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Summary

The reductive environment of a cell is created by the movement of electrons from

oxidisable organic molecules to oxygen and is maintained by thiol-disulfide redox

systems such as the thioredoxin system. Thioredoxin systems are most complex in

plants with five multigenic thioredoxin classes (h, m, f, o and x) participating in

the redox reactions of at least three distinct organellar thioredoxin systems

(chloroplastic, cytosolic and mitochondrial). V/ith the exception of chloroplastic

thioredoxins m and f, few of the putative functions ascribed to thioredoxins in

plants have been verified. This is particularly the case within thc largest class, the

fr class. One of the fundamental problems underlying functional analyses of

thioredoxins in plants is a lack of an inclusive set of genomic and biochemical

data of all thioredoxins for one plant species. The identification and

characterisation of thioredoxins å in this thesis generated a comprehensive profile

of this class and provides a platform for future functional analyses of ft-class

thioredoxins in cereals and other plants.

The study commenced with an investigation of the structure of Bm2, the putative

pollen S-gene of Phalsris coerulescens. Bm2 was found not to represent the male

self-incompatibility determinant but rather encoded a novel and highly conserved

thioredoxin of the å-class that was labelled thioredoxin n. EST-database screening

and interspecific sequence comparisons revealed that thioredoxins n are present in

a diverse range of plant species representing angiosperms and gymnospelms and

form a distinct subclass of biochemically active thioredoxins.

To gain further insight into the thioredoxin ft-class, a comprehensive molecular

profile of all thioredoxins å in the grasses was compiled using public EST

databases as a source ofgene sequences. These analyses demonstrated that grasses

encode four thioredoxins h eachrepresenting a phylogenetically distinct subclass.

The involvement of each l¿ subclass in the stress response of grasses was

addressed by examining the expression profile of subclass representatives in

wheat plants subjected to a range of oxidative stresses. The results showed that



under oxidative stress the transcript levels of all wheat thioredoxins ft were

altered. Differences in the expression profile of each mRNA suggest that the

biochemical processes incorporating each thioredoxin were affected in a different

manner and are indicative of each thioredoxin having a separate function. Possible

stress-related functions for thioredoxins of each subclass are discussed.

To investigate how grass thioredoxins might be transcriptionally modulated under

stress an analysis of the promoters of two thioredoxins fr in rice was performed.

Putative stress-related transcriptional response elements were located upstream of

both genes. These findings are discussed in relation to the potential role each

element could play in the stress-responsive modulation of two thioredoxin

subclasses.

The presence of distinct thioredoxin å subclasses in the grasses raised questions

regarding evolutionary relationships within the thioredoxin å-class of all plants.

Phylogenetic analyses were performed using all plant thioredoxin å sequences

present in the public database. This study found that the å class of angiosperms is

comprised of three monophyletic subclasses of which the z-subclass is the oldest

and most highly conserved. An examination of the topological profile of

individual species and whole gene families indicated that the subclasses are likely

to have arisen early in angiosperm evolution. The genomic processes involved in

thioredoxin evolution and the chronology of evolutionary events are considered.
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1

Chapter I Literature review

1.1 Introduction

This thesis deals with two relatively distinct topics, those of grass self-

incompatibility and plant thioredoxins that marginally overlap. Consequently, the

following review is divided into two sections. The first deals with self-

incompatibility and the molecular aspects of the various self-incompatibility

systems studied to date. The second section covers the current state of knowledge

regarding plant thioredoxins. This section is the more comprehensively reviewed

since the greater proportion of research reported herein relates to plant

thioredoxins.

1.2 Self-Incompatibility

Fertilization in flowering plants is a complex series of events beginning with the

hydration and germination of pollen on the stigma surface and gtowth of the

pollen tube down the stylar transmitting tract. Numerous mechanisms have

evolved that allow flowering plants to select suitable pollen from the genetically

diverse mix that may alight on the stigma. These mechanisms include barriers to

interspecific pollination and intraspecific barriers, such as self-incompatibility

(SD. SI is a process that enables the pistil of a plant to distinguish between

genetically identical (self) and genetically distinct (non-self) pollen and results in

the rejection of self but not non-self pollen. Consequently, SI fosters genetic

diversity through the prevention of inbreeding.

The molecular components of SI are encoded by a multiallelic locus, called the S-

locus. In the simplest, and best-studied systems, SI is governed by a single S-locus

and occurs when the,S-allele carried by the haploid pollen is identical to one of the

S-alleles present in the stigma upon which it lands. However, more complex

systems involving several loci, such as the two-locus system in grasses (Lundqvist

1954; Hayman 1956) and four-locus system in Beta vulgaris (Larsen 1977)have

also been identified. Genetic studies of single loci systems have shown that SI

behaves in a simple Mendelian manner indicating that the male and female S-

determinants reside at a common locus or are very closely linked (Bateman 1955).
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SI systems are categorised as two broad gloups (Figure 1.1): gametophytic

systems, such as those present in the plant families Solanaceae, Rosaceae,

Papaveraceae, Scrophulariaceae and Poaceae, in which a pollen gfain's own

genotype determines its incompatibility phenotl,pe; and sporophytic systems, such

as found in the Brassicaceae, in which the genotlpe of the pollen producing

parent governs the incompatibility phenotype of the resulting pollen. Within these

broad categories the molecular components of SI in different families can vary

greatly, and are summarised in the following sections.

