; Sato et al., 1991) and
ripening tomato (Van der Straeten et al., 1990) and apple fruit (Yip et al., 1991).

Low abundance and lability of the enzyme are characteristics of ACC synthase (Acaster and
Kende, 1983; Bleecker et al., 1986). The level of ACC synthase protein in ripened tomato
pericarp was estimated at 0.0001% of total protein, a level which could be elevated 100-
fold by wounding (Bleecker et al., 1986). The lability of the enzyme is due in part to a
catalytic-based inactivation where a covalent linkage is formed at the active site between
ACC synthase and its substrate AdoMet (Satoh and Esashi, 1986; Satoh and Yang, 1988;
Casas et al., 1993). For example, the half-life of a preparation of ACC synthase extracted
from mungbean hypocotyls was reduced from 23.5 to 12 min when the concentration of

AdoMet was increased from 40 to 150 uM (Satoh and Esashi, 1986).

ACC synthase has been reported to occur as either a monomer or dimer, with the monomer
having a molecular mass of 48 kDa (from apple fruit) to 58 kDa (from squash fruit) (Fluhr
and Mattoo, 1996). The Km of ACC synthase for its substrate AdoMet is reported to vary
between 12 uM for an apple ACC synthase expressed in E. coli (White et al., 1994) to 60
uM for the enzyme purified from etiolated hypocotyls of mung bean (Nakajima and
Imaseki, 1986). ACC synthase has a pH optima in the alkaline region, with an optima of
pH 8.0 and 9.5 reported for the enzyme purified from mung bean hypocotyls (Tsai et al.,

1991) and C. maxima fruit tissue (Sato et al., 1991) respectively.

Multiple members of ACC synthase have been found in plants, with amino acid sequence

identities varying from 48 to 97 % (Woltering and de Vrije, 1995). Seven members have
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been identified in tomato (Oetiker et al.,, 1997), seven in mung bean (Yu et al., 1998), four
in Stellaria longipes; five in A. thaliana (Liang et al., 1992), three in potato (Destefano-

Beltran et al., 1995); and two in carnation (Park et al., 1992).

ACC synthase is widely regarded as the major rate determining enzyme of the ethylene
biosynthetic pathway (Kende, 1993). This was initially suggested by the finding that
ethylene production increased in plant organs (excluding preclimacteric fruits and flowers)
after application of ACC (Hoffman and Yang, 1980), and that levels of endogenous ACC
were highest in tissue that produced high amounts of ethylene, for example, at certain
stages of development (fruit ripening, and flower senescence), and in response to stress
(wounding, waterlogging, chilling and pathogen attack) and auxin application (Yang and
Hoffman, 1984). Furthermore, application of AVG prevented both the increase in

endogenous ACC and the concomitant ethylene production (Yang and Hoffman 1984).

Measurement of ACC synthase activity in vitro has confirmed that enzyme activity is higher
in tissues that have elevated levels of endogenous ACC and ethylene. This has been shown
in ripening fruits of tomato (Boller er al., 1979), in etiolated mung-bean hypocotyls treated
with auxin (Yu et al., 1979), in senescing petals of carnation flowers (Park et al., 1992), in
the stigma of petunia flowers following pollination (Pech et al, 1987), in bean leaves
treated with cadmium (Fuhrer, 1982) and in potato tubers and mesocarp tissue of C.

maxima following mechanical wounding (Burns and Evensen 1986; Hyodo er al., 1989).

The availability of cDNA probes for ACC synthase has enabled further analysis of the
regulation of ACC synthase activity at the molecular level. It is now apparent that the
ability of different stimuli to influence the activity of ACC synthase is not through multiple
regulation of the same gene, but through the regulation of distinct genes which may or may
not have similar regulatory elements. For example, different members of the multigene
family are expressed differentially in response to wounding, anaerobiosis, lithium chloride,
and auxin treatments in etiolated A. thaliana seedlings (Liang et al., 1992), in response to
treatment with a yeast elicitor in tomato suspension cells (Oetiker et al., 1997), in response
to wounding in tomato fruit tissue (Lincoln et al., 1993), in different tissue of carnation
flowers (Ten Have and Woltering, 1997), in response to photoperiod and temperature in S.
longipes (Kathiresan er al., 1998), in response to lithium chloride and IAA in mung bean

hypocotyls (Kim ez al., 1997; Yu et al., 1998), in response to fungal infections in tomato
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plants (Spanu et al., 1993), and in response to ethylene application of the wounded

mesocarp tissue of C. maxima (Nakijima et al., 1990).

In many instances, ethylene production rates positively correlate with ACC synthase
transcription (Sato and Theologis, 1989; Huang et al., 1991; Olson et al., 1991; Rottmann
et al., 1991; Kim et al., 1992; Park et al, 1992; Harpster et al., 1996) suggesting that
ethylene production is controlled by ACC synthase activity regulated at the level of gene

transcription.

There are, however, examples where ethylene production does not correlate with the
accumulation of the ACC synthase transcript, for example, in the styles of cut camation
flowers (Ten Have and Woltering, 1997), during elicitor-based induction of ethylene in
tomato suspension cultures (Spanu et al., 1993; Oetiker et al., 1997), in response to
wounding of carnation flowers (Park ez al., 1997), in response to benzyl adenine treatment
of A. thaliana plants (Vogel et al., 1998) and during the circadian-based ethylene
production of S. longipes (Kathiresan et al., 1998). This may be due to the presence of yet
unidentified ACC synthase genes, the occurrence of differential transcription, post-
transcriptional processing and post-translational modifications of the enzyme, conjugation
of the ACC produced, or due to the influence of ACC oxidase. Examples of all of these

mechanisms have been reported and will be discussed.

In terrns of transcriptional processing, an auxin-inducible ACC synthase gene transcript of
pea (Ps-ACS1), was found to recognise two RNA transcripts (ca. 1.6 and 1.9 Kb) on
northern blots. The larger transcript was not considered to be due to incomplete
processing of introns, but due to the presence of an altermative promoter within the
sequence of the larger transcript (Peck and Kende, 1998). The reason for differential

transcription of the same gene remains unclear.

Post-transcriptional processing involving incomplete RNA splicing (incomplete removal of
introns) has been reported for transcripts of ACC synthase isolated from flooded roots of
tomato (Olson et al., 1995). This was shown for the LE-ACS3 transcript by probing poly
(A¥) RNA of tomato with sequences specific to introns one and three of the LE-ACS3 gene
and identifying distinct transcripts that differ by the size expected if the introns were
removed. The authors proposed that differential splicing of the ACC synthase gene
transcript may represent a form of post-transcriptional control. However, this remains to

be proven.
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The increase in ethylene production of tissue may not always be regulated by increased
transcription of ACC synthase, but by post-translational modification or increased
translation of the protein. For instance, both the length and primary sequence of the
COOH-terminal region of various ACC synthases is hypervariable despite a high degree of
similarity in the rest of the protein (Theologis, 1992). Further, it has been shown in a
heterologous E. coli expression system that a deletion of 46 to 52 amino acids at the
COOH-terminal region results in an enzyme with nine times higher affinity for AdoMet
than wild type (Li and Mattoo, 1994). Evidence that modification at the COOH-terminal
region can regulate ACC synthase activity in the plant has come from a study that identified
a cytokinin-responsive ACC synthase in A. thaliana (Vogel et al., 1998). The gene was
identified by T-DNA tagging a population of Arabidopsis plants that lacked a triple
response in the presence of cytokinin. The gene was found to encode ACS5 (Liang et al.,
1996), the same gene in which a lesion results in the 20-fold overproduction of ethylene
observed in the ero2 mutant plants. The efo2 phenotype was found to be due to a single
base pair mutation, 35 bp upstream of the stop codon of ACS5 (Vogel et al., 1998). As
cytokinin application resulted in only a modest transient increase in ACSS5 transcription
(less than 2-fold after 1 h), yet ethylene biosynthesis increased more than 8-fold over four
days, it was proposed that cytokinin may act by relieving the negative influence of the

COOH-terminal region of the ACSS5 protein.

Increased translation from pre-existing mRNA is implicated in the carbon dioxide mediated
increase in ethylene production of cucumber (Mathooko er al., 1998). The increase
required protein kinase activity (which indicates signal transduction), but the activation did
not require transcription de novo as shown by the non effect of transcriptional inhibitors.
Instead a requirement for protein synthesis was demonstrated (cycloheximide inhibited the
increase in activity) suggesting that carbon dioxide may act by increasing the translation of

the enzyme.

1.3.2.3 ACC conjugation

ACC can be conjugated into either MACC by N-malonyltransferase (Amrhein ef al., 1981;
Hoffman et al., 1982) or GACC by glutamyl ACC transferase (Martin et al., 1995; Fluhr
and Mattoo, 1996). MACC is found throughout the plant, including vegetative tissue,
seeds and ripening fruit (Amrhein ez al., 1982; Satoh and Esashi, 1984; Yang et al., 1993).

Itis synthesised in the cytosol and stored in the vacuole (Bouzayen et al., 1989).
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N-malonyltransferase has now been partially purified from etiolated hypocotyls of mung
bean (Guo et al., 1992; Benichou et al., 1995) and tomato fruit (Martin and Saftner, 1995).
Two isoenzymes have been discovered in mung bean that have different molecular weights
and kinetic parameters. A 36 kDa isoenzyme exhibits a lower temperature optimum (40°C)
and a seven- and three-fold lower apparent Km for ACC (68 pM) and malonyl-Co (74 (M)
respectively when compared with a 55 kDa 1soenzyme (Benichou et al., 1995). In tomato,
N-malonyltransferase activity was found to be enhanced by exposure to ethylene in

immature green and mature green, but not ripening, tomato fruit (Martin and Saftner,

1995).

The physiological significance of ACC conjugation for controlling ethylene production is
still unclear. In some plant tissues, MACC is considered to be the inactive end product of
ACC, and is not oxidised to ethylene (Hoffman et al., 1983). It therefore could act to
control ethylene production by sequestering the ACC produced by ACC synthase in an
irreversible reaction. For example, during ripening of bananas the peel produces up to 80-
fold less ethylene than the pulp even though it has seven-fold more ethylene forming
activity (Dominguez and Vendrell, 1993). This was proposed to be due to the greater

amount of ACC conjugation observed in the peel as compared with the pulp.

However, it has been shown in vegetative (tobacco leaf discs and watercress stems; Jiao et
al., 1986) and floral tissues (senescing carnation flowers; Hanley et al., 1989) that MACC
can be hydrolysed and serve as a source of ACC for ethylene production. In watercress
stems, the hydrolysis of MACC to ACC was confirmed by radiolabelling MACC.
However, only ca. 2 % of the MACC was converted to radiolabelled ACC and the
hydrolysis required a long incubation time (several hours) as well as high concentrations of
MACC (the Km of the putative hydrolase was estimated to be 0.45 mM) (Jiao et al.,
1986). Further work, therefore, is required to demonstrate unequivocally the significance

of ACC conjugation in plant tissues.
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1.4 ACC oxidase

1.4.1 ldentification of EFE as ACC oxidase

Characterisation of ACC oxidase (formerly the ethylene-forming-enzyme, EFE) has lagged
behind ACC synthase due to the difficulty, until comparatively recently, to assay the
enzyme in vitro. EFE could be readily assayed in vivo by administration of its substrate,

ACC, to a wide variety of tissue (Cameron et al., 1979).

Although EFE could be assayed in vivo, obtaining authentic activity in vitro was difficult as
tissues known to produce high amounts of ethylene, quickly lost this ability upon
homogenisation. It appeared that to function, EFE required cellular integrity, as the
presence of detergents (Tween 20 and Triton X-100) or osmotic shock treatment, both of

which can modify membrane structure, greatly reduced activity (Yang and Hoffman, 1984).

Numerous candidates were initially suggested for the EFE. Enzymes such as a peroxidase,
an IAA-oxidase, a carnation microsomal enzyme, a pea microsomal enzyme, and an enzyme
from a pea seedling extract could convert ACC to ethylene in the presence of various
cofactors. Although these systems were oxygen-dependent and heat-denaturable, they
displayed other characteristics which did not resemble those of the natural system in vivo
(Yang and Hoffman, 1984; Venis, 1984). For example, the reported Km for the pea
microsomal enzyme ranged between 15 mM to 400 mM, values that were much higher than
the Km of 66 UM reported for the enzyme in vivo from pea epicotyl (McKeon and Yang,
1984). It was suggested, therefore, that the pea microsomal enzyme was converting ACC
to ethylene by a free radical based mechanism (Yang and Hoffinan, 1984). Further criteria
that were established for authentic EFE activity in vitro by the study of the enzyme in vivo
were inhibition by cobalt ions, production of equimolar amounts of ethylene, CO, and

cyanide from ACC, and stereospecificity for ACC (Yang and Hoffman, 1984).

The test for stereospecificity was based on ACC possessing reflective symmetry but not
rotational symmetry, meaning that the two methylene groups of ACC could be
distinguished by an enzyme which stereodifferentiates. Ethyl substitution at each of the
four methylene hydrogens of ACC results in four stereoisomers. An enzyme that
stereodifferentiates would not convert these four stereoisomers into 1-butene with equal
efficiency, and so conversion of these stereoisomers could be used to validate the

authenticity of the enzyme activity in vitro. Administration of the four stereoisomers in
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vivo to post climacteric apple fruit, excised preclimacteric cantaloupe and etiolated mung
bean hypocotyls, confirmed that for authentic EFE only one stereoisomer, (+) -
allocoronamic acid, was favoured (Hoffman et al., 1982). It was shown subsequently that
neither the peroxidase, carnation microsomal enzyme, pea microsomal enzyme, IAA-
oxidase, or the pea seedling extract were able to stereodiscriminate (Venis, 1984),
suggesting their action might be through activating molecular oxygen probably to free
radicals such as 0 and HO, which in turn react with ACC non-enzymatically to form

ethylene (Yang and Hoffman, 1984).

Little progress was made throughout the 1980s in measuring authentic EFE activity in
vitro. Vacuoles isolated from leaf-mesophyll protoplasts of pea and bean were the smallest
cellular entities that exhibited EFE activity in vitro that was both stereospecific and had the
expected Km for ACC. Although the vacuoles accounted for ca. 80 % of the EFE activity
of the protoplast (Guy and Kende, 1984), the protoplast itself retained only a very small
percentage (< 5 %) of the EFE activity observed in plant tissue in vivo and so a significant

proportion (96 %) of the EFE remained unaccounted for (Porter et al., 1986).

The breakthrough that led Ververidis and John (1991) to obtain complete recovery of the
EFE in vitro can be credited to D. Grierson and associates. It began in 1985, with their
interest in identifying ripening related genes and how they are regulated by ethylene. When
a cDNA library made from ripe tomato fruits was differentially screened with cDNA
sequences from mature green and ripe fruit, nineteen non-homologous groups of ripening
related clones were identified (Slater er al, 1985). One clone, designated pTOM13, was
shown to be homologous to a mRNA that also accumulated after mechanical wounding of
unripe tomato pericarp and leaf tissue, prior to the wound-induced peak in ethylene
production (Smith et al,, 1986). It was suggested that the pTOM13 transcript might either
be involved in ethylene production or be a transcript that was rapidly induced by ethylene.
It was subsequently shown that it was both induced by ethylene in mature green tomato

fruit (Maunders et al., 1987) and involved in ethylene biosynthesis (Hamilton ez al., 1990).

This evidence for involvement of pTOM13 in ethylene formation came from insertion of its
sequence in the antisense orientation into tomato plants (Hamilton et al., 1990). When
introduced, the pTOM13 cDNA decreased ethylene synthesis in both wounded leaf tissue
and ripening fruit in a dose-dependent manner indicating that it played a role in either

ethylene production, perception, or metabolism (Hamilton ez al., 1990). It appeared from
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the sizes of purified ACC synthases from zucchini fruit (53 kDa; Satoh and Theologis,
1989) that the protein encoded by pTOM13 (35 kDa; Smith et al., 1986) was too small to
be an ACC synthase (Hamilton et al., 1990). To test whether pTOM13 could encode EFE,
an assay in vivo was carried out on leaf discs excised from both control and antisense
plants, and it was shown that EFE was inhibited only in the antisense plants, and in a gene-

dosage dependent manner (Hamilton ez al., 1990).

Ultimate verification came from the heterologous expression in yeast of a corrected clone
of pTOMI13 (2 bases were found to be missing in the original fragment of pTOMI13)
designated pRC13. The yeast cells transformed with pRC13 were shown to convert

exogenously applied ACC to ethylene, whereas untransformed yeast cells could not

(Hamilton et al., 1991).

The identification of the cDNA for the EFE together with the sequence homology it shared
with another enzyme (flavanone-3-hydroxylase) led biochemists to recover and assay the
recalcitrant EFE in vitro. The predicted amino acid sequence of pTOM13 was found to
have 33 % identity and 58 % similarity to flavanone-3-hydroxylase from Antirrhinum
majus, an enzyme known to require anoxic conditions during extraction, and iron and
ascorbate when assayed (Britsch and Grisebach, 1986). Using these same extraction and
assay conditions, EFE was successfully recovered from the soluble fraction of melon fruit
(Ververidis and John, 1991). Of significant note was that there was no obligate
requirement for an intact membrane. The complete loss of ACC oxidase activity previously
observed in tissue homogenates has now been attributed to the loss of iron and ascorbate
during extraction, and the low activity of intact protoplasts and vacuoles being due to the
integral membrane structure maintaining these cofactors in sufficiently high concentrations

(Fernandez-Maculet and Yang, 1992).

Confirmation that the activity in vitro was representative of activity in vivo was achieved
by finding a parallel increase in both activities in preclimacteric apple fruits treated with
ethylene (Fernandez-Maculet and Yang, 1992), and by the stereospecificity of the reaction
(Ververidis and John 1991; Kuai and Dilley 1992; Fernandez-Maculet and Yang, 1992;
Dong et al., 1992). The stoichiometry of the reaction was then determined (Dong et al.,

1992) (Figure 2) and as a consequence of this, EFE was renamed ACC oxidase.
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Figure 2. Stoichiometry of reaction catalysed by ACC oxidase.

AH2 and A stand for ascorbate and dehydroascorbate respectively.

1.4.2 Biochemical characterisation of ACC oxidase
ACC oxidase (EC 1.4.3) is now classed as a 2 oxo-acid dependent dioxygenase (2-ODD)
(Prescott and John, 1996). Two-ODDs are soluble enzymes that require Fe?* and
ascorbate for optimal substrate conversion in vitro. Most 2-ODDs have an absolute
requirement for 2-oxoglutarate, but ACC oxidase appears to be unique in this family in that
it uses ascorbate not 2-oxoglutarate as a cosubstrate (Prescott and John, 1996). It has
been proposed that ACC oxidase originated by an alteration in the substrate specificity of

the closely related 2-oxoacid dependent dioxygenase (John, 1997).

ACC oxidase has been partially purified from fruits of melon (4-fold; Smith er al., 1992),
apple (10-fold; Kuai and Dilley 1992) and cherimoya (41.4-fold; Escribano et al., 1996),
and purified to electrophoretic homogeneity in fruits of apple (21-fold; Pirrung et al.,
1993), (180-fold; Dong et al., 1992) (171.5-fold; Dupille et al., 1993), and banana (145-
fold; Moya-Leon and John, 1995).

The molecular weight of ACC oxidase has now been determined from many tissues and
shown to range from 35 kDa for the enzyme from banana fruit (Moya-Leon and John,
1995) to 41 kDa for the enzyme from melon (Smith et al., 1994). ACC oxidase is a basic

protein having an isoelectric point at pH 4.35 for the enzyme from cherimoya fruit

(Escribano ef al., 1996) and pH 4.9 for that of banana fruit (Moya-Leon and John, 1995).

The optimal pH for activity is near neutral but becomes more acidic if carbon dioxide is
present. The pH optimum has been shown to vary from as low as pH 6.7 (at 20 % carbon

dioxide level) in apple to pH 7.5 (ambient carbon dioxide) in melon.
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ACC oxidase requires ascorbate, bicarbonate and Fe’* in the reaction mix for maximal
activity. If any one of these compounds is omitted, the activity is greatly reduced. Maximal
activity is generally attained over a broad concentration of these cofactors and cosubstrate.
For the partially purified enzyme of banana, activity was maximal at concentrations of 20 to
50 mM ascorbate, 0.05 to 0.4 mM Fe**, and 10 to 40 mM bicarbonate (Moya-Leon and
John 1995). These concentrations are similar to those reported for the enzyme of
cherimoya fruit (Escribano et al., 1996) and carnation petals (Nijenhuis-De Vries et al.,
1994). There are reports that supraoptirnal concentrations of cofactors and cosubstrates
reduce activity of ACC oxidase. For example, the activity of the enzyme from winter
squash mesocarp tissue was reduced by S0 % when the concentration of Fe** was increased
from 20 mM to 500 mM, and reduced by 80 % when the concentration of ascorbate was

increased from the optimal 10 mM to 100 mM (Hyodo et al., 1993).

Km values for ACC oxidase for ACC have been reported to range from 6.4 uM for the
partially purified enzyme from apple (Kuai and Dilley, 1992), to 425 itM for the enzyme in
the crude homogenate of carnation petals (Njenhuis-De Vries et al., 1994). However, the
value of the Km is dependent upon the concentration of carbon dioxide/ bicarbonate in the
assay mix. For example, if 30 mM sodium bicarbonate is omitted from the reaction mix in
the carnation petal extract, the Km for the enzyme is reduced from 425 uM to 30 uM
(Nyenhuis-De Vries et al., 1994). Similarly, the Km value of the partially purified enzyme
from cherimoya fruit for ACC is reduced from 194 M to 82 uM when 20 mM sodium

bicarbonate is omitted from the reaction mix (Escribano et al., 1996).

The mechanism by which carbon dioxide activates ACC oxidase has been examined by site
directed mutagenesis (Kadyrzhanova et al., 1997; John et al., 1997; Charng et al., 1997).
The mechanism was proposed to be similar to the CO, activation of RUBISCO which is
through the formation of a carbamate at a lysine residue. The lysine residues in ACC
oxidase considered as potential carbamylation sites were identified by their conservation in
all ACC oxidase sequences. Seven were identified. However, none of the seven lysine
residues, when changed to another residue such as arginine (which does not form a
carbamate adduct; Charng et al., 1997), or to other residues (Kadyrzhanova et al., 1997;

John et al., 1997) prevented the activation of the enzyme by carbon dioxide.
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The putative Fe** ligands of ACC oxidase have been identified as (Histidine'", Aspartate179
and Histidine™*) by comparison with the secondary structure of the related isopenicillin-N-
synthase. Site directed mutagenesis of the ACC oxidase protein expressed in E. coli has
confirmed that the three putative Fe’* ligand residues of ACC oxidase are essential for

activity (Kadyrzhanova ez al., 1997).

ACC oxidase 1s unstable during catalysis (Smith et al., 1994; Barlow et al., 1997; Zhang et
al., 1997), and has been studied using tomato ACC oxidase purified from E. coli
transformed with the cDNA clone pRC13 (the corrected version of pTOMI13). The

catalytic lability of the ACC oxidase encoded by pRC13 was shown to result from at least

three discrete processes:

e Partial unfolding of the catalytically active conformation. This was the slowest
nactivation mechanism (t;» > 1 h). This occurred in the absence of cofactors and

substrates and did not result in fragmentation of the enzyme.

e Oxidative damage which may or may not occur at the active site of the enzyme. The
damage is catalase-protectable and therefore thought to be due to the generation of
hydrogen peroxide. This inactivation mechanism is thought to be due to the interaction
of Fe** and ascorbate in aerobic conditions [Udenfreind’s reagent] which can produce

hydrogen peroxide (Udenfreind et al., 1954, cited in Barlow et al., 1997).

e Oxidative damage to the active site which is not catalase protectable. This is due in
part to metal catalysed oxidative cleavage close to the active site (as determined by
comparison to the secondary structure of isopenicillin-N-synthetase; Roach et al.,
1995). Metal catalysed oxidative damage is considered to be a biochemical ‘ageing’
process with modified enzymes being apparently more susceptible to protease-mediated
degradation (Stadtman and Oliver, 1991). The fragmentation occurs in the absence of
ACC, but additional fragments are observed when ACC is present. No fragmentation is
observed if the enzyme is denatured prior to addition of ascorbate and iron suggesting a

correctly folded enzyme is required for fragmentation to proceed (Barlow ez al., 1997).

1.4.3 Localisation of ACC oxidase
ACC oxidase has been localised to both the cytosol and cell wall in tissue. A cytosolic
location was initially suggested by recovery of ACC oxidase in the soluble fraction of

melon (Verviridis and John, 1991), avocado (McGarvey and Christoffersen, 1992) and
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mandarin fruits (Dupille and Zacarias, 1996). Dupille and Zacarias (1996) found that
addition of Triton X-100 (a detergent which aids solubilisation of enzymes from
membranes) did not increase recovery of the enzyme from the peel of mandarin. In cell
suspension cultures of tomato, cell fractionation techniques (which included protoplast and
vacuolar preparations) together with activity and immunoblot analysis has localised ACC
oxidase to the cytoplasm (not vacuole or cell wall) (Reinhardt et al., 1994). Consistent
with these findings, 1s the absence in ACC oxidase of an N-terminal signal sequence which
is considered to be required for targeting of ACC oxidase to the cell wall via the

endoplasmic-reticulum pathway (Balague et al., 1993).

It appears however, that in apple, ACC oxidase is more readily associated with the pellet
than the soluble fraction, as addition of either 0.1 % (v/v) Triton X-100 (Dong et al., 1992;
Fernandez-Maculet and Yang, 1992) or 5 % (w/v) polyvinyl polypyrillidone (Kuai and
Dilley, 1992; Fernandez-Maculet and Yang, 1992) greatly improves recovery of the
enzyme. In addition, using immunogold-labelled secondary antibodies ACC oxidase in

ripening apple fruits has been localised to the cell wall (Rombaldi ef al., 1994).

1.4.4 ACC oxidase activity during plant development

Biochemical and physiological studies have examined changes in the activity of ACC
oxidase during organ development and in response to wounding. In climacteric fruit, ACC
oxidase activity is typically low in early unripe green fruit and rises to be highest during
ripening, before declining again at the over-ripe stage (Ververidis and John, 1991; Moya-
Leon and John, 1994). Comparison of activity between different climacteric fruit is
difficult, as not all assays are performed under optimal conditions, but increases in activity
from ca. 2 to 35 nL g' FW h™ (pulp) and ca. 35 to 130 nL g FW h' (peel) have been
reported for ripening banana fruit (Moya-Leon and John, 1994), <5 to ca. 260 nL. g' FW h’
! for ripening melon fruit (Ververidis and John, 1991) and 10 to 196 mg" protein h™* for

ripening tomato fruit (Barry, ef al., 1996).

Wounding has also been shown to increase ACC oxidase activity in fruit tissues when
measured in vivo. For instance, ACC oxidase activity increases steadily from ca.1 to 6 nL
g’ FW h' in flavedo discs of mandarin fruit during a 24 hour incubation (Dupille and
Zacarias, 1996) with the increase being 4-fold higher (up to 22 nL g FW h' ) if the tissue

is incubated in the light. Similarly, ACC oxidase activity increases from 2.5 to 10 nmol g’
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FW h' in wounded mesocarp tissue of C. maxima during a 40 hour incubation (Hyodo et

al., 1993). This increase in enzyme activity was effectively prevented by the presence of

NBD.

Differences in the affinity of ACC oxidase for carbon dioxide and ascorbate have been used
to indicate the existence of distinct isoenzymes in the roots and leaves of sunflower and
corn seedlings (Finlayson et al, 1997). In the leaf, where carbon dioxide concentrations
are low and ascorbate concentrations are high (as compared with the root), the enzyme has
a higher affinity for carbon dioxide (lower Km) and a lower affinity for ascorbate as
compared with the enzyme of the root. The authors conclude that specific isoforms of
ACC oxidase may exist in plants that are tailored to the environmental and physiological
status of each organ. Additional and complementary information on the existence of

isoenzymes of plant tissues can be obtained by molecular analysis.

1.4.5 Molecular characterisation of ACC oxidase

Multiple gene members of ACC oxidase have been identified in plants by screening
genomic libraries, including four members in petunia (Tang et al., 1993), three members in
tomato (Bouzayen et al., 1993), three members in tobacco (Kim et al., 1998), and three
members in melon (Lasserre et al., 1996). Multiple ACC oxidase gene transcripts have
been identified in other plants by screening cDNA libraries. For example, using this
approach two members were discovered in mung bean (Kim and Yang, 1994), three
members in sunflower seedlings (Liu et al., 1997), and two members in broccoli (Pogson et

al., 1995).

Sequence data from more than thirty ACC oxidase gene members have revealed there is
high sequence conservation (70-80 % nucleotide sequence homology) both within a family
and between gene families (Lasserre, et al., 1996). The gene families of tomato and
petunia are particularly similar with the three gene members of tomato showing 88 to 94 %
similarity to each other, and just as high similarity to the three gene members of petunia (88
to 95 %), when amino acid sequences are compared (Lasserre et al., 1996). In contrast,
both the 5'- and 3'-untranslated regions (UTRs) show significant sequence divergence
(Barry, et al., 1996; Tang, et al., 1993; Kim and Yang, 1994). For example, in tomato, the
three isoforms of ACC oxidase show 58 to 65 % homology in their 5'-UTRs and 44 to 52
% homology in their 3-UTRs (Barry, et al., 1996). Similarly, in P. hybrida, the isoforms
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show greater than 84 % sequence homology in their coding frames, but only 42 to 43 %

homology in their 5’- and 50 to 57 % homology in their 3'-UTRs (Tang et al., 1994).

Different members of the ACC oxidase gene families are expressed in response to different
endogenous and exogenous cues. For example, the CM-ACOI! and 3 gene transcripts in
leaves of melon increase in response to salt and drought stress (Guis et al., 1997), and the
expression of the LE-ACOl GUS-promoter fusion construct in tomato (Blume ez al.,
1997) and the pVR-ACOI1 gene transcript of mung bean (Kim and Yang, 1994) both
increase in response to methyl jasmonate application. Different members of the ACC

oxidase gene families are also expressed in response to ethylene treatment and wounding in

a variety of tissue.

Ethylene treatment increases accumulation of ACC oxidase transcripts in banana (Lopez-
Gomez et al., 1997), and A. chinensis fruit (Whittaker er al, 1997), in mungbean
hypocotyls (Kim and Yang, 1994; Kim et al., 199;), in etiolated pea seedlings (Peck and
Kende, 1995), in leaves of tobacco (Kim et al., 1998) and in corollas but not leaves of
petunia (Tang er al., 1994). Ethylene has been shown to specifically enhance the
accumulation of the LE-ACO1 isoform in tomato fruits (Nakatsuka et al., 1997; Barry et
al., 1996); and the ACC Ox2 transcript in broccoli (Pogson er al., 1995). The level of
ethylene required to induce ACC oxidase transcripts has been reported to be as little as 0.1

uL L for intact leaves of tobacco treated for 24 h (Kim ez al., 1998).

Wounding leaf tissue increases the accumulation of the ripening-related ACC oxidase
transcript of peach (Callahan, 1992), tomato (Barry et al., 1996), banana (Lopez-Gomez et
al., 1997) and melon (Lasserre et al., 1996). Wounding also increases ACC oxidase
mRNA levels in hypocotyls of sunflower seedlings (Liu et al., 1997). Because wounding
increases ethylene production, an increase in ACC oxidase activity due to wounding may be
mediated through an increase in ethylene production of the tissue. However, in melon at
least, the wounding induced transcript accumulation has been shown, using 1-MCP, to be
independent of ethylene, and separate wound and ethylene response motifs in the promoter

region have been identified (Bouquin ef al., 1997).

ACC oxidase activity appears to be controlled at the level of transcription. Increased ACC
oxidase activity has been correlated with increased transcript accumulation during ripening
of tomato (Barry et al., 1996), apple (Dong et al., 1992) and melon fruit (Lasserre et al.,

1996), during senescence of carnation (Nijenhuis-De Vries et al., 1994) and petunia (Tang
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et al., 1994), in wounded leaves of tomato (Barry et al., 1996) and melon (Lasserre et al.,
1996), and in wounded hypocotyls of sunflower seedlings (Liu et al., 1997). However
although wounded sunflower hypocotyls had increased levels of ACC oxidase mRNA and
activity, the authors found no evidence for elevated levels of ACC oxidase protein. To

explain this, the authors proposed an, as yet undefined, translational control mechanism

(Liu et al., 1997).

Members of the ACC oxidase gene families are also under different spatial control. In
sunflower seedlings, RT-PCR showed that ACCO3 was expressed equally in roots, leaves
and hypocotyls, but only constituted a small amount of the total ACC oxidase transcripts.
In contrast, ACCOI and ACCO2 were differentially expressed in these organs. ACCOI is
the predominant homologue in roots, while ACCO2 was the major homologue in leaves
and hypocotyl (Liu et al, 1997). This study is complementary to that of Finlayson et al.,
(1997) who presented evidence based on biochemical data for the existence of different
isoenzymes in roots and leaves of sunflowers. It appears then, that the enzyme encoded by
an ACCOl-homologue may represent the predominant isoform Finlayson et al., (1997)
were examining in leaf tissue, while an ACCO2-homologue encoded enzyme was the
isoenzyme identified in roots. In melon, the CMe-ACOl isoform is the predominant
homologue expressed. It is expressed in flowers, leaves, roots, and etiolated hypocotyls
(Lasserre et al., 1996). Expression of CM-ACO?2, in contrast, is limited to etiolated
hypocotyls, while CM-ACO3 is the predominant isoform in flowers with very little
transcript present in leaves and etiolated hypocotyls. ACC oxidase activity assayed in vitro
in these organs correlated well with gene transcript expression suggesting that in melon,
activity is being controlled at the level of transcription. In tomato flowers, ACOI is
predominantly expressed in the petals and stigma and style, while ACO2 expression is
mainly restricted to tissues associated with the anther cone, and ACO3 transcripts
accumulate in all floral parts except for the sepals (Barry et al., 1996). Taken together,

these studies suggest tight spatial control of ACC oxidase expression in plants.

Members of the ACC oxidase gene families are also expressed differentially during
development. In all but one study (tobacco leaves; Kim er al., 1998), one gene is
predominantly induced during organ ageing. For example, during fruit ripening of tomato
(LE-ACO1; Barry et al., 1996; Nakatsuka et al., 1997) and melon (CM-ACO]; Lasserre et
al., 1996) and during corolla senescence of petunia flowers (PH-ACO1; Tang et al,, 1994).
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These genes are all inducible by ethylene, and in tomato and melon have been shown to be

wound-inducible as well, an induction which 1s independent of ethylene

ACC oxidase promoter:B-glucuronidase (GUS) fusion studies in tomato and melon have
confirmed that differential expression of the ACC oxidase genes is conferred by their
promoter regions and is not a result of differential mRNA stability (Blume et al., 1997;
Lasserre et al., 1997). In tomato, using the promoter region of the LE-ACOIl gene (the
wound and ripening related gene), GUS activity has been localised to the pericarp of
ripening fruit, abscission zones of senescent petioles and unfertilised flowers, and at wound
sites (Blume et al, 1997). In tobacco, GUS expression was examined with fusion
constructs containing the promoter regions of the melon CM-ACO1 and CM-ACO3 genes.
The CM-ACOI gene promoter was able to drive expression of GUS in response to
mechanical wounding, ethylene and copper sulphate treatments and in response to
inoculation with a bacterium (known to elicit a hypersensitive response). The CM-ACO3
gene promoter was not expressed in response to infection, but was during flower

development.

In many of the above examples, transcript accumulation and activity of ACC oxidase
increases to be high at times when ethylene production is known to be high in tissue, for
example, during fruit ripening and flower senescence. Yet, ACC oxidase for many years
has been considered as an enzyme that has little function in controlling ethylene production
(Kende, 1993). As there are now an increasing number of studies appearing that suggest
otherwise, it is appropriate to reexamine evidence for ACC oxidase catalysing a rate

determining step in the pathway.

1.4.6 ACC oxidase: A rate limiting enzyme

The view that ACC oxidase plays little part in controlling ethylene production arose initially
from physiologically based studies where production of ethylene was quickly elevated by
application of ACC to tissue (Cameron et al., 1979) and by finding a strong correlation
between levels of ACC in ripening fruit and ethylene production (Hoffman and Yang,
1980). Studies then continued to confirm the importance of ACC synthase. ACC synthase
has characteristics expected of a regulatory enzyme, as it is present in very low amounts,
can be rapidly induced, is labile, and ethylene production has often been positively

correlated with its activity (see section 1.3.2.2).
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However, as the following four examples show, activity of ACC oxidase is important and,

in some instances, more closely correlates with ethylene production than ACC synthase.

ACC oxidase mRNA accumulation and activity can be correlated with ethylene production
and internodal growth in deepwater rice stimulated by partial submergence (Mekhedov and
Kende, 1996). By contrast, ethylene biosynthesis during this time does not correlate with
either increased mRNA or activity of ACC synthase (Mekhedov and Kende, pers. comm.
cited in Mekhedov and Kende, 1996). So it is proposed that ethylene biosynthesis in

internodes of deepwater rice is controlled, at least in part, at the level of ACC oxidase.

S. longipes exhibits a diurnal rhythm of ethylene production that correlates well with both
mRNA and activity of ACC oxidase (Kathiresan et al., 1996), but not with levels of ACC
content (Emery et al., 1997) or any of the four ACC synthase transcripts identified
(Kathiresan et al., 1998).

Wild type tomato plants respond to flooding with increased rates of ethylene production
which is considered to be the cause of the epinastic curvature of leaf petioles. This was
examined In a transgenic plant of tomato containing the ACOIl gene in antisense
orientation. Both antisense and wild type plants had elevated levels of ACC oxidase
activity in the leaves of flooded plants. However, the levels of ACC oxidase activity in the
antisense plants were always lower than wild type. The extent of epinasty could be
correlated with the activity of ACC oxidase suggesting that the extent of epinasty was at

least in part being controlled by activity of ACC oxidase (English er al., 1995).

Activity of ACC oxidase may be rate limiting for the JAA-induced ethylene production of
etiolated pea hypocotyls (Peck and Kende, 1995). The application of IAA induces ACC
synthase gene expression and activity within 1 h of application, yet ethylene production
does not increase until after 2 h. This delay correlates with the time when ACC oxidase
mRNA accumulation and activity is increasing, suggesting that basal levels of ACC oxidase
were not sufficient for converting the increase in ACC content into ethylene. To further
examine the potential of ACC oxidase in controlling ethylene production, Peck and Kende
(1997) attempted to eliminate the 2 h lag between auxin application and increasing ethylene
production by pre-elevating ACC oxidase activity. This was achieved by pretreatment with
ethylene which had been shown to enhance expression of the transcript (Peck and Kende,
1995). Ethylene pretreatment did reduce the lag period, suggesting that ACC oxidase

activity is limiting for ethylene production, but a caveat was that upon IAA treatment, ACC
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synthase transcript and activity was superinduced, meaning that the faster increase in
ethylene evolution may also have been due to more ACC synthase activity (Peck and

Kende, 1997).

Taken together, these examples provide strong evidence for ACC oxidase activity

constituting an extra tier of control of ethylene biosynthesis.

1.4.7 Role of ethylene in leaf maturation and senescence

Ethylene can modify programmed leaf senescence. The relationship between ethylene and
leaf senescence has been studied in the A. thaliana mutant, ETR1 (Bleecker et al., 1988).
This mutant was found to lack a number of responses (see section 1.2) including
acceleration of leaf senescence by comparison with wild type. A subsequent study has
shown that both visual signs of leaf senescence and the appearance of senescence-
associated genes (SAGs) in this mutant are delayed by one week compared with wild type
(Grbic and Bleecker, 1995). Furthermore, while treatment of ethylene had no effect on
SAG and photosynthetic associated gene (PAG) expression in ETR] plants, but in wild
type plants ethylene hastened both SAG expression and senescence, and decreased
expression of PAGs. This effect was age-dependent. In mature leaves ethylene induced
greater SAG expression than in just fully expanded leaves and did not elevate SAG
expression in younger leaves despite being able to increase expression of another non-SAG
related ethylene-inducible gene. It was noted that although ETR1 leaves showed a delay in
leaf chlorosis and lived approximately 30 % longer than wild type, the extended period of
leaf longevity was associated with low levels of photosynthetic activity suggesting that the

leaves had functionally senesced (as determined by carboxylase activity).

This study suggests that ethylene can modulate the timing of leaf senescence by controlling
the expression of SAGS rather than acting as an initiator of the process, but only in
developmental stages that are responsive (proposed to be due to the presence of age-

dependent factor(s)) (Grbic and Bleecker, 1995).

Changes in ethylene production have been examined during leaf maturation and senescence.
Production of ethylene has been shown to increase during chlorosis of attached leaves of
tobacco (Alejar et al., 1988) and cotton (Morgan et al., 1992), detached leaves of China
tree (Morgan and Durham, 1980) and oat (Gepstein and Thimann, 1981), in leaf discs of
tobacco and sugar beet (Aharoni et al., 1979), but not in leaf discs of Phaseolus vulgaris

(Roberts and Osbome, 1981).
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In these plants (except P. vulgaris), the period of most rapid chlorophyll loss is paralleled
by the period of most rapid ethylene evolution (i.e. the rapid increase occurs after
chlorophyll levels have begun to decline). This is further supported by the study of Alejar et
al., (1988) who compared different cultivars for their rates of ethylene production and
senescence. The leaves of the cultivars that yellowed fastest were those that had the

highest rates of ethylene production. What then controls this ethylene production?

Unlike ripening fruits and senescing flowers, comparatively few studies have examined the
regulation of ethylene production during leaf maturation and senescence. Much of our
knowledge has relied on physiologically based studies done in the late 1970s and early
1980s, in which ACC, or inhibitors of ACC synthase or ACC oxidase were applied to leaf
tissue and the effect on chlorosis measured. The application of ACC to leaf tissue of
detached oat leaves in the light brought forward the period of most rapid chlorophyll loss
by one day (Gepstein and Thimann, 1981), whereas application of 10 tM Co®* (an inhibitor
of ACC oxidase) and 0.2 M AVG greatly reduced chlorophyll loss in the oat leaves after a

four day incubation in the light (Gepstein and Thimann, 1981).

Recently, antisense technology has been able to confirm in tomato that the increased
ethylene production observed during leaf chlorosis was due to increased activity of the
ACC-mediated biosynthetic pathway. For instance, ethylene production was only 5 % of

wild type in chlorotic leaves of LE-ACOL1 antisense tomato plants compared with wild type

(John et al., 1995).

More recently, in concert with our interest, research groups are beginning to examine

changes in gene expression of ACC oxidase during leaf maturation and senescence.

1.5 ACC oxidase during leaf maturation and senescence

Changes in ACC oxidase gene expression during leaf maturation and senescence has now
been examined in tomato (Barry et al., 1996; Blume et al., 1997), melon (Lasserre et al.,

1996) and tobacco (Lasserre et al., 1997; Kim et al., 1998).

In tobacco, all three ACC oxidase genes are up-regulated in older leaves as compared with
younger tissue (Kim et al., 1998). In contrast, in tomato, leaf senescence (as judged by
chlorosis) is accompanied predominantly by an increase in expression of only one isoform
(ACOI; Barry et al., 1996). Levels of ACOl mRNA increased 27-fold at the onset of

senescence before declining slightly at the most advanced stage examined. The expression
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of ACO3 also increased. However, the increase was transient and the levels of the
transcript only accumulated to a level approximately half that of the ACO1 message. No
ACO?2 gene expression could be detected in leaves by the ribonuclease protection assay
method. In leaf tissue of melon, quantitative RT-PCR has shown that expression of the
two ACC oxidase isoforms is differentially regulated during leaf development and
senescence. The steady-state levels of one isoform, CM-ACQO3, is highest in young leaves
and then declines in green adult to be lowest in yellow-green adult leaves (the most
senescent stage examined). While in contrast, the level of CM-ACO]1 is lowest in young
leaves, then increases to be highest at the onset of chlorophyll loss (similar to ACO1

accumulation in tomato leaves) before declining again during the later stages of senescence.

Studies of ACC oxidase gene expression during leaf maturation and senescence have been
extended through the use of GUS-promoter fusion analysis. The promoter of the ageing-
related ACC oxidase (ACO1) was used to direct expression of GUS in both tomato and
tobacco (Blume et al., 1997). In young leaves of both tomato and tobacco, levels of GUS
were virtually non detectable, but increased considerably (150 to 300-fold) at the onset of
senescence (chlorosis). These results confirm that it is the promoter driving the increased
accumulation of ACC oxidase gene transcript during leaf senescence, and also that it can
retain this ability even in a heterologous system (Blume ez al., 1997). Similarly, the ACC
promoters from the ACC oxidase genes, CM-ACO! and CM-ACO3, from melon have
been used to direct the expression of GUS in tobacco (Lasserre et al., 1997). Expression
of GUS activity broadly matched the accumulation of the two transcripts as measured by
RT-PCR, thus confirming the importance of the promoters for directing expression of the

transcripts during leaf maturation and senescence.

These studies have indicated that changes in gene expression of ACC oxidase may be
important for controlling ethylene production during leaf senescence, but they have
neglected to report on changes in protein accumulation and activity during the leaf
maturation.  Coupling gene expression studies with measurements of both protein
accumulation and activity are essential if we are to judge the control of ACC oxidase on
leaf senescence. There are, for instance, reported cases where huge-fold increases in
transcript have resulted in very minimal increases in the activity of ACC oxidase (e.g.
ethylene treatment of mungbean hypocotyls; Kim and Yang, 1994), and where ACC
oxldase enzyme activity was found to be highest in tissue that had the lowest levels of ACC

oxidase mRNA (basal portion compared with tip of sunflower root; Finlayson et al., 1996).
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Clearly, measurement of transcript levels alone are not always adequate as there is no

means for deterrmning the influence of any post-transcriptional/ post-translational control

on the process being measured.

This thesis, therefore, focuses on understanding the role of ACC oxidase during leaf
maturation and senescence by coupling studies of gene expression with measurements of

protein accumulation and activity.

1.5.1 White clover and leaf senescence

White clover (Trifolium repens L.) is the plant used for studying expression of ACC
oxidase during leaf maturation and senescence in this thesis. 7. repens is the most
agronomically important member of the 200 to 300 species comprising the genus
Trifolium, and is considered the most important pasture legume in many temperate climates
throughout the world (Baker and Williams, 1987). In New Zealand, it is grown in
combination with rye grass to provide nitrogen to the pasture ecosystem and high quality

feed for livestock (Brougham, Ball and Williams, 1978).

In pasture, white clover has a stoloniferous growth habit. The basic structure of the stolon
consists of a series of internodes separating the nodes which form as a result of growth at
the apical bud. Present at each node is a single trifoliate leaf and two root primordia. The
uppermost root primordium typically remains dormant while the lower primordium, in
moist conditions, gives rise to a fibrous root. At each node is also an axillary bud which
either can remain dormant, produce an inflorescence, or produce a lateral stolon. The
growth of a stolon is indeterminate with plants in summer often possessing up to six orders
of branching (Brock et al., 1988). However, during spring many stolons senesce and

fragment to produce a higher proportion of plants with first order branching (Hay et al.,

1989).

Stolon fragmentation is thought to be the end result of photosynthate (carbohydrate)
reallocation from the old stolon material to the apex (Chapman and Robson, 1992). This
change from a reservoir of carbohydrate to exporter is probably closely linked to changes
of associated leaves from exporters of carbohydrate to exporters of minerals into the
stolon. The change in leaves from a producer of photosynthate to an exporter of minerals
is considered part of the senescence syndrome (Thomas and Stoddart, 1980). It can be
initiated by a variety of environmental cues such as shading, drought, mineral deficiency

and pathogen infection (Thomas and Stoddart, 1980). In the absence of such stimuli, leaf
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senescence Is regulated in an age-dependent manner (Lohman ez al. 1994), which may have
evolved to prevent maintenance of a leaf past its average time of usefulness for supplying

carbohydrate to the increasingly distant apex (Bleecker and Patterson, 1997).

The sequential nature of white clover leaf senescence has been utilised by Butcher (1997)
for the development of a model system for studying changes in ethylene physiology
associated with leaf ontogeny. In this system, vegetatively propagated individual stolons
are grown over a dry substratum (to inhibit nodal root formation) and all axillary buds
removed. The rooting at a single node and subsequent outgrowth of a single stolon of
white clover over a dry substratum produces a full programme of leaf development along
the stolon from initiation at the apex through maturation, senescence and then necrosis.
Growth in this system also produces plants at which the number of leaves attached to the

stolon reaches a constant number as the production rate is balanced by the rate of

senescence.

Using this system, Butcher (1996) has shown that leaf senescence of white clover (as
judged by chlorophyll loss) is accompanied by an increase in ethylene evolution levels by
the tissue, and that this increase is most probably due to increased activity of the ACC-
mediated biosynthetic pathway. In support of this, endogenous levels of ACC were found

to both increase and precede the increase in ethylene evolution (Butcher er al., 1996).

These findings will be examined further as part of this thesis as a prelude to more detailed

analysis on the contribution of ACC oxidase to ethylene production during leaf maturation

and senescence.

1.5.2 Thesis Aims

e To measure changes in ACC oxidase activity in vitro during leaf maturation and

senescence.

e To isolate gene sequences encoding ACC oxidase and examine changes in gene

expression during leaf maturation and senescence.
e To examine factors that regulate the expression of these ACC oxidase genes
e To produce antibodies against ACC oxidase proteins when expressed in E. coli and,

e To examine changes in protein accumulation of ACC oxidase during leaf maturation

and senescence
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2. MATERIALS AND METHODS
2.1 Propagation and Harvesting Methods

2.1.1 Plant material
The white clover genotype 10 F of cultivar Grasslands Challenge (AgResearch, Grasslands,
Palmerston North, NZ) was used for all manipulations and experimental analysis in this

thesis.

2.1.2 Plant growth conditions
Plants were propagated in horticultural grade bark/ peat/ pumice (50:30:20) (Dalton
Nursery Mix, Tauranga, NZ) supplemented with nutrients (Table 1) and grown in

temperature controlled greenhouses.

Table 1. Nutrient addition to horticultural grade bark base.

Nutrient - “rat
Dolomite - . 3.0

Agricultural lime . 3.0
iron sulphate - 0.5
Osmocote 50

The greenhouses were maintained at a minimum temperature of 15 °C and vented at 25°C.
Automated watering was at 8 am and 5 pm for 5 min each. The insecticide Attack® (Crop
Care Holdings Ltd., Richmond, Nelson, NZ) was used to control aphids and whitefly, and
Pyranica® (Mitsubishi Kasei Corporation) was used to control mite infestations. Blackspot

was irradicated by application of Benlate (Du Pont de Nemours and Co., In., Wilmington,

Delaware, USA).

2.1.3 Plant propagation

2.1.3.1 Stock Plants
To propagate the single genotype, apical cuttings containing two or three leaves were

placed in trays containing bark/ nutrient mix and grown under greenhouse conditions until
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required. Five trays were maintained in this way, with new cuttings routinely taken to

maintain a continual supply of stock material.

2.1.3.2 Model System

To initiate single stolons, apical cuttings containing two or three leaves were excised from
the stock plants, all the leaves except the terminal bud and first leaf were removed, and the
cuttings placed in bark/nutrient potting mix in the greenhouse. After establishment of root
growth (usually four weeks), the most homogeneous cuttings were transferred into trays
containing fresh bark/nutrient mix (six per tray). As the cuttings grew, each stolon arising
from a single cutting was trained out of the tray onto a dry substratum (upturned tray
covered with white polyethylene) to inhibit nodal root formation, and all axillary shoots and
flowers were routinely removed. (Figure 3). Stolons were grown until a consistent pattern

of leaf development (from initiation through to senescence) was achieved. This was usually

after a minimum of three months.
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Figure 3.

A. The author amongst stolons of white clover (genotype 10 F) growing in one of the
greenhouses of the Plant Growth Unit, Massey University, Palmerston North, New
Zealand.

B. Plants of white clover ready for harvesting.
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2.1.4 Leaf harvesting

Leaves were excised at the junction of the lamina and petiole, weighed, placed either
individually into labelled microfuge tubes or as pooled leaves into 50 mL Nunc™ centrifuge
tubes (Nalge Nunc International, Naperville, USA), snap frozen in liquid air and stored at -
80°C. When pooled leaf tissue was to be used in multiple analyses, the tissue was removed
from the -80°C, powdered and apportioned into measured amounts in separate prechilled,

thick-walled plastic containers.

2.1.5 Leaf wounding
Detached leaves were wounded by making approximately ca. 2 mm wide parallel excisions
along the length of the lamina. Attached leaves were wounded by making two parallel

excisions on each leaflet of each trifoliate leaf.

2.1.6 Experimental conditions used for wounding experiments

2.1.6.1 Conditions used for detached leaves

Detached leaves were housed in C68 (125 mL) glass bottles (Arthur Holmes Ltd.,
Wellington, NZ) at 20°C for the appropriate times. Each jar was housed in its own
covered 9 L polystyrene container. Inthe bottom of the polystyrene containers was placed
moistened paper towels. The glass bottles containing the leaves were only sealed (with lids
containing rubber bungs) thirty minutes prior to the removal of the 1 mL gas sample. After
removal of the gas sample for ethylene analysis using the PhotoVac (section 2.2.3.2), the
tissue was immediately snap-frozen in liquid air, and stored at -80°C until required. This

tissue was then used for northern, western and activity analyses.

If the treatment included Purafil™, a bag containing 30 g of Purafil was placed in the
polystyrene container, and an additional 5 g bag placed in the C68 glass jar. Duplicate sets
of tissue were used for treatments containing Purafil. One set was sealed for 30 min to let
ethylene accumulate, as described in the preceding paragraph. The other set, incubated in
parallel, was not sealed to let ethylene accumulate. It was this non-sealed tissue that was

used subsequently for northern and activity analyses.

Notes:

e Purafil is a solution of KMnO, applied to an inert support to increase the surface area
and ease of handling (Abeles, et al., 1992). KMnQOy is very toxic, so precautions are
necessary when handling it. In all experiments it was encased in bags made of
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polyethylene and TyvekTM (Dupont, USA). Tyvek (Type 10, style, 1073b) is a spun-
bound olefin, which is readily permeable to ethylene.

2.1.6.2 Conditions used for attached leaves

Four trays each containing six independent stolons were transferred from the greenhouse to
the lab 48 h prior to beginning the treatments. Two of the trays were then placed in a 470
L growth cabinet with 1 ppm I-MCP for 30 min. After which, all four trays were placed
under six TRUE-LITE® 40 W fluorescent lights and the appropriate leaves wounded

(section 2.1.5). The room housing the plants was kept at a constant temperature of 20°C.
2.2 Biochemical and physiological methods

2.2.1 Chemicals

Unless otherwise stated, the chemical reagents used were analytical grade, obtained from
either BDH Laboratory Supplies (Poole, Dorset, England), or Sigma Chemical Company
(St. Louis, Mo., USA). The laboratory supply of purified water used for making solutions
was itself produced by reverse-osmosis (RO), followed by microfiltration (Milli-Q,

Millipore Corp., Bedford, MA, USA).

2.2.2 Chlorophyll quantitation

Reagents:

» DMF

Chlorophyll was extracted from leaves with the solvent N, N-dimethylformamide (DMF) as
described by Moran and Porath, (1980). Typically, leaf tissue was powdered under liquid
N, in a mortar and 50 to 200 mg of the powdered leaf material extracted with 1 mL of
DMEF for between 2 h and 16 days at 4°C in the dark. Prior to chlorophyll determination,
samples were vigorously mixed by vortexing and the cellular debris pelleted by
centrifugation at 20 800 x g for 5 min at room temperature. A 200 pL aliquot of the
supernatant was then added to 2 mL of DMF in a glass cuvette and the absorbance read at
both 647 nm and 665 nm in an LKB Novaspec®II spectrophotometer (Pharmacia LKB,
Biochrom Ltd., Cambridge, England) in the fumehood. The spectrophotometer was
blanked only at 647 nm with DMF. All the samples measured at 665 nm had 0.007
absorbance units added to their values as this was the difference in the blank at 647 nm

when compared with 665 nm.
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Chlorophyll concentrations were calculated using the formulae described by Inskeep and
Bloom (1985) which corrected for errors incorporated in the original formulae described by

Moran (1982).
Chlorophyll a = 12.7 Agsas - 2.79A647 (Mg /mL)
Chlorophyll b = 20.7 A7 - 4.62Ag645 (Mg /mL)

Total Chlorophyll = 17.9A¢s7 - 8.08Ag645 (mg/ mL

2.2.3 Ethylene analysis

2.2.3.1 Measurement of ethylene by Gas Chromatography

The concentration of ethylene in gas samples produced by the ACC oxidase or ACC
chemical degradation assays were analysed using a Shimadzu Model GC-8A Gas
Chromatograph (Shimadzu Corporation, Kyoto, Japan) fitted with a flame ionisation
detector. The 2.5 m * 3 mm (I.D.) glass column (Shimadzu 8G2 6-2.0) came prepacked
with Porapak Q with a mesh size of 80/100 (Alltech Associates Inc., Deerfield, II., USA).
The carrier gas was nitrogen with a flow rate of 50 ml min™'. The flame was generated by
hydrogen and air at 50 kPa respectively. The column was initially conditioned at 200°C for
5 h and thereafter for approximately 0.5 to 1 h before use. For measurement of samples,

the oven was set to a temperature of 85°C and the injector/detector to 150°C.

One ml of sample gas was injected onto the column and the ethylene peak was identified by
comparison with the retention time of an ethylene standard (0.99+0.01ppm) obtained from
BOC Gases (NZ) Ltd., Palmerston North, New Zealand. Ethylene had a retention time of

1 min 30 s.

2.2.3.2 Measurement of ethylene by PhotoVac

Ethylene evolution from leaves attached to the stolon was measured with a portable
PhotoVac™10S50 (PhotoVac™, Markham, Canada). Initially integration was performed
using an inbuilt integrator, but eventually an external Hewlett Packard 3390A integrator
(Hewlett-Packard Company, Avondale, PA, USA) was used. An external supply of carrier

gas (air at 40 psi) was passed through a column of Purafil™

(Papworth Engineering,
Cambridge, NZ; Faubian and Kader, 1996), before entering the PhotoVac. Ethylene was
found to have a peak retention time between 0.78-0.82 min. Peak height rather than area

was used to measure the concentration of ethylene.
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The PhotoVac instrument was calibrated with an a-standard calibration gas (0.101 ppm

ethylene in nitrogen (BOC Gases (NZ) Ltd.)

2.2.4 Ethylene Calculations

The concentration of ethylene in the headspace of containers was determined in ppm by
comparison to the peak height obtained from a 1 mL injection of an a-standard calibration
gas (0.101 ppm or 0.99 & 0.01 ppm [mole per mole] ethylene in nitrogen). The number of
moles of ethylene this represented could then be determined by calculating the total number
of moles present within the headspace of the container with the ideal gas equation and
multiplying this value by the concentration of ethylene in ppm.

n =PV

x ppm x10°®
RT

where:
e n=total number of moles in headspace or vessel containing tissue

P = pressure (101325 Pa)
V = volume of headspace or vessel containing tissue (m°)
R = universal gas constant, 8.314

T = temperature (normal temperature and pressure [NTP] = 298 K)

To convert to L, the number of moles is multiplied by 22.4 as 1 mole occupies 22.4 L at

standard temperature and pressure (STP).

2.2.5 Measurement of ethylene evolution from attached leaves of white
clover

Ethylene evolution of attached leaves of white clover was measured by the method of
Butcher (1996). Individual leaves still attached to the stolon were enclosed in 32 mL
plastic screw top containers that had a slot cut in the screw top lid to accommodate the
petiole. The remaining air gap around the petiole was sealed with silicon sealant. After 1
h, and before the accumulation of significant wound ethylene which occurs after 1.5 h, a 1
mL sample of gas was withdrawn through a rubber bung fitted to the bottom end of the
container. The concentration of ethylene in the sample was then determined using the

PhotoVac (section 2.2.3.2).
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2.2.6 ACC quantitation
ACC concentration of leaf tissue extracts was determined essentially as described by Lizada

and Yang (1979). Either fresh or tissue stored at -80°C was used for analysis

2.2.6.1 ACC extraction for leaf tissue down the stolon

Reagents:

e 96 % (v/v) ethanol

e chloroform

Typically a single trifoliate leaf (ca. 300-500 mg) was powdered in liquid N, and extracted
in 10 mL of 96% (v/v) ethanol at 80°C for 20 min in a 15 mL centrifuge tube. The cell
debris was pelleted by centrifugation at 5000 x g for 10 min at room temperature and the
supernatant collected. The pellet was again resuspended in 10 mL of 96 % (v/v) ethanol
and incubated at 80°C. After 20 min, the cell debris was pelleted as before and the
supernatants combined. The combined extracts were dried In a rotary evaporator
(Rotovapour; Buchi Laboratoriums, Technik Ag., Flawil/Schweiz, Switzerland) at 42 °C.
The dried product was dissolved in 2 mL water, half a volume of chloroform added, the
mixture vortexed, and the phases separated by centrifugation at 26 000 x g for 10 min at

room temperature. The aqueous supernatant was assayed for ACC content (section

2.2.6.3).

When the extraction was scaled up for paper chromatography, leaves were extracted in
seven volumes of 96 % (v/v) ethanol at 80°C, evaporated to dryness, redissolved in water

and partitioned twice with chloroform. The aqueous extract was stored at -20°C until

required.

2.2.6.2 Paper chromatography
Reagents:

e Butanol

e glacial acetic acid

Samples containing putative ACC were resolved by paper chromatography using a butanol:
glacial acetic acid: water (8:3:10) solvent system. The chromatography apparatus was pre-
equilibrated with the solvent prior to resolving the samples. Each sample (200 pLL) was
applied along a 2.5 cm pencil line drawn ca. 10 cm from the top of a 46 x 57 cm sheet of

Whatman® 3MM Chr chromatography paper (3 MM paper; Whatman International Ltd.,
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Maidstone, England). Each sample was applied with capillary tubing and was dried
between applications. The samples were resolved for 14 h, after which time the solvent
front was marked and the paper chromatogram dried in a fume hood. Each lane was then
sectioned into 14 (1.5 cm x 4.5 cm) squares, each square cut smaller to fit into a single
microfuge tube, and ACC eluted with 700 uL water at 4°C overnight. The cut squares
were then pelleted by centrifugation at 20 800 x g for 10 min, 300 uL of the supernatant
transferred to a fresh tube, the paper again resuspended with 700 uL water, incubated at
room temperature for 20 min, pelleted by centrifugation and the supernatants pooled. ACC

was then measured in the pooled supernatant by the method of Lizada and Yang (1979)
(section 2.2.6.3)

2.2.6.3 ACC assay

Samples (sections 2.2.6.1 and 2.2.6.2) were analysed for ACC by the method of Lizada and
Yang (1979). This method uses sodium hypochlorite which reacts with ¢-amino acids (for
example, ACC) to form N-chloroamine as an intermediate, and this is chemically degraded
to ethylene, ammonia, and carbon dioxide with a yield of about 13 %. In the presence of
heavy metal ions (particularly mercury), the yield of the ethylene increases up to 80 %. In
the assay described, the concentration of the mercury catalyst (50 mM) was higher than
that used originally by Lizada and Yang (30 mM), as the higher mercury concentration has

been reported to reduce interference by protein contaminants (Coleman and Hodges,

1991).

Reagents:

e 50 mM HgCl,

e 3.15% NaOCI solution (Janola®; Marketed by Reckitt and Coleman (NZ) Ltd., Auckland New
Zealand

e NaOH (saturated solution)

An aliquot of the sample (800 pL) was placed in a 4.5 mL Vacutainer® tube (Becton
Dickensen Medical, Singapore) on ice, 100 uL of HgCl, added and the tube sealed with a
rubber stopper. A 100 UL aliquot of an ice cold mixture of 2:1 (v/v) NaOCl: NaOH was
then injected through the rubber stopper, the tube immediately vortexed for S s, incubated
on ice for 2 min, revortexed for 5 s and a 1 mL gas sample withdrawn for analysis by gas

chromatography (section 2.2.3.1) or PhotoVac (section 2.2.3.2).
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2.2.7 Measurement of ACC Oxidase activity

2.2.7.1 Extraction procedure
ACC oxidase was extracted from leaf tissue of white clover by a procedure derived from

McGarvey and Christoffersen (1992) and Fernandez-Maculet and Yang (1992).

2.2.7.1.1 Extraction procedure 1.
Reagents:

e Extraction buffer: (0.1 M Tris-HCI, pH 7.5, 10 % (v/v) glycerol, 2 mM DTT, 30 mM sodium
ascorbate)

Leaf tissue was powdered and extracted in two volumes of extraction buffer. Typically, to
obtain enough enzyme to perform a single determination in triplicate, 1 g of powdered
sample was scraped directly into 2 mL of chilled extraction buffer, the tissue extracted on
ice for 45 min, and then filtered through two layers of Miracloth (Calbiochem-
Novabiochem Corporation, La Jolla, CA, USA) into 2 mL pre-cooled microfuge tubes until
1.4 mL (measured as grams) had been transferred. After centrifugation at 20 800 x g for
10 min at 4°C, the supernatant was passed through a column of Sephadex® G-25
(Pharmacia Biotech AB, Upsala, Sweden; section 2.2.4.2) and the resulting eluate
apportioned into a 700 pL aliquot for measurement of ACC oxidase activity. The excess
extract was aliquotted into a separate tube to be used for measurement of protein (section
2.2.8) and for analysis by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE; section 2.2.9).

2.2.7.1.2 Extraction procedure 2.
Reagents:

e Extraction Buffer: (0.1 M Tris-HCI, pH 7.5, 10 % (v/v) glycerol, 2 mM DTT, 30 mM sodium
ascorbate)

e Ammonium sulphate

e Resuspension Buffer: (50 mM Tris-HCI, pH 7.5, 10 % (v/v) glycerol, 2 mM DTT)

A 2 g aliquot of powdered leaf tissue was extracted in six volumes of extraction buffer on
ice for 45 min and filtered through two layers of Miracloth to a constant weight as

described above (section 2.2.7.1.1). After centrifugation at 26 000 x g for 10 min at 4°C ,
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the supernatant was decanted, the volume adjusted to 30 % saturation (164 g L* at 0°C )
with solid ammonium sulphate, and the extract incubated on ice for 30 min. Nucleic acid
and residual cellular debris was then pelleted by centrifugation at 26 000 x g for 10 min at
4°C, the supernatant transferred to a fresh tube, and adjusted to 90 % saturation (at 0°C )
by the addition of 402 g L salt. After incubation on ice for 1 h, protein was pelleted by
centrifugation at 26 000 x g for 10 min at 4°C, the supernatant discarded, the protein
precipitate resuspended in 1 volume of resuspension buffer (i.e. 1 g of leaf tissue to 1 mL
resuspension buffer), and then desalted by passage through a column containing Sephadex
G-25 (section 2.2.7.2). The resulting eluate was apportioned into a 700 uL aliquot for
measurement of ACC oxidase activity. The excess extract was aliquotted into a separate
tube to be used for measurement of protein (section 2.2.8) and for analysis by sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; section 2.2.8).

2.2.7.2 Preparation of Sephadex G-25 spin columns
Proteins were desalted and any putative low molecular weight inhibiting substances

removed using a method modified from that described by Neal and Florini (1973).

Reagents:

e Sephadex G-25
o Resuspension buffer: (50 mM Tris-HCI pH 7.5, 10 % (v/v) glycerol, 2 mM DTT)

Spin columns were prepared by placing three layers of GF-A glass microfibre filter paper
(Whatman) in the bottom of 10 mL disposable syringe barrels (Becton Dickensen). The tips
of the barrels were sealed with parafilm, the barrels filled with Sephadex G-25 pre-
equilibrated with resuspension buffer (five volumes Sephadex G-25 to one volume enzyme
extract). The syringe barrels were then placed in 50 mL centrifuge tubes, the parafilm
removed, and the column conditioned by spinning at 178 x g for exactly 1 min at 4°C.
After removal of the excess buffer collected at the bottom of the tube, the sample was
carefully loaded and the columns centrifuged again at 178 x g for 1 min at 4°C , and the

eluant collected.
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2.2.7.3 Assay procedure
Reagents:

e 1MTris-HCI, pH 7.5

e 0.667 mM FeS0,4.7H,O (made fresh)
e 4 mMACC (stored frozen)

e 1 MDTT (stored frozen)

e 1M NaHCO; (made fresh)

e 1 M sodium ascorbate (made fresh)

ACC oxidase activity of triplicate 200 UL volumes of a 700 L enzyme preparation, pre-
equilibrated at 30°C for 3 min, were aliquotted into 4.5 mL vacutainer tubes containing 0.8
mL of reaction mix (pre-equilibrated at 30 °C ) to give a final concentration of 50 mM
Tris-HCL, pH 7.5, 1 mM ACC, 10 % (v/v) glycerol, 2 mM DTT, 30 mM sodium ascorbate,
20 M FeS0O4.7H,0 and 30 mM NaHCO;. The vacutainers were sealed, incubated with
shaking at 175 rpm for 20 min at 30°C, after which 1.0 mL of the gas phase was removed

and the ethylene content determined by gas chromatography (section 2.2.3.1).

For the determination of the pH optimum, different aliquots of the standard buffer (50 mM
Tris-HCI, pH 7.5) (typically used at a 2 X concentration) were adjusted to either pH 7.5,
8.0, and 8.5 with HCl prior to addition to the reaction mix. For pH values of 6.5, 7.0 and
7.5 the Tris-HCI buffer was replaced with 50 mM Na(3-[N-Morpholino]propanesulphonic
acid) (MOPS). The pH of each solution was further checked once all components of the

reaction mix had been added and adjusted if necessary.

2.2.8 Protein quantitation
Reagents:

e Coomassie Brilliant Blue G-250 concentrate dye preparation (Bio-Rad, Richmond, CA, USA)

e BSA: (Bovine serum albumin, Fraction V, standard grade, Serva Feinbiochemica, Heidelberg,
Germany)

Protein concentration was estimated by a microassay version of Bradford’s method
(Bradford 1976), using a commercially available dye concentrate (Bio-Rad). Typically,
extracts were diluted 1:10 with water before protein measurement. Aliquots (5 to 10 pL)

of the diluted extract were pipetted into wells of a microtitre plate, in triplicate, and made
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up to 160 puL with water. After which, 40 uL of Bio-Rad Reagent was added and mixed in
with the micropipette. After standing for 5 min, the protein content was determined at 595
nm using an Anthos htll platereader (Anthos Labtech Instruments, Salzburg, Austria) by
comparison to a protein standard (BSA) measured in parallel. Only absorbances within the

linear region of the standard curve were used for protein estimation.

Absorbance (595 nm)

0.2

0.1 +

Protein Content (ug)

Figure 4. A typical standard curve for the Bio-Rad protein assay microassay
procedure.
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2.2.9 SDS-PAGE of Protein
SDS-PAGE, originally described by Laemmli (1970), separates protein on the basis of

molecular mass.

2.2.9.1 Linear slab gel SDS-PAGE using the BioRad Mini-Protean
apparatus.

Reagents:

e 40 % (w/v) acrylamide stock solution (Bio-Rad))

e 4 Xresolving gel buffer: (1.5 M Tris-HCI, pH 8.8, 0.4 % (w/v) SDS).

e 4 X stacking gel buffer: (0.5 M Tris-HCI, pH 6.8, 0.4 % (w/v) SDS).

e 10 % (w/v) APS (ammonium persulphate ; Univar, Auburn, NSW, Australia) Aliquots stored
at -20°C

e TEMED (N,N,N’|N - tetramethylethylenediamine) (Riedel-de haen ag seelze, Hannover,
Germany).

¢ 10 X SDS running buffer: (30 g Tris, 144 g glycine, 10 g SDS, water to 1 L). (pH should be
approximately 8.3, stable indefinitely at room temperature).

e 5 X SDS gel loading buffer: (60 mM Tris-HCI pH 6.8, 25 % (v/v) glycerol, 2 % (w/v) SDS, 14.4
mM 2-mercaptoethanol, 0.1 % (w/v) bromophenol blue). (stable for weeks in the refrigerator
or months at -20°C).

Table 2. Composition of resolving and stacking gels used for SDS-PAGE with the
Mini-Protean apparatus.

' “Resolving Gel Solution - * Stacking Gel Sotution
2. .. 4Xresolving gel buffer 25
3. o 4 X stacking gel buffer 25
4, o acrylamide stock solution 4 1
5, - APS 0.1 0.1
6. TEMED 0.01 0.01

A resolving gel solution was prepared by mixing the components in the order outlined in
Table 2. The solution was then transferred between glass plates of a gel sandwich until the
level was ca. 1 cm below where the bottom of the well-forming comb sits. Water was then
layered onto the gel surface to protect from atmospheric oxidation and the gel allowed to
polymerise for ca. 30 min. The layer of water was discarded, the well-forming comb

mnserted, and gel stacking solution added. After polymerisation for ca. 30 min, the gel
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sandwich apparatus was placed in the electrophoresis chamber, running buffer added to

both inner and outer chamber and the comb removed in preparation for loading.

Samples were prepared for loading by adding one fifth volume of 5 x gel loading buffer,
boiling for 3 min (except for samples that contained imidazole [i.e. fractions off the affinity
column] which instead were heated at 37°C for 10 min), and then centrifuging at 20 800 x
g for up to 1 min. All samples were made to the same volume with sample buffer.
Routinely, one lane was reserved for an aliquot (10 [LL) of prestained molecular weight
standards (Low Range {20.5 to 111 kDa], Bio-Rad). Empty lanes were loaded with 1 X

gel loading buffer. Electrophoresis was conducted at 200 V for a minnum of 50 to 75

min.

2.2.9.2 Gradient (8-15 %) slab gel SDS-PAGE
Reagents

® sucrose

e 2 X stacking buffer: (250 mM Tris-HCl, pH 6.8, 0.2 % (w/v) SDS)

An 8-15 % linear gradient gel of acrylamide was produced by mixing two solutions
containing different concentrations of acrylamide as they were pumped by peristalsis into
the glass plate assembly. One solution termed the resolving gel heavy solution had the

highest concentration of acrylamide and also contained sucrose (Table 3)

Table 3. Composition of resolving and stacking gel solutions used in the SDS-
PAGE gradient gels

" Resolving Gel Heavy ~Resolving Gel Light Stacking Gel

L . -Solution (15 %) (mL) - Solution {8 %) {mL)} - Solution {mL) ..
1 Sucmse R " By

2. Water [ 75 11 8

3. 4 X resolving gel buffer' 5

4. 2 X stacking gel buffer 10
5. Acrylamide stock @o% 75 4 2

6. APS’ . 0.1 0.1 0.2
7. TEMED' - 0.003 0.003 0.02

" see reagents listed in section 2.2.9.1

After the separating gel was poured , a layer of water was pipetted onto the gel surface and
the gel allowed to set for ca. 30 min. The layer of water was then discarded, the top of the

gel rinsed briefly with stacking buffer, and the remaining liquid removed with a piece of
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3MM paper. After insertion of the well-forming comb the stacking gel solution was
pipetted onto the resolving gel and allowed to set for ca. 30 min. Samples were prepared
for loading as described in section 2.2.9.1. Electrophoresis was conducted at 65 mA
through the stack and 25 mA through resolving gel, and was usually terminated after 4 to 5

h. For composition of running buffer, see section 2.2.9.1.

2.2.9.3 Staining of gels after SDS-PAGE

Reagents

e (BB stain: (0.1 % (w/v) Coomassie Brilliant Blue R-250, 40 % (v/v) methanol, 10 % (v/v)
acetic acid)

e (CBB destain: (30 % (v/v) ethanol)

e modified CBB stain (0.2 % (w/v) Coomassie Brilliant Blue R-250, 20 % (w/v) methanol, 0.5 %
(v/v) acetic acid)

¢ modified destain (30% (v/v) methanol)

SDS-PAGE gels were immersed in Coomassie Brilliant Blue (CBB) stain for 20 min with
gentle agitation and then rinsed with several changes of CBB destain until the background
became clear. When the protein was to be excised from the gel for sequencing the

modified CBB stain and destain were used.

2.2.9.4 Drying of gels after SDS-PAGE
Polyacrylamide gels were air dried by placing between sheets of GelAir Cellophane Support
(Bio-Rad).
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2.2.10 Western analysis of SDS-PAGE gels

2.2.10.1 Production of primary antibodies

Polyclonal antibodies were raised against the translation products of cloned cDNA
sequences expressed in E. colii The cDNA sequences were generated by reverse
transcriptase polymerase chain reaction (RT-PCR) (section 2.3.6), ligated into the GIBCO
BRL pPROEX ™-1 plasmid expression vector (Life Technologies Inc. Gathersburg, MD
USA) (section 2.3.2.9.2) and then transformed into a suitable strain of E. coli (section
2.3.2.10.2). Translation of the cloned cDNA sequences in E. coli harboring the
recombinant plasmid was induced with isopropyl-B-D-thiogalactopyranoside (IPTG), the
protein then isolated by cellular disruption of the bacteria followed by metal-chelate affinity
chromatography and the affinity purified protein used to immunise either rats or rabbits for

production of polyclonal antibodies.

2.2.10.1.1 Preliminary induction of His-tagged fusion proteins in E. coli
Reagents:
e LB : (Luria-Bertani broth; see section 2.3.2.1)

e 100 MMIPTG

e 2 X SDS-PAGE gel loading buffer: (0.22 M Tris-HCI, pH 6.8, 27 % (w/v) glycerol, 5.5 % (w/v)
SDS, 5 % (v/v) 2-mercaptoethanol, 0.01 % (w/v) bromophenol blue)

The ability of E. coli transformed with recombinant pPROEX to translate the cDNA insert
upon treatment with JPTG, was initially tested on a small scale, by following the procedure

accompanying the pPROEX kit.

A single colony of E. coli, transformed with recombinant pPROEX was grown at 37°C
overnight with agitation in 10 mL of LB broth supplemented with 100 jig mL" ampicillin
(LB Ampmo; section 2.3.2.1). An aliquot (0.5 mL) of overnight culture was then used to
inoculate 10 mL of fresh broth and incubation continued until the optical density at 590 nm
of the bacterial culture reached between 0.5-1.0 (usually 3 h). One mL of the culture was
then removed (to serve as an uninduced control), and IPTG added to a final concentration
of 0.6 mM to the remaining culture. The culture was incubated for a further 3 h, during
which 1 ml samples were removed each hour. At conclusion of the sampling period, the

bacteria were pelleted by centrifugation at 20 800 x g for 30 s, resuspended in
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Figure 5. The map and schematic diagram of the pProEX vector and the vector
multiple cloning site.

The £coR1 and Hind Il sites used for inserting TR-ACO1 and TR-ACO2 sequences in-
frame into the multiple cloning site (MCS) of pProEX are highlighted. Also indicated are
the N-terminal six histidine residues that become fused to the translated sequences and
serve to enable purification of the fusion proteins by metal-chelate affinity
chromatography.

The figure was reproduced from Focus 16 (4).
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60 pLL of 2 X SDS-PAGE gel loading buffer, boiled for 4 min, centrifuged again for 3 min
and loaded into a well of an SDS-PAGE gel. Generally between 3 to 8 HL of sample
supernatant was loaded. After completion of electrophoresis, the proteins in the gel were
stained with CBB (Section 2.2.9.3) and the protein profile at each time point examined for
both induction of the protein of the predicted size, as well as to determine the time at which

protein induction was maximal.

2.2.10.1.2 Large scale induction of His-tagged fusion proteins in E. coli

Reagents

e Lysis buffer: (50 mM Tris-HCI, pH 8.0, 0.5 % (w/v) SDS, 1 % (v/v) 2-mercaptoethanol)

e Dialysis membrane: Visking, Size 5, 12 to 14 000 kDa cutoff (Medicell International Ltd.,
London, UK). Prepared by boiling in 10 mM sodium bicarbonate, 1 mM EDTA for 15 min,
then washed with many changes of milliQ water.

100 mM IPTG

50 mM Tris-HCI, pH 8.0

After IPTG had been shown to induce a protein of predicted size and the time of its
maximal induction determined, the procedure was scaled up to produce large amounts of
the putative fusion protein. Broths were inoculated with E. coli and grown overnight as
described above (section 2.2.10.1.1). An aliquot of overnight culture was then used to
inoculate 1 to 2 L of fresh broth (one part overnight culture to 100 parts fresh broth) and
incubation continued until the bacterial culture reached an optical density at 590 nm of
between 0.5-1.0. One mL of the culture was then removed (to serve as an uninduced
control), and IPTG added to a final concentration of 0.6 mM to the remaining culture.
Incubation was then continued until the time of maximal induction was completed (based
upon the result of the small scale induction). The cultures were then transferred to pre-
weighed centrifuge tubes, the bacteria pelleted by centrifugation at 10 000 x g for 10 min at
4°C, the supernatant decanted, the weight of the bacteria determined, and the cells stored

at - 80°C until required.

To prepare a crude protein extract containing the induced protein for subsequent
purification, the pelleted bacteria were resuspended in four volumes of cell lysis buffer,
apportioned into 4 mL volumes and the protein released by sonication with a MSE
Soniprep 150 Ultrasonic Disintegrator (MSE Scientific Instruments, Manor Royal, Sussex,

England). The sonicator was fitted with 3 mm diameter probe and used at an amplitude of
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14 microns (15 s on, 30 s off, repeated 6 times, with the bacteria kept cooled on ice). After
sonication, the cellular debris was pelleted by centrifugation at 10 000 x g for 10 min at
4°C, the supernatant removed and dialysed against 100 volumes of 50 mM Tris, pH 8.0 at

room temperature for 7 h to remove SDS (buffer was changed every 2 h).

2.2.10.2 Purification of His-tagged fusion protein by metal chelate affinity
chromatography

Reagents

e Buffer A: (20 mM Tris-HCI pH 8.5, 100 mM KCI, 20 mM imidazole, 10 mM 2-
mercaptoethanol, 10 % (v/v) glycerol)

e Buffer B: (20 mM Tris-HCI pH 8.5, 1 M KCI, 10 mM 2-mercaptoethanol, 10 % (v/v) glycerol)

e Buffer C: (Tris-HCI pH 8.5, 100 mM KCI, 100 mM imidazole, 10 mM 2-mercaptoethanol, 10 %
(v/v) glycerol)

The induced His-tagged fusion protein prepared in section (2.2.10.1.2) was purified away
from the bacterial protein contaminants by metal-chelate affinity chromatography according

to the instructions in the pPPROEX ™ -1 Protein Expression System kit.

The affimty column (1 mL) was housed in a 10 mL disposable syringe barrel (Becton
Dickensen) fitted with 2 layers of GF-A glass microfibre filter paper, to prevent leakage of
the column matrix. Prior to addition of sample, the column was equilibrated with 5 to 10
volumes of Buffer A at a flow rate of 0.5 mL min"'. After which the sample was gently
loaded onto the top of the column, allowed to run in, the column washed with ten volumes
of Buffer A, two volumes of Buffer B, two volumes of Buffer A, and the fusion protein
eluted with five to ten volumes of Buffer C. The eluate was collected in 0.5 to 1.0 mL
fractions and 5 [LL aliquots of each fraction analysed by SDS-PAGE (section 2.2.9) and the
protein quantified (section 2.2.8) to determine which fractions contained the fusion protein.

These fractions were then combined.



Materials and Methods 53

2.2.10.3 Protein sequencing
Reagents:

e AC: (200 mM ammonium carbonate)

e TFA : (Trifluoroacetic acid)

e Acetonitrile

e Trypsin: (bovine trypsin (Sigma), 250 ug mL"in AC)

e Tween-20

To confirm that the purified His-tagged fusion protein was the translated product of the
cDNA insert cloned, 40 yig of affinity-purified fusion protein was fractionated over 8 lanes
of a 16 % SDS-PAGE gel. The fusion protein was then identified on the basis of molecular
weight using a modified CBB stain and destain procedure (section 2.2.9.3) and excised. In
preparation for digestion, each gel piece was cut into tiny pieces, washed twice with 150
pL of 50 % (v/v) acetonitrile in AC at 30 °C for 20 min and then left at room temperature
for ca. 10 min to semidry. After which, the pieces were partially rehydrated in 5 pLL of AC
containing 0.02 % Tween-20, and digested by adding 2 (LL trypsin and then 5 pL aliquots
of AC until the pieces had rehydrated to their original size. The gel pieces were then
completely immersed with AC, and digested further at 30 °C for 4 h and the reaction
stopped by the addition of 1.5 L of TFA. The resulting peptides were then extracted
twice with 100 gL of 60 % (v/v) acetonitrile, 0.1 % (v/v) TFA at 30°C with shaking, and
the extracts combined and concentrated to ca. 20 L in a SpeedVac® Concentrator (Savant

Instruments Inc. Farmingdale, NY, USA)

The peptides eluted from the polyacrylamide gel were separated on a (250 x 4.6 mm)
VYDAC 218 TP C18 (10 micron particle size) reverse phase column (Alltech Associates,
Applied Science Labs, Deerfield, UK) fitted with a (10 x 4.6 mm) 218TP (10 micron
particle size) Direct Connect® HPLC Guard Column Cartridge (Alltech). The peptides
were eluted from the column using a linear gradient of acetonitrile and 0.1 % TFA at a flow
rate of ca. 0.3 mL min". Elution of the peptide fragments was monitored at 214 nm using
a scale of 0.1 absorbance units, the fractions containing the fragments were collected
manually, dried in a SpeedVac and sent away to Ms Catriona Knight, Department of

Biochemistry, University of Auckland, for amino acid sequencing.
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2.2.10.4 Immunisation of animals with affinity purified His-tagged fusion
proteins and collection of antisera

Reagents

e Freund’'s adjuvant (complete and incomplete; Difco Laboratories, Detroit, Michigan, USA)
e PBSalt (50 mM sodium phosphate, pH 7.4 in 250 mM NaCl)

The affinity-purified fusion proteins were used as the antigen for production of polyclonal
antibodies in either rabbits or rats at the Small Animal Production Unit (SAPU), Massey
University, Palmerston North, NZ. The primary inoculum consisted of fusion protein,
PBS and complete Freund’s adjuvant in a ratio of 1:1:2. The inoculum was vortexed
vigorously upon addition of the components so that upon sitting it did not separate out into
layers. Rabbits were inoculated with 500 pg fusion protein and rats 80 pg as a final
volume of 1.0 mL (for rabbits) and 0.5 mL (for rats). Incomplete Freund’s adjuvant

replaced the complete adjuvant for the boost inoculations.