1.2.1. Self-Incomp atibility in the B r as sicace ae

The sporophytic SI system of the Brassicaceae was the first to be investigated at

the molecular level and represents the only system for which both the stylar and

pollen components have been identified. SI in Brassica is a complex mechanism

controlled by several closely linked, multiallelic and highly polymorphic genes.

Consequently, the title ',S-haplotlpe' rather than ,S-locus has been applied to the

region at which these genes reside.

The first SI genes to be determined were two controlling the S-haplot¡pe

specificity of the pistil, the S-locus glycoprotein (SLG) (Nasrallah et al. 1987) and

the ,S-receptor kinase (SRK) (Stein et al. 1991). The SLG gene encodes a secreted

glycoprotein of approximately 400 amino acids that is targeted to the stigmatic

papillar cell wall. SRK encodes a transmembrane protein kinase with

serine/threonine kinase activity (Goring and Rothstein, 1992; Stein and Nasrallah,

1993) that is located in the stigmatic papillar plasma membrane. The extracellular

domain of SRK shows extensive amino acid sequence identity with SLG of the

same haplotype and is commonly called the S-domain (Watanabe et al. 1994).

Several lines of evidence have been presented that indicate SLG and SRK

represent stigma S genes. Firstly, both genes show ,S-haplotype-specific restriction

fragment length polymorphisms (Chen and Nasrallah, 1990; Stein et al' 1991).

Secondly, the temporal and spatial expression patterns of SLG and SRK are also

consistent with a role in SL The genes are expressed predominantly in stigma

papillar cells and expression correlates with the onset of SI (Nasrallah et al. 1985;

Nasrallah et al. 1988; Kumar and Trick 1994; Delorme et al. 1995). Thirdly' SLG
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and SRK are closely linked naving b€€r demonstrated to be only 20 and 25 kb apart

in Brassica napus and Brassica campeslrrs respectively (Yu et al.l996; Boyes et

al. 1997). Lastly, plants with mutated SRK genes, and those in which SLG

transcripts are downregulated, fail to reject self-pollen (Nasrallah et al. 1.992;

Goring et al. 1993; Nasrallah et al. 1994; Shiba et al. 1995).

Until recently, attempts to introduce new SLG or SRK specificities to plants by

transformation have been unsuccessful because the transgene induces homology-

dependant gene silencing of the endogenous SLG and SRK (Conner et al. 1997).

However, analysis of these transformants has shown that only the stigma

phenotype is affected, demonstrating that the pollen component is encoded by a

separate gene (Stahl et al. 1993). Takasaki et al. (2000) have since introduced

SLG and SRK alleles into plants with S-haplotypes containing SLG/SRK's of low

homology to the transgene. Significantly, the results of this study revealed that

SRK alone is sufficient to determine S-haplotype specificity in the pistil, although

SLG appeared to enhance the strength of the SI reaction conferred by the SRK

transgene. Dixit et al. (2000) have provided evidence suggesting that SRK is

inherently unstable and that the role of SLG may be to facilitate the accumulation

of SRK to biologically required levels in the stigma.

Recently, two groups have reported the cloning of identical genes encoding the

pollen component of Brassica SI. The two genes called, SCR (S-locus cysteine

rich) and SPll (^S-locus protein l1) were both located byphysical mapping and

genomic sequencing in the S-haplotype region of Brassica campestris (Suzuki et

al. 1999; Schopfer et al. 1999) and display features consistent with the pollen

determinant: linkage to the S-haplotype, allelic polymorphism and expression in

anthers or pollen (Takayama et al. 2000). SCR/SPll encode small secreted

proteins of approximately 60 amino acids that contain eight cysteine residues at

conserved positions. Consistent with the sporophytic nature of Brassica SI,

Takayama et al. (2000) demonstrated, by in situ hybridisation, that SPl1 mRNA is

present in both sporophytic (tapetal cells) and gametophytic (microspores) tissues.

Loss-of-function and gain-of-function transformation experiments with SCR

alleles have confirmed that the product of the SCR gene is capable of determining

pollen SI specificity (Schopfer et al. 1999).
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Based on the existing molecular data the current model for SI in the Brassicaceae

proposes that, upon contact of the pollen grain with the stigma surface, SCR

proteins are released from the pollen coat and taken into the wall of the stigma

papillar cells. If an SCR protein encounters the extracellular domain of an SRK

protein of the same haplotype, it binds and sets off a signal transduction cascade

that leads to pollen rejection (Kao and McCubbin, 2000).