Table 4. Antibody production: timing of inoculation and collection of antisera.
Rabbits Rats

Preimmune sera collection

19'fn.z'tm.m_is'ation_' 0 tday 1day
FirSi bOOst R . 45weeks 4.5 weeks
Seccndboost - 45weeks 4.5 weeks
F.iréf bleed | _ - 4 weeks 4 weeks

Immunisation and bleeds were performed by Ms. Eldon Ormsby, SAPU. Collected blood
was clotted at 37 °C for 30 to 60 min in a centrifuge tube, the clot separated from the sides
of the tube with a pasture pipette and allowed to clot further at 4°C ovemight. The
antisera containing the antibodies was then removed from around the clot, any
contaminating cells pelleted by centrifugation at 10 000 x g for 10 min and the serum

stored at -20°C.
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2.2.10.5 Western blotting

2.2.10.5.1 Transfer of proteins from SDS-PAGE gel to membrane support

Reagents:

e Transfer Buffer: (25 mM Tris, 190 mM Glycine)

Proteins separated by SDS-PAGE gel were transferred to a polyvinyl fluoride membrane
(PVDF; Immobilin-P, Millipore Corporation, Bedford, MA, USA) using a Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). The transfer cassette holder with gel and

membrane was set up as shown in Figure 6.

Red (+ve) terminal

Scotch pad
3MM paper

PVDF
protein gel
3MM paper

Scotch pad
Black (-ve) terminal

Figure 6. Setting up the cassette for transfer of protein from gel to membrane.

The cassette was set up while partially immersed in transfer buffer so as to exclude air
bubbles which can interfere with transfer. The PVDF membrane was soaked for 10 s in
100 % methanol prior to placing on top of the gel. Transfer was performed either at 30 V
overnight, or at 100 V for 1 h with stirring in the cold room. Protein transfer from
polyacrylamide gel to PVDF membrane was confirmed by staining the gel after transfer

with CBB stain (section 2.2.9.3).
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2.2.10.5.2 Immunodevelopment of membrane

Reagents:

e PBSalt: (50 mM sodium phosphate pH 7.4 in 250 mM NacCl)

e PBSalt-Tween 20: (0.05 % (v/v) Tween 20 in 1 X PBSalt)

e Goat anti-rabbit IgG antibody (Sigma)

e Goat anti-rat IgG antibody (Sigma)

e Substrate: (150 mM Tris-HCI, pH 9.7 containing 0.01 % (w/v) 5-bromo-4-chloro-3-indoyl

phosphate (BCIP), 0.02 % (w/v) p-nitro blue tetrazolium chloride (NBT), 1 % (v/v) dimethyl
sulphoxide (DMSO); 8 mM MgCly)

After the conclusion of transfer, the membrane was peeled from the gel, placed protein-side
up into an appropriate sized container and blocked in 0.5 % (w/v) I-Block™ (Tropix,
Bedford, MA, USA) at room temperature for 1 h, or at 4°C overmight. The blocking
solution was then discarded, and the PVDF membrane rinsed briefly with PBSalt-Tween
20. The membrane was then bathed with a solution of either rabbit-raised primary antibody
at a concentration of 1: 2000 (diluted in PBSalt-Tween 20) or the rat primary antibody at a
concentration of 1: 1000 in PBSalt-Tween 20 either at room temperature or at 37°C for 1 h
with gentle shaking. After which, the primary antibody was discarded and the membrane
washed three times for 10 min with PBSalt-Tween 20 and the secondary antibodies (either
goat anti-rabbit alkaline phosphatase or goat anti-rat alkaline phosphatase) at a
concentration of 1:10 000 in PBSalt-Tween 20 added. After incubation at room
temperature for 1 h, the membrane was washed three times for 10 min with PBSalt-Tween
20, twice with 150 mM Tris pH 9.7 for 5 min, the substrate added, and the reaction
allowed to continue in the dark. The reaction was stopped when sufficient colour had

developed by discarding the substrate solution and rinsing the membrane several times in

RO water.

2.2.10.5.3 Estimation of protein molecular mass

Protein size was estimated by comparison to the electrophoretic mobility of the size
standard marker proteins. In detail, the distance between the origin and the centre of each
of the marker proteins was used to plot a calibration curve. A regression equation was
fitted to the calibration curve using the computer programme SlideWrite™ (Advanced
Graphics Software Inc., Carlsbad, CA, USA) and the size of the protein of interest
determined from the regression curve (using the Function Evaluator option of the

programme).
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2.2.10.5.4 Quantification of protein accumulation in western blots by image
analysis

Quantification of protein on western blots by image analysis was carried out by Dr. Donald
Bailey at the Institute of Fundamental Sciences, Massey University, Palmerston North, NZ.
The alkaline phosphatase product was imaged with a Sony DXC-3000P video camera and
the image captured into a PC using the Visionplus-AT Colour Frame Grabber. For each
band of product deposition, the maximum pixel was found. The programme then moved
left and right until a local minimum was found in each direction, which delineated the front
and back edges of the band. The pixel values between the front and back are summed to

give the integrated density.
2.3 Molecular methods

2.3.1 Chemicals

Unless otherwise stated, molecular biology or analytical grade chemicals and reagents
supplied by BDH or Sigma were used, and all solutions were made with milli-Q water.
Solutions were sterilised in a bench pressure cooker or by autoclaving at 103 kPa for times
dependent upon the volume of liquid (500 mL or less, 20 min; 1 L, 30 min; 2 L, 45 min), or

filter sterilised through a 0.22 PM nitrocellulose filter (Millex®-GS sterilising filter unit,
Millipore).

2.3.2 DNA cloning procedures

2.3.2.1 Growth conditions for bacteria

Reagents:

e LB (Luria-Bertani) pH 7.5: (1 % (w/v) bacto-tryptone, 0.5 % (w/v) bacto-yeast extract, 1 %
(w/v) NaCl).

e Amp* % Ampicillin (50 or 100 mg mL™)

E. coli cultures were grown with vigorous shaking (200-230 rpm) at 37 °C in LB broth. E.
coli cultures were maintained and single colonies isolated on solid LB. Media were
supplemented with antibiotics as required. In this study, ampicillin at a final concentration

of 50 or 100 ptg mL™* (Amp™ ” '®) was typically used.

E. coli cultures maintained on solidified media were stored at 4°C and subcultured

approximately every four to six weeks. Every three to five months, the stored cultures on



Materials and Methods 58

solidified media were replaced by fresh inoculations from frozen long-term storage

cultures.

In order to store bacteria longer term, the bacterial cells were preserved as frozen glycerol
stocks. Typically an 800 puL aliquot from a 10 mL LB overnight culture was added
aseptically to a pre-sterilised cryotube (Nunc) containing 200 L of 100 % (v/v) glycerol,

the tube snap frozen in liquid N, and immediately placed at -80°C.

2.3.2.2 Plasmid isolation from E. coli by the alkaline lysis method

Reagents:

e Alkaline Lysis, Solution A: (25 mM Tris-HCI, pH 8.0, 50 mM glucose, 10 mM EDTA)
e Alkaline Lysis, Solution B: (0.2 M NaOH, 1% (w/v) SDS)

e Alkaline Lysis, Solution C: (3 M potassium acetate, 2 M glacial acetic acid)

e Isopropanol

e 80 % (v/v) ethanol

Plasmid DNA was isolated from E. coli by the alkaline lysis method of Sambrook et al.,
(1989). Typically, a 10 mL LB Amp'® broth was inoculated with E. coli by stabbing a
single colony with a sterile toothpick and breaking off the lower portion of the toothpick
directly into the broth. After incubation at 37°C overnight with shaking, the cells were
pelleted by centrifugation at 3 000 x g for 5 min at room temperature, the supernatant
drained, and the pellet resuspended completely in 200 [LL of freshly prepared alkaline lysis
solution A. After transferring to a microfuge tube, the cells were lysed with 400 (LL of
freshly prepared Alkaline Lysis Solution B by mixing with gentle inversion and a 10 min
incubation on ice. The contaminating chromosomal DNA and protein was then precipitated
by addition of 300 (LL of freshly prepared alkaline lysis solution C. After the solution was
shaken vigorously and incubated on ice for 5 min, the precipitate was pelleted by
centrifugation at 20 800 x g for 5 min at room temperature, and the supernatant removed
to a fresh tube. If the plasmid was to be used in ligation reactions, an equal volume of
chloroform: isoamyl alcohol (24:1) was added to the supernatant, the aqueous and organic
phases mixed by vortexing and separated by centrifugation at 20 800 x g for 5 min at room
temperature, after which the top aqueous phase was removed. The plasmid DNA was then
precipitated by the addition of an equal volume of isopropanol, the DNA pelleted by

centrifugation at 20 800 x g for 10 min at room temperature, the pellet rinsed with ice-cold
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80 % (v/v) ethanol, and dried briefly in a SpeedVac (section 2.3.2.3). Typically the pellet

was redissolved in 40 to 50 [LL of sterile water.

2.3.2.3 Precipitation of DNA and RNA with ethanol or isopropanol

Reagents:

e 3 M sodium acetate pH 5.2
e 100 % (v/v) ethanol: (99.7 to 100 % (v/v) ethanol)
e 80 % (v/v) ethanol

Nucleic acid was routinely precipitated from solutions by adding 0.1 volumes of 3 M
NaOAc and either 2.5 volumes (for DNA) or three volumes (for RNA) of ice cold 100 %
(v/v) ethanol. Precipitations were performed at 4°C on ice or for times dependent upon the
estimated concentration of nucleic acid. If the concentration was considered to be 1 [lg
mL" or greater (for example in plasmid preparations) then the nucleic acid was centrifuged
immediately, while if thought to be below 0.5 ptg ml’, the nucleic acid was incubated
overnight (for maximal yield) prior to centrifugation. The nucleic acid precipitate was then
pelleted by centrifugation at 20 800 x g for 10 to 15 min at room temperature (or 4°C), the
supernatant discarded, residual salts removed by rinsing the pellet with 80 % (v/v) ethanol.
After discarding the 80 % (v/v) ethanol any residual ethanol still adhering to the walls of
the microfuge tube was collected by pulse-centrifugation and removed with a micropipette.

The pellet was then dried at 40°C in a heating block for ca. 4 min.

In some instances when volume quantities were limiting, 0.6 to one volume of isopropanol
was added rather than ethanol. However, ethanol was preferred as isopropanol is less
volatile and tends to co-precipitate solutes, for example, NaCl, which can inhibit re-

dissolution of the nucleic acid pellet.

2.3.2.4 DNA quantitation

DNA was quantified by diluting an aliquot (typically 5 pL) of DNA to 1 mL with water,
placing in a 1 cm light path quartz cuvette, and comparing the absorbance at 260 nm
against a water blank. The absorbance reading at 260 nm enabled calculation of the
concentration of nucleic acid present in the sample since an OD of 1 corresponds to

approximately 50ptg/ mL double stranded DNA (Sambrook et al. 1989)

Azeonm X dilution factor X 50 = conc. DNA in pg/ mL
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Purity of nucleotide solutions can be gauged by examining the A 60nm/A280nm (Sambrook et

al., 1989) and A260nm/A 2300m ratios (Dong and Dunstan, 1996).

Relatively pure DNA solutions have an Ajmm/A2sonm ratio of 1.8, a value that decreases
with the presence of contaminants such as proteins, phenol and surfactant, or if nucleic acid

is not fully resuspended (Teare et al., 1997).

Relatively pure DNA solutions have an Axeonm/A230nm ratio > 2, a value that decreases with

the presence of polysaccharides.

2.3.2.5 Restriction digestion of DNA

Unless otherwise stated, DNA was digested with GIBCO BRL restriction enzymes (Life
Technologies) in the recommended buffer. The total concentration of glycerol in the
digestion reactions was always kept at 5 % (v/v) or below and the enzyme never exceeded
100 U g’ to reduce the incidence of “star” activity, whereby endonucleases cleave

sequences similar, but not identical to their defined cleavage sites.

Reagents:

e Restriction enzyme
e 10 X Restriction buffer
e RNase A (10 mgmL" stock) (Sigma)

e 10X SUDS: (0.1 MEDTA pH 8.0, 50 % (v/v) glycerol, 1 % (w/v) SDS, 0.025 % (w/v)
bromophenol blue)

Digestion of DNA with restriction endonuclease enzymes was performed for a number of

different reasons.
1. To prepare plasmid and insert for cloning

DNA was digested serially when more than one restriction enzyme was used. Plasmid
DNA obtained from a 10 mL culture of bacteria by alkaline lysis (section 2.3.2.2) was
divided in half, one half digested with the first restriction enzyme, and the other with the
second enzyme in reaction mixes containing 40 U restriction enzyme, 0.1 volumes of 10 X
restriction buffer, 20 jtg RNase A and sterile water to 40 gL.. After incubation at 37°C for
3 h, an aliquot (2L ) of each digestion mix was resolved in a 1 % (w/v) agarose gel
(section 2.3.2.6) to confirm that both enzymes were cutting effectively and to assess

whether the enzymes had cut to completion (by the presence of linearised plasmid). After
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digestion had proceeded to completion with the first restriction enzymes, the linearised
plasmid from each mix was precipitated with ethanol (section 2.3.2.3), resuspended in
sterile water and digested with the other restriction enzyme (except no RNase was added).
After digestion at 37°C for 3 h was completed, the double digested plasmid was gel-

(section 2.3.2.6) and column-purified in preparation for ligation (section 2.3.2.8.1).

PCR products (amplified using the primers described in section 2.3.6.2.3) were also
digested serially with the appropriate restriction enzymes in preparation for cloning. The
DNA from a single 100 uL volume amplification mix (section 2.3.6.2.5) was precipitated
with ethanol, resuspended in 20 pL sterile water and digested with 200 U of the first
restriction enzyme in a reaction mix containing 0.1 volumes of 10 X restriction buffer and
sterile water to 200, uL at 37°C for 3 h. The DNA was then precipitated as before,
resuspended in 20 pL sterile water and digested with the second restriction enzyme using
the same reaction conditions as for the first digestion. On completion of digestion, the
double digested DNA was again precipitated with ethanol, resuspended in sterile water, and

gel- (section 2.3.2.6) and column purified (section 2.3.2.8.1).

2. To confirm that plasmids of transformed bacteria contained the inserts of expected

size.

Typically, 1 to 2 g plasmid DNA obtained by alkaline lysis (section 2.3.2.2) was digested
in a reaction mix containing 5 U of restriction enzyme, 0.1 volumes of 10 X restriction
buffer, 10 ttg RNase A and sterile water to 10 pL at 37°C for 1 to 3 h. The reaction was
terminated by the addition of 0.1 volumes of 10 X SUDS and the digested DNA resolved

by electrophoresis (section 2.3.2.6).

If excision of the insert required the action of two restriction enzymes, and both enzymes
were able to cut effectively in a common buffer (for example, Hind III and EcoR1 both cut

100 % in the Hind III buffer), then digestion was performed in a single reaction volume.
3. To produce quantities of insert for radiolabelling

Larger amounts of insert were obtained by digesting all the plasmid DNA purified from a
10 mL culture in a reaction mix containing 20 U of restriction enzyme, 0.1 volumes of 10 X
restriction buffer, 20 g RNase A and sterile water to 80 pL at 37°C for 3 h. The excised
insert was gel-purified in a 1 % (w/v) agarose gel (section 2.3.2.6) and the insert isolated

by the freeze-squeeze method (section 2.3.2.8.2).
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2.3.2.6 Agarose gel electrophoresis of DNA

Reagents:

e 10 X TAE Buffer: (0.4 M Tris, 0.2 M glacial acetic acid, 10 mM EDTA pH 8.0)

e 10X SUDS: (0.1 MEDTA pH 8.0, 50 % (v/v) glycerol, 1 % (w/v) SDS, 0.025 % (w/v)
bromophenol blue)

e  Ethidium bromide: (10 mgmL"™)
o Gibco BRL UltraPURE™ agarose (Life Technologies)

DNA fragments generated by PCR (section 2.3.6.2) and restriction digestion (sections
2.3.2.5 and 2.3.4.3) were routinely analysed by separation through horizontal 1X TAE, 0.8
to 1.2 % (w/v) agarose gels. Electrophoresis was routinely performed using a Bio-Rad
DNA Mini Sub Cell™ (70 cm® gel bed; 30 mL volume) for plasmid and PCR generated
DNA, or a Bio-Rad DNA Sub Cell™ (225 cm® gel bed; 100 mL volume) for plant genomic
DNA.

The gel solution was made by adding 1 X TAE running buffer to the appropriate amount of
agarose. The weight of the flask and contents were then noted, the gel mix heated to
dissolve the agarose, the flask reweighed and any water that had evaporated replaced.
After the gel solution had cooled to touch, ethidium bromide was added to a final
concentration of 0.15 g mL™ and the solution immediately poured into a gel-forming
apparatus. No ethidium bromide was added to the gel solution used for genomic analysis.
Instead the gel was stained after electrophoresis with 0.1 j1ig mL™ ethidium bromide for 20

min and then destained (with water) for a further 20 min.

DNA samples were weighted with 0.1 volumes of 10 X SUDS, loaded, and separated by
electrophoresis at 5 to 10 V cm™ for plasmid and PCR-generated DNA or at 5 V cm” for
plant genomic DNA. After electrophoresis, the DNA fragments were visualized on a short-
wavelength (340 nm) UV Transilluminator (UVP Inc., San Gabriel, CA, USA), and
photographed either digitally with an Alpha Imager™ 2000 Documentation and Analysis
System (Alpha Innotech Corporation, San Leandro, CA, USA) or using a Polaroid Land
Camera with Polaroid 667 film (Fabrique au Royanne-Uni. UK, Ltd., Hertfordshire,
England).
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2.3.2.7 Size determination of nucleic acid

The sizes of nucleic acid fragments were determined from their mobility relative to that of
known standards resolved on the same gel. This data was entered into a computer
programme, DNAFIT (National Institute of Health, Bethesda, MD, USA) employing a
four-parameter logistic model to describe the relationship between electrophoretic mobility

and the log;o molecular size (Oerter et al., 1990).

2.3.2.8 DNA recovery from agarose gels
DNA fragments generated by PCR (section 2.3.6.2) or produced by restriction
endonuclease digestion of plasmid inserts (section 2.3.2.5) were isolated for use in ligation

or labelling reactions by either the spin-column or freeze-squeeze methods.

2.3.2.8.1 Spin column method

Reagents:

e Wizard™ MiniPreps DNA Purification System (Promega Corporation, Madison, W1 USA)

e Column wash solution: (8.3 mM Tris-HCI, pH 7.5, 80 mM KOAc, 40 uM EDTA, pH 8.0,55 %
(v/v) ethanol)

e 6 MNal

DNA fragments were isolated from agarose gels for ligation reactions using the spin
column method. DNA was separated by electrophoresis in a 1 % (w/v) agarose gel
(section 2.3.2.6), the desired fragment identified under long-wave UV, excised from the gel
with a sterile scalpel blade and placed in a pre-weighed microfuge tube. Three volumes of
6 M Nal were added per gram of excised gel and the gel heated at 55°C for 15 min or until
the gel had completely melted. One mL of thoroughly resuspended DNA purification resin
was then added and the resin/DNA mix transferred to a 3 mL syringe barrel (Becton
Dickensen) attached to a minicolumn on a Vac-Man™ Laboratory Vacuum Manifold
(Promega). The resin/DNA mix was then drawn onto the column by vacuum, flushed with
2 mL of column wash solution, and dried by continuing the vacuum for an additional 30 s.
After transfer of the column to a microfuge tube, residual wash solution was removed by
centrifugation at 3 800 x g for 1 min. An aliquot (50 {L of sterile water preheated to
70°C) was then added to the column and after 1 min the DNA eluted by centrifugation at
18 000 x g for 20 s.
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2.3.2.8.2 Freeze-squeeze method
This very simple and quick method was used to isolate DNA templates for labelling. DNA

was separated by electrophoresis and the fragment isolated as before (section 2.3.2.8.1).
The excised gel piece was then snap-frozen in liquid N, , the agarose pelleted by
centrifugation at 20 800 x g for 10 min at room temperature, and the supernatant
containing the DNA collected. A variation of the method which resulted in higher yields,
involved adding 1 volume of sterile water to the excised gel and melting at 50°C for 15 min

prior to snap-freezing of the gel in liquid N,.

Notes:

¢ Inthis study, the DNA purified by this method could not be ligated.

2.3.2.9 DNA Ligation

2.3.2.9.1 DNA ligation using linearised T-Vector
Sequences generated by PCR were ligated into the pCR®2.1 linearised T-vector plasmid

(Figure 7) by essentially following the method provided with the TA-Cloning® kit
(Invitrogen, Leek, The Netherlands). The technique relies on the ability of the PCR
amplification enzyme, 7aq polymerase, which has terminal transferase activity, to add a
single deoxyadenosine to the 3'-ends of duplex molecules. These 3'-A overhangs can then

be used to insert the PCR product into a vector which contains single 3'-T overhangs at its

insertion site.

The amount of PCR product (for a 1:3 molar ratio) required for ligation was calculated

using the equation supplied with the TA-cloning Kit.

X ng = 3(Y bp PCR Producti{50 ng pCR 2.1 Vector)

(size in bp of pCR 2.1 Vector)

Reagents:

e T4 DNA ligase (Invitrogen)
e 10 X ligation buffer (Invitrogen)
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The PCR product was ligated with 50 ng linearised pCR 2.1 vector in a reaction mix that
contained 2Ll T4 DNA ligase, 0.1 volumes of 10 X ligation buffer and sterile water to 20
pL. The ligation was conducted at 14°C overnight in a PTC-200 Peltier Thermal Cycler
(MJ Research, Inc., Watertown, Massachusetts, 02172 USA).

lacZa ATG

M13 Reverse Primer ] 1
CAG GAA ACA GCT ATG ALIC ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC CTT TGT CGA TAC TEG TAC TAA TGC GGT TCOG AAC CAT GG&C TCG AGC CTA GGT GAT

Hin‘d 1 Kﬁnl Sao;l BanrH|  Spel
1

BstX | EcoR't EcoR1
| | |
GTA ACG GCC GCC AGT GTG CTG GAA TTC GGC 1T PCR Product [Js GCC GAA TTC TGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CCG A TT CGG CTT AAG ACG
Aval
PaeR7 |
EcoRV BstX | Not | Xhot Nsit Xba i Ap‘al ¢

! l { | 11 A
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TLG|CCC TAT
TCT ATA GGV AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGCIGGG ATA

17 Promoter M13 Forward (-20) Pritmer M13 Forward {-40] Primer
AGT GAG TCG TAT TH T AAT TCA [CTG GCU GTC GTT TTA GAA CGYT CGT GAC TGE GAA AAC
\ TCA CTC AGC ATA ATIGTTA AGT IGAC CGG CAG CAA AAT QTT LA GCA CTG ACC CTT TT4 /

Figure 7. Diagram of the pCR 2.1 plasmid used for TA-cloning PCR generated
sequences.

The sequence of the multiple cloning site is shown with a PCR productinserted by TA-
cloning. The inserted PCR product is flanked on each side by EcoR1 sites that were
used to cut out the insert from the plasmid. The M13 Forward and Reverse Primers
used in sequencing are indicated.

This figure is reproduced from the TA-cloning® Instruction manual.
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2.3.2.9.2 DNA ligation using restriction digested vector

For ligations not involving the pCR 2.1 vector, a 1:3 molar ratio of vector to insert was
also used, but the quantity of vector and product used was calculated visually by resolving
an aliquot of vector and PCR product on the same 1 % (w/v) agarose gel and estimating
from the ethidium bromide staining intensities. This simple method works because plasmid

vectors are often four times larger than their inserts.

Reagents:

e Gibco BRL T4 DNA Ligase (1 U uL") (Life Technologies)
e 10 X Ligation buffer (supplied with Ligase)

The appropriate amount of PCR product was ligated with typically between 10 to 50 ng of
vector in a reaction mix that contained 2l T4 DNA ligase, 0.1 volumes of 10 X ligation

buffer and sterile water to 20 uL. The ligation was conducted at 14°C overnight in a PTC-
200 Peltier Thermal Cycler

2.3.2.10 Transformation of E. colj

2.3.2.10.1 Preparation of competent cells

Cells used for transformation in this thesis were either TA-Cloning®OneShot™ competent

cells supplied with the TA-Cloning kit, or E. coli strain DH-5¢ cells (Life Technologies)

made competent using CaCl,.

Reagents:

¢ 60 mM CaCl,
e glycerol
e LB broth: (refer section 2.3.2.1)

Ten mL of LB broth was inoculated with a single colony of E. coli, incubated at 37°C
overnight with shaking, and 0.4 ml removed to inoculate 40 mL of fresh LB broth.
Incubation was continued at 35°C until the optical density at 600 nm had reached 0.4, the
culture was then poured into a prechilled centrifuge tube and the bacteria pelleted by
centrifugation at 2000 x g for 5 min at 4°C. After discarding the supernatant, the bacterial
pellet was resuspended in 10 mL ice-cold 60 mM CaCl,, a further 10 mL CaCl, added and

the cells placed on ice for 30 min. After which time, the cells were pelleted as before, the
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supernatant discarded, the cells resuspended in 4 mL. CaCl,, 15 % (v/v) glycerol, and stored
at -80°C in 300 pL aliquots.

Three different transformation methods were used in this thesis to transform competent
cells. Lab stocks of DH-50 cells made competent (section 2.3.2.10.1) were either
transformed with the standard heat shock protocol (section 2.3.2.10.2) or the faster 5 min
transformation protocol of Pope and Kent (1996) (section 2.3.2.10.3). Both methods
worked equally well in this thesis. When TA-cloning was performed with the One Shot™
competent cells supplied in the kit, the transformation protocol recommended by the

manufacturer was followed (section 2.3.2.10.4).

2.3.2.10.2 Transformation by standard heat shock protocol

Reagents:

e LB broth: (refer section 2.3.2.1)

A 300 L aliquot of DH-5c cells made competent (section 2.3.2.10.1) was thawed on ice,
ca 10 ng (10 L) of plasmid DNA added, and incubation on ice continued for a further 30
min. After which time the cells were heat-shocked at 42°C for 2 min, placed back on ice
for 2 min, 0.7 mL of LB added, and the transformation mix incubated with shaking at 37°C
for 1 h. Putative transformants were selected by spreading 25 ptL. and 100 gL volumes of
the transformation mix onto LB plates supplemented with antibiotics (typically Amp’®), and
incubating the plates at 37°C overnight. The plasmids of the resultant single colonies
(isolated by alkaline lysis, section) were then evaluated for the presence of insert of the

expected size by restriction endonuclease digestion (section 2.3.2.5).

2.3.2.10.3 Transformation by 5-minute protocol
In this thesis, the 5 min transformation method of Pope and Kent (1996) was found to

work equally well with competent cells prepared by the CaCl, method. Ten ng of plasmid
DNA was added to 300 L of competent DH-5a cells, the mix incubated on ice for 5 min
and a 100 pL aliquot then spread directly onto an LB Amp™ plate that had been
preincubated at 37°C. The plate was incubated at 37°C overnight and the resultant

colonies checked for the presence of plasmid and insert as described above (section

2.3.2.5).
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Notes:

e Does not work with plasmids that are selected with Kanamycin suiphate (Pope and Kent
(19986).

2.3.2.10.4 Transformation by TA cloning kit protocol
Reagents:

e 0.5 M 2-mercaptoethanol: (supplied in kit)

e SOC medium: (supplied in kit): (2 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 10 mM NacCl,
10 mM MgSQOy4, 20 mM glucose)

e«  Ampicillin: (50 ug mI™)

Two [LL of 0.5 M 2-mercaptoethanol was added to a vial of One Shot™ competent cells
(Invitrogen) that had been thawed on ice, and mixed in gently by swirling of the pipette tip.
Five 1L of the ligation reaction was then added and the transformation mix incubated on
ice for 30 min, the mix was then heat shocked at 42°C for exactly 30 s, placed back on ice
for 2 min, and 250 ptL of SOC medium added. The putatively transformed bacteria were
then shaken at 37°C for 1 h, placed on ice and aliquots of 50 and 200 LL spread onto LB
Amp™° plates. Plates were incubated at 37°C overnight and the resultant colonies checked

for the presence of plasmid and insert as described above (section 2.3.2.5).

2.3.3 DNA sequencing procedures

2.3.3.1 Purification of DNA for sequencing

Plasmid DNA isolated from a 10 mL culture of E. coli by alkaline lysis (section 2.3.2.2)
was made up to 100 L with sterile water or TE buffer, and 10 pL (50 pg) of RNase
added. After incubation at 37°C for 10 min, 1 mL of thoroughly resuspended Wizard™
MiniPreps DNA purification resin was added, and the plasmid column-purified (section
2.3.2.8.1) except that the centrifugation step at 3 800 x g for 1 min was replaced by

centrifugation at 18 000 x g for 2 min.



Materials and Methods 69

2.3.3.2 Manual sequencing

Double-stranded DNA was sequenced with a Sequenase™ Version 2.0 DNA Sequencing
Kit (United States Biochemicals, Cleveland, Ohio, USA: Amersham) that was developed
from the chain-termination method (Sanger et al., 1977) using a modified Sequenase™ T7
DNA polymerase (Tabor and Richardson, 1989). The enzyme has been genetically
modified to remove the 3' to 5' exonuclease repair activity, is reported to be very stable and

have high specific activity.

Reagents:

e 2N NaOH

e 05MEDTA

e 2 M ammonium acetate pH 4.6

e 100 % (w/v) ethanol

e 75 % (w/v) ethanol

. [a—3SS]-dATP (Amersham International, Plc., Amersham, Buckinghamshire, England)
e Sequenase version 2 sequencing kit

e 5 X labelling mix: (7.5 yM dGTP, 7,5 uyM dCTP, 7.5 uM dTTP)

e Enzyme dilution buffer: (10 mM Tris-HCI, pH 7.5, 5 mM DTT, 0.5 mg mL™' BSA)

e 2 X stop solution: 95 % (v/v) formamide, 20 mM EDTA, 0.05 % (w/v) bromophenol blue, 0.05
% (w/Vv) xylene cyanol FF)

Typically, 4 [Lg of plasmid DNA was denatured by adding one-tenth volume of 2 M NaOH,
2 mM EDTA and incubating at room temperature for 5 min. The mixture was neutralised
by adding a one-tenth volume of 2 M ammonium acetate pH 4.6 and the DNA precipitated
with two to four volumes of 100 % (v/v) ethanol at -80°C for 10 min. After the DNA was
pelleted by centrifugation at 18 000 x g for 10 min and rinsed with ice-cold 75 % (v/v)

ethanol, the DNA was dried briefly under vacuum in a SpeedVac.

The dried DNA pellet was redissolved in 6 [LL of sterile water and 2 pL of 5 X T7
Sequenase Reaction Buffer and 2 pL of sequencing primer (either M13 Universal Forward
or Reverse) added. The DNA strands were then melted at 65°C for 5 min in a heating
block, and then the temperature was rapidly reduced to 37°C and the primer annealing

continued at 37°C for a further 15 min. The annealed DNA mixture was then placed on ice

while the reaction mix was prepared.
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Prior to combining the components of the reaction mix the T7 DNA polymerase was
diluted 1:7 with enzyme dilution buffer, and the labelling mix diluted 1:4 with sterile water
and both placed on ice until required. The reaction mix was then prepared by combining 1
(L DTT, 2 pL diuted labelling mix, 2 pL diluted Sequenase T7 DNA polymerase, and 0.5
L 1000 Ci mmol” [0->>S]-dATP (Amersham).

The reaction mix was then added to the ice-cold annealed DNA mixture, and the mix
Incubated at room temperature for 2 to 5 min to Initiate polymerisation and label the
sequencing product a short distance from the primer. After which time, the tube was
cooled on ice until the dideoxy-nucleotide termination reaction tubes were prepared. The
termination tubes were prepared by aliquotting 2.5 {LL of each dideoxy-nucleotide into a
separate labelled tube. Aliquots (3.5 uL ) of the labelling reaction were transferred to each
tube, and the tubes incubated at 37°C for 5 min. After which time, the reactions were

stopped by the addition of 4{lLL of stop solution, and stored on ice or at -20°C until

required.

2.3.3.3 Sequencing gels
Reagents:

e 10 X TBE: (1.3 M Tris-base, 450 mM boric acid, 25 mM EDTA)
e 40 % (w/v) acrylamide

e 10 % (w/v) APS

e TEMED

. Urea

Termination reactions were analysed by electrophoresis through a vertical 6 % (w/v)
polyacrylamide denaturing gel containing 8.3 M urea in 1 X TBE buffer. The gel mix
consisted of 15 mL of 40 % (w/v) acrylamide, 10 mL of 10 X TBE, 50 g of urea and water
to 100 mL. The solution was mixed for at least 1 h to dissolve the urea, and then filtered
through Whatman No. 1 filter paper prior to the addition of 1 mL of fresh 10 % (w/v) APS
and 50 (tLL of TEMED. After addition of the TEMED, the gel mix was quickly injected
into the gel plate assembly which consisted of two GIBCO BRL Model S2 glass sequencing
plates (Life Technologies) separated by 0.4 mm thick spacers (Life Technologies) and
sealed at the base and sides with Sleek™ medical tape (Smith and Nephew, Ltd., Hull,

UK). Two 14 cm GIBCO BRL vinyl doublefine sharkstooth combs (Life Technologies Inc.)
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were then inserted between the plates, into the gel to a depth of ca. 2 mm and the combs
completely covered with excess acrylamide to exclude air. After polymerisation was
complete (at least 1 h), the combs and basal tape were removed, and the plates installed
into the GIBCO BRL Model S2 Sequencing Gel Electrophoresis System (Life
Technologies). TBE buffer (running buffer) was added to both chambers and the inverted
combs removed and reinserted teeth downward until the teeth had just made contact with
the gel surface. The gel wells were then flushed with running buffer to remove any
accumulated urea in preparation for loading. The stopped termination reactions were then
heated at 70°C for 3 mun, rapidly cooled on ice, and loaded into the wells. The sequencing
products were initially separated at 1650 V, 40 mA and 65 W for 3 h by electrophoresis,
then a second loading from each reaction was performed in separate wells and
electrophoresis continued for another 2 h. At completion of electrophoresis, the gel plate
assembly was dismantled and the gel fixed in a solution of 5 % (v/v) acetic acid: 5 % (v/v)
methanol for 20 min. The gel was then transferred onto 3MM paper, covered with
clingfilm, dried in vacuum gel-drier at 80°C for 1.5 h, and placed in a Hypercassette™
(Amersham) with NIF RX Fuji Medical X-ray film (Fuji Photo Film Co., Ltd.) and the

radiolabelled fragments visualised by autoradiography.

2.3.3.4 Automated DNA sequencing

Plasmid DNA was prepared for automated sequencing as described in section (2.3.3.1) at a
concentration of 200 ng pL' and sent to Ms Lorraine Berry, MUSeq, Institute of
Molecular BioSciences, Massey University, Palmerston North, NZ for automated
sequencing. The plasmid DNA was sequenced using the ABI PRISM™ Dye Terminator
Cycle Sequencing Ready Reaction Kit with AmpiTaq®DNA Polymerase, FS (Perkin Elmer,
Foster City, CA, USA), and the products analysed with an automated ABI PRISM™ 377
DNA Sequencer (Applied Biosystems, Foster City, CA, USA)

2.3.3.5 Sequence alignment

Alignment of sequences obtained with manual and automated sequencing was achieved
either using the Align Plus Sequence Alignment Program version 2 (Science and
Educational Software, State Line, PA, USA) or Clustal X (Thompson et al., 1994).
Sequence identity comparisons with other organisms was performed using Basic Local

Alignment Sequence Tool (Blast-N ; Altschul ez al., 1990).
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2.3.3.6 Sequence phylogeny

A majority rule consensus tree was built using a heuristic search with default parameters of
a pre-release [B-version of the computer programme Phylogenetic Analysis Using
Parsimony (Paup version 4.0 o0d64, Sinaur Assoc, Inc. Publishers, Sunderland

Massachusetts® 1998 Smithsonian Institute).

2.3.4 Southern analysis procedures
Two different phenol-based methods for isolating genomic DNA were used in this thesis.
The first method which used less phenol and chloroform appeared to produce DNA that

was restriction-digested just as well as the more time consuming second method.

2.3.4.1 Genomic DNA isolation method 1.

Reagents:

e Extraction buffer: (50 mM Tris-HCI, pH 8.0, 0.25 M NaCl, 20 mM EDTA, 0.5% (w/v) SDS) and
0.01% (v/v) 2-mercaptoethanol added just before use

e Tris-buffered phenol: (6 mL of 1 M Tris-HCI, pH 8.0, 7.5 mL 2M NaOH, 130 mL H,0, 500 g
commercial phenol crystals)

e TE Buffer: (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, pH 8.0)
e RNase A: (10 mg/ mL )

Genomic DNA was isolated from leaf tissue using the method of Michaels et al., (1994).
This involved extracting approximately 3 g of powdered leaf material in 10 mL of
extraction buffer at 60°C for S min. Six mL of Tris-buffered phenol was then added to the
extraction mix and incubation continued for a further 5 min. After this time, an equal
volume of chloroform: isoamylalcohol (24:1) was mixed in by inversion, the aqueous phase
separated from the organic phase by centrifugation at 4 000 x g for 10 min at 4°C and
transferred to a fresh tube. Contaminating polysaccharides were precipitated by adding
slowly, but with rapid mixing, 0.35 volumes of 100 % (v/v) ethanol and incubating the
solution on ice for 15 to 20 min. After pelleting the polysaccharides by centrifugation at 4
000 x g for 10 min at 4°C, the aqueous supernatant containing the nucleic acids was
collected, and the nucleic acids precipitated on ice for 15 min after the addition of an equal
volume of isopropanol. The precipitated nucleic acid was then pelleted by centrifugation at
4 000 x g for 10 min, the supernatant discarded, the pellet was washed once with 80%

(v/v) ethanol and once with 100% (v/v) ethanol before being resuspended in 3 mL of TE
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buffer. Contaminating RNA was removed by incubating the nucleic acid with 3 ptg of
RNase A at 37°C for 1 h and the DNA precipitated by incubation at room temperature for
15 min after the addition of one third volume of 8 M ammonium acetate and 2.5 volumes of
100% (v/v) ethanol. The DNA was then pelleted by centrifugation at 4 000 x g for 15 min
at 4°C, washed in 80 % (v/v) ethanol, resuspended in 25 to 400 uL. of TE buffer and
stored at - 20°C.

Notes:

e The temperature of the Tris-buffered phenol extraction mix must be below 60°C when the

chloroform is mixed in, as chloroform boils at 61.7°C

2.3.4.2 Genomic DNA isolation method 2
Genomic DNA was isolated from leaf tissue by a modified method of Junghans and
Metzlaff, (1990) (A. Griffith, AgResearch, Grasslands, Palmerston North, NZ, pers.

comm.).

Reagents:

e Lysis buffer: (50 mM Tris-HCI, pH 7.6, 100 mM NacCl, 50 mM EDTA, 0.5 % (w/v) SDS), 0.01
% (v/v) 2-mercaptoethanol may be added to the lysis buffer immediately prior to DNA

extraction

e Tris-buffered phenol: (6 mL 1 M Tris-HCI, pH 8.0, 7.5 mL 2M NaOH, 130 mL H20, 500 g
commercial phenol crystals)

e TES: (10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA

e RNase A: (10 mg/ mL)

e TES/RNase: (25 mL TES, 40 1L RNase)

Approximately 1.6 g of powdered leaf tissue was added to 10 mL of lysis buffer and 10 mL
of Tris-buffered phenol. The mix was then shaken vigorously for 3 min to obtain a good
emulsion, 5 mL of chloroform: isoamyl alcohol (24:1) added, and the mixing continued for
a further 3 min. The cellular debris was then pelleted by centrifugation at 26 000 x g for 10
min at 4°C, the aqueous supernatant transferred to a new centrifuge tube containing 5 mL
of Tris-buffered phenol, and the phenol mixed in by shaking for 3 min. Five mL of
chloroform: isoamyl alcohol (24:1) was then added and the mixture shaken again for 3 min.
The aqueous and organic phases were then separated by centrifugation at 26 000 x g for 10
min and the aqueous supernatant removed to a fresh tube, 10 mL of chloroform: isoamyl

alcohol (24:1) added, the contents mixed for 3 min and the aqueous phase separated and
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removed to a new tube as before. The nucleic acid was precipitated by the addition of 0.67
volumes of isopropanol and then pelleted by centrifugation at 26 000 x g for 10 min. After
which time, the pellet was rinsed with 80 % (v/v) ethanol, dried at 40°C for 5 min, and
resuspended in 4 mL TES/RNase solution. After incubation at 37°C for 25 min to digest
the contaminating RNA, the nucleic acid was transferred into a fresh centrifuge tube that
contained 2 mL phenol, the solution shaken vigorously for 3 min, 2 mL chloroform:
isoamyl alcohol (24:1) added and the tube shaken for a further 3 min. The aqueous phase
was separated by centrifugation as before, transferred into a fresh tube that contained 4 mL
chloroform: isoamyl alcohol (24:1), shaken for 3 min, and the centrifugation repeated. The
nucleic acid in the aqueous phase was precipitated with ethanol (section 2.3.2.3),
resuspended in 500 BUL of 0.25 M NaCl, and 0.35 volumes of 100 % (v/v) ethanol added
slowly but with rapid mixing to precipitate polysaccharide contaminants. After incubation
on ice for 15 min, the polysaccharide precipitate was pelleted by centrifugation at 20 800 x
g for 5 min at 4°C, the supernatant removed, the DNA precipitated with ethanol,

resuspended in sterile water, quantified (section 2.3.2.4) and stored in aliquots at -20°C

2.3.4.3 Restriction Digestion of Genomic DNA
Reagents:

e GibcoBRL £coR1: (10U uL"’) (Life Technologies)
e GibcoBRL Xbal: (10U uL") (Life Technologies)
e Gibco BRL Hind lll: (10 U pL™) (Life Technologies)

e 10 X Restriction buffer: (supplied with the appropriate restriction enzyme)

Genomic DNA was digested with three restriction endonuclease enzymes in separate
reaction mixes. Each digestion mixture consisted of 30 pg DNA, 80 U of restriction
enzyme, 20 pL of 10 X restriction buffer and sterile water to 200 pL. Digests were
incubated at 37°C overnight, after which an additional 30 U of enzyme was added and the
DNA digested further for 3 to 5 h. The DNA was then precipitated with ethanol overnight
(section 2.3.2.3), resuspended in 201LL sterile water, weighted with one-tenth volume of 10

X SUDS and resolved by agarose gel electrophoresis (section 2.3.2.6).
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2.3.4.4 Southern (capillary) blotting of genomic DNA
Genomic DNA fragments resolved by agarose gel electrophoresis (section 2.3.2.6) were
transferred to a nylon membrane by the downward alkaline capillary transfer method of

Chomczynski (1992), except for an additional depurination step.

Reagents:

e Depurination solution: (0.25 M HCI)

e Denaturation solution: (1.5 M NaCl, 0.4 M NaOH)

e Transfer solution (pH 11.4 to 11.45): (3 M NaCl, 8 mM NaOH)

e 5 XSSPE: (50 mM Na,P04.2H,0, pH 7.7, 0.9 M NaCl, 5 mM EDTA)

Following electrophoresis (section 2.3.2.6), the gel was immersed in depurination solution
with gentle agitation for 7 min. The depurination solution was then discarded, the gel
rinsed twice with RO water, placed in denaturation solution for 1 h, washed twice more

with RO water and immersed in transfer solution for 15 min.

The blotting system (Figure 8) was constructed while the gel was being prepared for
transfer. A gel-sized piece of 3MM paper, pre-soaked in transfer solution, was placed on a
glass plate. Upon this was placed a gel-sized sheet of Hybond™-N* membrane that had
been pre-soaked in transfer solution for 5 min. The gel was then placed on the membrane
to exclude air bubbles, and a piece of gel-sized 3MM paper, pre-soaked in transfer solution,
laid on top. The whole assembly was transferred onto four pieces of dry 3MM paper which
sat upon a 3 to 5 cm high stack of paper towels, and the gel was surrounded by strips of
laboratory sealing film (Whatman) to ensure that all capillary movement of the transfer
solution would pass through the gel. Two more pieces of gel-sized 3MM paper pre-
soaked in transfer solution were placed on top of the assembly and a wick constructed from
4 strips of 3MM paper presoaked in transfer solution. The whole construction was then
covered in clingfilm to prevent evaporation of transfer solution from the wick and transfer
occurred overnight. Upon completion of transfer, the apparatus was dismantled, the
membrane immediately placed, DNA side up, upon 3MM paper soaked in 0.4 M NaOH
and the membrane left for 20 min. The membrane was then neutralised in 5 X SSPE for 5

min, dried at 70°C for 10 min, and sealed in a plastic bag at 4°C until required.
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Cover with clingfilm
/- 4 X long 3MM for wick (wet)

3 X 3MM (wet)

’- Transfer solution

Gel

Membrane
1 X 3 MM (wet)

4 X 3 MM (dry)

AR

N\ a4

Figure 8 Arrangement of the apparatus used to transfer DNA and RNA samples to
Hybond-N* membranes

3to 5 cm paper towels

2.3.4.5 Southern (capillary) blotting of cDNA fragments
Reagents:

e Transfer solution: (0.4 M NaOH, 1.5 M NaCl)
o Neutralisation solution: (0.1 M NaxP0O4.2H20, pH 7.2)

Aliquots (50 ng) of DNA fragments generated by the polymerase chain reaction or
restriction digestion of plasmids were transferred to Hybond-N* by the downward alkaline
capillary transfer method of Chomczynski (1992) as described for Southern blotting
(section 2.3.4.4), except the gel was not depurinated or denatured before transfer, and the
transfer was carried out in 0.4 M NaOH and 1.5 M NaCl for 4 h. After transfer, the
membrane was incubated for 10 min in neutralisation solution and stored moist at 4°C until

required.
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2.3.4.6 Labelling Probe DNA for use in Southern and northern analysis

2.3.4.6.1 Labelling DNA with the Ready-To-Go™" [¢-**P]-dCTP DNA Labelling Kit
Reagents:
. Fleady-To-GoTM DNA Labelling Kit (Pharmacia Biotech)

e TE: (10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA)
e [0-**P)-dCTP (Amersham)

DNA was labelled with [0-**P]-dCTP using the Ready-To-Go™ DNA Labelling Kit. An
aliquot of DNA (25-50 ng) was diluted with either sterile water or TE, denatured in a
boiling water bath for 2 to 3 min and then immediately chilled on ice for 2 min. The
denatured DNA was collected at the bottom of the tube by pulse centrifugation and added
to the Ready-To-Go reagent bead. After gently resuspending the bead with the DNA, SuL
of [a-”P]-dCTP (3 000 C/ mmol) was added and the labelling reaction allowed to proceed
either at room temperature or 37°C for 15 min. During this time, the ProbeQuant™
Sephadex G-50 Micro Column (Pharmacia Biotech) was prepared. This involved
vortexing the column to resuspend the Sephadex, loosening the lid, snapping off the bottom
closure and centrifugation of the column in a microfuge tube at 735 x g for 1 min to
remove the void volume. The column was then transferred to a new microfuge tube in
readiness for sample application. After completion of the labelling reaction, the sample was
carefully layered onto the Sephadex and the sample purified away from unincorporated
nucleotides, reaction dyes and salts by centrifugation at 735 x g for 2 min. The labelled
DNA collected at the bottom of the microfuge tube was then denatured in a boiling water
bath for 2 min, quick-chilled on ice for 2 min and added directly to the hybridisation

solution (pre-equilibrated at 65°C ) bathing the membrane (section 2.3.4.7).

2.3.4.6.2 Labelling DNA with the Megaprime™ [o-*P]-dATP DNA Labeliing Kit

Reagents:

. MegaprimeTM DNA Labelling Kit (Amersham)
e [0-¥P)-dATP (Amersham)

e 0.2MEDTA,pH8.0

e Reaction buffer: (supplied in kit)
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DNA was labelled with [0-**P]-dATP using the Megaprime™ DNA Labelling Kit. DNA
was first diluted to a concentration of ca. 5 ng uL", and 5 pL of this diluted DNA
combined with 5 uL of nonamer primers. The DNA was then denatured in a boiling water
bath for 3 min, the contents collected by a brief centrifugation and 4L each of the
unlabelled nucleotides (dGTP, dCTP and dTTP) added. The labelling reaction was
initiated with 5 pLL of [0-*P]-dATP (specific activity 3 000 Ci/ mmol) after the addition of
S 1LL of reaction buffer, 17 1L of sterile water, and 2 |LL of enzyme. The reaction was
continued at 37°C for 15 min, then stopped by the addition of 5 uL. 0.2 M EDTA, pH 8.0,
after which the radiolabelled DNA was purified through a ProbeQuant Sephadex G-50
Micro Column as described in section 2.3.3.7.1. The radiolabelled DNA was then
denatured for 3 min in a boiling water bath, cooled on ice for 2 min and either 25 or 50 pLL
of the labelled DNA added directly to the hybridisation solution (pre-equilibrated at 65°C )

bathing the membrane (section 2.3.4.7).

2.3.4.7 Hybridisation and washing of DNA and RNA blots

Reagents:

e Church hybridisation solution: (0.25 M NazPO42H,0, pH 7.2, 7 % (w/v) SDS, 1 % (w/v) BSA
fraction V, 1 mM EDTA, pH 8.0)

e Hybridisation wash solution 1.: (20 mM Na,PO4..H,0, pH 7.2, 5 % (w/v) SDS, 0.5 % (w/v)
BSA fraction V, 1 mM EDTA, pH 8.0)

e 20 X SSPE: (0.2 M NaH,PO, pH 6.5, 3.6M NaCl, 20 mM EDTA).
e 2 X SSPE wash: (2 X SSPE pH 6.5, 0.1% (w/v) SDS).

e 1 X SSPE wash: (1 X SSPE pH 6.5, 0.1% (w/v) SDS)

e 0.2 X SSPE wash: (02 X SSPE pH 6.5, 0.1% (w/v) SDS).

e 0.1 X SSPE wash: (0.1 X SSPE pH 6.5, 0.1% (w/v) SDS)

Labelling and washing of Hybond-N* membranes was performed essentially as described by
Church and Gilbert (1984). The membrane was rolled up, nucleic acid facing inwards, and
placed inside a Hybaidn ' screw top glass tube (Hybaid Ltd., Teddington, Middlesex, UK),
then rinsed with RO water, and bathed with 25 mL of Church hybridisation solution in a
rotary oven at 65°C. The denatured labelled DNA probe, prepared as described in sections
2.3.4.6, was then added to the hybridisation solution bathing the membrane and
hybridisation allowed to occur overnight at 65°C. The membrane then underwent a series

of washes at 65°C. The first was for 20 min in ca. 100 mL of hybridisation wash solution
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1. This was followed by 20 min m 2 X SSPE wash, 20 min in 1 X SSPE wash, 20 min in
0.2 X SSPE wash and finally 30 to 60 min in the 0.1 X SSPE wash. The membrane was
then wrapped in clingfilm, or heat-sealed in a plastic bag, and placed in a X-OMATIC
cassette (Eastman Kodak Company, Rochester, NY, USA) containing a single X-OMATIC
intensifying screen and XAR-5 X-ray film (Kodak). After exposure for a suitable period of
time at -70°C , the film was developed in the dark by incubation for 5 min in developer
solution (HC110, Kodak), then rinsed briefly with water and fixed for 1 to 2 min in a

fixative solution ( Rapid Fixer Solution A, Kodak).

2.3.4.8 Stripping Southern and northern blots
Reagents:

e  Stripping solution: (0.1 X SSPE, 0.1 % (w/v) SDS)
e 0.1 XSSPE

Blots were stripped according to the method of Memelink et al., (1994). Stripping solution
was boiled for ca. 5 min in a gas pressure cooker with the pressure cap removed and the
solution poured onto the membrane and allowed to cool to room temperature. This
procedure was repeated (typically twice) until counts were low. The membranes were

given a final rinse in 0.1 X SSPE to remove the SDS.

2.3.5 RNA Isolation

RNA 1s tolerant of a variety of solvent, salt and temperature conditions. It is highly
resistant to shear and can be vortex-mixed without detriment (Strommer et al., 1993). The
major concern of working with RNA is the presence of contaminating ribonucleases, both

endogenous (mainly located in vacuoles) and in the environment, which can be difficult to

eliminate or inactivate.

In this study, endogenous ribonucleases were inactivated during extraction by the use of an
extraction buffer with high pH, and the inclusion of a chelating agent, a detergent, and

organic solvents.

Care was taken to avoid the introduction of ribonucleases from external sources such as
hands and dust. Disposable gloves were always used and regularly changed. Unless
otherwise stated, solutions were made from analytical grade chemicals that were reserved

for RNA use only. Chemicals were dispensed by pouring or by using spatulas that had
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been baked at 180 °C for a minimum of 4 h. Only new sterile plasticware or glassware that
had been baked at 180°C for at least 4 h were used for storing solutions for RNA, and
water used for making the solutions was obtained directly from the Milli-Q water source.
If pH adjustment of a solution was necessary, the pH electrode was incubated in 50 mM
NaOH for 10 to 15 min and rinsed with sterile water. Any gel apparatus used was

sterilized with 0.1 M NaOH for a minimum of 20 min.

2.3.5.1 Isolation of total RNA
Reagents:

e Extraction buffer: (100 mM Tris-HCI, pH 8.0, 100 mM LiCl, 10 mM EDTA, 1% (w/v) SDS)

e Tris-buffered phenol: (6 mL of 1 M Tris-HCI, pH 8.0, 7.5 mL of 2M NaOH, 130 mL of H20,
500 g of commercial phenol crystals )

e Extraction buffer/ phenol: (extraction buffer: Tris-buffered phenol [1:1])

Extraction of RNA was accomplished essentially by scaling up the procedure described by
Van Slogteren et al. (1983). Aliquots (1 to 4 g) of powdered leaf material was extracted in
five volumes of extraction buffer/ phenol, pre-equilibrated at 80°C, in a fume hood. The
extraction mix was vortexed for 30 s, 2.5 volumes of chloroform: isoamyl alcohol (24:1)
added and the vortexing repeated. The extraction mix was then incubated at 50°C for 15
min and the cellular debris and denatured proteins pelleted by centrifugation at 4 000 x g
for 30 min at 4°C. The aqueous supernatant was transferred to a fresh tube, the RNA
precipitated at 4°C overnight by the addition of an equal volume of ice cold 4 M LiCl, and
the precipitate pelleted by centrifugation at 4 000 x g for 45 min at 4°C. The pellet was
resuspended in sterile water, an equal volume of chloroform: isoamyl alcohol (24:1) added,
the aqueous and organic phases mixed by vortexing and then separated by centrifugation at
20 800 x g for 3 min at room temperature. The aqueous phase was removed to a new tube
and the RNA precipitated with ethanol (section 2.3.2.3), resuspended in a small volume of
sterile water, quantified (section 2.3.5.3) and stored at -80°C until required.. For 1 g
extractions this was typically 40 pL , and for 4 g extractions 250 pL. For long term

storage, RNA was stored at -80°C as an ethanol precipitate.

Notes:

e The final chloroform step added to this method was especially important for large extractions
as it improved final dissolution of the RNA pellet.
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e If the RNA pellet was hard to dissolve, it was heated at 65°C for 10 min

2.3.5.2 Isolation of poly (A)+ RNA
Reagents:

e PolyATtract mRNA Isolation System IV Kit (Promega)
e 20 X SSC, pH 7.0 (supplied in kit): (17.53 % (w/v) NaCl, 8.82 % (w/v) sodium citrate)

Poly (A)" mRN A was purified from total RNA using biotinylated oligo(dT) bound to
Streptavidin MagneSphere™ particles, following the protocol supplied with the
PolyATtract mRNA Isolation System IV Kit.

Total RNA (100 to 1000 pig: section) was made to a volume of 500 uL with sterile water
in a microfuge tube and the solution heated at 65°C for 10 min to denature the RNA. An
aliquot of the biotinylated 17 mer oligo (dT) primer (dT) oligonucleotide (3uL) and 13 pL
of 20 X SSC was added and mixed, and the solution incubated at room temperature for 10
min. The Streptavidin MagneSphere® Particles (SA-PMPs) were resuspended by flicking
the bottom of the tube, and then captured on a magnetic stand. The preservative solution
was carefully removed, and the SA-PMPs washed 3 times with 300 uL of 0.5 X SSC by
first resuspending the particles and then capturing them on the magnetic stand. Following
the third wash, the SA-PMPs were resuspended in 100 pL of 0.5 X SSC, and the entire
contents of the RNA/ oligo (dT) annealing reaction added. The reaction was incubated at
room temperature for 10 mn to allow binding between the biotin and streptavidin
components, the SA-PMPs captured on the magnetic stand and the supernatant removed.
The SA-PMPs were washed 4 times by resuspending them in 300 pL of 0.1 X SSC,
capturing the particles on the magnetic stand, and removing the supernatant. On the last

wash, care was taken to remove as much of the supernatant as possible.

The poly (A)+ RNA was recovered by resuspending the SA-PMPs in 100 pL of sterile
water, incubating for 5 min at room temperature, and capturing the particles with the
magnetic stand. The supernatant was transferred to a fresh microfuge tube. The SA-PMPs
were again resuspended in 150 pL sterile water, incubated for 5 min and the particles
captured with the magnetic stand. The supernatant was removed, added to the first
supernatant and the RNA quantified (section 2.3.5.3), snap-frozen in liquid air and stored

at -80 until required.
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2.3.5.3 RNA Quantitation
To measure total RNA concentration, the procedure as described for DNA (section) was

used. For RNA, an ODy of 1.0 corresponds to approximately 40 pig mL™" (Sambrook et
al., 1989).

Azs0nm X dilution factor X 40 = conc. RNAinug/ mL

Poly (A)" mRNA was quantified in a 250 pL volume, 1 cm light path, quartz cuvette that
had been incubated with concentrated HCI for 15 min. Initially 50 mM NaOH was used to
denature the RNases, but was discontinued as NaOH can etch the face of glass and quartz
cuvettes (Dr. Christine Voisey, AgResearch, Grasslands, Palmerston North, NZ, pers.
comm.). After incubating with concentrated HCI, the cuvette was rinsed with copious
volumes of sterile water and the samples measured. The cuvette was rinsed three times

with sterile water in between sample measurements.

The purity of the RNA was determined as for DNA by measuring the Assonm/A2500m ratio.
Relatively pure solutions of RNA have an Axgonm/A2s0nm ratio of 2.0, a value that decreases

with the presence of contaminants such as proteins and phenol.

2.3.6 Amplification of DNA by RT-PCR

2.3.6.1 Reverse Transcriptase Synthesis of cDNA

Reagents:

e GiBCOBRL SuperscriptTM Il RNase H- Reverse Transcriptase (200 U uL") (Life Technologies)
e Gibco BRL 5 X first strand buffer: (supplied with Superscript)

e 0.1 M DTT (supplied with Superscript)

e GiBcO BRL cloned Ribonuclease Inhibitor (10 U uL") (Life Technologies)

e GibcoBRL 10 MM dNTP mix (10 mM each dATP, dGTP, dCTP and dTTP at neutral pH)
(Life Technologies)

First strand copy DNA (cDNA) synthesis was performed using GIBco BRL Superscript’™
IT RNase H- Reverse Transcriptase. Five UL (5pg) of total RNA was denatured with 0.5
(L (500 ng) of 17 mer oligo (dT) primer in a microfuge tube at 80 °C for 5 min and the
contents collected by centrifugation at 20 800 x g for 5 min at room temperature. Two L
of 0.1 M DTT, 4 pL of 5 X first strand buffer, 1 L of 10 mM dNTP mix, 2 uL of

ribonuclease inhibitor and 1 [t of reverse transcriptase were then added to the RNA/
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primer mix and the volume made to 20 pLL with sterile water. The contents were then
carefully mixed and incubated at 42 °C for 1.5 h, after which the mix was diluted 1:4 with

sterile water and heated at 70°C for 10 min to denature the enzyme.

For 3-RACE, 5 pL of a 10 M stock of the oligonucleotide primer ADAPAT (Fig)
replaced the 500 ng 17 mer oligo (dT) primer. ADAPAT (Figure 9) was used instead of the
17 mer oligo (dT) primer when gene specific primers were used for 3-RACE, as at the

higher temperatures used for PCR, multiple T residues serve as a poor primer (Frohman et

al., 1988).

5 -GTGGATCCTACTGCAGCTAATTTTTTTTTITTITITTITITIT-3
BamH | Pst |

Figure 9. Sequence of the ADAPAT primer
2.3.6.2 PCR amplification of DNA

2.3.6.2.1 Primers
GBCO BRL primers (Life Technologies Inc.) were dissolved in sterile water at a

concentration of 100 uM and stored at -20°C. A working stock was prepared by
dissolving one part primer to two parts water which gave a concentration of 33 puM.

Typically 1 pL of primer was used per 100 pL volume of PCR mix to give a final

concentration of 330 nM.
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2.3.6.2.2 Degenerate primers used in RT-PCR
Nested degenerate oligonucleotide primers known to bound a highly conserved region
amongst ACC oxidase genes were provided by Professor S.F. Yang (University of

California, Davis, USA). The sequence of each primer is given in Figure 10.

ACOF1: First round forward primer (Shifted by 3 nucleotides in 5' direction for E101)

Q

H
Amino acids D __A_ _(_:_ E “N_ WV! E

5' GTGAATTC GAY GCN TGY SAN AAY TGG GG 3’
EcoRt 2 4 22 4 2 +——  Degeneracy = 256 X

ACORT1: First round reverse primer (Shifted by 12 nucleotides in 3' direction for E102)

5°'TCG TCT AGA TC RAA NCK MGG YTC YTT 3°
Xba 2 4 4 2 2 2 ¢ — Degeneracy = 256 X

E101: Second round forward primer

Q
A Cc E N W G F

5 GTGAATTC GCN TGY GAR AAY TGGGGHTT 3
EcoR1 4 2 2 2 3 «——Degeneracy = 96 X

E102: Second round reverse primer
5 TCG TCT AGAGYTCYTTNG CYTGRAAYTT 3
Xba | 2 2 4 2 2 2 ¢——Degeneracy = 256X

Where: R= A,G; H= A,C,T; W= AT; D= A,G,T; Y= C,T; S= C,G; N=
A,C,G,T; M=A,C

Figure 10. Sequence of the primers used in RT-PCR to amplify putative ACC
oxidase sequences.
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2.3.6.2.3 Primers used for in-frame cloning into the pPROEX ™-1 vector
The GBCO BRL pPROEX ™-1 protein expression system was used to translate foreign

gene sequences in E. coli (section 2.2.10). This requires that the cDNA template be
inserted in the correct orientation and in-frame into the pPROEX plasmid vector. To
accomplish this, new primers (Figure 11) were designed by Dr. Michael T. McManus and
used in PCR with a plasmid cDNA template to generate sequences that contained a
different restriction site at their 5" and 3'ends. These two restriction sites could then be
used to directionally clone the DNA fragment into the multiple cloning site of the pPROEX
vector. The primers were also designed (where necessary) to contain spacer nucleotides
between the coding frame portion of the primer and the restriction site so that the when
inserted into pPROEX the sequence would be in-frame. Another important aspect of
primer design was the requirement for additional nucleotides to cap the restriction site.
This was necessary because restriction enzymes cut very poorly at the ends of DNA
fragments (New England Biolabs Catalogue, 1993). For instance, EcoR1 requires the
addition of a single nucleotide to cap the restriction site for the enzyme to cut, while Hind

HI will not cut unless there is a minimum of three nucleotides capping its restriction site.
ACOFE: E101 derivative (first round forward primer)

Q
A C E N W G

5-GGA ATT éAA GCN TGY SAN AAY TGG GGH-3'
EcoR1 '

Spacer forin-
frame cloning

ACORH: E102 derivative (first round reverse primer)

5 AAGCTTYTCYTT NGC YTG RAA YTT-3'
Hind I

Cap: Important for efficient
cutting by Hind 111

Figure 11. Primers used for amplification of sequences for directional in-frame
cloning into the pProEX vector.
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2.3.6.2.4 Primers used for 3-RACE

Primers used in 3'-RACE were identified using the Primer 2, Primer Designer programme
(Scientific and Educational Software) together with the following criteria: (i.) The 3'-end of
the primer should be unique in the sequence to eliminate the chance of secondary priming,
and (ii.) The 3'-end should be somewhat unstable, finishing in A’s and T’s, which
effectively prevents false pruning as well as broadening the optimal annealing temperature

(Rychlik, 1993). The primers used in 3-RACE are given in Figure 12.

ACOF2: First round forward primer

(Primer designed to region common to both TR-ACO1 and 2)
5'-GGTGACCAGCTCGAGGTAAT-3

ACOF4: First round forward primer

(Primer designed to region specific to TR-ACO1)
5'-GTTATCTATCCAGCAACAAC-3°

ACOF4" : second round forward primer (shifted 5 residues at 5' end of ACOF4)
(Primer designed to region specific to TR-ACO1)
5'-CTATCCAGCAACAACATTGA-3’

ACOF4B : (First round forward primer)

(Primer designed to generate the 3’-UTR TR-ACO2 probe)
5'-CTTGGTTCAATTGCAACAGT-3'

ACOF2B : (First round forward primer)

(Primer designed to generate the 3’-UTR TR-ACO1 probe)
5'-CAAGCTAAGGAACCAAGAT-3

ADAP: reverse primer

5 -GTGGATCCTACTGCAGCTAA-3
Bam HI Pst |

Figure 12. Primers used in 3'-RACE
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2.3.6.2.5 PCR conditions
Reagents:
. ExpandTM High Fidelity system (Boehringer Mannheim, GmbH, Mannheim, Germany)

e 10 X PCR buffer (supplied with Expand)
e GibcoBRL 10 mM dNTP mix (10 mM each dATP, dGTP, dCTP and dTTP at neutral pH)

PCR was performed in 100 pL volumes using the Expand High Fidelity system as
described by the manufacturer. Two separate master mixes were prepared on ice. Master
Mix 1 consisted of 2 pLL of 10 mM dNTP mix, 1 pL of 33 uM upstream primer, 1 pL of 33
UM downstream primer, DNA template (see below) and sterile water to 50 pL.. Master
Mix 2 consisted of 1 pLL of Expand High Fidelity enzyme mix, 10 pL of 10 X PCR buffer
with 15 mM MgCl, and sterile water to 50 pL.. The two mixes were combined, placed into
a PTC-200 Peltier Thermal Cycler and the PCR carried out for thirty cycles, each
consisting of 1 min at 92°C (denaturation), 1 min at 42°C" (annealing), and 1 min 40s at

72°C (extension) with a final extension time of 10 min at 72°C.

The DNA template used in PCR was either (i.) 10 pL of the diluted (1:4) first strand cDNA
template produced in section, (ii.) 1 pL of spin-column purified (section 2.3.2.8.1)

plasmid. (iii.) 2 pL of first round amplification mix.

"The temperature of annealing was raised from 42°C to 50 °C for plasmid templates and

raised to 55°C for amplification with gene-specific-primers used 3'-RACE procedure.

2.3.7 Northern Analysis Procedures

2.3.7.1 Electrophoresis of RNA
Reagents:

e 37 % (v/v) formaldehyde

e 10 X MSE: (200 MM MOPS, 50 mM NaOAc, 10 mM EDTA)

e Gibco BRL UltraPURE™ Agarose

e Running buffer: (0.22 M formaldehyde in 1 X MSE)

e Formamide/BB/XC: (0.01 % (w/v) bromophenol blue, 0.01 % (w/v) xylene cyanol in
formamide)

e Loading buffer: (For 1 mL: Dissolve 625 puL formamide/BB/XC stock, 212.5 pL of

formaldehyde, 125 pl. MSE, and 5 ulL ethidium bromide. Use at minimum ratio of 2 (Load
buffer):1 (RNA)
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e Gibco BRL 0.24 to 9.5 Kb RNA Ladder (Life Technologies)

Total and Poly (A)* RNA were resolved by formaldehyde agarose gel electrophoresis in a
Bio-Rad DNA Sub Cell™ (225 cm’ gel bed; 100 mL volume). The 1 % (w/v) agarose gel
solution was made by adding 95 mL of 1 X MSE to 1 g of agarose. The weight of the
flask and contents noted, the gel mix heated to dissolve the agarose, the flask reweighed
and any water that had evaporated replaced. The gel solution was then cooled to ca. 55°C
in a water bath, taken to a fume hood and 5 mL of 37 % (v/v) formaldehyde added and the
solution poured into the gel forming apparatus. After the gel had set, running buffer was

added to the gel apparatus and the RNA samples loaded.

Typically 40 g of total RNA or 1 to 1.5 f1g of Poly (A)" RNA was loaded into each gel
well. If the concentration of RNA in a sample was too dilute, it was concentrated by
aliquotting the required amount of RNA into a microfuge tube, snap-freezing in liquid air
and lyophilising in a SpeedVac to a volume of 10 L or less. Twenty (L. of RNA loading
buffer was then added to each sample of RNA, including the GIBCO BRL 0.24 - 9.5 Kb
RNA Ladder (Life Technologies), the RNA denatured at 65°C for 15 min, cooled on ice

for 2 min, and then loaded into the wells.

Electrophoresis was conducted at 80 V for 5 h, after which the gels were visualized using a
short-wave (340 nm) UV transilluminator, the distance the molecular weight markers
migrated marked and the gels photographed either digitally with an Alpha Imager 2000
Documentation and Analysis System or by with a Polaroid Land Camera using Polaroid
667 film. The RNA was then transferred to a Hybond-N" membrane either for 4 h in

alkaline conditions (section 2.3.7.2) or overnight in 10 X SSPE (section 2.3.7.3).

2.3.7.2 Northern (capillary) blotting by downward alkaline transfer

Reagents:

e Neutralisation solution: (0.1 M NazP0O4.2H,0, pH 7.2)
e Transfer solution (pH 11.4-11.45): (3 M NaCl, 8 mM NaOH)

RNA was transferred to a Hybond-N* membrane by the downward alkaline capillary
method of Chomczynski (1992) as described for Southern blotting of genomic DNA

(section 2.3.4.4), except there was no pretreatment of the gel in depurination or
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denaturation solutions, transfer was carried out for no longer than 4 h, the membrane was

incubated in neutralisation solution for 10 min, and stored moist at 4°C until required.

2.3.7.3 Northern (capillary) blotting by downward SSPE transfer

Reagents:
e 10 X SSPE: (0.1 MNaHzPO4, pH7.7, 1.8 M NaCl, 10 mM EDTA).

RNA was also transferred to Hybond-N" using the method described in section 2.3.4.4,
except the transfer solution was changed to 10 X SSPE pH 7.7 and the transfer time
extended from 4 h to overnight. After transfer, the membrane was immediately placed
DNA side up on 3MM paper and UV cross-linked using the autocross-link function of a

UV Stratalinker. The membrane was then stored dry until required.
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3. RESULTS

3.1 Stolon growth of white clover

Plants of white clover (genotype 10F, cv. Grasslands Challenge) grown by the method of
Butcher (1997) (section 2.1.3.2), produced stolons that, at harvest time, possessed leaf
tissue representing all stages of development from leaf initiation, through maturation to
senescence (Figure 13A). Inthe current study, leaves at nodes 1 to 16 (designated leaves 1
to 16) were used for analysis. Leaf 1 represents the first apical leaf whose leaflets remain
folded but which is clearly separated from the apex by a horizontal petiole, while leaf 16

represents the most chlorotic leaf examined.

The growing method used produced a highly reproducible pattern of leaf development
along the stolon. This is indicated by the consistent change in fresh weight found for leaves
along the stolon in two independent harvests (Figure 14A and B). The weights of the
newly initiated leaves were low (leaf 1, ca. 0.05 g) but increased to between 0.35 to 0.38 g
at leaves 6 to 7. The weights of leaves 7 to 10 remained similar (between 0.35 and 0.38 g).
In leaves 11 to 14, the fresh weight of the tissue increased further to 0.42 to 0.45 g, before

declining again at leaves 15 and 16 .

3.2 Chlorophyll content of leaf tissue during leaf initiation,

maturation and senescence of white clover

In this study, the onset of leaf senescence was determined both visually (initial yellowing at
leaf margins) and, more accurately, by quantification of chlorophyll loss (section 2.2.2)
since chlorosis is thought to be an early event in the senescence syndrome (Thomas and
Stoddard, 1980). Changes in leaf chlorophyll content of a typical harvest are presented in
Figure 13B. Chlorophyll concentration increased as newly initiated tissue unfolded and
expanded, from 877 g g FW at leaf 1 to a plateau of between 1590 to 1650 g g FW at
leaves 4 to 8 (designated the mature green stage). Typically leaves 9 to 11 were the first to
display visual signs of chlorosis (yellowing at leaf margins), designated in this study as the
onset of the senescence stage. The chlorophyll concentration of the tissue then declined
further as the tissue aged (leaves 12 to 16; designated the senescent stage) to a level of ca.

400 g g FW.
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Figure 13. Chlorophyll concentration as an indicator of senescence

A. An individual stolon containing leaf tissue at various stages of development and
senescence.

B. Chlorophyll concentration of the leaves.

C. Ratio of chlorophyll a:b.

Where indicated the error bars are + 1 sem from leaves of 12 independent stolons.

(--@--) Total chlorophyll (--B--) Chlorophyll a (--&--) Chlorophyll b
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Figure 14. Fresh weights of leaves of white clover during leaf ontogeny.

A. (--B--) Fresh weight of leaf tissue harvested in November 1995 (Greenhouse 9).
Error bars = £ 1 sem for leaves of 97 stolons.
(--@--) Chlorophyll concentration of leaves of this harvest.
Error bars = + 1 sem for leaves of 12 stolons.

B. (--B--) Fresh weight of leaf tissue harvested in December 1995 (Greenhouse 8).
Error bars = + 1 sem for leaves of 93 stolons.
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Partitioning of total chlorophyll into its two components a and b showed that
approximately 75 % of the chlorophyll being measured was chlorophyll a and 25 %
chlorophyll b (Figure 13B). As the tissue aged, chlorophyll a was degraded slightly faster
than chlorophyll b indicated by a consistent but slight decrease in the ratio of chlorophyll
a:b from 3.18 at leaf 4 to 2.99 at leaf 16 (Figure 13C ). A preferential loss of chlorophyll a
in senescing (yellowing) leaf tissue has been reported in a study of 25 deciduous plants
(Wolf, 1956, cited in Butcher, 1997), but not for the monocots Lolium temulentum
(Thomas, 1990) or wheat (Ferguson et al., 1993) where chlorophyll b is preferentially
degraded.

3.3 Changes in evolved ethylene during leaf initiation, maturation

and senescence of white clover

Ethylene evolution of attached leaves of white clover was measured (section 2.2.5.1) and
found to be highest both in newly initiated and chlorotic leaf tissue (Figure 15). The newly
initiated tissue evolved ethylene at 0.7 nL. g* FW h™'. Ethylene evolution then declined, as
the leaves increased in fresh weight from ca. 0.14 to 0.3 g (leaves 2 to 4), to a low basal
level of ca. 0.25 nL g* FW h™ at the mature green stage (leaves 4 to 9). The second
increase in ethylene evolution of leaves 11 to 16 was observed after chlorophyll levels had
begun to decline (leaf 10), so that by leaf 16, ethylene levels being evolved were ca.7-fold
greater (2.05 nL g' FW h') than that from mature green tissue. These values are

consistent with those reported by Butcher (1997)

3.4 Changes in ACC content during leaf initiation, maturation and

senescence of white clover

ACC levels remained comparatively low (30 to 45 pmol g' FW) in newly initiated and
mature green leaf tissue (leaves 1 to 8) (Figure 16). At leaf 9, (designated the onset of
chlorosis by visual analysis), the level of ACC in the leaf tissue began to increase, and this
increase continued so that by leaf 16, the level of ACC measured was 1590 pmol g” FW.

The increase in ACC levels was co-incident with the rise in measured ethylene evolution.
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Figure 15. Ethylene evolution and chlorophyll content in leaves at nodes 1 to 16.

(--H--) Ethylene evolution from individual attached leaves.
Error bars =+ 1 sem for leaves of 6 stolons.

(--®--) Total chlorophyll of leaves used for ethylene evolution.
Error bars =+ 1 sem for leaves of 12 stolons.
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Figure 16. ACC content, and ethylene evolution during leaf ontogeny

(--1--) ACC content.

Error bars = £ 1 sem for 3 independent experiments.
(--@--) Ethylene evolution from leaves.

Error bars = + 1 sem for leaves of 6 stolons.
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ACC was measured by a method that relies on the chemical conversion of ethanolic-
extracted ACC to ethylene (Lizada and Yang, 1979). Since the publication of the Lizada
and Yang method, further studies have shown that the assay is subject to interference by
phenolics (Sitrit, 1988), mono and dialkyl amines (Nieder, ef al., 1986), ethanol and other
unidentified substances (Bufler and Mor, 1980). Using a paper chromatographic method,
Bufler and Mor reported that unidentified compound(s) in senescing flower extracts of
carnations led to a 50-fold overestimation of ACC content. In this thesis, therefore, paper
chromatography was also used to confirm the specificity of the Lizada and Yang (1979)

assay for the measurement of ACC content in leaf extracts of white clover.

The ability of the paper chromatographic technique to accurately quantitate known
concentrations of ACC was examined initially. This was accomplished by fractionating
authentic ACC (between 500 and 2500 pmol; dissolved in water) and then eluting the
resolved ACC from the paper and assaying it by the method of Lizada and Yang (1979).
Using this method, a linear and quantitative recovery of approximately 60 % of the ACC

applied was achieved (Figure 17).

The paper chromatographic method was then used to fractionate the putative ACC in
mature green and senescent extracts prior to elution, and assay by the method of Lizada
and Yang (1979) (Figure 18). The tissue extracts that were examined for ACC content
included those from mature green leaves, mature green leaves after a 2.5 h wounding
treatment, senescent leaves, senescent leaves extracted together with authentic ACC, and

authentic ACC dissolved in water.

All the elutions from the lane where the mature green tissue extract was fractionated
produced very little ethylene upon oxidation (2 to 14 pmol g' FW). In contrast, elutions
from the lane where the senescent extract had been fractionated produced comparatively
higher amounts of ethylene at two distinct regions on the paper chromatogram. The first
region produced the greatest amount of ethylene (1778 pmol g' FW) and arose from a
substance that had relatively low mobility in the paper chromatography system (Rs 0.32).
The second region (R¢ 0.49) produced approximately 3-fold less ethylene (740 pmol g
FW), but this region was closer to where authentic ACC (dissolved in water) was found to
resolve to (R¢, 0.59). Of the 10000 pmoles of this authentic ACC applied to the paper
chromatogram, ca. 8100 pmol was recovered after elution and assay, representing a

recovery rate of ca. 80 %. The recovery rate was probably higher than reported in the
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Figure 17. Assessment of paper chromatography as a quantitative tool for
measuring ACC content

Different amounts of authentic ACC (dissolved in water) were resolved by paper
chromatography then eluted, and assayed by the method of Lizada and Yang (1979).
The number of moles added to the paper chromatogram is compared with the number of
moles detected and the percentage recovery calculated.

(--8--) nmo! ACC detected. (--®--) % recovery.
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preliminary experiment (ca. 60 %; Figure 17) due to the elution from this chromatography

of a larger area of the lane in which the ACC was resolved.

To determine whether the difference in mobility between authentic ACC (R 0.59) and the
Rf 0.49 peak in the senescent extract was due to substances retarding the movement of
endogenous ACC in the paper chromatogram, a known amount of authentic ACC (12
nmol) was extracted together with the senescent material and resolved on the paper
chromatogram. Separation of the senescent extract with no added authentic ACC,
produced two peaks of ethylene production at Rf 0.32 and Rr 0.49. Addition of authentic
ACC to the senescent extract did not result in greater levels of ethylene being detected at
the region where ethylene production was highest (R 0.32). However, an extra 465 pmol
g” FW of ethylene was detected at R; 0.49 which was the region closest to where authentic
ACC (dissolved in water) resolves to (R 0.59). Given the probable losses of ACC during
extraction, elution and assay, it is likely that this value (465 pmol g' FW) is representative
of the 900 pmol of ACC that would be expected if 100 % recovery had been achieved.
Furthermore, as the region was at R 0.49, not Ry 0.59, it appears that during the
chromatographic separation the mobility of the putative ACC is being retarded by
components (possibly pigments) present in the senescent extract. This is further suggested
by the finding that only a comparatively small amount of ethylene (50 pmol g’ FW) is
evolved at Rf 0.59.

An additional approach to determine the specificity of the Lizada and Yang method for
ACC involved wounding mature green leaves to elevate levels of endogenous ACC, as
wounding has been shown to elevate ACC levels in other tissues (Yu and Yang, 1980).
Leaves were harvested 2.5 h after wounding as this is the time of maximal wound ethylene
production; refer Figure 61). Extracts of both wounded and non-wounded leaves were
then partitioned by paper chromatography and regions of the chromatogram assayed for
ethylene evolution (Figure 18). In contrast to the mature green extract which produced
only low levels of ethylene from anywhere within the fractionated lane (2 to 14 pmol g
FW), the wounded mature green leaf tissue produced comparatively high levels of ethylene
(160 pmol g' FW) at R; 0.32. This was not the region (R 0.49) of the chromatogram
where 1t was concluded that ACC in the senescent extract separated to (judged by the
mobility of authentic ACC in senescent extract), or where authentic ACC separated to.
However, since it was the same region which produced the most ethylene in the senescent

extract after elution and assay, it was concluded that the ethylene was non-ACC derived.
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Figure 18. Specificity of Lizada and Yang method for determination of tissue ACC
content

Leaf-tissue extracts as well as an ACC-standard were fractionated by paper
chromatography, and regions of the chromatogram assayed for ethylene production.
A. Paper chromatogram after separation of the extracts overnight.
Lane 1. Fractionation of 9900 pmol of authentic ACC in water.
Lane 2. Fractionation of the extract produced by extracting senescent leaves
together
with authentic ACC.
Lane 3. Fractionation of the senescent leaf extract.
Lane 4. Fractionation of the extract of wounded mature green leaves.
Lane 5. Fractionation of the mature green leaf extract.
B. The amount of ethylene produced from regions of the chromatogram after
fractionation of the extracts.
(--O--) Authentic ACC dissolved in water; (--®--) Senescent leaves extracted
together with authentic ACC; (--A--) Senescent leaf extract; (--M--) Extract of
wounded mature green leaves; (--®--) Mature green leaf extract.
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A similar amount of ethylene production (156 pmol g' FW) was observed at a position (R¢
0.55). This may represent the region at which endogenous ACC in the mature green
extract resolved to, as the nature of the retarding substance(s) in this extract may differ
from that in the senescent extract. However, addition of authentic ACC to the wounded

mature green extract would be needed to show this unequivocally.

The results of the paper chromatography experiments do support the trend determined by
the Lizada and Yang method in which ACC levels are higher in the chlorotic leaf tissue
than mature green. Therefore, the higher levels of ethylene being evolved from this tissue
are probably due to greater activity of the ACC-mediated biosynthetic pathway. Yet, there
are no reports on the changes in activity (in vivo or in vitro) of either ACC synthase or

ACC oxidase during leaf maturation and senescence.

The next section examines changes in ACC oxidase activity, assayed in vitro, during leaf

maturation (leaves 4 to 8) and senescence (leaves 9 to 16) in the model system.

3.5 Changes in activity of ACC oxidase during leaf maturation and
senescence of white clover

3.5.1 Optimisation of ACC oxidase extraction and assay in vitro

A series of experiments were performed to characterise aspects of the extraction and assay
of ACC oxidase in mature green tissue prior to examining enzyme activity during leaf
maturation and senescence. This was useful as maximising the amount of activity per unit
fresh weight reduces the requirement for large amounts of tissue which can be a limiting
factor, and identifying factors important for activity will also identify aspects of the assay

that may need to be tightly controlled in order to obtain reproducible results.

Initial attempts at measuring ACC oxidase activity in a crude tissue homogenate of mature
green leaf tissue of white clover failed. However, activity could be measured after passage
of the crude tissue homogenate through Sephadex G-25 (as described in section 2.2.7.1.1)
which suggested that there may be putative low molecular weight inhibitors (MW < 5000)

present in the crude extract of the leaf tissue (data not shown).

The linearity of the ACC oxidase catalysed reaction was examined because the initial rate
of an enzymatic reaction can only be accurately determined if the accumulation of product

is linear during the time period the enzyme is measured. Production of ethylene by ACC
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oxidase activity in vitro was found to be linear within the first 20 min (Figure 19A) after

which activity decreased with a half life of 22 min (Figure 19B).

To further confirm that an assay time of 20 min enabled an accurate measure of the initial
rate of ACC oxidase activity, the mature green tissue extract was diluted to provide a series
of concentrations from 1.04 mg mL" protein to 0.13 mg mL"and then assayed for activity
(Figure 19c). The highest concentration (1.04 mg mL") represented the protein
concentration typically obtained when the mature green tissue was extracted with two
volumes of extractant per gram fresh weight (section 2.2.7.1.1). The lowest concentration
(0.13 mg mL") represents an ca. 8-fold dilution of this concentration. It was found that
within the range of 0.13 to 1.04 mg mL"' protein, activity remained proportional to protein
concentration. This suggests firstly, that 20 min enabled an accurate measure of the initial
rate of activity and secondly, that even if the protein concentration of mature green tissue
extracts was diluted 8-fold from that normally obtained by the standard extraction
procedure, the activity remained proportional and therefore comparable. Henceforth, a

reaction time of 20 min was used for all subsequent assays.

ACC oxidase activity could be increased 5-fold by shaking the enzyme/ reaction mix at 175
rpm during the incubation at 30°C for 20 min when compared with a static incubation
(Figure 20A). However, more vigorous mixing (vortexing) did not increase enzyme
activity, but rather reduced it. This reduction was as great as S0 % if the enzyme/ reaction
mix was vortexed prior to the 20 min incubation time at 30°C (with shaking at 175 rpm)

(Figure 20B).

Ageing of the reaction mix (i.e. storing for use in multiple serial assays) was also examined
to determine if it would affect enzyme activity. This was considered necessary as the
reaction mix did not appear to be stable (as judged by the fading of the pink coloration of
the freshly prepared mix with time). The reaction mix was preincubated for different times
for up to 1 h at 30°C, prior to addition of the enzyme extract and subsequent assay (which
involved a further incubation at 30°C for 20 min). It was found that the reaction mix could
be preincubated at 30 °C for up to 30 min without a reduction in detectable ACC oxidase
activity upon subsequent assay (Figure 20C). However, addition of enzyme to a reaction

solution preincubated at 30°C for 45 and 60 min resulted in a decrease in activity of 30 and

35 % respectively.
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Figure 19. Time course of ACC oxidase activity and effect of extract concentration
on ACC oxidase activity measured in vitro.

A

B.

Linearity of ACC oxidase activity with time.

Half-life of ACC oxidase activity during incubation. The rate per unit 5 min was
calculated over times spanning 60 min and plotted as residual ACC oxidase activity.
Correlation between concentration of enzyme extract (mg mL™' protein) and amount
of ethylene produced by the ACC oxidase assay.
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Figure 20. Optimisation of ACC oxidase activity measured in vitro.

A. Effect of shaking the enzyme/ substrate mix on ACC oxidase activity. After addition
of the enzyme to the substrate mix the reaction was either incubated with shaking at
175 rpm (shaken) or incubated without shaking (static).

B. Effect of vortexing the enzyme substrate mix on ACC oxidase activity. After addition
of the enzyme to the substrate mix, the reaction was either not vortexed before
incubation (none) , was vortexed 5s prior to incubation at 30°C (start), vortexed both
prior to and after incubation at 30°C (start/ end), or vortexed after incubation (end).
Error bars =+ 1 sem for 3 internal replicates of 4 independent experiments.

C. Effect of preincubating substrate mix at 30°C before addition of enzyme extract.
Activity was measured after a further incubation time of 20 min.
Error bars =+ 1 sem for 3 internal replicates of 2 independent experiments.
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To determine the importance of extraction time on obtaining maximum and reproducible
ACC oxidase activity, pooled mature green leaf tissue was extracted for different times
over a 1 h time period and the activity compared (Figure 21). Expression of ACC oxidase
activity on both a fresh weight (Figure 21A) and protein basis (Figure 21B), indicated that

an extraction time of 15 min was sufficient to recover most of the enzyme.

The optimum pH for ACC oxidase activity of mature green leaves assayed in vitro was
found to be pH 7.5 (Figure 22). Activity at pH 6.5 and 8.5 was only 64 % and 62 %,
respectively, of that obtainable at pH 7.5.

The effect of the freeze-thaw process on ACC oxidase activity was examined as, for
convenience, the enzyme extracts were to be snap-frozen in liquid air and stored at -80°C.
When mature green extracts of leaf tissue were pooled, aliquotted into separate microfuge
tubes, snap-frozen in liquid air and then quick-thawed at 30°C, the activity of the enzyme

was reduced by less than 10 % (Figure 23).

The composition of the extraction medium was tested for its ability to recover maxirnal
yields of ACC oxidase activity as the literature suggested that a number of additions to the
Tris-glycerol buffer (used originally by Ververidis and John (1991) to extract activity from
melon fruit) could improve recovery. The recovery achieved by the addition of various
components to the extraction buffer was compared to that achieved by a buffer chosen
from a consensus of published studies (0.1 M Tris-HC], pH 7.5, 2 mM DTT, 2 % (w/v)
PVPP and 10 % (v/v) glycerol) (Figure 24). The Tris-glycerol buffer of Ververidis and
John was comparatively poor at recovering ACC oxidase activity in leaf tissue of white
clover (only 40 % of that obtainable with the above buffer), while inclusion of DTT and
sodium ascorbate appeared to be important for maximum recovery of activity. PVPP was
not found to increase recovery of ACC oxidase. In contrast, its presence in the extraction
buffer was slightly inhibitory and therefore it was subsequently omitted. The composition
of the extraction buffer that gave maximum recovery of ACC oxidase from leaf tissue of
white clover was 0.1 M Tris-HC], pH 7.5, 2 mM DTT, 30 mM ascorbate, and 10 % (v/v)

glycerol, and this buffer was used for all further experiments.
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Figure 21. Effect of extraction time on ACC oxidase activity.

Mature green leaves were extracted for various times up to 1 h and assayed for ACC
oxidase activity in vitro.

A. Activity expressed on a per unit fresh weight basis.

B. Activity expressed on a per unit protein basis.

Error bars = + 1 sem for 3 internal replicates.
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Figure 22. Effect of assay buffer pH on ACC oxidase activity.

(—®--) 50 mM MOPS buffer, pH 6.5 to 7.5.
(—M--) 50 mM Tris-HCI buffer, pH 7.5 to 8.5.
Error bars = + 1 sem for 3 intemal replicates of 2 independent experiments.
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Figure 23. Effect of freeze/ thaw on ACC oxidase activity.

Extracts of mature green leaves were snap-frozen in liquid N, thawed at 30°C,
immediately placed on ice and then assayed together with samples that had remained
on ice.

Errorbars =t 1 sem for 3 internal replicates of 4 independent experiments.
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Figure 24. Extraction requirements for ACC oxidase.

The effect of various extraction mediums on recovery of ACC oxidase activity measured
in vitro from mature green leaves. The concentration of the components were as
follows: 0.1 M Tris-HCI, pH 7.5, 2mM DTT, 2 % (w/v) PVPP, 10 % (viv) glycerol, 30 mM
sodium ascorbate, 20 pM iron sulphate, 30 mM sodium bicarbonate, 0.1 % (v/v) Triton
X-100.

Error bars = + 1 sem for 3 internal replicates of 3 independent experiments.
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3.6 Activity of ACC oxidase during leaf maturation and
senescence of white clover

The previous section identified aspects of the extraction and assay that were important
determinants of reproducibility and yield of ACC oxidase activity in vitro from leaf tissue
of white clover. This section now examines changes in activity in vitro of ACC oxidase

during leaf maturation and senescence in the model system.

Mature green (pooled leaves, 4 to 7), onset (pooled leaves, 9 to 11) and senescent (pooled
leaves, 13 to 16) leaf tissue was powdered in liquid N, , each developmental stage divided

in half, and each half extracted and assayed in parallel for activity.

ACC oxidase activity was highest in the pooled mature green leaf tissue, lower in tissue
starting to show symptoms of chlorosis and lowest in tissue at an advanced stage of
chlorosis, irrespective of whether expressed on a per unit fresh weight or protein basis
(Figure 25). Although, the decline in activity as the tissue became chlorotic was greatest
when expressed on a per unit fresh weight basis (6-fold; Figure 25A) as compared to per
unit protein (2-fold; Figure 25B). The parallel extraction and assay gave very similar

results confirming both the reliability of the extraction and assay.

The stability of ACC oxidase was assessed as ACC oxidases extracted from other plant
tissue have been reported to lose activity upon storage at 2 °C for 5 h (Fernandez-Maculet
and Yang, 1992). To determine the stability of ACC oxidase, extracts were incubated on
ice for 3 h before being re-assayed (Figure 25). Detectable ACC oxidase activity did not
change in extracts of leaf tissue at the mature green or onset stage after a 3 h incubation on
ice. In contrast, the activity from the extracts of leaf tissue at the senescent stage decreased

by about 43% which suggested that ACC oxidase was less stable in these extracts.

ACC oxidase activity was then examined in individual leaves from nodes 4 to 16 of the
model system (Figure 26). Activity was highest in mature green leaves (leaves 4 to 9)
when expressed either on a per unit fresh weight (Figure 26A) or per unit protein basis
(Figure 26B) compared with chlorotic leaves (leaves 10 to 16). The decline in activity in
leaves was concomitant with chlorophyll loss in the tissue and was greater when expressed
on a per unit fresh weight basis (8-fold; from leaf 8 to leaf 16) as compared with a per unit

protein basis (3-fold).
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Figure 25. Activity of ACC oxidase in leaves at mature green, onset and chlorotic
stages, and after a 3 h storage on ice.

Parallel extractions and assays were performed as a measure of the reliability of the
procedures and determinations for both are included.

Activity measured initially. 8 Activity after a 3 h incubation on ice.

A. ACC oxidase activity in leaves expressed on a per unit fresh weight basis.
B. ACC oxidase activity in leaves expressed on a per unit protein basis.
Error bars = £ 1 sem for triplicate measurements of a single experiment.
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Figure 26. Activity of ACC oxidase at individual nodes in mature and senescing
leaves

A. (—@--) Activity expressed on a per unit fresh weight basis.
(----) Total chlorophyll content measured in the same leaves.
B. (—®--) Activity expressed on a per unit protein basis.
Error bars = + 1 sem for triplicate measurements of 3 independent experiments.
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Since it has been suggested in the literature that ACC oxidase activity is often controlled at
the level of gene transcription (see section 1.4.5), a study of ACC oxidase gene expression
during leaf maturation and senescence in white clover was initiated. The main aim was to
determine whether ACC oxidase gene expression supported the observed changes in ACC

oxidase activity in vitro.

3.7 Gene expression of ACC oxidase during leaf maturation and
senescence of white clover.

Initially, putative ACC oxidase cDNA sequences of leaf tissue were generated by the
reverse transcriptase-polymerase chain reaction (RT-PCR) by Dr. Michael T. McManus at
the University of California, Davis using RNA isolated by Dr. Stephen Butcher, and
primers provided by Professor Shang Fa Yang. TA-cloning of these sequences yielded
twelve colonies which were subsequently brought back to New Zealand for further analysis

as part of this thesis.

3.7.1 Confirmation of putative ACC oxidase sequences by manual
sequencing

Bacteria from nine of these twelve colonies were grown overnight, their plasmids isolated
by alkaline lysis, column purified, and their inserts (of ca. 840 bp) sequenced with both
forward and reverse M13 Universal Primers. Approximately 200 to 300 bp at each end of
the putative ACC oxidase inserts were sequenced manually (section 2.3.3.2). An alignment
comparison of all nine sequences generated by RT-PCR revealed that they shared greater
than 94 % similarity in their nucleotide composition (Table 5). In this study, sequences
amplified by RT-PCR that showed greater than 94 % similarity were considered to be
representative of the same gene transcript, as errors in the sequence are produced during
both generation and identification of PCR sequences. For example, errors can occur both
during first strand synthesis of cDNA by reverse transcriptase, during PCR by the DNA
polymerases and by the DNA polymerase during sequencing. The consensus sequence
generated by RT-PCR from RNA of mature green leaf tissue of white clover showed
greatest sequence identity (> 75 %) to ACC oxidases identified from other organisms in the

GenBank database and was therefore designated TR-ACO1 (data not shown).
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Table 5. Percentage homology comparison of sequences amplified from mature
green leaves of white clover by RT-PCR and designated TR-ACO1.

Sequences were aligned using the Align® program and the percentage homologies
compared to the sequence designated TR-ACO1.

Sequence bp sequenced % homology
TR-ACO1  1-264

ACO2 1274 08
fcess = 1.o78 95
lAeps = 1-270 95

205 1299 98
Co6  1-285 96
Acor 1-277 95
‘ACO8  1-269 95

FACO9 " 1-270 96
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3.7.2 RT-PCR amplification of putative ACC-oxidase gene transcripts

RT-PCR (section 2.3.6) performed on RNA extracted from mature green leaf tissue
identified a single isoenzyme of ACC oxidase. There may have been other isoenzymes in
the mature green tissue that were missed due to the low number of transformants screened.
In addition, there may have been isoenzymes in white clover leaf tissue that were missed
due to being expressed in chlorotic tissue, and so it was considered important to repeat the
PCR. Total RNA was extracted from mature green (leaf 4), onset of chlorosis (leaf 9) and
chlorotic (leaf 14) leaves. Putative sequences of ACC oxidase were then amplified from
the RNA by RT-PCR using nested degenerate primers (see Figure 10) made to conserved

domains among ACC oxidase sequences and known to amplify a product of ca. 840 bp.

The first round primers (ACOF1 and ACORI1) generated a cDNA fragment during PCR of
the expected size (ca.840 bp) from all three RT reactions (Figure 27A). An aliquot from
each of the first round PCR mixes was then used as a template for amplification with the
second round primers (E101 and E102; Figure 10). Amplification with these second round
primers further increased the amount of the ca. 840 bp product in each of the mixes (data
not shown). The amplified products from all three PCR mixes (representative of leaves 4,
9, and 14) were then individually TA-cloned into the pCR 2.1 vector and transformed into
E. coli DH-50.. Subsequently, the plasmids were isolated by alkaline lysis and checked for
the presence of the ca. 840 bp insert by restriction digestion (Figure 27B). The ca. 840 bp
insert from a selection of clones (representative of nodes 4, 9, and 14) was then sequenced

using an automated DNA sequencer.

3.7.3 Confirmation of putative ACC oxidase gene transcripts by sequence
analysis

A total of 16 clones was sequenced: four (leaf 4), six (leaf 9), and six (leaf 14). Some of
these sequences showed no homology to anything in the GenBank database and were
discarded, while others showed highest sequence homology with ACC oxidase sequences

and were then compared by alignment.

An alignment comparison revealed that the sequences could be separated into two distinct
groups. Each of the sequences within a group showed greater than 94 % homology and so
both groups were considered to represent two distinct cDNA products. One of the cDNA
products had the same sequence as TR-ACOI1 identified earlier (Figure 28), the other
cDNA product did not and so was designated TR-ACO?2 (Figure 29).
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TR-ACO2 was the predominant cDNA sequence amplified from leaves in this study. Ten
out of 13 sequences (three of the 16 sequences showed no homology to anything in the
database) were TR-ACO2 sequences while only three were TR-ACOI (two from leaf 4,
(mature green), and one from leaf 14, (chlorotic)). It appears then, that both sequences are
able to be generated by RT-PCR in both mature green and chlorotic leaf tissue. Rather
than screen more clones for the presence of additional isoenzymes of ACC oxidase, the

decision was made to focus further work on the analysis of TR-ACOI and TR-ACO2.

TR-ACOI is 84 % homologous to TR-ACO?2 at the nucleotide level (Figure 30) and 87 %
identical at the amino acid level (Figure 31). TR-ACO1 (804 bp) is shorter than TR-ACO2
(816 bp) by 12 bp due to a deletion at nucleotides 724 to 736 of TR-ACO2, a region
shown to be highly variable among ACC oxidases (Figure 31).

Both TR-ACO1 and TR-ACO2 contain the amino acids hitherto shown to be important for
maximal activity of the enzyme by structure function analysis (refer Figure 28 and 29)
(Kadyrzhanova et al., 1997). These include the lysine residues at positions 158, 230, 199
and a fourth residue that varies slightly in position in TR-ACOI1 and TR-ACO2. It occurs
at position 289 in TR-ACOI and 293 in TR-ACO2. Other residues also shown to be

important for maximal activity are the histidine residue at position 39, the cysteine residue

"7 [H""], Aspartate'” [D'"®], and

Histidine?** [Hm]) which have been shown to be essential for activity. The presence of

at position 165, and the putative Fe ligands (Histidine

these residues in TR-ACO1 and TR-ACO2 strongly suggest that both transcripts encode

functional ACC oxidases.

A phylogenetic tree constructed from an alignment of TR-ACOI and 2 with eighteen other
ACC oxidases and two other 2-ODDs (flavanone-3-hydroxylase and isopenicillin-N-
synthetase) clustered TR-ACO1 and 2 with ACC oxidases within a single branch of a
trifurcating tree (Figure 32). This is further evidence for TR-ACOI and 2 representing
authentic ACC oxidase sequences. The tree also suggests that the senescence-associated
TR-ACO?2 is more similar to TR-ACOI than to other senescence-associated ACC oxidases

(LE-ACOI of tomato, Barry et al,, 1996; and CM-ACOI of melon, Lasserre et al., 1997)

characterised thus far.
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Figure 27. First round PCR amplification of putative ACC oxidase cDNA sequences
and restriction digests of plasmids cloned with these sequences.

A RT-PCR with first round primers on RNA extracted from leaves 4, 9, and 14.

Lane 1. Gibco BRL 1Kb DNA Ladder. The molecular weight of the standards is
indicated to the left of the figure. The size of the amplified cDNA fragment is indicated by
an arrow to the right of the figure.

Lane 2. 20 puL of 100 uL PCR ofleaf 4 RT mix, 333 nM ACOF1, 333 nM ACORA1.

Lane 3. 20 pL of 100 uL PCR of leaf 9 RT mix, 333 nM ACOF1, 333 nM ACOR1.

Lane 4. 20 uL of 100 L PCR of leaf 14 RT mix, 333 nM ACOF1, 333 nM ACOR1.
B.Restriction digestion of isolated plasmids to confirm presence of ca. 840 bp cDNA
fragment.

Lane 1. Gibco BRL 1 Kb DNA Ladder. The size of the amplified cDNA fragment (ca. 840
bp) is indicated by an arrow to the right of the figure.

Lanes 2 to 11. Restriction digest of plasmids isolated from E. coli to confirm cloning of
the ca. 840 bp cDNA fragment.
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ACOF1 GAYGCNTGYSANAAYTGGGG
E101 GCNTGYSANAAYTGGGGHTT

GCATGCGAGAATTGGGGCTTCTTTGAGCTGGTGAATCATGGCATATCTCATGAC
DACENWGFFELVNHG I S H D*
TTAATGGACACTGTGGARAGGTTGACAAAAGAACACTACAGGATATGCATGGAACAAAGATTCAAG
L MDT VERLTIKEH HYRI CMEA QRF K*
GATTTGGTGGCCAACAAAGGACTAGAGGCTGTTCAAACTGAGGTCARAGACATGGACTGGGAGAGT
D LVANKGLEAVA QTEVKDMDWE S®
ACCTTCCACTTGCGTCACCTACCTGAGTCAAACATTTCAGAGGTCCCTGATCTCACTGATGAATAC
T FHLRHLPESNISEVPDLTDE Y
AGGAAAGCAATGAAGGAATTTGCTTTGAAGCTAGAGAAACTAGCAGAGGAGCTGCTAGACTTATTA
R KA MKETFALIKLTEKLAETELTLTDLL®
TGTGAGAATCTTGGACTAGARAAGGGATACCTCAAARARGCCTTTTATGGATCARAGGGACCAACT
C ENL GLEKGYLIKKATFYGSKGPT™
TTTGGCACCAAGGTTGCAAACTACCCTCCATGCCCARAACCAGACCTTGTAAAAGGTCTCCGAGCA
F GT KV ANY P P CP KP DL VKGLRAT
CACACCGATGCCGETGGAATAATCCTCCTTPTCCARGATGACAAAGTCAGTGGCCTTCAGCTTICTC
H'"TD®A 6 6/ | L L F QDD KV S GLAQLL®
AAAGATGGTARATGGGTAGATGTTCCTCCCATGCATCATTCCATTGTCATCAACCTTGGTGACCAA
K*DG K WV DVPPMHHSI VI NL GD Q™
CTCGAGGTAATAACAAATGGTAAGTACAGGAGTGTGGARCATCGTGTGATAGCACARAGTGATGGA
LEEVI TNGKYIK® VEH*R VI A QS D G*
ACAAGAATGTCCATAGCTTCATTCTACAATCCTGGTAGTGATGECTGTTATCTATCCAGCARCAACA
T RMSI ASFYNPGSDAVI YPAT T
TTGATTGAAGAGAATAATGAAGTTTACCCARAATTTGTTTTTGAAGAT TACATGAATCTTTATGCT
L IEENNEVYPIKFVFEDYMNLY A™
GGATTARAGTTTCAAGCTAAAGAA
G LK Q A KE

AARTTYCARGCNAARGAR E102
AARGARCCNMGNTTYGA ACOR1

Figure 28. Nucleotide and deduced amino acid sequence of TR-ACO1

The sequences of the primers used for first round (ACOF1, ACOR1) and second round
(E101, E102) are underlined. The first cysteine in the sequence is designated at
position 28 in the sequence as determined by a consensus of published studies.
Residues shown to be important for maximal enzyme activity by structure function
analysis are indicated wm - The three cysteine residues found to be conserved among
ACC oxidases are underlined. The 7 amino acids that are italicisedwere identified by
protein sequencing of the putative TR-ACO1-His tagged fusion protein (see section
3.13.4). One letter abbreviations for amino acids: Ala, A; Arg, R; Asp, D; Cys, C; GIn, Q;
Glu, E; Gly, G; His, H; lley, |; Leu, L; Lys, K; Met, M; Phe, F; Pro, P; Ser, S; Thr, T; Trp,
W; Tyr, Y; Val, V
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ACOF1 GAYGCNTGYSANAAYTGGGG
E101 GCNTGYSANAAYTGGGGHTT

D AC’QNWGFFELVNHGI P H D¥
CTTATGGACACATTGGAGAGATTGACCAAAGAGCACTACAGGARRTGCATGGAGCAGAGGTTTAAG
LMDTLERLTIKEMHYRKCMEA QREF K
GAATTGGTATCAAGCARAGGCTTAGATGCTGTCCARACTGAGGTCAAAGATATGGATTGGGAAAGT
ELVSSKGLDAVAQTEVKDMDWE s®
ACCTTCCATGTTCGACATCTCCCTGAATCAARCATTTCAGAGCTCCCTGATCTCAGTGATGAATAC
TFHVRHLUPET SNI SELPDLSDEY™®
AGGAAGGTGATGAAGGAATTT TCTTTGAGGTTAGAGAAGCTAGCAGAAGAGCTTTTGGACTTGTTA
R KVMKETF SLRLTEIKLAETELLUDIL L™
CENL GLEKGYLKKAFYGSHRGPT™
TTCGGCACCAAGGTAGCCARCTACCCTCARTGCCCTARTCCAGAGCTGGTGAAGGGTCTCCGTGCT
F GTKY" ANYP QC®PNPELVKGLRAT
CACACCGATGCCGGTGGGATCATCCTTCTCTTCCAGGATGACAAAGTCAGCGGCCTTCAGCTACTC
H”"TD™A G G I | L L FQDDI KVSGLOAQLL™
ARAGACGACGAGTGGATCGATGTTCCCCCAATGCGTCACTCCATTGTTGTCAACCTTGGTGACCAG
K°DD E WI DV PP MRHSI VVNLGDQ®
CTCGAGGTAATAACAAATGGTAAATATAAGAGTGTGGAGCACCGTGTGATAGCACAAACARRTGGA
L EVI TNGKYIK*SVEHRVI AQTN G*
ACAAGAATGTCTATAGCATCATTCTACAACCCTGGAAGTGATGCTGTAATCTACCCTGCTCCAGAA
T RM S 1 ASFYNPGSDAVI YPAUPE®
TTGTTGGAAAAAGAAACAGAGGAARAAACCAATGTGTATCCTARATTTGTGTTTGAAGAGTACATG
L LE KETEEIKTNVYPKFVFETETYM™
AAGATCTATGCTGCITTGARATTTCARGCTARAGGAA
K 1Y A AL K QA KE

AARTTYCARGCNAARGAR E102

AARGARCCNMGNTTYGA ACOR1

Figure 29. Nucleotide and deduced amino acid sequence of TR-ACO2

The sequences of the primers used for first round (ACOF1, ACOR1) and second round
(E101, E102) are underlined. The first cysteine in the sequence is designated at
position 28 in the sequence as determined by a consensus of published studies.
Residues shown to be important for maximal enzyme activity by structure function
analysis are indicated ™". The three cysteine residues found to be conserved among
ACC oxidases are underlined. The nucleotide region which is found to be deleted in TR-
ACO1 is indicated (bold, italicised). This region corresponds to a highly variable region
among ACC oxidases.
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Reference molecule: TR-ACO11 - 804 ( 804 bps) Homology
Sequence 2: TR-ACO21 - 816 ( 816 bps) 84%

ACOF1 GAYGCNTGYSANAAYTGGGG

E101 GCNTGYSANAAYTGGGGHTT
TR-ACO1 GCATGCGAGAATTGGGGCTTCTTTGAGCTGGTGAATCATGGCATATCTCATGACTTA
TR-ACO2 GCATGCCAGAATTGGGGATTCTTTGAGCTGGTGAATCATGGCATACCTCATGACCTT
TR-ACO1 ATGGACACTGTGGAAAGGTTGACAAAAGAACACTACAGGATATGCATGGAACAAAG
TR-ACO2 ATGGACCAATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGAGCAGAG
TR-ACO1 ATTCAAGGATTTGGTGGCCAACAAAGGACTAGAGGCTGTTCAAACTGAGGTCAAAG
TR-ACO2 GTTTAAGGAATTGGTATCAAGCAAAGGCTTAGATGCTGTCCAAACTGAGGTCAAAG
TR-ACO1 ACATGGACTGGGAGAGTACCTTCCACTTGCGTCACCTACCTGAGTCAAACATTTCA
TR-ACO2 ATATGGATTGGGAAAGTACCTTCCATGTTCGACATCTCCCTGAATCAAACATTTCA
TR-ACO1 GAGGTCCCTGATCTCACTGATGAATACAGGAAAGCAATGAAGGAATTTGCTTTGAAG
TR-ACO2 GAGCTCCCTGATCTCAGTGATGAATACAGGAAGGTGATGAAGGAATTTTCTTTGAGG
TR-ACO1 CTAGAGARAACTAGCAGAGGAGCTGCTAGACTTATTATGTGAGAATCTTGGACTAGAA
TR-ACO2 TTAGAGAAGCTAGCAGAAGAGCTTTTGGACTTGTTATGTGAGAATCTTGGACTTGAA
TR-ACO1 AAGGGATACCTCAAAAAAGCCTTTTATGGATCAAAGGGACCAACTTTTGGCACCAAG
TR-ACO2 AAAGGTTACCTCAAAAAGGCCTTCTATGGATCAAGAGGACCAACTTTCGGCACCAAG
TR-ACO1 GTTGCAAACTACCCTCCATGCCCAAAACCAGACCTTGTAAAAGGTCTCCGAGCACAC
TR-ACO2 GTAGCCAACTACCCTCAATGCCCTAATCCAGAGCTGGTGAAGGGTCTCCGTGCTCAC
TR-ACO1 ACCGATGCCGGTGGAATAATCCTCCTTTTCCAAGATGACAAAGTCAGTGGCCTTCAG
TR-ACO2 ACCGATGCCGGTGGGATCATCCTTCTCTTCCAGGATGACAAAGTCAGCGGCCTTCAG
TR-ACO1 CTTCTCAAAGATGGTAAATGGGTAGATGTTCCTCCCATGCATCATTCCATTGTCATC
TR-ACO2 CTACTCAAAGACGACGAGTGGATCGATGTTCCCCCAATGCGTCACTCCATTGTTGTC
TR-ACO1 AACCTTGGTGACCAACTCGAGGTAATAACAAATGGTAAGTACAGGAGTGTGGAACAT
TR-ACO2 AACCTTGGTGACCAGCTCGAGGTAATAACAAATGGTAAATATAAGAGTGTGGAGCAC
ACOF2
TR-ACO1 CGTGTGATAGCACAAAGTGATGGAACAAGAATGTCCATAGCTTCATTCTACAATCCT
TR-ACO2 CGTGTGATAGCACAAACAAATGGAACAAGAATGTCTATAGCATCATTCTACAACCCT
ACOF4
TR-ACO1 GGTAGTGATGCTGTTATCTATCCAGCAACAACATTGATTGAA----~----—-——— GAG
TR-ACO2 GGAAGTGATGCTGTAATCTACCCTGCTCCAGAATTGTTGGAAAAAGAAACAGAGGAA
ACO4A
TR-ACO1 AATAATGAAGTTTACCCAAAATTTGTTTTTGAAGATTACATGAATCTTTATGCTGGA
TR-ACO2 AAAACCAATGTGTATCCTAAATTTGTGTTTGAAGAGTACATGAAGATCTATGCTGCT
TR-ACO1 TTAAAGTTTCAAGCTAAAGAA
TR-ACO2 TTGAAATTTCAAGCTAAGGAA
AARTTYCARGCNAARGAR E102

AARGARCCNMGNTTYGAACOF2

Figure 30. Alignment of coding frame regions of TR-ACO1 and TR-ACO2 gene
transcripts.

TR-ACO1 and 2 coding frame sequences were aligned by the Align* program. First
round and second round primers used to generate the sequences are indicated in bold.
Regions differing in homology are highlighted in grey The position of the primers used
subsequently for 3’-RACE are indicated (Bold Underlined).
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1- 268 ( 268aa) Homology
87%
85%

1- 272 ( 272 aa)
1- 271 ( 271 aa)

Consensus Seq.

TR-ACO1
TR-ACO2

Results
Reference molecule:

Sequence 2:
Sequence 3:
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Figure 31. Alignment comparison of the deduced polypeptide sequences of TR-

ACO1 and TR-ACO2 with a consensus sequence derived from 23 ACC oxidases
Capital letters represent amino acids completely conserved in all 23 ACC oxidases and

lower case letters represent the most commonly occurring amino acid. Also indicated

(underlined) is a small highly variable region found within the coding region of ACC
oxidases. Regions of differences are highlighted in grey.
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Flavanone-3-hydroxylase
P. frutescens (AB002816)

Isopenicillin-N-synthetase
S. cattleya(1061011)
Flavanone-3-hydroxylase
(Tobacco) (AF036093)

100 Isopenicillin-N-synthetase
100 . clavuligerus (14742)
S. bicolor 100
(3386565)
O. sativa M. domestica (3153159)
(2952326) 100 C. melo (170357)®
H. annuus (1458106)
E- G92enL it A thaliana (33417 17)
( ) / C. sativus (3025693)
P. hybrida_ ' Hanpuus
(584710) a0 1 ‘; UU (FO266E0)
58
P. hybrida A = AN
(584711) (P
73 C. sativus
. 7
P. hybrida L. esculentum® R
(584712) (19207) C. melo
. (416569)
84 P.armenica
3510500)
TR-ACO1
P.Vulgari<
{3037047)
TR-ACO2*

Figure 32. Phylogenetic analysis of amino acid sequences of 2-ODD members

Majority rule consensus tree using parsimony. Bootstrap values for internal splits are
shown. These give an indication of the strength of the signals within the data that
separate the grouping of taxa on one side of the split from taxa on the other side.
Internal branches receiving less than 55 % support have been collapsed. (- ® -) Leaf
senescence associated sequences.

The numbers in brackets following genera are accession numbers. P(Phaseolus)
vulgaris (3037047 = ACO1); P (Prunus) armenica; H (Helianthus) annuus (1458108 =
ACO2); P (Petunia) hybrida (58712 = ACO4; 584711 = ACOS3; 584710 = ACO1); L
(Lycopersicon) esculentum (19207 = ACO1; 19251 = ACO2); C (Cucumis) melo (416569
= ACO1; 1703057 = ACO3); C (Cucumus) sativus (3025697=ACO3; 3025693= ACO2);
M (Malus) domestica; A (Arabidopsis) thaliana (ACO2); O (Oryza) sativa (2952326 =
ACO1); S (Sorghum) bicolor (3386567 = ACO2) S(Streptomyces) cattleya; N (Nicotiana)
tabacum; P (Perilla) frutescens; S (Streptomyces) clavuligerus.
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3.8 Confirmation by genomic Southern analysis that TR-ACO1

and TR-ACO2 are encoded by distinct genes

As a prelude to genomic Southern and northern analysis of TR-ACO1 and TR-ACO?2, their
specificity for their own sequence in blotting analysis was examined. This was undertaken
because they are very similar in nucleotide sequence (84 %, Figure 30) and so have the
potential to cross-hybridise to each others sequence. Duplicate blots containing DNA from
TR-ACOI1 and TR-ACO2 were probed with either [0-*P]-dCTP labelled TR-ACOI or
TR-ACO?2 sequences and then washed at high stringency (0.1 X SSPE, 0.1 % (w/v) SDS
at 65°C). At this stringency, TR-ACO1 and TR-ACO2 showed high specificity for their

own cognate sequences (Figure 33). Henceforth, these washing conditions were used in

subsequent DNA and RNA blot analysis.

Southern analysis of digested genomic DNA (section 2.3.4) confirmed that TR-ACO1 and
TR-ACO2 were encoded by distinct genes, as both TR-ACOI1 and TR-ACO2 [a->*P)-
dCTP labelled probes hybridised to different genomic sequences on the Southern blot
(Figure 34A and B). However, each probe also hybridised to multiple sequences in each
lane despite not having internal restriction sites for any of the enzymes used. Potentially,

these multiple sequences could be caused by
1 incomplete digestion,

ii. the presence of restriction sites for the EcoR1, Hind III, and Xba I within putative

introns,

ii. the presence of closely related genes (possibly through gene duplication), or

iv. polymorphic alleles.

It is unlikely that incomplete digestion is the cause of the multiple banding pattern in each
lane, as ethidium bromide staining revealed an even smear of digested genomic DNA
throughout each lane with little high molecular weight DNA (greater than 12 000 Kb)

evident (Figure 34C). Each of the other possibilities is discussed later.
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LOJV-H.L
20lov-dlL

TR-ACO1 .
TR-ACO2 .

Figure 33 Specificity of TR-ACO1 and TR-ACO2 (coding-frame probes) in blotting
analysis.

50 ng of TR-ACO1 and TR-ACO2 cDNA sequences were subjected to Southern analysis. The
blots were washed at high stringency (0.1 X SSPE, 0.1% (w/v) SDS at 65 °C).
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Figure 34. Southern analysis of white clover genomic DNA

A. Hybridisation pattern of [a->2P}-dCTP labelled TR-ACO1.
B. Hybridisation pattern of [a-**P}-dCTP labelled TR-ACO2.
C. Digested DNA visualised by ethidium bromide staining.
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Lane 1, DNA cut with EcoR1, Lane 2, DNA cut with Hind Il , Lane 3, DNA cut with Xbal.

Molecular weight markers are indicated.
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With the completion of Southern analysis, the next section of the thesis involved the use of
the TR-ACOI1 and TR-ACO2 coding regions as probes to examine changes in expression
of these genes during leaf maturation and senescence. A differential expression pattern

may also confirm that TR-ACO1 and TR-ACQO?2 are encoded by distinct genes.

3.9 Changes in gene transcript expression of ACC-oxidase during
leaf maturation and senescence of white clover by northern
analysis

Prior to northern analysis, the amount of RNA able to be extracted from leaves at different
stages of maturation and senescence was examined (Figure 35). The greatest amount of
RNA (on a per gram fresh weight basis) was extracted from leaves that had just fully
unfolded (ca. 550 pg g FW; leaf 4). The level of extractable RNA then declined from leaf
5 to &, so that by leaf 8 (mature green), only ca. 240 png of RNA per gram fresh weight
could be extracted. For leaves 8 to 12 (onset of chlorosis), the quantities of RNA
extracted remained constant at ca. 240 pg g’ FW. Then, as the leaves became more
chlorotic, the amount of RNA obtainable from the tissue declined further, as has also been

observed in senescing leaf tissue from other species (Lohman, et al., 1994; Buchanan-

Wollaston, 1997).

3.9.1 Gene expression of TR-ACO1 and TR-ACO2 during leaf maturation
and senescence

Gene expression of TR-ACO1 and TR-ACO2 was examined in leaves 6 to 16, on a per unit
fresh weight basis (Figure 36), a per unit total RNA basis (Figure 37) and a per unit poly

A" basis (Figure 38) using northern analysis (section 2.3.7).

The TR-ACOI1 sequence hybridised to a single RNA transcript on all three northern blots
of ca. 1.35 Kb in size. The steady-state levels of this transcript were similar in mature
green leaf tissue (leaves 6 to 10), but declined as the tissue became chlorotic (leaves 12 to
16) irrespective of whether expressed on a per unit fresh weight basis (no RNA for leaf 11
is present on this blot), total RNA basis, or poly A* RNA basis. In contrast, the TR-ACO2
sequence hybridised to two distinct RNA transcripts (1.35 Kb and 1.17 Kb) with similar
intensity. This is most clearly seen on the poly A* RNA blot (Figure 38). Both of these
transcripts were enhanced equally as the leaf tissue aged (became chlorotic), irrespective of

whether expressed on a per unit fresh weight, total RNA, or poly A* RNA basis. Further,
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the increased accumulation of the TR-ACO2 transcripts began at leaf 8 which was before
visual and quantitative symptoms of chlorosis were evident (leaf 11). The gels used for
analysis of RNA that were loaded by total RNA and by fresh weight and stained with
ethidium bromide are also presented. Of particular interest is the gel loaded by total RNA,
where it can be seen that the differential transcript accumulation patterns of TR-ACO1 and

TR-ACO2 were not caused by uneven loading of the RNA.
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Figure 35. Concentration of total RNA extracted from mature and senescing leaves
of white clover

The leaf at which chlorosis (corresponding to approximately 5 % or less degreening
around the leaf margins) occurs is indicated.

Error bars =+ 1 sem. For leaves at node 6,8,9,10, 11, 12, 14,n=4; node 4, n = 3;
node 15 n= 1; and node 16 n = 2.. n = number of independent extractions.
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Figure 36. Chlorophyll analysis and northern analysis of ACC oxidase gene
expression expressed on a per unit fresh weight basis in mature and senescing
leaf tissue of white clover using the coding frame regions of TR-ACO1 and TR-
ACO2 as probes.

A. Concentration of chlorophyll in leaves used for northern analysis.
Error bars = +1 sem for 3 internal replicates.
The leaf at which chlorosis (corresponding to approximately 5 % or less degreening
around the leaf margins) is visually apparent is indicated.

B. Northern blot hybridized to either [0-">P]-dCTP labelled TR-ACO1 or TR-ACO2
coding-frame probes (as labelled).

C. RNA of northern gel visualised by ethidium bromide staining. Lane 11 RNA is
missing.
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Figure 37. Chlorophyll analysis and northern analysis of ACC oxidase gene
expression expressed on a per unit total RNA basis in mature and senescing leaf
tissue of white clover using the coding frame regions of TR-ACO1 and TR-ACO2 as
probes.

A. Concentration of chlorophyll in leaves used for northern analysis.
Error bars = +1sem for n = 3 internal replicates.
The leaf at which chlorosis (corresponding to approximately 5 % or less degreening
around the leaf margins) is visually apparent is indicated.

B. Northern blot hybridized to either [a-32P]-dCTP labelled TR-ACO1 or TR-ACO2
coding-frame probes (as labelled).

C. RNA of northern gel visualised by ethidium bromide staining.
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Figure 38. Chlorophyll analysis, and northern analysis of ACC oxidase gene
expression expressed on a per unit poly A* RNA basis in mature and senescing
leaf tissue of white clover using the coding frame regions of TR-ACO1 and TR-
ACO2 as probes.

A. Concentration of chlorophyll in leaves used for northern analysis.
Error bars = +1sem for n = 3 internal replicates.
The leaf at which chlorosis (corresponding to approximately 5 % or less degreening
around the leaf margins) is visually apparent is indicated.

B. Northern blot hybridized to either [a-32P]-dCTP labelled TR-ACO1 or TR-ACO2
coding-frame probes (as labelled).
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The discovery that the TR-ACO2 probe recognised two RNA transcripts on the northern
blot and that both TR-ACOl and TR-ACO2 sequences hybridised to multiple genomic
sequences on the Southern blot suggests that there may be additional ACC oxidase genes
which are closely related to TR-ACO1 and TR-ACO2 but which are not discriminated
using the coding regions as probes, even at the highest stringency of washing (0.1 X SSPE,
0.1 % (w/v) SDS at 65°C). Alternatively, the 1.17 Kb transcript may be a product of post-

transcriptional processing, whereby the 3'-UTR is truncated due to the presence of an

alternative polyadenylation site.

This was examined further by repeating the Southern and northern analysis with probes

generated to a more divergent region of the TR-ACO1 and TR-ACO2 gene transcripts.

The 3'-untranslated region (3'-UTR) has been identified as a region of high sequence
divergence among ACC oxidase gene transcripts (Barry et al., 1996; Kim and Yang 1994;
Tang et al., 1993). For example, while ACO1 and ACO3 of tomato share greater than
94 % nucleotide sequence homology over an extensive area of the coding frame, the
similarity is only 65 % and 47 % in the 5'- and 3'-UTRs respectively, and therefore it is
these regions that have been used as gene-specific probes to discriminate expression of

ACO1 and ACO?2 in tomato tissue (Barry ez al., 1996).

The next section describes the amplification and sequencing of the 3'-UTRs of TR-ACO1

and TR-ACO2 and their use as probes in both Southern and northern analysis.

3.10 Confirmation of Southern and Northern analysis using 3'-
RACE

The 3'-UTRs of TR-ACOIl and TR-ACO2 were generated using 3'-RACE (Randomly
Amplified cDNA Ends). RACE is an RT-PCR technique first described by Frohman et al.,
(1988) for the amplification of either the 5-UTR or the 3-UTR of mRNA. The main
difference between 3'-RACE and conventional RT-PCR is that the downstream (3') primer
is replaced by a primer rich in T residues which binds to the poly A" tail of the mRNA and

acts as the primer for the RT reaction.
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3.10.1 Identification of the 3'-UTRs of TR-ACO1 and TR-ACO2

3.10.1.1 Development of 3'-RACE:degenerate primer approach

Initially, RT-PCR (section 2.3.6) was performed using the degenerate upstream primers
previously used to generate the TR-ACO1 and TR-ACO2 coding regions, but with the
downstream primers (ACOR1 and E102, see Figure 10) replaced with the 17 mer oligo
d(T) primer.

3-RACE was performed on RNA isolated from leaves 9 and 14, as it had been shown
previously by RT-PCR that both TR-ACOI1 and TR-ACO2 could be amplified from RNA
isolated from these leaves. It was predicted from a consensus of published sequences that
the amplified products should be ca. 1000 to 1200 bp in size , comprising of ca. 840 bp
coding frame and ca. 200 to 300 bp 3'-UTR. For example, the 3-UTR of apple pAE12 is
191 bp (Dong et al., 1992), avocado pAVOe3, 159 bp (McGarvey et al, 1990),
Pelargonium x hortorum GEFE-1, 249 bp (Wang et al., 1994), P. hybrida pPHEFE, 227
bp (Wang and Woodson, 1992), C. melo CM-ACO1, 248 bp (Lasserre et al., 1996), peach
pch 313, 253 bp (Callahan et al., 1992), and mung bean pVR-ACOI, 317 bp (Kim and
Yang, 1994).

Initially, 3-RACE was performed using different concentrations of both upstream
(degenerate) and the downstream 17 mer oligo d(T) primers to determine the conditions

needed for formation of a discrete cDNA product(s).

The concentration of the 17 mer oligo d(T) primer was increased in the PCR mix as it has
been proposed to improve yields of cDNA product in amplification mixes (Czerny, 1996).
However, increasing primer concentration from 250 nM to 1 pM did not result in the

formation of discrete products (Figure 39, lane 2 and 3). By contrast, it appeared that non-

specific amplification was occurring during the PCR.

The specificity of a PCR may be improved by using nested degenerate primers, and so
second round PCR amplification using E101 (the nested primer of ACOF1) was performed
on 2 pL of the first round amplification products of lane 2. To increase further the
likelihood of a successful PCR, a series of increasing concentrations of the second round
primer was used, as it has been suggested that when using degenerate primers higher

concentrations of primer (1- 3 itM) should be used (Rychlik, 1993).
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Figure 39. Development of 3'-RACE: degenerative primer approach

Lane 1, 4, 8, 12, 16. Gibco BRL 1 Kb DNA Ladder

Lane 2. PCR of leaf 9 RT mix, 333 nM ACOF1, 250 nM oligo d(T).

Lane 3. PCR of leaf 9 RT mix, 333 nM ACOF1, 1 uM oligo d(T).

Lane 5. Second round PCR using 2 uL of lane 2 amplification products as a
template, 333 nM E101, 250 nM oligo d(T).

Lane 6. Second round PCR using 2 pL of lane 2 amplification products as a
template, 666 nM E101, 250 nM oligo d(T).

Lane 7. Second round PCR using 2 uL of lane 2 amplification products as a
template, 3.33 pM E101, 250 nM oligo d(T).

Lane 9. PCR of leaf 9, RT mix 1.667 uM ACOF1, 250 nM oligo d(T).

Lane 10. No template control  1.667 uM ACOF1, 250 nM oligo d(T).

Lane 11. PCR of leaf 14 RT mix, 1.667 uM ACOF1, 250 nM oligo d(T).

Lane 13. Second round PCR using 2ulL of lane 9 amplified products as a
template, 1.667 nM E101, 250 nM oligo d(T).

Lane 14. Second round PCR using 2 uL of lane 11 amplified products as a
template, 1.667 nM E101, 250 nM oligo d(T).

Lane 15. No oligo d(T) control: PCR of 2 pL of lane 9 amplification products,
1.667 nM E101.

Lane 17. PCR using gel-purified amplification products of ca. 900 to 1400 bp in
size from lane 9 PCR products as template.

Lane 18. PCR using gel purified amplification products of ca. 900 to 1400 bp in
size from lane 11 PCR products as template. ’



bp

1636
1018

506

11

12 13 14 15

16 17 18




Results 139

However, second round PCR with the nested primer (E101) did not increase the specificity
of the PCR (i.e. the formation of discrete cDNA products) even if the primer concentration

was increased from 333 nM to 3.33 UM (lanes 5 to 7).

The effect of increasing ACOF1 primer concentration in the PCR mix from 333 nM (used
in lanes 2 and 3) to 1.667 nM on product formation was further examined in lanes 9 and
11. The increased concentration of ACOFI in the PCR did produce discrete amplified
products of ca. 650, 900 and 1380 bp in size. However, the smaller of these fragments (ca.
650 and 900 bp) were too small to be putative ACC oxidase sequences as they were
smaller than the coding regions of TR-ACO1 and 2 previously generated with ACOF1 (ca.
840 bp). Whilst the largest fragment (ca. 1380 bp) appeared too large as northern analysis
had previously determined the total size of the TR-ACO1 and TR-ACO2 gene transcripts
as 1.35 Kb.

A further (second-round) amplification was performed with the nested primer, E101, on the
PCR mixes that generated the discrete bands (in lanes 9 and 11) to see whether further
amplification would result in products of the expected size. Again an upstream primer
concentration in the mix of 1.667 nM was able to generate discrete bands, but all of which

were too small (less than 900 bp) to have contained the 3'-UTR (lanes 13 and 14).

A further way by which the specificity of second round amplification may be increased is to
excise the region of the gel where the products of the first round amplification were
expected, elute the fragments from the gel and perform second round amplification. This
was performed by excising a region from ca.900 bp to 1400 bp of lane 9 and lane 11, snap-
freezing, and repeating the PCR with 1.667 nM E101 (replacing the 1.667 nM ACOF1).
Many of the products obtained were smaller in size than the region excised from the gel
(lanes 9 and 11) and not around the size expected ca. 1000 to 1200 bp (lanes 17 and 18).
The major staining fragment (ca. 1380 bp) was again the same as observed previously in

lanes 9 and 11 which was considered as too large.

It was therefore decided to use a gene-specific primer (GSP) approach at a higher
annealing temperature to minimise production of spurious amplification products and

specifically amplify the 3'-UTR of TR-ACO1 and TR-ACO2.
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3.10.1.2 Development of 3'-RACE:Gene-specific primer approach

A gene-specific primer, designated ACOF2 (see Figure 30), was designed as
complementary to a region of 20 bp approximately 250 bp from the 3' end of the coding
regions of both TR-ACOl and TR-ACO2. This region was chosen so that after
amplification the 3'-UTRs could easily be associated with their corresponding coding frame
by sequence homology. The advantage of using gene-specific primers is that they enable
higher annealing temperatures during the PCR, which in turn increases the specificity of the
amplification reactions. However, at these higher temperatures the annealing efficiency of
the 17 mer oligo d(T) primer to the poly A tails of cDNA sequences is compromised due to
the weaker H'-bonding of A-T residues (Frohman er al., 1988). This problem is
circumvented by replacing the downstream 17 mer oligo d(T) primer in the RT reaction
with ADAPAT (refer Figure 9). ADAPAT is a hybrid primer which consists of a GC
containing oligonucleotide (ADAP) attached to the 5' end of 17 oligo d(T) residues.
Hybridisation of ADAPAT to mRNA in the RT-reaction incorporates ADAP into all first
strand cDNA species synthesized. A sequence that is complementary to ADAP can then

serve as an effective primer in the subsequent PCR.

After first round amplification using ACOF2 (333 nM) and the ADAP (333 nM) as primers
and an annealing temperature of 50°C, 5 pL aliquots of each reaction were resolved in a 1
% (w/v) agarose gel. Four discrete cDNA products (ca. 250 bp, 400 bp, S00 bp and 600
bp) were amplified from the RT mix of RNA extracted from leaf 9 and 14 (Figure 40, lanes
2 and 3). Approximately 250 bp of the sequence should be coding region due to the
position of the ACOF2 priming site in the sequence. This suggested that the size of the ca.
250 bp amplified product would be too small to contain the 3'-UTR of either TR-ACOI1 or
TR-ACO2. The PCR was repeated with a higher annealing temperature (from 50°C to
55°C) to increase the specificity of the amplification (lanes 5 and 6). The 250 bp product
was not amplified at this higher temperature, while the three larger cDNA sequences (ca.
400 bp, 500 bp, and 600 bp) were amplified from both the leaf 9 and 14 RT mixes.
Controls were included for the PCR, such as a PCR with no template (lane 7), a PCR with
no upstream primer (ACOF2; lane 8), and a PCR with no downstream primer (ADAP; lane
9). No product was amplified in these controls which indicated that the complete PCR mix

was necessary for the amplification of the three cDNA sequences and also confirmed that

the products were not artifacts.
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Figure 40. Development of 3'-RACE: gene-specific primer approach

Lane 1.
Lane 2.
Lane 3.
Lane 4.
Lane 5.
Lane 6.
Lane 7.
Lane 8.
Lane 9.

Lane 10.
Lane 11.
Lane 12.
Lane 13.
Lane 14.
Lane 15.
Lane 16.

Gibco BRL 1 Kb DNA Ladder.

PCR of leaf 9 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 50°C.
PCR of leaf 14 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 50°C.
Gibco BRL 1 Kb DNA Ladder.

PCR of leaf 9 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 55°C.
PCR of leaf 14 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 55°C.
No template control: 333 nM ACOF2, 333 nM ADAP, annealing temp. of 55°C.

No ACOF2 control: PCR of leaf 9 RT mix, 333 nM ADAP, annealing temp. of 55°C.
No ADAP control: PCR of leaf 9 RT mix, 333 nM ACOF2, annealing temp. of 55°C.
Gibco BRL High DNA Mass Ladder.

Gel- and column-purified 400 bp fragment from leaf 9 RT-PCR mix, lane 5.

Gel- and column-purified 500 bp fragment from leaf 9 RT-PCR mix, lane 5.

Gel- and column-purified 600 bp fragment from leaf 9 RT-PCR mix, lane 5.

Gel- and column-purified 400 bp fragment from leaf 14 RT-PCR mix, lane 6.

Gel- and column-purified 500 bp fragment from leaf 14 RT-PCR mix, lane 6.

Gel- and column-purified 600 bp fragment from leaf 14 RT-PCR mix, lane 6.

bp

10 000

6 000
4 000

3000

2000
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Molecular size markers are indicated on the left and right of the figure in bp. The mass in ng for
each of the molecular size markers in lane 10 is also indicated to the right of the figure.
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The PCR mixes containing the amplified products (ca. 400, 500 and 600 bp) were
precipitated with ethanol, resusbended in sterile water and gel-purified through a 1 % (w/v)
agarose gel. The 400 bp, 500 bp, and 600 bp cDNA amplified products were then excised,
column-purified and their concentrations estimated by fractionation along side the GIBCO
BRL DNA mass ladder (Figure 40; lanes 11 to 16). The amplified products of the putative
3'-UTR of ACC oxidase were then individually TA-cloned into the pCR 2.1 vector and
transformed into E. coli strain DH-50t. After selection on Amp100 LB media, transformants
were grown overnight in LB broths, their plasmids isolated by alkaline lysis and the

presence of the insert (ca. 400 bp, 500 bp, and 600 bp) confirmed by restriction digestion
(Figure 41).

The 400, 500 and 600 bp inserts separated from the cut plasmids in 1 % (w/v) agarose gels
appeared to be represented as doublets (Figure 41A). It was confirmed that the doublets
were probably an artifact of the separation through the 1 % (w/v) agarose gels, by
amplifying inserts from plasmids in lane 4, 8 and 13 (Figure 41A) by PCR with ACOF2 and
ADAP and checking the products on a 1 % (w/v) agarose gel (Figure 41B, lanes 2 to 4).

EcoR1 digests of plasmids that were isolated from bacteria TA-cloned with the 400 bp
fragment are shown in lanes 2 to 6, and the inserts in lanes 2, 4, 5, and 6 that were of
consistent size were column-purified and sequenced. EcoR1 digests of TA-cloned plasmids
with the 500 bp fragment are shown in lanes 8 to 12, and the plasmids in lanes 8 and 11
were sequenced. EcoR1 digests of TA-cloned plasmids with the 600 bp fragment are
shown in lanes 14 to 19, and the plasmids in lanes 14, 15, and 16 were sequenced. The
different sizes of the insert in some of the lanes, e.g. lane 3, 10, and 12 (Figure 41A) were

assumed to be due to anomalies produced during cloning and so were ignored.
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Figure 41. Confirmation of transformed colonies after TA-cloning of putative 3'-
UTRs.

Restriction digestion of plasmids containing putative 3'-UTRs of ACC oxidase

Lanes 1, 7, 13. Gieco BRL 1 Kb DNA Ladder.

Lanes 2to 6. Digestion of pCR 2.1 plasmids containing a 400 bp putative ACC
oxidase 3'-UTRs.

Lanes 8 to 12. Digestion of pCR 2.1 plasmids containing a 500 bp putative ACC
oxidase 3'-UTRs.

Lanes 14 to 19.Digestion of pCR 2.1 plasmids containing a 600 bp putative ACC
oxidase 3'-UTRs.

B. PCR amplification using 1 pL of a representative plasmid from each transformation.

Lane 1. Gieco BRL 1 Kb DNA Ladder.

Lane 2. PCR amplification of plasmid from lane 4, containing 400 bp putative
ACC oxidase 3'-UTR, 333 nM ACOF2, 333 nM ADAP, annealing temp.
of 50°C.

Lane 3. PCR amplification of plasmid from lane 8, containing 500 bp putative
ACC oxidase 3'-UTR, 333 nM ACOF2, 333 nM ADAP, annealing temp.
of 50°C.

Lane 4. PCR amplification of plasmid from lane 13, containing 600 bp putative

ACC oxidase 3'-UTR, 333 nM ACOF2, 333 nM ADAP, annealing temp.
of 50°C.
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3.10.1.3 Confirmation of putative ACC oxidase 3'-UTR gene transcripts by
sequence analysis

Sequence alignment identified the two smaller 3'-UTR amplified products of ca. 400 and
500 bp to be truncated versions of the larger 600 bp product (Figure 42). The high
sequence homology of their coding frame regions with TR-ACO2 suggested that only the
3-UTR sequence of TR-ACO2 had been cloned. The truncated versions of the 600 bp
product may have arisen because the RT reaction was carried out at a relatively low
temperature (42°C), since at this temperature a stretch of A residues as short as 6 to 8 nt
can serve as a binding site for an oligo d(T)-tailed primer (Frohman, 1993). However, in
the 3'-UTR of TR-ACO2 there was only one region that contained six adjacent ‘A’ residues
(position 936-941; Figure 42), and this region was not one of the binding sites for the oligo
d(T)-tailed primer (as determined by sequence analysis). This suggests that the 400 bp and
500 bp products are not artifacts produced by non-specific binding of the 17-mer oligo
d(T) region of ADAPAT to additional poly A rich regions within the 3-UTR of TR-ACO?2.

The three 3'-UTRs of TR-ACO2 may be explained by the presence of multiple sequences
termed Near Upstream Elements (NUE) and Far Upstream Elements (FUE) (Rothnie,
1996) upstream of the polyadenylation sites of TR-ACO2 (Figure 42). These are regions
characteristic of certain plant mRNAs that alter the position of attachment of the poly A
tail, for example, 14 distinct 3'-end processing sites have been identified in the chloroplast

binding protein of tobacco (Klahre et al., 1995).

The 3'-UTRs of gene-transcripts contain, in addition to polyadenylation signaling regions,
other motifs that can provide the researcher with additional information on gene regulation.
For instance, the pentamer motif (AUUUA) has been implicated in determining the stability
of transcripts in vivo (Ohme-Takagi et al., 1993), and three such regions can be identified

in the 3'-UTR of TR-ACO2.
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A TR-ACO2 TR-ACO2 3-UTR
816 nt
116 nt

TR-ACO2¢ assssseeese——————————— ADAPDT

ACOF2 GGTGACCAGCTCGAGGTAAT
GGTGACCAGCTCGAGGTRATAACARATGGTARATATAAGAGTGTGGAGCACCGTGTG

G DQL EV I TNGKYIKSV EHR YV
ATAGCACAAACARATGGAACAAGAATGTCTATAGCATCATTCTACAACCCTGGAAGTGATGCTGTA
I AQ T NGTRMS I ASF YNUPG SDA YV
ATCTACCCTGCTCCAGRAT TGTTGGAARRAGARACAGAGGAANANACCAATGTGTATCCTARATTT
il YP A PELLEIKETETEI KT NVYUZPKTF
GTGTTTGAAGAGTACATGAAGATCTATGCTGCTTIGARATETCAAGCTAAGGAACCAAGATTTGRA
G FE E YM KI YAA LK FQAKETZPRTFE
GCACTGARAGCATGAAATGTGAATTTGGGTTCAATTGCAATTGTTT TGAATTTAAACAAGTAACAT

A LK A
AAAATAGGCAAAGATGCATGTGCTCCTCAAATGAAAATAATARARAATAGATTTAAATATGATGCG
NUE +
AGTCATGCAAATATATTATGTGTTAGTTTTTGTAAGT TTAT T TT TAATAGATARACGAAATGTGTG
FUE NUE
TTAATACAAATTCACACAGTAAATTGAAGGGAT TAGAGT TCGAACATCGGTTATGGTGTCAGACTC
*
ATTTTGGCTTTGTAATTTTCTTTTTTTTTGCTTGAGTTCAACTCGTATARATTTARAAAAAARAAA
FUE
AAAAAAT TAGCTGCAGTAGGATCCACA
TTAGCTGCAGTAGGATCCACA ADAP

Figure 42. Nucleotide and deduced amino acid sequence of TR-ACO2
3'-translated and untranslated regions generated by 3'-RACE.

630

696

762

828

894

960

1026

1092

1158

1185

The sequences were generated using a gene-specific primer ACOF2 (underlined) and a
sequence, ADAP, previously attached during first strand synthesis to the poly-A tail of

TR-ACO2.

A. Schematic diagram of the three truncated 3'-UTR’s of TR-ACO2.

B. Sequence ofthe 3'- translated and untranslated regions of TR-ACO2.
The arrows indicate the truncated versions of TR-ACO2 found. Also indicated is

ACOF2b (bold underlined), the primer used subsequently with ADAP for TR-ACO2

probe generation. Three AUUUA pentamers (bold,italics), Near upstream elements

(NUE) and far upstream elements (FUE) (highlighted, underlined) are indicated. The

NUE designated at position 1213 is potentially another slight variation of NUEs
documented so far (the U nt replaced by C).
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A total of 21 clones (i.e. nine inserts (400 bp), six inserts (500 bp), and six inserts (600 bp)
product) were eventually sequenced and all 21 identified as TR-ACO2 sequences. It
appeared that the ACOF2 primer, although made complementary to a region present in
both TR-ACOl and TR-ACO2 sequences, was predominantly amplifying TR-ACO2

sequences.

To increase the chance of amplifying the 3'-UTR of TR-ACOI, 3'-RACE was repeated on
RNA isolated from leaves at node 6, as northern analysis had previously shown in leaves at
this node, that transcript levels of TR-ACO1 were high, while in contrast, transcript levels
of TR-ACO?2 were low (refer Figure 38). In order to increase further the specificity of the

PCR, nested gene-specific primers made to a complementary region specific to TR-ACOI

were used .

3.10.1.4 Isolation of TR-ACO1 3'-UTR by the GSP approach
Two rounds of PCR were performed, and the upstream primer ACOF2, replaced with the
nested primers, ACOF4 and ACOF4a (see Figure 30).

After amplification had been completed, aliquots (5 PUL) of both first and second round
mixes were separated in adjacent lanes of a 1 % (w/v) agarose gel (Figure 43; lanes 2 and
3). Amplification with the first round primer, ACOF4, did not produce a discrete cDNA
product (lane 2), but upon further amplification with the second round primer, ACOF4a, an

ca. 400 bp fragment was generated (lane 3).

The nucleic acid from the second round amplification mix was precipitated with ethanol,
the ca. 400 bp DNA fragment gel- and column-purified and TA-cloned into E. coli strain

DH 5a. DNA inserts from six transformed colonies were sequenced.

Sequence alignment of the coding frame portion with the 3'-terminal coding frame region of
TR-ACOI confirmed that 3'-RACE (with ACOF4 and ACOF4a as primers) was successful
at generating the 3'-UTR (233 bp) of TR-ACOI (Figure 43).

Putative cis-acting motifs for poly A signaling were also identified, but unlike TR-ACO2
there was not multiple NUEs and FUE:s in the 3-UTR and this may explain why only one
discrete sequence was amplified. Another difference between the 3-UTR of TR-ACOl

and TR-ACO2 was the complete absence of the putative cis-acting instability motif,
AUUUA in TR-ACOL.
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A
«— 400 bp
B
TR-ACO1 TR-ACO1 3-UTR
804 nt 233 nt
T Y T I e T ADAPDT

C
ACOF4 GTTATCTATCCAGCAACAAC
ACOF4A CTATCCAGCAACRATATTCER

€1 ;'-';,Z:Cﬂ"--"..'-"--ﬁif—'.l”-' TTCATTZARGRCAATRATGAR TACCCAARATTT 750

YPATTLIEENNEVYPKF

GTTTTTZAAGATTACATGRATCTTTAT GCTSGATTARAAGCTTTCARGCTAARGAAZCAAGATTT Z0A 816
V FE DY MNLY A GLKT F QA KEPRTF E

GCAITITAACGAATCATCARAAT AAACTTGGTCCAATTGCAACAGTTTAATTATGTGTTACTATA 882

A FK E S S NVKL GZPI ATV
AATAAATAAAAAATAATATAAATATATGTTAACATGTTTGTTTAAGTGGAAGCAAGCAAAGTAAAA 948

ARAAGCTTAAAGTCAAGTGCATAAGTTTCTCAARATTAGTATGTAGTTGTTTACTTACTATATAGTG 1014

+
AGTGATGTGRIGTGATTIT TTGTATIATTTGTGGAAARAGTAATATCAATGTTCAATATAATAAT 1080
FUE NUE
AAATATATTATTCAAGTAAAARAAAAAAAAAAMATTAGCTGCAGTAGGATCCACA 1135

TTAGCTGCAGTAGGATCCACA ADAP

Figure 43 Nucleotide and deduced amino acid sequence of the TR-ACO1 3'-
translated and untranslated regions

A. PCR amplification of putative 3'-UTR of TR-ACO1.

Lane 1.1 Kb DNA ladder.

Lane 2.PCR of leaf 9 RT-mix, primers were 333 nM ACOF4 and 333 nM ADAP.

Lane 3.Second round amplification using 2uLof amplified products from lane 2, primers
were 333 nM ACOF4A and 333 nM ADAP, annealing temp. of 55°C . The arrow
denotes the size in bp of the amplified fragment.

B. Schematic diagram ofthe 3'-UTR of TR-ACO1.

C. Sequence of the 3'-translated and untranslated regions of TR-ACO1.

The primer used subsequently for TR-ACO1 probe generation with ADAP is indicated
(ACOF4b, bold underlined). Near upstream elements (NUE) and far upstream
elements (FUE) (highlighted, underlined)are indicated. At the position of the A in the
FUE (indicated by arrow) is normally found a T (U for mRNA) (Rothnie, 1996). Also
indicated is the Hind IlI restriction site found within the 3'-UTR (bold, italics).
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3.10.1.5 3'-UTR probe production for blot analysis

TR-ACO1 and TR-ACO2 3-UTR sequences (minus the majority of the 3' coding region)
were generated by RT-PCR from column-purified plasmids containing the cloned
sequences using ACOF4b (see Figure 43) and ACOF2b (see Figure 42) respectively as the
upstream primers (Figure 44). The sequence homology of TR-ACO1 and 2 was reduced
from 84 % in their coding regions (see Figure 30) to 61 % in their 3'-UTRs (Figure 45).

The reduction in homology between the 3'-UTR regions of TR-ACO1 and TR-ACO2
confirmed the greater sequence divergence in the 3'-UTR. These sequences were used as

probes to further characterise the expression of TR-ACO1 and 2 during leaf maturation and

senescence.
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A

ACOF4b CTTGGTCCAATTGCAACAGTT
CTTGGTCCAATTGCAACAGTTTAATTATGTGTTACTATAAATAAATAAAAAATAATA

LG P I ATV
TAAATATATGTTAACATGTTTGTTTAAGTGGAAGCAAGCAAAGTAAAAAAAAGCTTAAAGTCAAGTGC

ATAAGTTTCTCAAATTAGTATGTAGTTGTTTACTTACTATATAGTGAGTGATGTGATGTGATTTTCTT
GTATTATTTGTGGAAAAAGTAATATCAATGTTCAATATAATAATAAATATATTATTCAAGTAAAAAAA

AAAADANAAATTAGCTGCAGTAGGATCCACA
TTAGCTGCAGTAGGATCCACAADAP

ACOF2b CAAGCTAAGGAACCAAGAT
CAAGCTAAGGAACCAAGATTTGAAGCACTGAAAGCATGAAATGTGAATTTGGGTTCA

Q A KE PR F EA LK A
ATTGCAATTGTTTTGAATTTAAACAAGTAACATAAAATAGGCAAAGATGCATGTGCTCCTCAAATGAA

AATAATAAAAAATAGATTTAAATATGATGCGAGTCATGCAAATATATTATGTGTTAGTTTTTGTAAGT
TTATTTTTAATAGATAAACGAAATGTGTGTTAATACAAATTCACACAGTAAATTGAAGGGATTAGAGT
TCGAACATCGGTTATGGTGTCAGACTCATTTTGGCTTTGTAATTTTCTTTTTTTTTGCTTGAGTTCAA

CTCGTATAAATTTAAAAAAAAAAAAAAAAANTTAGCTGCAGTAGGATCCACA
TTAGCTGCAGTAGGATCCACA ADAP

Figure 44. Nucleotide and deduced amino acid sequence of the 3'-UTR TR-ACO1

and TR-ACO2 sequences generated with the primers ACOF4b (TR-ACO1), ACOF2b
(TR-ACO2) and ADAP.

A. TR-ACO1 3'-UTR sequence.
B. TR-ACO2 3’-UTR sequence.

The primers are shown (underlined). The terminal amino acids are indicated as black
bold capitals.
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Reference molecule: TR-ACO1 3' UTRPROBE 1- 292 ( 292 bps) Homotogy
Sequence 2: TR-ACO2 3' UTRPROBE 1- 381 ( 381bps) 61%

TR-ACO1
TR-ACO2

TR-ACO1 : -
TR-ACO2 GGGTTCAATTGCAATTGTTTTGAATTTWCMG-:_MCA‘I'AAA ATAGGC

TR-ACO1 TAACATGTTTGTTTMGTGGMGCMGCMAGTAAAAAAAAGCTTABAGT
TR-ACO2

TR-ACO1
TR-ACO2

TR-ACOA1 CTTACTATATA---—-=--—-—~- GTG-—-——————===—==———- RGTGATG

TR-ACO2 TTTTTAATAGATAAACGAAATGTGTGTTAATACAAATTCACACAGTARAT

TR-ACO1 TGATGTG g_T————TTCTTGTATTATTTGTGGAAAAAGTAATATCAATGT
TR-ACO2

TR-ACO1
TR-ACO2

TR-ACO1
TR-ACO2

Figure 45. Nucleotide alignment of 3'-UTRs of TR-ACO1 and TR-ACO2 sequences.
Regions of homology are highlighted in grey.
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3.10.2 Specificity of TR-ACO1 and TR-ACO2 3'-UTR probes in blotting
analysis

Initially, the specificity of TR-ACO1 and TR-ACO2 3'-UTR sequences as probes for their
own sequence was examined in nucleic acid blotting analysis. Duplicate blots were probed
with either [a-32P]-dCTP labelled TR-ACOI1 or TR-ACO2 sequences and then washed at
high stringency (0.1 X SSPE, 0.1 % (w/v) SDS at 65°C). At this stringency each sequence

showed complete specificity for its corresponding sequence (Figure 46).

3.10.3 Confirmation that the 3'-UTRs of TR-ACO1 and TR-ACO2 identify
distinct genes

Genomic Southern analysis was repeated using the 3'-UTRs of TR-ACO1 and TR-ACO2
as probes. Genomic DNA was cut separately with Hind III , Xba I or EcoR1, probed with
either the 3'-UTR of TR-ACOI or TR-ACO2, and the blots washed at high stringency (0.1
X SSPE, 0.1 % (w/v) SDS at 65°C).

Initially, dCTP was the radiolabelled nucleotide used, but the hybridisation detected was
always very low, even if the autoradiograph was left for weeks before being developed
(data not shown). This can be explained by the nucleotide composition of the probe
sequences (Figure 45), in which the 3'-UTRs of both TR-ACO1 and 2 are adenine/ thymine
(A/T) rich. The 3-UTR of TR-ACOI has 25 cytosine residues out of a total number of
292 (i.e. 8.6 %), while the 3-UTR of TR-ACO2 has 42 cytosines out of 381 (11 %). By
contrast, the 3'-UTRs of TR-ACOI1 and 2 have 123 (42.1 %), and 146 (38 %) adenine
residues respectively. Therefore it was decided that the genomic Southern analysis would

be undertaken with [0->*P]-dATP labelled TR-ACO1 and 2 probes.

The 3'-UTR TR-ACOI probe hybridised to multiple genomic fragments in each lane of the
Southern blot (Figure 47A), and the hybridisation pattern was very similar to that
recognised by the coding frame probe (TR-ACO1; Figure 47C). Additional genomic
fragments were recognised in the lane digested with Hind III, but these can be explained by
the presence of a Hind III restriction site in the 3'-UTR of the TR-ACO1 sequence (see
Figure 43). By contrast, the 3'-UTR TR-ACO2 probe hybridised to single genomic
fragments in each lane of the Southern blot (Figure 47B). These fragments were a subset

of those recognised by its cognate coding-frame region, TR-ACO2 (Figure 47D).

The multiple bands recognised by the 3'-UTR of TR-ACO1 were not an artifact caused by

incomplete digestion. This was shown when the 3'-UTR of TR-ACOI1 also recognised the
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same (multiple band) hybridisation pattern on a stripped blot that the 3'-UTR of TR-ACO2

had previously identified single bands on (and so the DNA was considered completely

digested).
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Figure 46. Specificity of TR-ACO1 and TR-ACO2 3'-UTRs in blotting analysis.

Non specific hybridisation was removed by washing at high stringency (0.1 X SSPE, 0.1% (w/v)
SDS at 65 °C).
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Figure 47. Genomic Southern blot analysis of ACC oxidase genes. A comparison
of hybridisation patterns obtained with coding frame regions and 3'-UTRs of TR-
ACO1 and TR-ACO2.

A. Membrane probed with [a-32P]-dATP labelled 3'-UTR of TR-ACO1.

B. Membrane probed with [a-szP]-dATP labelled 3'-UTR of TR-ACO2.

C. Membrane probed with [a—32P]-dCTP labelled coding frame region of TR-ACO1 (from
Figure 34).

D. Membrane probed with [a-32P]-dCTP labelled coding frame region of TR-ACO2 (from
Figure 34)

Membranes were washed at high stringency (0.1 X SSPE, 0.1 % SDS at 65 °C ) to

remove non-specific binding. Lane 1. DNA digested with EcoR1, Lane 2, DNA digested

with Hind Ill, Lane 3. DNA digested with Xbal. Molecular weight markers are indicated.
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The 3'-UTRs of TR-ACO1 and 2 were found to be more divergent in sequence than their
corresponding coding-frame regions. These regions therefore, when used as probes, were
more likely to be gene specific. This appeared to be confirmed in Southern analysis by the
hybridisation of the 3'-UTR of TR-ACO2 to a subset of the fragments recognised by its
cognate coding frame region. This may mean that there are two closely related but distinct

TR-ACO?2 genes in the genome.

Of further interest then, is whether the 3'-UTR of TR-ACO2 will still hybridise to two
RNA transcripts on the northern blot as did its cognate coding frame region. The next
section reexamines the gene expression of both TR-ACO1 and TR-ACO2 during leaf

maturation and senescence using the 3'-UTRs as probes.

3.10.4 Changes in gene expression of ACC oxidase during leaf maturation
and senescence using the 3'-UTRs of TR-ACO1 and TR-ACO2 as probes

Northern analysis was performed on PolyA” RNA isolated from leaves 4 to 16 and probed
with either [0-**P]-dCTP labelled 3'-UTR of TR-ACO1 or TR-ACO2.

The 3'-UTR of TR-ACOI hybridised to a single RNA transcript of the same size (ca. 1.35
Kb) as recognised by its cognate coding frame region (Figure 48B). The levels of this
transcript were comparatively high in mature green leaves (leaves 4 to 8), but declined as

the leaves became chlorotic (leaves 9 to 16) being virtually undetectable at leaves 11 to 16.

The 3'-UTR of TR-ACO2 hybridised to a single RNA transcript of ca. 1.35 Kb (Figure
48B), in contrast to the two RNA transcripts (ca. 1.35 and ca. 1.17 Kb) recognised by its
cognate coding frame region (see Figure 38). The levels of the transcript were
comparatively low in mature green leaves (leaves 4 to 8), but increased in chlorotic leaves
(leaves 10 to 16). This pattern of expression is the same as that recognised by its cognate
coding region. The transcript accumulation patterns of TR-ACO1 and TR-ACO2 were not
caused by unequal loading of the RNA into the gel as staining the RNA in the gel with
ethidium bromide indicated that equal quantities of Poly A* RNA had been fractionated in
each lane (Figure 48C)..
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Figure 48. Chlorophyll analysis and northern analysis of ACC oxidase gene
expression during leaf maturation and senescence using the 3'-UTRs of TR-ACO1
and TR-ACO2 as probes.

A. Concentration of chlorophyll in leaves used for northern analysis.
Error bars = £ 1 sem for 2 internal replicates.

B. RNA isolated from leaves 4 to 16 and hybridised to either the [a-SZP]-dCTP labelled
3’-UTR of TR-ACO1 or 2 (as labelled). Membranes were washed at high stringency.
(0.1 X SSPE, 0.1 % (w/v) SDS at 65 °C ). Sizes of the transcripts are indicated to
the right of the blots in Kb.

C. RNA gel used for northern analysis stained with ethidium bromide.
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The steady state levels of the TR-ACOI1 transcript were consistent with ACC oxidase
activity in vitro which was high in leaves 4 to 10 and then declined to be lowest by leaf 16.
However, expression of TR-ACO2 which is abundant in chlorotic tissue did not coincide
with measurable ACC oxidase activity. Since ACC oxidase activity in vitro (see Figure
56B) was measured from the same powdered tissue as used for the northern analysis with
the 3'-UTRs (Figure 48), it appears that the isoenzyme encoded by TR-ACO2 does not
contribute to measured activity in vitro of ACC oxidase in the chlorotic tissue. The ACC
oxidase coded for by TR-ACO2 does contain all the residues hitherto considered as
important for activity (see Figure 29). It may be, therefore, that the method being used to
determine ACC oxidase activity in vitro does not measure activity of the enzyme encoded

by TR-ACO?2, because the isoenzyme requires different extraction and/ or assay conditions.

The next section investigates whether the isoenzyme of ACC oxidase from chlorotic tissue
has different extraction and assay requirements to the isoenzyme of the mature green leaf
tissue, and whether this may explain the lower activity of ACC oxidase in vitro detected in

the chlorotic leaf tissue.

3.11 Extraction and assay requirements for ACC oxidase activity
in vitro of mature green and senescent leaf material

Eleven different extraction regimes that had been compared previously for the ability to
extract ACC oxidase from mature green tissue (see Figure 24) were now compared for
their ability to extract ACC oxidase from chlorotic tissue (Figure 49). The highest
recovery of ACC oxidase activity in the chlorotic leaf material was achieved with the same
extraction buffer used to recover the highest amount of enzyme from the mature green
tissue (0.1 M Tris-HC], pH 7.5/ 10 % (v/v) glycerol/ 2 mM DTT/ 30 mM ascorbate). The
buffer that was least effective (ca. 4.5-fold less) for recovery of activity from chlorotic
tissue was again the Tris/ glycerol buffer with no added components. The extract made
from chlorotic tissue was always browner in colour than the extract made from mature

green leaf tissue. Browning of extracts is often a characteristic of polyphenolic production

(Loomis, 1974).
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Figure 49. A comparison of extraction requirements of mature green and
senescent leaves for recovery of ACC oxidase activity in vitro.

A. Effect of extraction regime on recovery of ACC oxidase from mature green leaves.
Error bars = + 1 sem for 3 intemal replicates of 4 independent experiments.

B. Effect of extraction regime on recovery of ACC oxidase from senescent leaves.
The experiment was performed once in triplicate.

The concentrations of the reagents used are: 0.1 M Tris-HCI, pH 7.5, 10 % (w/v)

glycerol, 2 mM DTT, 2 % (w/v) PVPP, 30 mM sodium ascorbate, 20 uM iron sulphate,

30 mM sodium bicarbonate, 0.1 % (v/v) Trtion X-100.
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These compounds such as flavanoids and tannins can inhibit enzyme activity by H-bonding
with peptide bond oxygens, or by covalent modification of amino acid residues, such as
thiol groups, hydroxyls and primary amines (Gegenheimer, 1990). Inclusion of phenol
adsorbants such as insoluble PVPP in the extraction media can aid recovery of active
enzyme (Loomis, 1974; Gegenheimer, 1990). However, inclusion of PVPP did not

increase recovery of ACC oxidase from chlorotic leaf tissue.

To determine whether the lower enzyme activity measured in the chlorotic tissue (leaves 10
to 16, see Figure 26) was due to the conditions of the assay being more optimal for activity
of the enzyme from mature green tissue, pH, cosubstrate and cofactor concentrations were
altered and the effect on activity of enzyme extracts from both tissues was compared
(Figure 50 and 51). The lower activity of the chlorotic extract was not because it required
a different pH for optimal activity, as ACC oxidase activity in vitro from chlorotic tissue
had the same pH optima (7.5) as that of the mature green tissue (Figure 50). The lower
activity of the chlorotic extracts also was not due to the enzyme in these extracts requiring
different concentrations of cosubstrates and cofactors compared with the mature green
extracts, because the effect of altering their concentration on activity was similar for
extracts of both tissues (Figure 51). Activity from both tissue extracts showed a rather
broad optima for bicarbonate (10 to 50 mM), ascorbate (30 to 90 mM), and iron (40 to 80
uM).

An earlier result (Figure 19) had suggested that the enzyme in the chlorotic extract was
more unstable than the enzyme in the mature green extract when the extracts were kept at
0°C (ice) for 3 h before assay. The greater instability of the enzyme of the chlorotic
extracts was now confirmed in another experiment (Figure 52) where it was found that the
enzyme activity in the chlorotic extract kept on ice for three and six hours before assay
decreased by 12.5 % and 24 % respectively, while over the same time period the enzyme
activity in the mature green extract did not change. The loss of activity with storage
suggests that loss of enzyme activity may be influenced by the time the tissue is extracted
for. However, there was only a very small decline in extractable activity from chlorotic
tissue after one hour compared to the amount extracted after 15 min (the time over-which
most activity could be extracted for (Figure 53)). Since leaf tissue had routinely been
extracted for 45 min in the previous assays, any decline in activity due to time of extraction
would not be enough to explain the difference in activity in vitro of the chlorotic and

mature green tissue extracts.
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Figure 50. Effect of assay buffer pH on ACC oxidase activity measured in vitro.

A. ACC oxidase extracted from mature green leaves and assayed under different pH
conditions.

B. ACC oxidase extracted from senescent leaves and assayed under different pH
conditions.

(--m-) 50 mM MOPS buffer, pH 6.5to 7.5; (—®—) 50 mM Tris-HCI buffer, pH 7.5 to 8.5.

Error bars are + 1 sem for 3 intemnal replicates of 2 independent experiments.
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Figure 51. Cofactor and cosubstrate requirements for ACC oxidase extracted
from mature green and chlorotic leaves.

A. Effect of varying sodium bicarbonate concentration.

B. Effect of varying sodium ascorbate concentration.

C. Effect of varying iron sulphate concentration.

(—®@--) Mature green leaves; (--B--) Senescent leaves.

Where indicated the error bars are + 1 sem for 3 internal replicates of 3 independent
experiments.
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Figure 52. Activity of ACC oxidase after incubation on ice.

Leaf tissue extracts were incubated on ice for up to 6 h before subsequent assay of
ACC oxidase activity. (--®--) Mature green leaves; (—B--) Senescent leaves.
Error bars are + 1 sem for 3 internal replicates of a single experiment.
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Figure 53. Effect of extraction time on recovery of ACC oxidase.

Mature green and chlorotic leaves were extracted for 10 to 60 min and activity
measured.

A. ACC oxidase activity expressed on a per unit fresh weight basis.

B. ACC oxidase activity expressed on a per unit protein basis.

(--®@—) Mature green leaves; (--B--) Senescent leaves.

Error bars where indicated are + 1 sem from 2 independent experiments.
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This study has so far shown that the activity of ACC oxidase in vitro declines as the leaf
tissue becomes chlorotic, and that the pattern of activity correlates well with TR-ACOI1,
but not TR-ACO2 gene expression. Attempts to explain the comparatively low ACC
oxidase activity in vitro of the chlorotic leaf extract, by finding factors in the extraction and
assay that were not optimal for activity of chlorotic tissue, but were for mature green, were
unsuccessful. The enzyme in the chlorotic tissue extract had the same extraction and assay
requirements as the enzyme in the mature green tissue extract. Apparently, increased TR-
ACO2 gene expression does not result in increased measurable activity in vitro of ACC
oxidase in the chlorotic tissue. Further aspects of the extraction and assay could be studied
to provide a reason for the lower activity of the chlorotic extract, including testing for
inhibitory compounds in the chlorotic tissue, and purifying the putative isoenzymes from
each tissue and measuring activity. However, an alternative approach (which may be
independent of extractable activity) is to measure the pattern of protein accumulation of
ACC oxidase during leaf maturation and senescence using antibodies. Western analysis is a
well established method for determining changes in protein accumulation. It has been used
to study the changes in ACC oxidase protein accumulation in tomato leaves after wounding
where a strong correlation between increased transcript (ACO1) and increased protein

accumulation and activity in vitro of ACC oxidase was found (Barry, et al,, 1996).

The next section describes the production of polyclonal antibodies to the translated
products of TR-ACOI and TR-ACO2 expressed in E. coli and the results obtained from

using these antibodies to examine accumulation of ACC oxidase protein during leaf

maturation and senescence.

3.12 Protein accumulation of ACC oxidase during leaf maturation
and senescence

The pPROEX ™-1 protein expression system was used to produce the translated products
of TR-ACOI1 and TR-ACO2 (see section 2.2.10.1). This involved ligating the sequences
into the pPROEX vector, transforming the vector into a suitable bacterial host and inducing
the host to translate the sequences. The translated proteins (that are fused to a sequence of
six histidine residues) were then purified (using the His-tag) by metal-chelate affinity
chromatography, and used as antigens for inoculation into rabbits (TR-ACO1) or rats (TR-

ACQO2), after which antibodies were collected and used in western analysis for
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identification and quantification of ACC oxidase protein accumulation during leaf

maturation and senescence.

3.12.1 Directional cloning of TR-ACO1 and TR-ACO2 into the pPROEX
vector

3.12.1.1 Preparation of cDNA inserts of TR-ACO1 and TR-ACO2 by
attachment of restriction sites to their 5' and 3' ends

The coding frame regions of TR-ACO1 and TR-ACO2 were prepared for directional in-
frame cloning into the multiple cloning site of pPROEX by using PCR to attach restriction
sites to the ends of these sequences. The forward primer (ACOFE, see Figure 11)
contained an EcoR]1 restriction site at its 5'-end, whilst the reverse primer (ACORH, see
Figure 11) contained a Hind III site. Column-purified plasmids containing TR-ACO1 and
TR-ACO2 sequences were used as the template for amplification. After amplification the
fragments of the expected size were gel- and column-purified, and the ends digested with

EcoR1 and Hind I1l in preparation for ligation.

3.12.1.2 Preparation of pPROEX vector for ligation by digestion with EcoR1
and Hind Il restriction enzymes

Prior to ligation, the pPROEX vector was column-purified and the plasmid then cut in its
multiple cloning site (see Figure 5) with EcoR1 and Hind III restriction enzymes to provide
complementary ends for in-frame insertion of the similarly cut TR-ACO1 and TR-ACO2
sequences. After ligation of the TR-ACOI and TR-ACO2 sequences into pPROEX, the
recombinant pPROEX vectors were transformed into E. coli strain DH 5¢, and the presence

of the insert of appropriate size (ca. 840 bp) confirmed by restriction digestion (data not

shown)

The bacteria were then induced to translate the TR-ACO1 and TR-ACO2 sequences by
incubation with IPTG. Initial attempts to induce expression of TR-ACO1 and TR-ACO2
His-tagged fusion proteins in DH So. were not successful as determined by the absence of
an induced protein of the expected size (ca. 38 kDa) in the crude bacterial protein extracts
(data not shown). Therefore, the recombinant pPROEX vectors (containing TR-ACO1 and
TR-ACO?2 sequences) were subsequently transferred into two new strains of E. coli, TB-1
and BL-21, as other fusion proteins have been shown to be stable in these genetic
backgrounds (Daniel Jeffares, Institute of Molecular BioSciences, Massey University, NZ,

pers. comm.). No fusion proteins were detected in strain BL-21 after induction (data not
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shown), but the E. coli strain TB-1 could be induced to produce fusion proteins of ca. 38
kDa (TR-ACOI; Figure 54A, lanes 3 to 5) and ca. 39 kDa (TR-ACO2; Figure 54B, lanes 1
and 3). These are approximately the sizes predicted from translation of the coding frames
of TR-ACOI1 (35 474 kDa) and TR-ACO2 (36 250 kDa) with the associated polylinker of
pPROEX (3 386 kDa); i.e. TR-ACOI1 (38 860 kDa) and TR-ACO2 (39 636 kDa).

3.12.2 Purification of TR-ACO1 and TR-ACO2 His-tagged fusion proteins in
preparation for animal inoculations

After confirmation that the strain TB-1 could be induced to produce TR-ACO1 and TR-
ACO?2 His-tagged fusion proteins of the expected size, the procedure was scaled up and

the induced proteins were purified from the crude bacterial extract by metal chelate affinity

chromatography.

The elution profile obtained from the affinity column for the TR-ACO2 fusion protein is
shown in Figure 55A. The column fractions containing the fusion protein were identified
by SDS-PAGE. The TR-ACO2 fusion protein eluted mainly in column fractions 3 to 7
(Figure 55A, lanes 3 to 7; data for TR-ACO1 not shown) and these were pooled and the
protein content measured. A total of 1.67 mg of TR-ACO?2 fusion protein was obtained
froma 1 L broth of TB-1 bacteria harboring the TR-ACO2 sequence, and a total of 3.1 mg
of TR-ACO1 protein was obtained from a 2 L broth of TB-1 bacteria harboring the TR-
ACOIl sequence. In addition to the induced band of ca. 37 kDa, a lower band of
approximately 29 kDa was detected by SDS-PAGE. This has been identified previously as

a nickel binding protein common to strains of E. coli (M. T. McManus, pers. comm.).
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Figure 54. Induction of TR-ACO1 and 2 fusion proteins within the genetic
background of E. coli strainTB-1.

A. SDS-PAGE analysis of TR-ACO1 induction.

Lane 1.3 pL BioRad pre-stained markers (molecular weights are indicated).
Lane 2.3 pL of TB-1 protein after induction for O h.

Lane 3.3 pL of TB-1 protein after induction for 1 h.

Lane 4.3 pL of TB-1 protein after induction for 2 h.

Lane 5.3 pL of TB-1 protein after induction for 3 h.

The arrow denotes the position of the induced TR-ACO1 fusion protein.

B. SDS-PAGE analysis of TR-ACO2 induction.

Lane 1.3 pL of TB-1 protein after 3 h induction

Lane 2.3 pL of TB-1 protein after 0 h induction.

Lane 3.3 pL of TB-1 protein after 3 h induction.

Lane 43 pL of TB-1 protein after O h induction.

Lane 5.3 pL BioRad pre-stained markers (molecular weights are indicated).
The arrow denotes the position of the induced TR-ACO2 fusion protein.
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Figure 55. Identification of column fractions that contained the induced TR-ACO2
fusion protein.

A. SDS-PAGE of column fractions containing affinity purified TR-ACO2 fusion protein.
Lane 1.3 pL Biorad pre-stained markers (molecular weights are indicated).
Lane 2 5 pL fraction 1.

Lane 3.5 pL fraction 2., ca. 1 pg TR-ACO2.

Lane 4.5 pL fraction 3., ca. 2.65 pg TR-ACO2.

Lane 5.5 pL fraction 4., ca. 2.05 ug TR-ACO2.

Lane 6.5 pL fraction 5., ca. 1.71 pg TR-ACO2.

Lane 7.5 pL fraction 6., ca. 1 ug TR-ACO2.

Lane8.5 pL fraction 7.

B. Size comparison of affinity purified TR-ACO1 and 2 proteins.

Lane1.3 pL Biorad pre-stained markers. (molecular weights are indicated).
Lane 2.3 pL pooled TR-ACO2 protein, (ca. 1 ug ).

Lane 3.3 pL pooled TR-ACO1 protein, (ca. 1.47 ug).
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3.12.3 Confirmation that the fusion protein is the translation product of TR-
ACO1

Amino acid sequencing of trypsin digested fragments of the TR-ACOIl fusion protein
identified a sequence of seven amino acids (H-T-D-A-G-G-I) that could be found within
the deduced translated sequence of TR-ACOI1 (see Figure 28), which confirmed that the
TR-ACOI1 sequence had been translated in-frame in E. coli. The TR-ACO2 protein was
not sequenced, but the size (ca. 38 kDa) was approximately the size expected from the
translation of the TR-ACO2 sequence (sequence analysis showed that had it not been
inserted in-frame, stop codons would have produced severely truncated proteins). Further,
polyclonal antibodies eventually made to the TR-ACO?2 fusion protein cross reacted with

the TR-ACOI fusion protein (Mr Sang Dong Yoo, Institute of Molecular BioSciences,

Massey University, NZ, pers. comm.).

3.12.4 Polyclonal antibody production to TR-ACO1 and TR-ACO2 His-
tagged fusion proteins

It was predicted that the polyclonal antibodies raised against the TR-ACO1 and TR-ACO2
fusion proteins would cross-react due to the high similarity of their deduced amino acid
sequences (see Figure 31). However, it was hoped that they may recognise their target
proteins with more avidity (and hence produce a higher detection signal). To increase the
likelihood of this, antibodies were raised in different immune systems, rabbits for TR-
ACOl, and rats for TR-ACO2, as the immune systems of these animals might be more
responsive to a different set of antigenic determinants. The His-tag was not removed prior
to injection of the proteins into either of the animals as it has been shown previously to be a

poor antigenic determinant (M. T. McManus pers. comm.)

Western analysis (section 2.2.10) was then performed on the same tissue previously used in
northern analysis with the 3'-UTRs of TR-ACO1 and TR-ACO?2 as probes (see Figure 48).
Prior to western analysis, changes in chlorophyll concentration, protein concentration, and

ACC oxidase activity was also measured.

3.12.5 Changes in chlorophyll concentration, protein concentration and
ACC oxidase activity during leaf maturation and senescence

The concentration of protein in the leaves started to decline in leaf 10 which was the leaf
where chlorophyll levels had clearly begun to decrease (Figure 56A). ACC oxidase activity

in vitro was greatest in leaves 4 to 10 (mature green) and also declined around the onset of
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chlorosis (leaf 11; Figure 56B). Again the decline was greater when expressed on a per

gram fresh weight basis (ca. 7-fold) compared to per milligram protein (ca. 3-fold).

3.12.6 ACC oxidase protein accumulation during leaf maturation and
senescence

Changes in accumulation of ACC oxidase protein during leaf maturation and senescence
were examined by western analysis (section 2.2.10). One hundred microgram aliquots of
protein extracted from leaves 4 to 16 were fractionated in an 8-15 % gradient SDS-PAGE
gel, transferred to a PVDF membrane and the putative ACC oxidase protein detected with

polyclonal antibodies raised either to the fusion proteins of TR-ACO1 or TR-ACO2.

The antibodies raised against the TR-ACO] fusion protein recognised a protein of ca. 36.4
kDa (as determined by gradient SDS-PAGE) (Figures S6B and 57) which is in the range
reported for ACC oxidases of other organisms (36 to 41 kDa). The pattern of protein
accumulation detected by the TR-ACOI antibodies is seen most clearly using image
analysis to quantify signal intensity (Figure 57C). The protein was highest in leaves 4 to 10
(before the onset of chlorosis at leaf 11) and then declined as the leaves became chlorotic
(refer Figure 56A). This broadly matched both the transcript accumulation of TR-ACO1
(see Figure 48B) and the detectable ACC oxidase activity in vitro for the same leaf tissue

(Figure 57A).

Antibodies raised against the TR-ACO2 fusion protein did not recognise a protein in leaves
4 to 16 that had a pattern of accumulation consistent with TR-ACO2 transcript
accumnulation. The antibodies did recognise a protein in the leaf extracts that had both the
same size (ca. 36.4 kDa) and pattern of accumnulation, as that recognised by the TR-ACO1
raised antibodies. However, a longer time was necessary in order to detect the protein by
the GARAP (goat-anti-rat-alkaline phosphatase) reaction. = Taken together, these
observations suggest that the antibodies raised against the TR-ACO1 and TR-ACO2 fusion
proteins recognise the same protein in the plant extracts, particularly since it has been

shown also that each antibody is able to recognise the fusion protein from both genes.
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Figure 56. Chlorophyll concentration, protein concentration and ACC oxidase
activity of mature and senescent leaves.

A. (—@--) Chlorophyll concentrations.
(--M--) Protein concentration.
B. (—®--) ACC oxidase activity in vitro expressed on a per unit fresh weight basis.
(-—-m--) ACC oxidase activity in vitro expressed on a per unit protein basis.
Where indicated the error bars are + 1 sem for 3 internal replicates.
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Figure 57. Changes in activity and protein accumulation of ACC oxidase during
leaf maturation and senescence.

A
B.

ACC oxidase activity in vitro of the leaf extracts used for western analysis.
Immunodetection of ACC oxidase with antibodies raised against TR-ACO1 and 2 His-
tagged fusion proteins.

Quantitation of the levels of ACC oxidase detected by the polyclonal antibodies using
image analysis.
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Figure 58. Calculation of the molecular weight of ACC oxidase protein.
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The distance that the protein (recognised by the polyclonal antibodies raised against the
TR-ACOf1 protein) traveled was compared to the distance traveled by the molecular
weight markers (Pharmacia). The graph was plotted with SlideWrite™ and the linear
model of the programme together with the Function Evaluator used to estimate the size

of the ACC oxidase protein.

The arrow denotes both the distance the ACC oxidase protein migrated in the gel and
the estimation of its molecular weight.
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Hitherto, this study has not been able to show, either by protein accumulation using
antibodies or ACC oxidase activity in vitro, a pattern that matches with TR-ACO2
transcript accumulation in chlorotic tissues. Both accumulation of ACC oxidase protein
and changes in ACC oxidase activity during leaf maturation and senescence (as judged by

chlorosis) can be correlated only with the expression of the TR-ACO1 transcript.

More information on the influence of TR-ACO2 gene expression on ACC oxidase protein
accumulation and activity may be gained by inducing and studying this gene transcript in
non-chlorotic tissue. In tomato, a senescence (chlorotic) -associated ACC oxidase
isoenzyme in leaf tissue was the isoform induced by mechanical wounding of mature green
leaf tissue, and increased transcript accumulation was correlated both with increased
protein accurnulation and ACC oxidase activity in vitro (Barry et al., 1996). Therefore, it
may be possible to increase preferentially the expression of the senescence-associated
isoform (TR-ACO2) in mature green tissue of white clover by mechanically wounding the
tissue. Protein accumulation and activity of ACC oxidase may then be measured away
from factors in the chlorotic tissue that may be interfering with the measurement of protein

accumulation and activity of ACC oxidase.

The next section examines the effect of wounding (attached and detached) tissue on

ethylene evolution, levels of transcript, and protein, and activity of ACC oxidase.

3.13 Exogenous control of ACC oxidase expression in leaf tissue

of white clover

3.13.1 Ethylene evolution of detached wounded leaves

Mature green leaves that were detached, wounded (section 2.1.5) and incubated in the dark
evolved ca. 1 nL g’ FW h' ethylene for up to 1 h after wounding. The rate of ethylene
production then increased to peak at 7 nL g' FW h, 1.5 to 2 h after the initial wounding

stimulus and then declined to be close to initial levels by 5.5 to 6 h (Figure 59A).

3.13.2 Changes in ACC oxidase gene expression in detached wounded
leaves

Changes in TR-ACO1 and TR-ACO2 gene expression were examined over a six hour time

period. Total RNA was isolated from leaves at 0, 0.5, 1, 2, 3, and 6 h after wounding, and
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probed with [0-**P]-dCTP labelled 3'-UTRs of TR-ACO1 and 2. Non hybridised label was
removed by washing the blots at high stringency (0.1 X SSPE, 0.1 %SDS at 65 °C).

The 3'-UTR of TR-ACOI hybridised faintly to a single RNA transcript (Figure 59B). The
levels of this transcript remained similar up to 3 h after wounding, but by 6 h the transcript
was no longer detectable. The 3-UTR of TR-ACO2 also hybridised to a single RNA
transcript (Figure 59C). No hybridisation could be detected before 2 h, but from 2 to 6 h
the transcript accumulated greatly. Ethidium bromide staining of the RNA gels used for
northern analysis confirmed that the increase in transcript accumulation of TR-ACO2 was

not a result of the unequal loading of RNA (Figure 59D).

3.13.3 Changes in ACC oxidase activity in detached wounded leaves

ACC oxidase activity measured in vitro did not increase in the detached wounded leaves
despite the large increase in the accumulation of the TR-ACO2 transcript (Figure 59A).
There was a transient increase in enzyme activity 0.5 h after wounding (from ca. 32 to 47
nL mg' prot. h™'), but this occurred prior to the increase in the levels of the TR-ACO2
transcript. ACC oxidase activity was lowest when transcript levels of TR-ACO2 were
highest (i.e. at 6 h after wounding). Activity at this time point appeared to correlate more

closely with TR-ACOI gene expression which was no longer detectable at this time.

3.13.4 Changes in ACC oxidase protein accumulation in detached wounded
leaves

Changes in the accumulation of ACC oxidase protein were examined by immunodetection

with antibodies raised to TR-ACO1 or TR-ACO?2 fusion proteins.

The antibodies raised against the TR-ACOI fusion protein recognised a protein on the
western blots of ca. 36 kDa (Figure 59E). The levels of this protein remained similar
throughout the 6 h time period. Similarly, the antibodies raised against the TR-ACO2
fusion protein recognised a protein of ca. 36 kDa (Figure 59F), but the recognition in
contrast to TR-ACOI, was comparatively weak (as determined by the time required for
detection by the GARAP reaction). The levels of this protein, like that recognised by the
TR-ACOI antibodies, also did not change significantly over the 6 h time period. The lack
of change in levels of the 36.4 kDa protein over the 6 h time period was not an artifact
caused by unequal protein loadings in the lanes as judged by the equivalence in staining of a

duplicate protein gel (Figure 59G). It appears then, that the antibodies raised against the
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TR-ACO?2 protein are recognising the TR-ACOI protein, and that there is little evidence
that increased gene expression of TR-ACO?2 either in chlorotic or wounded mature green

extracts leads to either increased protein accumulation or activity of ACC oxidase.
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Figure 59. Effect of wounding detached mature green leaves on ethylene
evolution, ACC oxidase activity in vitro, TR-ACO1 and TR-ACO2 gene transcripts
and ACC oxidase protein accumulation

A. (--H--) Ethylene evolution.
(--®--) ACC oxidase activity in vitro of detached wounded mature green leaves.

B. Transcript accumulation of TR-ACO1 in detached wounded mature green leaves.
The size of the transcript is indicated.

C. Transcript accumulation of TR-ACO2 in detached wounded mature green leaves.
The size of the transcript is indicated.

D. Visualisation of RNA on northern gel by ethidium bromide staining. Gels for TR-
ACO1 and TR-ACO2 are as indicated.

E. Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised
against the TR-ACO1 protein.

F. Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised
against the TR-ACO2 protein.

G. Duplicate protein gel stained with CBB.
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3.13.5 Changes in ethylene evolution in non-wounded detached leaves

To act as a control, a set of detached non-wounded mature green leaves were subjected to
the same analysis (Figure 60A). Unlike the wounded leaves, there was no peak in the rate
of ethylene production after 1.5 to 2 h, but instead the rate of ethylene production
increased gradually over 6 h time period to be highest at 6 h. However, the levels of
ethylene evolution at this time were still not higher than the basal levels of ethylene
production in the wounded leaves observed at 0.5 and 1 h after wounding (see Figure

S59A).

3.13.6 Changes in ACC oxidase gene expression in non-wounded detached
leaves

The pattern of gene expression in the non-wounded detached leaves was the same as that
observed for the wounded leaves over the 6 h period (Figures S9B and C). The 3-UTR of
TR-ACO1 hybridised faintly to a single RNA transcript whose expression remained similar
up to 3 h after leaf detachment, but by 6 h the transcript was no longer detectable (Figure
60B). The 3'-UTR of TR-ACO?2 also hybridised to a single RNA transcript. Similar to the
wounded leaves, no hybridisation of this transcript could be detected up to 2 h after
detachment, but after 2 h there was a huge-fold increase in the levels of the transcript
(Figure 60C). Again, ethidium bromide staining of the RNA gels used for northern analysis
confirmed that the increase in transcript accumulation of TR-ACO2 was not a result of the

unequal loading of RNA (Figure 60D).

3.13.7 Changes in ACC oxidase activity in non-wounded detached leaves

ACC oxidase activity in the detached non-wounded leaves remained around 32 nL mg’
prot. h”' throughout the 6 h, except at 2.5 to 3 h where it increased transiently to 43 nL
mg' prot. h' (Figure 60A). However, by 6 h the activity had declined again, and therefore,

did not correlate with the induction of the TR-ACO2 gene transcript.

3.13.8 Changes in ACC oxidase protein accumulation in non-wounded
detached leaves

The antibodies raised against TR-ACOI1 recognised a protein in non-wounded leaves
similar to that recognised in wounded, and again the accumulation of this protein did not
change significantly over 6 h time period (Figure 60F). Similarly, the antibodies raised

against TR-ACO2 recognised a protein in non-wounded detached leaves similar to that



182 Results

Figure 60. Effect of detachment of mature green leaves on ethylene evolution, ACC
oxidase activity in vitro, TR-ACO1 and TR-ACO2 gene transcripts and ACC oxidase
protein accumulation

A. (--E--) Ethylene evolution.
(--®--) ACC oxidase activity in vitro of detached mature green leaves.

B. Transcript accumulation of TR-ACO1 in detached mature green leaves.
The size of the transcript is indicated.

C. Transcript accumulation of TR-ACO2 in detached mature green leaves.
The size of the transcript is indicated.

D. Visualisation of RNA on northern gel by ethidium bromide staining. Gels for TR-
ACO1 and TR-ACO2 are as indicated .

E. Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised
against the TR-ACO1 protein.

F. Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised
against the TR-ACO2 protein.

G. Duplicate protein gel stained with CBB.
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recognised in wounded (Figure 60E). The levels again remained similar over the 6 h time
period and did not correlate, therefore, with the induction of TR-ACO2 expression. The

equivalence of protein loading was again confirmed with a duplicate protein gel (Figure

60G).

Taken together, the results from both detached wounded and detached non-wounded
leaves suggest that the levels of the senescent-associated gene transcript, TR-ACO2, can be
elevated in mature green leaves 2 h after leaf detachment. By contrast, the level of the TR-
ACOI transcript 1s not elevated in mature green leaves after detachment. However, no
increase in protein accumulation or activity of ACC oxidase could be correlated with the

increase in TR-ACO2 gene expression, despite the increase now being observed in mature

green tissue (not chlorotic).

One of the findings of the above experiment was that the act of leaf detachment appeared
to be sufficient to induce gene expression of the TR-ACO2 transcript, and that the
induction may be independent of ethylene. To provide further evidence that the wounding
stimulus acts independent of ethylene, the experiment was repeated, but with the inclusion

of an ethylene adsorbing compound, Purafil.

3.13.9 The effect of an ethylene adsorbing compound on TR-ACO2 gene
expression and ACC oxidase activity in detached mature green leaves.

The ability of Purafil to delay an ethylene-mediated process (chlorophyll loss) in leaves of
white clover, genotype 10F, has been documented (Butcher, 1997). Therefore, it might be
expected that Purafil could delay the wound-induced induction of TR-ACO2 gene

expression if the induction is mediated by ethylene.

To examine this, the previous experiment was repeated except Purafil was included in two

of the three treatments to adsorb ethylene.

1. Detached non-wounded leaves incubated in presence of Purafil.
2. Detached wounded leaves incubated in presence of Purafil.

3. Detached wounded leaves.

3.13.10 The effectiveness of Purafil in removing ethylene from around
leaves

Inclusion of Purafil in the containers was completely effective in preventing the wound-

induced 4.5-fold increase in ethylene production (from 1.9 to 9.2 nL g FW h') (Figure
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61). However, it was not able to completely remove all traces of ethylene from around the
tissue. A steady basal level of ethylene (1.8 nL g’ FW h') was observed for both non-

wounded and wounded leaves incubated with Purafil over the 6 h time period.

In this experiment, unlike the previous one, leaves that were used for analysis of gene
expression, and activity of ACC oxidase were not the leaves that were used for the
measurement of ethylene evolution. Instead they were a duplicate set of leaves treated in
parallel, except, as an added measure to minimise accumulation of ethylene, the leaves were

never sealed in the containers.

3.13.11 The effect inclusion of Purafil had on TR-ACO2 gene expression in
leaves

Inclusion of Purafil in the containers did not delay the increase in TR-ACO2 gene
expression, despite being effective in preventing the peak in ethylene production in the air
surrounding the leaves (Figure 62A). The TR-ACO2 gene transcript accumulated after 1.5
to 2 h in all three treatments, i.e. whether Purafil was present or not. Ethidium bromide
staining of the RNA suggests that the loading was not completely equal in all lanes of this
particular northern blot (Figure 62B). However, on closer inspection of the loadings, it is

clear that both the increase in gene expression and the timing of the increase is not due to

unequal loading.

3.13.12 The effect of Purafil on ACC oxidase activity in leaves

Wounded leaves incubated with Purafil, had consistently lower ACC oxidase activity (ca.
22 nL mg" prot h") than either non-wounded leaves kept in containers with Purafil (ca. 50
nL mg" prot h") or wounded leaves (ca. 50 nL mg"' prot h') over the 6 h time period
following wounding. (Figure 62C). However, there was no increase in activity in the

leaves treated with Purafil concomitant with the induction of the TR-ACO?2 transcript.
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Figure 61. Ethylene evolution of detached wounded and non-wounded mature
green leaves in the presence or absence of Purafil.

(--@--) Detached non-wounded leaves incubated in the presence of Purafil.
(--A--)Detached wounded leaves incubated in the presence of Purafil.
(--M--) Detached wounded leaves.
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Figure 62. TR-ACO2 gene transcript accumulation and ACC oxidase activity in
vitro in detached wounded and non-wounded mature green leaves incubated with
or without Purafil.

A. Transcript accumulation of TR-ACO2. The size of the transcript is indicated to the
right of the figure.

B. RNA stained by ethidium bromide.

C. ACC oxidase activity in vitro in the same tissue used for the northern analysis.

(--®@--) Wounded leaves incubated with Purafil.

(--M--) Wounded leaves incubated without Purafil.

(--4--) Detached non-wounded leaves incubated with Purafil.
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The inability of Purafil to delay the increase in the TR-ACO2 gene transcript in detached
mature green leaves suggests that the increase of this gene transcript may be independent of
ethylene. However, Purafil was not able to remove completely all the ethylene from around
the leaves. Furthermore, these experiments were performed on detached leaves incubated
in the dark, and it has been shown with leaves from other species that these conditions (a
common way of inducing chlorosis) can alter the pattern of gene expression of that
observed in planta (Becker and Apel, 1993). Therefore, the next experiments were
performed on mature green leaves still attached to the stolon and focus on the control of
transcript expression under physiological conditions rather than the induction (by any
means) of expression of TR-ACO2 in mature green leaves. In addition, Purafil was
replaced by the ethylene action inhibitor 1-MCP to more closely investigate the effect of
wound-induced ethylene production. Recently, I-MCP has been used in melon leaves to
show that the wound induced increase in ACOI1 expression is independent of ethylene
(Bouquin et al., 1997), and so this compound was used to test further that wounding

increases TR-ACO2 gene expression independently of ethylene.

3.13.13 Changes in TR-ACO1 and TR-ACO2 gene expression in attached
wounded and non-wounded mature green leaves

The four treatments used in this experiment were:

1. Non-wound

2. Wound

3. 1-MCP (1 ppm) pretreatment for 30 min non-wound
4. 1-MCP (1 ppm) pretreatment for 30 min wound.

The concentration and time of exposure of the leaves to 1-MCP was based on the study of
Bouquin et al., (1997) who showed an exposure of 0.1 to 1 ppm for 10 min was sufficient
to affect gene expression of CM-ACOL1 in leaves of melon. The plants were kept under
continuous illumination throughout the 24 h period. Leaves were harvested at 1, 2, 3, 6,

and 24 h after the tissue in the wounding treatment were wounded.

Total RNA was isolated from leaves of all four treatments from all four time points and
analysed by northern analysis. Duplicate blots were probed with either [at-*?P)-dATP
labelled 3'-UTR of TR-ACO1 (Figure 63) or the 3-UTR of TR-ACO2 (Figure 64) and the
blots washed at high stringency (0.1 X SSPE, 0.1 %SDS at 65 °C).
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The 3'-UTR of TR-ACO1 hybridised to an RNA transcript in non-wounded leaves that
changed in abundance over the 24 hour time period suggesting a circadian type control of
its expression (Figure 63). For instance, at 2:30 pm (afternoon) abundance of the TR-
ACOI1 transcript was comparatively high, by 3:30 pm (mid afternoon) the levels had
decreased but were still comparatively high, at 4:30 pm (late afternoon) and 7:30 pm

(night) the levels were low and by 24 h (1:30 next day; early afternoon) the level of the

transcript had again become elevated.

Wounding the leaves changed the above pattern of gene expression of the TR-ACO1
transcript (Figure 63). As in the non-wounded leaves, gene expression of TR-ACO1 was
highest initially. However, unlike the non-wounded leaves, the levels of the TR-ACO1

transcript continued to decline to be lowest 24 h after wounding.

Pre-treating non-wounded leaves with 1-MCP for 30 min prevented the putative circadian
control of TR-ACO1 (Figure 63). The pattern of expression of TR-ACO1 in 1-MCP
treated leaves was similar to that in wounded leaves, in that expression again declined to be

lowest by 24 h.

TR-ACOI expression in the wounded leaves pre-treated with 1-MCP was similar to the
expression in non-wounded leaves pre-treated with MCP. However, the levels of the
transcript remained higher for a longer period of time (up to 3 h after wounding compared

with 2 h) before the levels declined to be very low by 24 h.

Ethidium bromide staining of the RNA indicated that equivalent amounts of RNA were
loaded into each lane for each treatment used in the above northern studies (Figure 63).
This suggests that the observed changes in TR-ACO1 gene expression in these treatments

were not simply a result of unequal loadings of the RNA.

The senescence-associated gene transcript, TR-ACO2, was virtually undetectable in non-
wounded mature green leaves over the 24 h time period which is what was predicted
(Figure 64). Unlike expression of TR-ACO1, TR-ACO2 gene expression did not appear to

be under circadian-type regulation.

Wounding induced gene expression of TR-ACO2 in attached leaves (Figure 64) with
induction of TR-ACO2 gene expression being clearly evident in leaves 3 h after wounding.
The level of the transcript then remained high throughout the remaining 24 h time period.
This confirmed that dark incubation and leaf detachment were not necessary for induction

of TR-ACO2, but could not rule out an involvement of wound-induced ethylene.
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It was predicted that if wounding leaves induced TR-ACO2 expression independently of
ethylene, then TR-ACO?2 levels should be elevated in the presence of the ethylene action
inhibitor, 1-MCP, and this is what was observed (Figure 64). Gene expression of TR-
ACO2 was first detected at 2 h, was maximal at 6 h, and then declined to be virtually
undetectable by 24 h.

However, pretreatment of leaves with 1-MCP in the absence of wounding also elevated
expression of TR-ACO2 (Figure 64). Gene expression of TR-ACO2 was first detected at 2
h, was maximal at 3 h, and declined by 24 h to a level approximately that observed at 2 h.
The finding that 1-MCP can itself, in the absence of wounding, elevate TR-ACO2 gene
expression in leaves, means it still cannot be concluded whether wounding can induce TR-

ACO?2 gene expression independently of ethylene.

Ethidium bromide staining of the RNA used for analysis with the 3-UTR of TR-ACO2
indicated that some of the lanes contained different quantities of RNA (Figure 64).
However, the differences in loadings were concluded to be too small to explain the

differences observed in the expression of TR-ACO2.

Finding that TR-ACO1 gene expression, but not TR-ACO2 gene expression, was under a
circadian-type regulation, provided a further opportunity to examine whether the declining
activity observed in the chlorotic extracts was due to the assay predominantly measuring

the decline in the activity of the TR-ACO1 enzyme.
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Figure 63. The effect of wounding attached leaves either with or without a 30 min
pretreatment with 1-MCP on transcript expression of TR-ACO1.

Northern blots were probed with [a-32P]-dATP labelled 3'-UTR of TR-ACO1. To the right
of the northern blots are the corresponding RNA gels used for the blotting, stained with
ethidium bromide to give an indication of the equivalence of loading of each lane.

As the time 0 point was the same for both wounded and non wounded only a single time
0 point was examined for the non 1-MCP treated plants and a single time 0 point for the
1-MCP treated plants.

NW =non wound.

W =wound.

W+ MCP =wound, 1-MCP pretreatment.
NW + MCP =non wound,1-MCP pretreatment.
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Figure 64. The effect of wounding attached leaves either with or without a 30 min
pretreatment with 1-MCP on transcript expression of TR-ACO2.

Northern blots were probed with [a-32P]-dATP labelled 3’-UTR of TR-ACO1. To the right
of the northern blots are the corresponding RNA gels used for the blotting, stained with
ethidium bromide to give an indication of the equivalence of loading of each lane.

As the time 0 point was the same for both wounded and non wounded only a single time
0 point was examined for the non 1-MCP treated plants and a single time 0 point for the
1-MCP treated plants.

NW =non wound.

w =wound.

W + MCP  =wound, 1-MCP pretreatment.
NW + MCP =non wound,1-MCP pretreatment.
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3.13.14 Changes in ACC oxidase activity in vitro in mature and senescing
leaves over a 24 h time period

ACC oxidase activity was measured in mature green, onset of senescence, and senescent
leaves harvested over a 24 h time period. ACC oxidase did appear to vary over the 24 h
time period (Figure 65). Activity was highest at 11:30 am (light stage) and lowest at 9:00
pm (dark stage) in tissue extracts from all three developmental stages examined. This
broadly matched transcript accumulation of the TR-ACO1 which was highest at 2:30 pm
and lowest at 7:30 pm (Figure 63). This may suggest that since the chlorotic extract was
showing a circadian-type rhythm in its ACC oxidase activity, it may be that it is the activity
of the TR-ACOl-encoded enzyme in this extract which is predominantly being measured.
However, the ACC oxidase activity in vitro did not in the tissue examined return at 24 h to
the level of activity first observed at O h. Therefore, although there is tentative evidence for
the activity being measured being under a circadian-type regulation, this phenomenon will

need more detailed study before it can be concluded unequivocally.
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Figure 65. ACC oxidase activity measured in vitro in mature green, onset of
senescence and senescent leaf tissue over a 24 h time period.

(—®—) Mature green leaf tissue.
(--m--) Onset of senescence leaf tissue.
(--A--)Senescent leaf tissue.

Error bars = + 1 sem for 3 internal replicates of single experiment.
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4. DISCUSSION

This thesis has extended the study of Butcher (1997) who first provided evidence for
increased activity of the ACC-mediated ethylene biosynthetic pathway being the cause of

the senescence-associated increase in ethylene production of leaf tissue in white clover.

In both the current study, and that of Butcher (1997), ethylene evolution was lowest in
mature green leaves but increased as the leaves became progressively more chlorotic
(Figure 15). This has been reported previously for leaves of other plants, whether the
leaves have been detached and induced to senesce off the plant (for example, in oat,
Gepstein and Thimann, 1981; pinto bean, tobacco and sugar beet leaves, Aharoni et al.,
1979), or have senesced naturally on the plant (tobacco, Alejar et al., (1988) and cotton,
Morgan et al., (1992)). Leaf senescence, however, is not always characterised by elevated
ethylene production. In Phaseolus vulgaris, ethylene evolution is highest (2 nL g' FW h™")
during leaf expansion, then declines by 75 % as the tissue matures and remains constant at
ca. 0.4 nL g" FW h’ during senescence (yellowing) (Roberts and Osborne, 1981). In
white clover, the rapid increase in ethylene production occurs in leaf tissue after chlorophyll
levels have begun to decline and coincides with the period of most rapid chlorophyll loss
(Figure 15). This is consistent with observations made with pinto bean, sugarbeet, tobacco

(Aharoni et al., 1979) and oat (Gepstein and Thimann, 1981) leaf tissue.

The quantities of ethylene evolved from attached leaf tissue of white clover during leaf
maturation and senescence are slightly lower than that reported for leaves of other plants.
In mature green leaves of white clover, ethylene evolution is between 0.25 and 0.3 nL g’
FW h™', which is lower than the levels of ethylene evolved from oat (ca. 0.5 to 1 nL g"' FW
h' Gepstein and Thimman, 1981) and tobacco leaf discs (1 nL g'l FW h'; Aharoni et al.,
1979), and detached leaves of tomato (ca. 0.5 nL g' FW h™', John er al., 1995). During
leaf chlorosis in white clover, ethylene production increased ca. 8-fold to be 2 nL g' FW h"'
at leaf 16, while in oat, tobacco and tomato the levels increased 4-fold, 3-fold and 3-fold to
4,3,and 1.8 nL g' FW h'' respectively. The senescence-associated ethylene climacteric of
leaves can be compared with that of flowers and fruits. In leaves, both the absolute levels
and the fold increase in ethylene evolution during senescence are much lower than observed
for senescing carnation flowers (1000-fold increase to 100 nL g' FW h™', Bufler, et al.,

1980) and ripening avocado fruit (115 nL g-1 fw h™', Hoffman and Yang, 1980).
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Increased activity of the ACC-mediated ethylene biosynthetic pathway is considered to be
primarily the cause of ethylene evolution of senescing leaves. Evidence for this originally

came from experiments where:

1. Exogenous application of ACC to senescing (yellow) leaves was converted to ethylene

(Osborne, 1991).

2. Exogenous application of ACC to leaves promoted the onset of leaf chlorosis in oat,
while inhibitors of the pathway (AVG and Co®*) delayed it (Gepstein and Thimann,
1981).

3. Downregulation of ACC oxidase, using antisense technology, severely reduced ethylene
production in the senescent leaves of tomato (< 0.087 nL g’ FW h™ at the advanced
stage of senescence) compared to non-transformed tomato leaf tissue (1.8 nL g FW hr

. John er al., 1995).

The increase in levels of endogenous ACC during leaf senescence of white clover (in both
this study and that of Butcher (1997)) is further evidence for a role of the ACC-mediated
pathway in senescence-associated ethylene production (Figure 16). An increase in levels of
endogenous ACC in ageing tissue (associated with the ethylene climacteric) has previously
only been reported for ripening fruit (for example, avocado, Hoffrman and Yang, 1980) and

senescing flowers (for example, carnation, Hanley et al., 1989).

Although this study has confirmed that levels of endogenous ACC in leaves (as measured
by the method of Lizada and Yang, 1979) increase during senescence, and that the increase
precedes (or is coincident with) the increase in ethylene evolution, it also suggests that the
Lizada and Yang method may be overestimating the senescence-associated increase in
levels of endogenous ACC in this tissue. The method of Lizada and Yang relies on the
chemical-based oxidation of ACC in a tissue extract to ethylene which is then measured
with a gas chromatograph. However, if the crude extract of chlorotic leaves is partitioned
by paper chromatography prior to chemical oxidation, it is found that substances at Ry 0.32
and Ry 0.49 are produced in leaf tissue during senescence that can be oxidised to ethylene
(Figure 18). By comparison, authentic ACC (dissolved in water) in this system was found
to have a relative mobility of 0.59, and only a very small amount of ethylene was produced
at this region by the chlorotic extract. The substance(s) in the chlorotic leaf extracts are
not considered to be a conjugated form of ACC as hydrolysis with 6 N HCl is necessary for
release of ACC from conjugated forms prior to assay (Lizada and Yang, 1979). The
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extraction of authentic ACC with the chlorotic leaf tissue resulted in a similar amount of
ethylene produced by the substance at R 0.32, but an increase in the substance at Ry 0.49.
This suggests that the compound at R 0.49 is ACC, and that its mobility in the
chromatograph is hindered by association with endogenous compounds in the chlorotic leaf
extract. It is possible that the substance(s) at R¢ 0.32 could be an unsaturated fatty acid
such as linolenic acid (18:3) as linolenic acid is known to increase during leaf senescence
(Olsson, 1995), and linolenic acid can be oxidised in chemical systems to give rise to

ethylene (Lieberrnan and Mapson, 1964).

Extracts of wounded mature green leaves were also analysed by paper chromatography in
this study (Figure 18). This was carried out for two reasons. Firstly, it would indicate
whether wounding elevates ACC levels in the leaf tissue, consistent with the effect of
wounding on other tissue (for example, pericarp discs of both tomato and winter squash
fruit, Hyodo, 1991). Secondly, any increased levels of endogenous ACC could then be
used as an alternative indicator as to where endogenous ACC in the leaf extracts was
resolving to on the chromatogram. Extracts of the wounded leaves produced increased
levels of ethylene at two regions of the chromatogram. One region, at R¢ 0.55, was very
close to where authentic ACC (dissolved in water) resolved to. It was therefore concluded
that wounding did elevate levels of ACC in mature green leaves of white clover, and that
endogenous components in these leaf extracts retarded movement of ACC to a lesser
extent than those in the chlorotic extracts. The second region of the chromatogram that
produced ethylene was again at Rf 0.32. This was the same region that produced most of
the ethylene in the chlorotic extracts and which was considered not to be ACC. This is
interesting, as a substance(s) that is produced in increased amounts in senescent extracts
also forms in detached mature green leaf tissue incubated in the dark. Detachment and
dark incubation are accepted ways of inducing senescence (Gepstein and Thirnann, 1981;
Gan and Amasino, 1997). Furthermore, breakdown of phospholipids which leads to
increases in free fatty acids has been reported to occur early during tissue senescence, for
example, during petal senescence of P. hybrida (Borochov et al, 1997). Therefore, as
suggested for the chlorotic extract, the substance at R¢ 0.32 in the mature green extract

may be a fatty acid such as linolenate.

The Lizada and Yang method has still been used as the sole measure of ACC in some
recent studies (for example, Banga et al, 1996). However, the results with senescing leaf

tissue of white clover suggests a need to use more powerful analytical tools to examine the
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authenticity of ACC production in senescing tissue. ACC analysis by preparative HPLC
combined with GC-MS has been described for roots of sunflower seedlings (Finlayson et
al., 1996) and hypocotyls of wounded Norway spruce (Ingemarsson and Bollmark, 1997).
A less expensive, but equally high resolution alternative to GC-MS has been described by
Hall ez al., (1993). This technique replaces the GC-MS procedure with a GC containing a

nitrogen/ phosphorus detector.

Nevertheless, the chromatography approach broadly confirmed the Lizada and Yang assay
which showed a positive correlation between endogenous ACC content and ethylene
evolution during leaf senescence of white clover. This suggests that the ACC-mediated
ethylene biosynthetic pathway is functional in chlorotic tissue. A more complete
understanding of the role of this pathway in controlling ethylene production can be
achieved by studying the regulation of ACC synthase and ACC oxidase. This thesis
focused on gene expression, protein accumulation and activity of the second of these

enzymes, ACC oxidase, during leaf maturation and senescence in white clover.

4.1 Biochemical characterisation of ACC oxidase

ACC oxidase activity in the crude leaf extracts of white clover could only be measured
after passage of the extract through Sephadex G-25 (data not shown). This suggests that
there are low molecular weight inhibitory substance(s) in the leaf extracts, as Sephadex G-
25 is able to remove substances less than 5000 in molecular weight and is commonly used
for desalting purposes. Obligate removal of putative low molecular weight inhibitors has
also been reported for flavedo tissue of mandarin fruit (Dupille and Zacarias, 1996), but not
for extracts from melon fruit (Ververidis and John, 1991), roots and leaves of sunflower
and corn seedlings (Finlayson et al., 1997), internodes of deepwater rice (Mekhedov and
Kende, 1996), apple fruit cortical tissue (Fernandez-Maculet and Yang, 1992; Mizutani et
al., 1995), embryonic axes of chick pea seeds (Munoz De Rueda et al., 1995), or senescing
camation petals (Nienhuis-De Vries et al., 1994). The nature of these inhibitory
substances in white clover was not studied. However, there are chemicals and compounds
found in some plant tissues that are known to inhibit ACC oxidase activity. These include
cobalt (Ververidis and John, 1991) and tropalones (an iron chelator, Mr 117) (Mizutani et
al., 1998). The presence of an iron chelator could be tested for by examining whether the

presence of higher amounts of iron in the assay enabled measurement of activity.
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ACC oxidase has a pH optimum of 7.5 in a Tris-based assay (Figure 22). This optimum is
similar to that of apple (pH 7.2 to 7.8, Kuai and Dilley), melon (pH 7.5, Smith ez al.,
1992), avocado (pH 7.5 to 8.0, McGarvey and Christofferson 1992) and mandarin fruit
(pH 7.5, Dupille and Zacarias, 1996). ACC oxidase of white clover has broad cofactor
range (iron (20 to 80 mM) and bicarbonate (10 to 50 mM)) and cosubstrate requirements
(ascorbate (30 to 150 mM)) (Figure 51) which is similar to the enzymes in banana (Moya-
Leon and John, 1995); and cherimoya fruit (Escribano et al., 1996), and also the enzyme in
carnation petals (Nijenhuis-De Vries et al., 1994).

The reaction catalysed by ACC oxidase assayed in vitro from mature green leaves was
linear up to 20 min and then declined with a half-life of 22.5 min (Figure 19). This is very
similar to the recombinant pTOM13 ACC oxidase protein expressed in E. coli and assayed
in vitro (linear for 20 min, and activity then declining with a half life of 14 min, Smith ez al.,
1994). Other studies have reported that ACC oxidase becomes non-linear after as little as
S min for the enzyme in carnation petals (Nijenhuis-De Vries et al., 1994) to as long as 50

min for the enzyme in pear fruit (Vioque and Castellano, 1998).

The non-linearity of the reaction is in part due to the interaction of the chemicals in the
reaction mix, and can be independent of activity. For instance, in aerobic conditions, 0.1
mM Fe?* has been shown to oxidise all the thiol groups of 2 mM DTT by 30 min at 30°C
(Perry et al., 1988). This in turn can compromise the ability of DTT to protect the cysteine
sulphydryl groups of ACC oxidase from oxidation. The importance of maintaining the
cysteine sulphydryl group(s) of ACC oxidase in the reduced form is evident by the finding
that sulphydryl reagents such as trinitrobenzene sulphonate at a concentration of 1 mM or 5
mM inhibit the activity of ACC oxidase in mandarin fruit peel by 64 % (Dupille and
Zacarias, 1996) and in melon fruit by 99.3 % (Smith ez al., 1992). There are three
completely conserved cysteine residues in all ACC oxidases hitherto sequenced (including
TR-ACOI and TR-ACO?2; Figures 27 and 28). Kadyrzhanova et al., (1997) have proposed
that the cysteine at position 28 (CZS) is the residue that must be retained in a reduced form,
although this remains to be conclusively proven. Of the other two, C'®® has been altered by
site directed mutagenesis to alanine and shown not to be essential for activity, and C'** is

considered to be part of a putative leucine zipper.

A second mechanism by which the reagents of the reaction mix may interact is through the

interaction of Fe**, ascorbate and O, which is known as Udenfreind’s reagent (Udenfreind
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et al., 1954, cited in Barlow et al., 1997). Udenfreind’s reagent leads to the formation of
H,0,, which in turn has been shown directly to inhibit activity of a recombinant pTOMI13
ACC oxidase (Smith et al., 1994). The target of H,O, modification is thought to be thiol
groups (Omkumar and Ramasarma, 1993), and in this regard DTT has been shown to be
nearly as effective as catalase at preventing inactivation of the recombinant pTOM13 ACC

oxidase (Smith et al., 1994).

Although shaking is necessary for obtaining maximal enzyme activity, activity of ACC
oxidase was inhibited by vortexing (Figure 20). It may be that vortexing increases the rate
of oxidation or surface denaturation of ACC oxidase as vortexing can be detrimental to
enzyme activity (Deutscher, 1990). Furthermore, ACC oxidase appears to undergo partial
unfolding of the catalytically active conformation with time (Barlow et al., 1997) and

vortexing may hasten this process.

In terms of extraction requirements, the inclusion of DTT (2 mM) and ascorbate (30 mM)
in the Tris-glycerol extraction buffer of Ververidis and John (1991) increased the recovery
of ACC oxidase activity 4-fold in vitro (Figure 24). Increased recovery with ascorbate has
also been documented for the cortical tissue of apple (Fernandez-Maculet and Yang, 1992;
Kuai and Dilley, 1992) and flavedo tissue of mandarin fruit (Dupille and Zacarias, 1996),
but not for the mesocarp of cherimoya fruit (Escribano et al., 1996). Escribano et al,
(1996) found during partial purification of ACC oxidase from cherimoya fruit that activity
in vitro was enhanced by inclusion of DTT and soluble PVP, but not ascorbate or Triton
X-100. DTT has also been shown to increase recovery of ACC oxidase activity from

flavedo tissue of mandarin fruit by 36 % (Dupille and Zacarias, 1996).

4.2 Molecular characterisation of ACC oxidase

RT-PCR with degenerate primers made to conserved domains among ACC oxidase
sequences was successful in amplifying sequences that show high homology to ACC
oxidases in the GenBank database. Amplified sequences were initially considered to be
from the same gene if similarity in their sequences was greater than 94 %. On this basis,
two distinct groups of sequences were identified, designated as TR-ACO1 and TR-ACO?2
(Figures 27 and 28). These sequences showed 84 % homology in their nucleotide and 87
% identity in their amino acid sequences. In some studies, similarities in amino acid
sequences have been used to indicate evolutionary relationships. For instance, ACC

synthases that have IAA-inducible regulatory elements from different plants species appear
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to be more similar in sequence than they are to other members of their own gene families.
Because of this, it has been proposed that the IAA-inducible regulatory sequence co-
evolved with a particular ACC synthase isoenzyme (Liang et al., 1993). In this study, it
was of interest to see whether TR-ACO2 was more closely related to other senescence-
associated ACC oxidases than it was to TR-ACOIl. If so, it may suggest that these
isoenzymes have arisen from a common (senescence-associated) ancestor and/ or that the
conditions associated with senescing tissue may select for an isoenzyme with particular
sequence constraints. This was examined by aligning TR-ACOI and TR-ACO2 sequences
with randomly selected ACC oxidases and other 2-ODDs in the GenBank and determining
their phylogenetic relationship using a tree building programme (Figure 32). The
phylogenetic tree clearly clustered TR-ACOl and TR-ACO2 within the ACC oxidase
grouping, and also showed that TR-ACO2 had closer homology to the mature-green-
associated TR-ACOI than to the senescence-associated ACC oxidase of tomato (LE-

ACOl, Barry et al., 1996) and melon (CM-ACO1, Lassere et al., 1997).

Both TR-ACOI1 and TR-ACO2 sequences appear to encode functional enzymes, as their
deduced amino acid sequences contain all the residues hitherto shown to be important
(within the regions of TR-ACOI and 2) for maximal activity of the enzyme (Zhang et al.,
1997, Charng et al., 1997). More complete proof, however, will await either measurement
of activity after heterologous expression of the complete cDNA sequences, or alternatively,

after purification of the individual isoenzymes corresponding to each gene.

RT-PCR with degenerate primers made to conserved domains of ACC oxidase genes
together with cloning and sequencing, was effective at identifying two members of the
ACC oxidase gene family. However, all members of the gene family may not be readily
identified by this method. Firstly, identification of gene sequences may be a function of the
abundance of the transcript in tissue. That is, if the transcript is present in only low
amounts in tissue it may not be readily amplified, and will therefore be cloned to a lesser
extent. Consequently, the discovery of such gene transcripts may only be achieved by
screening large numbers of clones. Secondly, interpretation error may be a factor. For
instance, in this study as a starting point, cDNA sequences displaying greater than 94 %
homology were considered to be encoded by the same gene. However, individual members
of a gene family can display very high homology. For example, in tomato, LE-ACOI and 3
show 94 % similarity in their nucleotide sequence (Barry et al., 1996), which in this study

would have been high enough initially, for them to have been considered to be encoded by
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the same gene. Genomic Southern analysis has been used in other studies to indicate the
number of members of particular gene families (Lasserre et al., 1996). In this study,
Southern analysis with the coding regions of TR-ACO1 and TR-ACO2 was able to confirm
that the sequences were encoded by distinct genes, but it could not confirm that the
sequences were specific to single genes, as multiple genomic fragments were recognised in

each of the lanes (Figure 34).

The coding frame regions of TR-ACO1 and TR-ACO2 may have recognised multiple

genomic fragments on the Southern blot because of:
1. restriction sites within, as yet unsequenced, regions of each gene

2. the presence of additional genes (or pseudogenes) similar in sequence, or

3. the allele for each gene is polymorphic.

To examine further the cause of the multiple hybridisation patterns, genomic DNA was re-
probed with regions of the TR-ACOIl and TR-ACO2 cDNA sequences that were more

divergent.

A characteristic of ACC oxidases is the sequence divergence at their 3'-UTR (Tang et al.,
1994; Kim and Yang, 1994; Barry et al., 1996). For example, while LE-ACOI1 and 3 of
tomato share 94 % homology in their reading frame, the similarity in their 3'-UTR is only
47 %. Similarly, in P. hybrida, PH-ACO3 and 4 share 91 % similarity in their coding
region but only 50 % at their 3'-UTR.

In this thesis, the 3'-UTRs of both TR-ACO1 and TR-ACO2 were successfully generated
using 3'-RACE (Figures 41 and 42). In common with other ACC oxidases, the 3'-UTRs of
TR-ACOI and 2 were less similar in sequence (61 % homology) than their cognate coding
regions (84 %). While this procedure generated only one 3-UTR of TR-ACOI, it
generated three 3'-UTRs of the TR-ACO2 sequence. Sequencing identified the two shorter
sequences as truncated versions of the longest 3-UTR. Truncated versions of ACC
oxidase 3'-UTRs have also been observed in PH-ACO1 (P. hybrida, Tang et al., 1993);
and OS-ACOl (rice, Mekhedov and Kende, 1996), while the presence of two
polyadenylation signals in the 3'-UTR has been reported for VR-ACO1 (mungbean, Kim
and Yang, 1994). In white clover, two putative polyadenylation sequences (each
containing FUEs and NUEs, Rothnie, 1996) could be identified which may provide a basis
for the three truncated versions of TR-ACO2 found.
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The 3'-UTRs of TR-ACOl and 2 were used as probes to reexamine the multiple

hybridisation patterns obtained with the coding regions in genomic Southern analysis.

The 3'-UTR of TR-ACOIl hybridised to all the genomic fragments recognised by its
cognate coding-frame region (Figure 47). This suggests that all the fragments recognised
by the TR-ACOI1 coding region also contain the 3'-UTR. It appears, therefore, that the
multiple hybridisation pattern being recognised is not due to fragments produced by
digestion within restriction sites of putative introns, because only one fragment (the one
containing the 3'-UTR) would then be recognised. The high similarity in the 3'-UTR of the
fragments do suggest that the fragments represent different alleles of a single gene (TR-
ACO1), rather than very similar but distinct genes. In this regard, it should be noted that
the genome of white clover is allotetraploid. That is, white clover contains two
independently segregating genomes, so that there is potential for up to four polymorphic
alleles for each gene. To confirm that the fragments recognised by the 3-UTR of TR-

ACOI are polymorphic alleles requires segregation analysis using inbred lines of white

clover.

Another possibility was that the TR-ACOIl gene had undergone a gene duplication
event(s). For example, the PH-ACO1 gene of P. hybrida has been reported to have
undergone a gene duplication event to give rise to PH-ACO2 which is a pseudogene (that
is, it is not transcribed). Evidence for PH-ACO2 having resulted from a gene duplication
of PH-ACOI included its close proximity to PH-ACOIl (only 6 Kb downstream), the
finding that it was a pseudogene, and of particular relevance to this study, that it showed
very high sequence homology (93 %) in the 3'-UTR (which is atypical of ACC oxidase
genes). Pseudogenes do occur in white clover. For example, four pseudogenes of alcohol
dehydrogenase have been identified in white clover by screening a white clover genomic
library (Nick Ellison, AgResearch, Palmerston North, NZ pers. comm.). In this thesis, the
genomic Southern analysis using both coding-frame and 3'-UTRs of TR-ACO!1 as probes
could not distinguish between pseudogenes and other gene duplication events, or

polymorphic alleles.

In contrast to the 3'-UTR of TR-ACOI, the 3-UTR of TR-ACO2 hybridised to only a
single genomic fragment in each lane of the Southern blot, and these fragments were a
subset of that recognised by its cognate coding region (Figure 47). This suggested that the

other non-recognised genomic fragments (in the coding region probed Southern), either did
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not contain a 3'-UTR, or had a different 3'-UTR to TR-ACO2. If the fragments did not
contain a 3'-UTR, then the fragments must have been excised away from the 3'-UTR by
digestion within the putative, as yet undefined introns (that is, because the coding frame
region recognised the fragments). This is considered unlikely, as the introns of the TR-
ACO?2 gene would need to have restriction sites for all three enzymes used in the digestion.
The more likely explanation is that the non-recognised genomic fragments contained a 3'-
UTR that is dissimilar to that of TR-ACO2. This suggests that there is an additional ACC
oxidase in the genome of white clover that is similar in coding sequence to TR-ACO2, but
has a divergent 3-UTR. This has been reported for tomato where ACC oxidase gene
transcripts of LE-ACO1 and 3 ACC share 94 % sequence similarity in their coding region,
but only 47 % similarity in the 3'-UTR. The presence of additional genes could be
confirmed by probing the Southern blot with the 5-UTR of TR-ACO2. If the 5-UTR
recognised the same fragments as the 3'-UTR, then the complete coding portion of the gene
must be within the fragment and so the other fragments would then be most likely
representative of additional genes. Alternatively, the coding frame region of TR-ACO2

could be used to screen a genomic library.

In this thesis, further evidence was provided for the existence of an additional, as yet
undefined, TR-ACO2 gene transcript using northern analysis. The coding region of TR-
ACO2 hybridised to two RNA transcripts on the northern blot of ca. 1.17 Kb and 1.35 Kb
(Figure 38). The size difference is similar to that between the largest and smallest version
of the TR-ACO2 3'-UTR (Figure 42) and so, initially it was thought that the 1.17 Kb
transcript was a truncated version of the 1.35 Kb transcript. However, this appears not to
be true, as the largest 3-UTR of TR-ACO?2 did not recognise the 1.17 Kb transcript on the
northern blot (Figure 48). It should have if the 1.17 Kb transcript was a truncated version
of the 1.35 Kb transcript. Therefore, the 1.17 Kb transcript appears to have a distinct 3'-

UTR to the 1.35 Kb transcript, which is consistent with the proposition that they are

transcribed from different genes.

To offer support to this proposal, two distinct isoenzymes of ACC oxidase (SEI and SEII)
have now been purified from chlorotic leaf tissue of white clover (Dr Deming Gong,
Institute of Molecular BioSciences, Massey University, NZ pers. comm). Dr Gong has also
identified a third isoenzyme in the mature green leaf tissue which is distinct from both SEI

and SEII and is proposed to be the protein encoded by TR-ACOL.
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4.3 Gene expression of TR-ACO1 and TR-ACO2 during leaf
maturation and senescence

TR-ACO1 and TR-ACO?2 transcripts were differentially expressed during leaf maturation
and senescence of white clover (Figure 48). Levels of TR-ACOI1 transcript were high in
mature green leaves until the onset of senescence (as judged by chlorosis) at which time
transcript accumulation declined to be lowest in the most senescent leaves examined. By
contrast, gene expression of TR-ACO2 was very low in mature green leaves, but increased
prior to the large decline in chlorophyll and climacteric rise in ethylene production. The
differential expression of TR-ACO1 and TR-ACO2 during leaf senescence is consistent
with what has now been found in tomato (Barry et al, 1996) and melon (Lasserre et al.,
1997). In tomato, LE-ACOl and LE-ACO3 gene transcripts accumulate during leaf
senescence. However, LE-ACO3 only accumulates transiently, at the onset of senescence,
and its levels are much lower than LE-ACOl. By contrast, levels of the LE-ACO1
transcript are high at all stages of senescence examined (onset, mid, and advanced, as
judged by chlorophyll loss). In melon, gene expression of CM-ACO3 was highest in young
leaves and declined to be lowest in the most chlorotic leaves examined (yellow-green
adult), which is very similar to TR-ACO1 gene expression. Whereas, CM-ACO1 was
lowest in young leaves, highest in pale-green adult leaves (representative of the onset of
chlorosis) and slightly lower in yellow-green adult leaves. This pattern of expression more

closely resembles that of TR-ACO2.

This study has extended the gene expression studies in melon and tomato leaf tissue by
combining gene expression analysis during leaf maturation and senescence with data for

both activity and protein accumulation of ACC oxidase.

4.4 Changes in ACC oxidase activity during leaf maturation and
senescence

ACC oxidase activity, in vitro, was highest in mature green leaves and then declined as the
leaves became chlorotic, such that activity was lowest in leaves evolving the highest
amounts of ethylene (Figure 56). This was unexpected, as increased ethylene production
during tissue ageing is typically accompanied with increased ACC oxidase activity in vitro,
for example, in tomato (John et al., 1995; Barry et al., 1996), melon (Ververidis and John,
1991; Guis et al., 1997), and apple fruit (Dong et al., 1992; Reid, 1995), and in senescing

camation flowers (Nijenhuis-De Vries et al., 1994; Woltering and Harren, 1989).
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There are several possible reasons for the decline in activity, including genetic regulation,
characteristics of the isoenzyme, or characteristics of the tissue environment. Each

possibility is discussed below.
1. Genetic regulation.

i.) The decline in ACC oxidase activity in vitro may be due to reduced gene expression of
ACC oxidase during leaf senescence, as studies have shown that ACC oxidase appears to
be regulated at the level of gene transcription during tissue ageing. For example, increased
ACC oxidase gene expression is accompanied with increased ACC oxidase activity in vitro

during ripening of apple fruit (Dong et al, 1992) and senescence of camation petals

(Nijenhuis-De Vries et al., 1994).

The results from the gene expression studies of TR-ACOI and TR-ACO2 show that gene
expression of TR-ACO2 is enhanced during leaf senescence and so it might appear that
activity should therefore be elevated. However, gene expression of TR-ACOIl may be
much higher than gene expression of TR-ACO?2 so that overall levels of activity follow the
pattern of expression of TR-ACOIl. This may be examined further by quantifying the
expression of TR-ACOIl and TR-ACO2 using such techniques as RNase protection assay

(Barry et al., 1996) or quantitative RT-PCR with an internal standard (Scheuermann and
Bauer, 1993).

ii.) The low ACC oxidase activity in senescent extracts may be explained by higher
turnover of the transcript in this tissue. That is, the transcripts are degraded before they
are able to be translated. For instance, the stability of transcripts in plant cells has been
shown to be decreased by the presence of multiple AUUUA motifs (Ohme-Takagi et al.,
1993). A 60 bp sequence containing 11 copies of the AUUUA motif markedly
destabilised a B-glucuronidase reporter transcript compared to another sequence with
identical A+U content (Ohme-Takagi et al, 1993). Three of these motifs have been
found in TR-ACO2 but none in TR-ACO1 which may mean that the transcript of TR-
ACO2 is less stable in the cell (Figure 42). However, it is doubtful whether the stability
of the transcript is the reason for the lower activity. The senescence-associated increase
in ACC oxidase activity in petunia flowers is associated with increased gene expression

of PH-ACOI and this transcript has two AUUUA pentamer motifs (Tang et al., 1994)
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2. Characteristics of the isoenzymes

i.) The declining ACC oxidase activity in the chlorotic extracts may be because the assay
favours measurement of activity in.the mature green extract. This might occur if the
senescence-associated isoenzyme (presumably that encoded by TR-ACO2) has different
assay requirements to that of the mature green associated isoenzyme (presumably that
encoded by TR-ACO1). There is now evidence that different isoforms of ACC oxidase
exist in tissues that have different assay requirements (Finlayson et al., 1997). For
example, ACC oxidase isoform(s) in the roots of corn and sunflower seedlings have
different affinities for carbon dioxide, ascorbate, and a different response to pH than the
isoform(s) in the leaves. However, in this study, the measurable activity in the chlorotic
extracts had the same requirements for sodium bicarbonate, sodium ascorbate, iron

sulphate, and pH as that measured in the mature green extracts (Figure 51).

It may be that increased gene expression of TR-ACO2 does not correlate with activity
because the TR-ACO2-encoded isoenzyme in the chlorotic extract has a lower catalytic
efficiency (K.,/Km) than the isoenzyme in the mature green extract. This may have arisen
because the isoenzyme in senescent leaves (presumably encoded by TR-ACO?2) is exposed
to much higher concentrations of ACC than the enzyme in the mature green leaves, and so
has experienced less evolutionary selective pressure for it to function as efficiently.
Evidence has recently arisen that supports the proposition that the small difference in
deduced amino acid sequence identities between isoenzymes (for example, 13 % for TR-
ACOI and TR-ACO?2), is enough to confer quite distinct kinetic properties. For instance,
the translation products of three ACC oxidase cDNA sequences of tomato have been
characterised after heterologous expression in yeast (Bidonde et al., 1998). It was found
that although LE-ACO3 and LE-ACOI share 94 % identity in their amino acid sequence,
the specific activity (in vitro) of LE-ACO3 is less than 50 % that of LE-ACO1 (65 % if
measured in vivo). To establish whether the TR-ACOIl- and TR-ACO2-encoded
isoenzymes do have different kinetic characteristics will require measurement of their
activity after either heterologous expression in E. coli, or yeast (like for the isoenzymes of

tomato), or after purification of the isoenzymes from leaf tissue.
3. Characteristics of the tissue environment.

i.) The isoenzymes encoded by TR-ACO1 and 2 may be located in different subcellular

locations and therefore require different extraction requirements. For instance, ACC
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oxidases have now been localised by immunolocalisation techniques to both cytosolic, and
apoplastic locations in suspension cultured cells of tomato and in ripening apple fruit
respectively (Reinhardt et al., 1994; Rombaldi ez al., 1994). Unlike the cytosolic enzyme
which can be extracted from tissue in a simple Tris-glycerol buffer (for example, melon
fruit, Ververidis and John, 1991), the apoplastic enzyme requires either PVPP or Triton X-
100 to solubilise it from the cellular debris (for example, apple fruit, Dong et al., 1992;
Kuai and Dilley, 1992; Fernandez-Maculet and Yang, 1992). It is possible that the low
activity observed in vitro is because TR-ACO2 (unlike TR-ACO1) is located in the
apoplast. However, neither Triton X-100 or PVPP, when included in the extraction buffer,

increased recovery of ACC oxidase in the chlorotic extracts (Figure 49).

ii.) The activity of TR-ACO2 may be lower in chlorotic leaves through being inhibited by
activated oxygen species that are produced in greater quantities during senescence. For
instance, in pea and oat, senescing leaves have increased levels of xanthine-oxidoreductase
(which produces superoxide [O,']) and superoxide dismutase (that converts O,to H,0,)
and decreased levels of catalase (Pastori and del Rio, 1994; Longa et al., 1994). This
results in the overproduction of H,O,, which is normally contained within peroxisomes
(Pastori and del Rio, 1994), and which can be damaging to ACC oxidase (Smith ez al.,
1994). Therefore, it may be that if H,O, is over-produced during leaf senescence in white
clover it causes a decline in ACC oxidase activity. However, against this is the
measurement of increased ACC oxidase activity in senescing carnation petals (Nijenhuis-De
Vries et al., 1994) since in common with leaf senescence, petal senescence of carnation is
also characterised by increased levels of superoxides (Mayak et al, 1983) which may be
converted to H,O,. Furthermore, the presence of DTT in the extraction buffer (which can
protect the protein against H,O, damage, Smith er al, 1994) did not increase the
percentage recovery of ACC oxidase activity in the senescent extracts. This might be
expected if it was the damaging effects of H,O, that was the cause of the decline. A more
direct test will be to compare ACC oxidase activity obtained in the senescent tissue after

extraction with and without catalase.

ii.) ACC oxidase activity may have been lower in senescent extracts due to degradation of
the enzyme by the increased levels of proteases in these extracts. Proteases are proposed
to increase during leaf senescence as they are needed for the recycling of leaf nitrogen back
into the main body of the plant. Cysteine proteases have been reported to increase during

leaf senescence of tomato (Drake et al, 1996) and corn (Smart et al., 1995). Cysteine
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proteases are usually contained within vacuoles of cells, and so tissue homogenisation
would release the proteases into the cell-free homogenate where potentially they can
degrade ACC oxidase. However, if proteases are a major reason for the decline in activity,
then performing the extraction over a very short time might be expected to result in much
higher activity. This was not observed (Figure 53). Furthermore, carnation petal
senescence is accompanied by increases in cysteine proteinases (Jones et al., 1995) but

increased activity of ACC oxidase measured in vitro during senescence can be detected

(Nijenhuis-De Vries et al., 1994).

iv.) The lower ACC oxidase activity in the chlorotic extracts may be due to the increased
presence of proteinaceous inhibitors of the enzyme. For instance, the occurrence of
proteinaceous inhibitors in plants that increase in abundance during leaf senescence has

now been documented, such as a 17 kDa invertase inhibitor in tobacco leaves (Greiner et

al., 1998).

Proteinaceous inhibitors of ethylene production have also been reported, for example, in
etiolated mungbean hypocotyls (Sakai and Imaseki, 1973). The presence of the inhibitor
was first indicated by the ability of extracts of mungbean hypocotyls to inhibit ethylene
production in vivo by intact hypocotyls. The inhibitor was subsequently purified and found
to have a molecular weight of 112 kDa (Sakai and Imaseki, 1973). The inhibitor did not
affect ACC synthase activity, but inhibited conversion of exogenously applied ACC to
ethylene (Sakai and Maniwa, 1994). Importantly, the inhibitor has not been shown to
affect ACC oxidase activity in vitro directly. The inhibitor has however been shown to
exert an inhibitory action on various other metabolic processes including RNA, protein and
lipid synthesis (Todaka et al., 1978) and is thought to act through interaction with the cell

membrane.

There are several ways to test whether factors in the senescent extract are the cause of
reduced activity. Firstly, an assay in vivo may provide some information. The successful
conversion of added ACC to ethylene by intact senescent tissue might suggest that
homogenisation and extraction disrupts compartmentalisation and promotes the subsequent
release of damaging substances which cause the loss in activity in vitro. Secondly, and
with regard to the possible presence of proteinaceous inhibitors, the senescent extract (after
column purification through Sephadex G-25 to remove low molecular weight substances)

can be added to the mature green extract to observe whether the decline in activity was
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greater than what would be expected by dilution alone. Thirdly, the enzyme can be

completely purified. This approach should separate the enzyme away from any putative

proteinaceous inhibitors.

These approaches were not pursued in this study. Instead, antibodies were raised to the
translation products of TR-ACOI and 2 expressed in E. coli and used to examine changes
in protein accumulation of ACC oxidase during leaf maturation and senescence. As
measurement of protein accumulation using antibodies can be independent of activity, this
approach could provide information on whether post-transcriptional regulation controls

activity of ACC oxidase during leaf maturation and senescence.

4.5 ACC oxidase protein accumulation during leaf maturation and
senescence

Antibodies raised against the translation products of TR-ACOl and TR-ACO2 both
recognised a protein of ca.36.4 kDa on the western blot (Figure 57), which is similar to the
reported sizes of ACC oxidase from other plants. The sizes reported for ACC oxidase
include 41 kDa by gel filtration for melon (Smith ez al., 1992), 40 kDa by gel filtration or
36 kDa by SDS-PAGE for banana fruit (Moya-Leon and John, 1995), 66 kDa by native
PAGE or 35 kDa by SDS-PAGE for cherimoya fruit (Escribano et al., 1996), and in apple
either 39 kDa by gel filtration (Dupille et al., 1993), 35.3318 kDa by electrospray mass
spectrometry (Pirrung et al., 1993), and 39 kDa by SDS-PAGE (Dong et al., 1992).

The pattern of protein accumulation recognised by both TR-ACOI (raised in rabbits) and
TR-ACO?2 (raised in rats) antibodies was similar during leaf maturation and senescence.
Levels of recognition were highest in mature green leaves (leaves 4 to 10) and declined to
be lowest in the most chlorotic leaves examined (leaf 16). This broadly matched transcript
accumulation of TR-ACOI, and activity (in vitro) of ACC oxidase, but clearly did not

correlate with gene expression of TR-ACO2.

There are several possible explanations as to why western analysis showed ACC oxidase
protein in leaves declining during senescence. It may be because the western analysis was
not quantitative. For instance, the TR-ACOI fusion protein may contain more antigenic
determinants than does the TR-ACO2 fusion protein, so more antibodies bind to this
isoenzyme on the western blot than do to the equivalent amount of TR-ACO2 isoenzyme.

It may be also that the TR-ACO2 protein is unstable in extracts, or that there are post-
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transcriptional control mechanisms which regulate translation of this gene transcript. This
may explain why no differences were obtained in pH, ascorbate, iron and carbon dioxide
requirements, as activity being measured in the chlorotic extract was predominantly the

declining activity of the TR-ACO1 encoded isoenzyme.

To further understand whether the decline in activity and protein of ACC oxidase was due
to the nature of the chlorotic extract, ACC oxidase protein and activity was measured in
mature green leaves after induction of the senescence-associated TR-ACO2 transcript by
wounding. The rationale was based on the finding in tomato, that the senescence-
associated ACC oxidase transcript, LE-ACO1, could be induced by mechanical wounding
in mature green leaves and be correlated with increased protein accumulation and activity

(in vitro) of ACC oxidase (Barry et al., 1996).

4.6 Gene expression, protein accumulation, and activity of ACC
oxidase in wounded mature green leaves

In common with leaves of tomato (Barry et al., 1996) and melon (Bouquin et al., 1997),
wounding preferentially increased gene expression of the senescence-associated transcript
in mature green leaves of white clover (Figure 59). This enabled measurement of protein
accumulation and activity of ACC oxidase away from the chlorotic tissue environment.
However, unlike other plant species studied, the large increase in transcript after wounding
did not result in increased ACC oxidase protein accumulation or activity. This suggests
against factors specific to the chlorotic extracts causing the lower activity in vitro, and is
further evidence for either post-transcriptional / translational control, or conditions in the

assay (that in this study were not found) that are essential for measuring significant

amounts of TR-ACO2 activity.

In the experiment described above, leaf tissue was detached, severely wounded, and
incubated in the dark as the aim was solely to induce TR-ACO2 gene expression, so that
activity and protein accumulation could be measured subsequently. However, on
completion of the experiment other interesting aspects of TR-ACO2 gene regulation had
arisen. For instance, it was found in control leaves that were not wounded, that the act of
leaf detachment was sufficient for the induction of TR-ACO2 gene expression, despite
there being no subsequent wound-induced peak in ethylene production (Figure 60). This
suggested firstly, that increased gene expression was not in itself sufficient for the increased

production of ethylene associated with wounding, and secondly, that the accumulation of
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the gene transcript may be independent of wound-induced ethylene production. Wound-
induced expression of the pVR-ACOI gene transcript in etiolated mung bean hypocotyls
has been previously reported to be mediated through ethylene effects as NBD (an ethylene
action inhibitor) can suppress completely the induction. However, there is now a precedent
for induction of ACC oxidase gene transcripts being independent of ethylene. For example,
the CM-ACOI transcript of melon was shown by RT-PCR to be induced in leaves after
wounding independently of ethylene by using 1-MCP to inhibit ethylene action (Bouquin et
al., 1997). The authors subsequently showed using GUS-promoter fusion studies, that a
separate wound response motif was present in the promoter region of CM-ACOI that was

independent of the ethylene-responsive-element also present.

In white clover, further evidence for induction of TR-ACO2 gene expression being
independent of ethylene was provided by using the ethylene-adsorbing compound, Purafil.
Purafil has been shown to be effective in delaying chlorophyll loss (considered an ethylene-
mediated event) in leaves of white clover (Butcher, 1997). Therefore, incubation of leaves
with Purafil may delay accumulation of the TR-ACO2 gene transcript if TR-ACO2 gene
expression is being mediated by ethylene. It did not, which is consistent with the induction
being independent of ethylene (Figure 62). However, a criticism of using Purafil to delay
ethylene-mediated events is that the ethylene it removes has already passed through tissue
and had the opportunity to interact with ethylene receptors. If detached leaves are to be
used in future studies, then ethylene-action inhibitors such as silver thiosulphate (STS) or

1-MCP need to be used.

However, the discovery that wounding differentially regulates gene expression of TR-
ACOI1 and TR-ACO?2 in detached leaves stimulated further interest on the regulation of
these two transcripts. It was important from a physiological standpoint to confirm gene
regulation of TR-ACOI and 2 in leaves in wounded leaves that remained attached to the
plant because of the potential for the wounding stimulus to be confounded with other
stimuli that result from detachment and dark incubation. The study of Becker and Apel
(1993) on barley leaves is of interest since they have shown that the commonly used
method of reproducibly inducing senescence (as judged by chlorophyll loss) by leaf
detachment and dark incubation increases expression of a number of genes not related to
natural leaf senescence on the plant. Many of these were concluded to be stress-related.
Therefore, it may not have been mechanical wounding per se that caused increased

accumulation of TR-ACO?2 in detached mature green tissue, but water deficit stress which
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accompanies excision, or a response to accelerated ageing that is common to dark

incubation.

TR-ACO1 and TR-ACO?2 gene expression in wounded mature green leaves attached to the
stolon confirmed the expression of TR-ACO1 and TR-ACO2 observed for detached (and
wounded) leaves (Figures 62 and 63). Levels of the TR-ACOI1 gene transcript were
lowered after the leaves were wounded, while levels of the senescence-associated TR-
ACO2 gene transcript were elevated. Therefore, it is apparent that TR-ACOI1 gene
expression is high in conditions where the leaf is not stressed (for example, non-wounded
mature green) while TR-ACO2 gene expression is associated with stressed leaves

(wounded mature green and senescent)

Wounding leaves that remained attached to the stolon showed that water stress and dark
incubation (factors in the detached leaf experiment) were not required for induction of the
TR-ACO2 gene transcript. However, this experiment could not confirm that TR-ACO2
gene induction occurred independently of ethylene. To address this, attached leaves were
pretreated with 1-MCP (an inhibitor of ethylene action) for 30 min, and wounded. It was
predicted that pretreatment of the leaves with 1-MCP would not prevent induction of the
TR-ACO2 gene transcript, and therefore confirm that the induction by wounding was
occurring independently of any ethylene-mediated effect. As predicted, the pretreatment
with 1-MCP did not prevent induction of the TR-ACO2 gene transcript by wounding
(Figure 64). However, the pretreatment of the leaves with 1-MCP (without a wounding
stimulus) was enough to induce expression of the TR-ACO2 gene transcript, which

therefore makes it difficult to conclude whether the induction was independent of ethylene.

The finding that 1-MCP influenced gene expression of both transcripts (TR-ACO1 gene
expression was repressed) in non-wounded leaves, begs the question of how it is acting. In
this study, the mode of action of 1-MCP was more consistent with it being a chemical that
is acting to stress the plant rather than an inhibitor of ethylene action. There are several
reasons for this. The first is that chlorophyll loss was not delayed in leaves exposed to 10
ppm ethylene after pretreatment with 1 ppm 1-MCP for 30 min compared with controls
that were not given an 1-MCP pretreatment (data not shown). Furthermore, the leaves and
petioles of plants pretreated with 300 ppb 1-MCP for 6 h wilted (data not shown) and
wilting is considered to be mediated by ethylene. The following reasons are correlative and

can be confirmed only after treating attached non-stressed leaves with ethylene, and
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examining the effect on TR-ACO1 and TR-ACO2 gene expression. Treatment of non-
wounded leaves with 1-MCP downregulated transcript accumulation of TR-ACO1 which
means that expression should be high at times when ethylene production is high, for

example, during senescence and wounding, and it is not.

It is clear that further work is needed to clarify whether induction of TR-ACO2 by
wounding is independent of ethylene, and this should also involve treating intact plants with

ethylene.

A further result that arose through the study of gene expression in wounded attached leaves
was that TR-ACOI (but not TR-ACO2) gene expression may be under a circadian-type
control (Figure 65). TR-ACOI1 gene expression was highest in the middle of the light
phase (1:30 pm) and lowest in the dark (7:30 pm). This pattern of expression is consistent
with what has been found for ACC oxidase mRNA in S. longipes (Kathiresan et al., 1996).
In S. longipes, ACC oxidase mRNA and activity reaches a maxima in the middle of the
light phase and a minima by the middle of the dark phase, and the oscillations were found
to be dampened under continuous illumination or darkness, indicating entrainment by

phytochrome.

Of further interest was whether the circadian regulation of TR-ACO1 could be used to
confirm that the ACC oxidase activity being measured by the in vitro assay was
predominantly that of the TR-ACOI encoded isoenzyme. If the lower activity measured in
the chlorotic extracts was under circadian type regulation then it could be concluded that
the activity being measured was the declining activity of the TR-ACOI1 enzyme. This is
what broadly was found, although the levels of enzyme activity after 24 h had not returned
to the same levels that had been measured at 0 h as would be predicted. The levels of
enzyme activity instead remained lower. A more detailed analysis, therefore, will be
required in the future to show unequivocally whether such a rhythm of ACC oxidase

activity does exist.

5. SUMMARY

Plants of white clover, genotype 10F, were propagated by the method of Butcher (1996) to
produce individual stolons that contained leaf tissue representative of all stages of
development, from leaf initiation, maturation through to senescence. The pattern of

senescence was highly reproducible between harvests. The onset of chlorophyll loss (the
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measure of senescence in this study) occurred in leaves between nodes nine to eleven.
Comparatively low levels of ethylene were evolved from mature green leaves, whereas a
large increase in ethylene evolution was measured from senescing leaf tissue. The increase
in ethylene evolution occurred after chlorophyll levels had clearly started to decline.
Coincident with the increase in ethylene evolution of the leaves was an increase in ACC,
the enzymatic precursor of ethylene. This strongly implicates increased activity of the

ethylene biosynthetic pathway as the cause of the increased ethylene production.

The regulation of ethylene biosynthesis during leaf maturation and senescence was further
investigated by measuring the changes in ACC oxidase activity. ACC oxidase activity in
vitro decreased as the leaves senesced. The decline in activity was coincident with the
onset of chlorophyll loss and was more pronounced when activity was expressed on a per

unit fresh weight basis (as compared with per unit protein basis).

A review of the literature suggests that this is the first study that has examined changes in
ACC oxidase activity during ageing of leaf tissue. However, enzyme activity has been
measured in other ageing tissues such as ripening fruit (Barry et al., 1996) and senescing
camation petals (Nijenhuis-De Vries et al., 1994). In these tissues, unlike the leaf tissue

used in this study, enzyme activity was found to increase during ageing.

Gene transcripts encoding ACC oxidase were identified and gene expression studies
undertaken in order to further understand the regulation of ACC oxidase activity during
leaf maturation and senescence. The coding regions of putative ACC oxidase gene
transcripts were generated using an RT-PCR approach. The sequences could be grouped
(based on homology) into two distinct classes, designated TR-ACO1 and TR-ACO2. TR-
ACOI and TR-ACO2 showed 84 % similarity in nucleotide sequence and 87 % similarity in
amino acid sequence. The TR-ACO1 and TR-ACO2 sequences were validated as encoding

ACC oxidase by comparison with other ACC oxidases in the GenBank database.

Southern analysis using TR-ACO1 and TR-ACO2 sequences as probes indicated that both
were encoded by distinct genes. However, the multiple genomic fragments recognised in

each lane by each probe indicated that there may also be additional closely related genes.

Changes in gene expression of TR-ACO1 and TR-ACO2 during leaf maturation and
senescence were examined using northern analysis. TR-ACO1 hybridised to a single RNA
transcript of ca. 1.35 Kb on the northern blot that was highly expressed in mature green

leaves, but declined in the leaves as they senesced. The pattern of TR-ACO1 gene
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expression closely followed ACC oxidase activity measured in vitro. By contrast, TR-
ACO?2 hybridised to two RNA transcripts of ca. 1.17 Kb and 1.35 Kb on the northern blot.
Expression of the 1.17 Kb and 1.35 Kb transcripts was low in mature green leaves, but
increased prior to the onset of senescence to be highest in the senescent leaves. Therefore,
the enhanced gene expression of the TR-ACO2 transcript did not correlate with the

declining activity of ACC oxidase activity as measured in vitro.

The hybridisation of TR-ACO1 and TR-ACO2 to multiple genomic fragments on the
Southern blot, together with the finding that TR-ACO2 also hybridised to two RNA
transcripts on the northern blot, suggested that both TR-ACOI and TR-ACO2 may not be
specific for single genes. That is, they may be hybridising either to closely related, but
distinct TR-ACOI-like genes or closely related but distinct TR-ACO2-like genes. Previous
studies have shown that the 3'-UTR of ACC oxidase transcripts is the region that shows
greatest sequence divergence. Therefore, the 3'-UTR of both TR-ACO1 and TR-ACO2
were generated and used to confirm the hybridisation patterns previously observed in the

Southern and northemn analyses.

The 3-UTR of TR-ACOI hybridised to all the genomic fragments recognised by its
cognate coding frame. This suggests that all these fragments must contain a 3'-UTR.
Since a characteristic of ACC oxidase gene transcripts is divergence in the 3'-UTR, the
finding that they must contain, at the very least, similar 3'-UTRs suggests that the
fragments are not representative of different genes, but are more likely to be either a result
of gene duplication or due to the existence of polymorphic alleles (of which there can be up

to four as white clover is allotetraploid - i.e. it contains two independently segregating

genomes).

The 3'-UTR of TR-ACO2, in contrast to TR-ACOI1, hybridised to only a subset of the
fragments recognised by its cognate coding frame on the Southern blot. This suggests that
the other genomic fragments do not contain the 3'-UTR. This may have arisen if there
were sites for all three restriction enzymes in putative introns, or (and what is considered
most likely) if the other genomic fragments contained a different 3'-UTR to that of TR-
ACO2. This gene would therefore have a very similar coding region to TR-ACO?2, but
divergent 3'-UTR and thus be considered a distinct gene as opposed to a polymorphic allele

of the same gene. The hybridisation of the 3'-UTR of TR-ACO2 to only the 1.35 Kb
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transcript and not the 1.17 Kb transcript on the northern blot is further evidence for the

existence of a second, as yet undefined, TR-ACO2-like gene sequence in the genome.

The cause of the apparent anomaly between high TR-ACO2 gene expression and low
enzyme activity in vitro in the chlorotic extracts was further examined. Alteration of both
the extraction and assay conditions used for measurement of enzyme activity in vitro did
not provide evidence for activity in the mature green extract being preferentially measured
compared with activity in the senescent extract (and so therefore could not explain the
decline in activity). Analysis using antibodies was then undertaken to examine further the
regulation of ACC oxidase during leaf maturation and senescence. This approach can be
independent of activity as a functional enzyme is not required for recognition using
antibodies. The antibodies raised against the translation products of TR-ACO1 and TR-
ACO2 both recognised a protein of 36.4 kDa (the size expected from a consensus of
published ACC oxidase sizes). The pattern of accumulation matched gene expression of
TR-ACO1 and ACC oxidase activity in vitro. This suggests that either the TR-ACO2

protein is not being expressed, is rapidly turned over, or that the western analysis is not

quantitative.

The lower enzyme activity in the chlorotic extracts may have been due to the greater
instability of the enzyme in these extracts. Therefore, it was of interest to elevate gene
expression of TR-ACO2 (the senescence-associated transcript) in mature green leaves (i.e.
away from the chlorotic tissue environment) and observe whether ACC oxidase activity
could then be correlated with levels of the TR-ACO2 transcript. Elevation of the TR-
ACO?2 transcript in mature green leaves was accomplished by incubating wounded
detached leaf tissue in the dark. However, elevated gene expression of TR-ACO2 did not
result in either increased accumulation of the 36.4 kDa protein or increased ACC oxidase
activity in vitro. This again suggests that the protein encoded by the TR-ACO2 gene is
either under some form of post-transcriptional regulation, is rapidly turned over, or is

induced and active, but cannot be measured using both an activity assay and antibodies.

The above experiment raised the possibility that the wound-induced induction of TR-ACO2
was being mediated independently of ethylene. This was because the act of detachment
followed by dark incubation (which did not significantly elevate ethylene production) was

sufficient to elevate TR-ACO2 gene expression.



Summary 218

To examine further the cause of TR-ACO2 induction, leaves were detached and either
wounded or not, and incubated in the presence of the ethylene adsorbing compound,
Purafil. Purafil has previously been shown to be effective in delaying chlorophyll loss (an
ethylene-mediated event) in leaf tissue of white clover (Butcher, 1997), and so Purafil may
be expected to delay the increase in TR-ACO2 induction if the induction is mediated solely
through ethylene. It did not, and was therefore consistent with the induction being
independent of ethylene action. A criticism, however, of using Purafil is that the compound
can only remove ethylene after it has passed through the tissue, and the ethylene therefore
will have had the opportunity to interact with its receptor. Thus, it was considered

appropriate to confirm the results obtained with Purafil using an inhibitor of ethylene

action, (1-MCP).

Leaves were now wounded while still attached to the plant as the aim was also to examine
gene expression under more physiological-type conditions. Wounding increased gene
expression in attached leaves as it had done so in detached, confirming that the induction of
TR-ACO?2 occurs in planta. Pretreatment of the leaves with 1-MCP prior to wounding
also did not prevent the increase in TR-ACO2 gene expression. This suggests that the
increase may be independent of ethylene. However, because pretreatment of leaves with 1-
MCP also elevated levels of the TR-ACO2 transcript in non-wounded leaves, it cannot be
concluded that wounding induces the TR-ACO2 transcript independently of ethylene. 1-
MCP treatment decreased expression of the TR-ACOIl gene transcript in non-wounded
leaves. This appears to be inconsistent with 1-MCP acting as an ethylene action inhibitor,
because it suggests that TR-ACO1 gene expression would be high when levels of ethylene
are high, which it is not. TR-ACOI gene expression is low in conditions where ethylene
production has been shown to be elevated (i.e. wounding and senescence). It appears then,

that 1-MCP, in this study has acted more as an elicitor of chemical stress, than as an

inhibitor of ethylene action.

An additional difference that became apparent from studying gene expression of TR-ACO1
and TR-ACO?2 in non-wounded attached leaves (not treated with 1-MCP) was that TR-
ACOI1 gene expression (but not TR-ACO2) appears to be under a circadian-type control.
This in-turn may provide a further avenue from which to examine the cause of the declining
ACC oxidase activity in senescing leaves. Preliminary evidence suggests that the lower
activity of the chlorotic extract does vary with time of day, and since TR-ACO2 gene

expression appears not to be under circadian regulation, this suggests that the assay is
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measuring predominantly the declining activity of the TR-ACOl-encoded enzyme.

However, further experiments will be needed to show this unequivocally.

5.1 Future Work

This study has uncovered many interesting avenues that can be pursued further. One, that
may not be directly related to ethylene biosynthesis, is to examine further the origin of the
substance(s) induced by wounding that give rise to the large amounts of non-ACC derived

ethylene in the Lizada and Yang assay.

The discrepancy between TR-ACO2 gene expression and activity in vitro should be
clarified. This should involve purification of the isoenzymes encoded by the TR-ACO1 and
TR-ACO?2 gene transcripts and detailed kinetic characterisation (including measurements of
Km, and catalytic efficiencies). The gene expression studies have indicated that mature
green leaves should be an excellent source of the enzyme encoded by the TR-ACOIl
isoenzyme while senescing leaves will be an excellent source for the TR-ACO2 enzyme.
Wounded mature green leaves (after a 24 h incubation) may be an alternative source of the
TR-ACO2-encoded isoenzyme, as at this time TR-ACOI gene expression is low, while that
of TR-ACO?2 is elevated. Purification and kinetic characterisation of TR-ACO1 and TR-
ACO?2 is already well underway by Dr Deming Gong.

The differential regulation of TR-ACO1 and TR-ACO2 is of further interest. If the ca.
1.17 Kb transcript recognised by the coding region of TR-ACO2 is, as predicted, encoded
by a distinct gene to that of the 1.35 Kb recognised by the 3-UTR of TR-ACO2, then the
coding frame of TR-ACO?2 should be used to reexamine whether the 1.17 Kb transcript is

induced by wounding. It may not be.

Intact plants should be treated with ethylene to clarify whether TR-ACO1 and TR-ACO2
regulation can be mediated through ethylene, and further experiments should carried out
with 1-MCP to confirm that the wound-induced induction of the TR-ACO2 gene transcript
can be independent of ethylene. In this regard, other ethylene action inhibitors such as
NBD or STS may be required, as 1-MCP application appeared to act more as a stressor of

plant tissues than an inhibitor of ethylene action.

The promoter elements of TR-ACO1 and TR-ACO?2 should be identified (for example, by

inverse PCR or screening a genomic library) and response motifs (for example,
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developmental, wound, ethylene, pathogenesis related) characterised (for example, by

GUS-promoter fusion studies).

Nuclear factors that interact with the response motifs could be identified by gel shift assays

and their genes cloned using a cDNA expression library. Gene expression of the DNA

binding proteins themselves could then be examined.

This study on ACC oxidase provides only part of the answers to how ethylene production
is controlled during leaf maturation and senescence. A more complete picture requires that
ACC oxidase gene expression and activity be integrated with ACC synthase gene
expression and activity, as both enzymes are equally committed (and important) for the
production of ethylene in plants. Three distinct ACC synthases have now been isolated in
leaves of white clover. Their expression during leaf maturation and senescence is currently

being examined by Trish Murray at the Institute of Molecular BioSciences, Massey

University, NZ.
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