Screening of a yeast two-hybrid library with the kinase domain of SRK has

identified a putative substrate for SRK and potentially the first component of the

signal transduction cascade that leads to pollen tube arrest (Gu et al. 1998). The

protein, named ARCI (Arm Repeat Containing), was found to interact, in a

phosphorylation dependant manner, specifically with SRK's but not with other

plant receptor-like kinases. Significantly, antisense suppression of ARC1

messenger RNA levels, in a transformed incompatible Brassica napus line,

resulted in partial selÊcompatibility (Stone et al. 1999).

1.2.2 Self-Incompatibility in S olanaceae, Rosaceae and S crophulariaceae

Studies into the molecular process of gametophytic SI in species derived from

three plant families, the Solanaceae, Rosaceae and Scrophulariaceae, have

identified an identical stigma component and suggest a common mechanism.

The stigma component was first identified in Nicotiana alata, with the

demonstration of major style proteins that co-segregated with specific pollen

rejection phenotypes (Bredemeijer and Blass, 1981). The proteins ìwere found to

be basic glycoproteins of approximately 30 kDa exhibiting characteristics

consistent with a role in SI. In summary; the proteins were located to the region of

the stylar transmitting tract that coincided with the zone of pollen tube inhibition,

they accumulated rapidly during the transition of the developing flower from selÊ

compatible to self-incompatible and inhibited pollen tube growth, in vitro, in a ,S-

dependant manner (Cornish et al. 1987; Jahnen et al. 1989).
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The discovery of ,S proteins led to the cloning and sequencing of corresponding

cDNAs, initially in Nicotiana (Anderson et al. 1986) and later in species

representing all families (reviewed in McCubbin and Kao, 1999). Analysis of the

^S-alleles revealed that conserved regions of all sequences shared similarity with

fungal RNases (Kawata et al. 1988). S-proteins derived from several species have

since been shown to possess RNase activity (McClure et al. 1989; Singh and Kao,

l99l; Sassa et al. 1992; Broothaerts et al. 1995). Evidence for the involvement of

ribonuclease activity in the SI response was provided by McClure et al. (1990)

and Gray et al. (1991) when they demonstrated that pollen RNA is degraded in

selÊincompatible, but not self-compatible, pollinations and that intact S-RNases

are capable of entering and inhibiting growing pollen tubes iz vitro. Consequently,

,S-proteins are now ascribed the title of S-RNases.

Plant transformation studies have confirmed that S-RNases have both a

recognition function and biochemical involvement in SI. ln Nicotiana, Solanum

and Petuniø transformation with a cloned ,S-RNase gene was sufficient to

introduce a new pollen rejection specificity (Murfett et al. 1994; Matton et al.

1997; Lee et al. 1994). In addition, transformation of Petunia inflata with a ,S:

allele, containing a mutation of the catalytic His-93 residue, rendered the

transgenic plant incapable of rejecting 53 pollen.

It is likely that the pollen and pistil functions of SI in ^S-RNase 
based systems are

controlled by distinct closely linked genes such as has been determined for the

Brassica system. Evidence for this has come from the analysis of a self-

compatible cultivar of Pyrus serotina (Rosaceae) (Sassa et al. 1997). In this

cultivar, self-compatibility was due to the deletion of the ,S¿-RNase gene, however,

this deletion affected only pistil, but not pollen, function in SI interactions.

Two models have been proposed to explain how stigma S-RNases and pollen S-

products might interact to cause an SI response (Kao and McCubbin, 1996). One

model postulates that pollen ^Î-alleles encode membrane-bound receptors, located

in the wall of pollen tubes that only allow self ^S-RNases 
to enter. Once inside the

pollen tube the ribonucleases degrade RNA leading to the arrest of pollen tube

growth. The alternative model suggests that all ,S-RNases enter the pollen tube
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where they encounter the product of the pollen S-gene, a ribonuclease inhibitor

molecule. In this model only non-self ,S-RNases are inhibited whereas self 
^S-

RNases are able to degrade RNA and inhibit growth. To date, no receptor-like

protein of pollen has been shown to interact with ^S-RNases 
nor has any RNase

inhibitory activity been reported in the pollen.

1.2.3 Self-Incompatibility in the Papaveracese

Genetically, the SI system in the field poppy (Papaver rhoeas) is identical to other

single locus gametophytic systems (Lawrence et al. 1978), yet Papaver displays

self-incompatible behaviour that is physiologically and morphologically distinct.

In contrast to the previously mentioned gametophytic species, inhibition of pollen

tube growth in Papayel occurs during or immediately after germination on the

stigma surface (Franklin-Tong and Franklin, 1992), indicating a different

mechanism for SI.

Molecular studies have confirmed that Sl in Papaver is mediated by a mechanism

unlike that of other single locus systems. The stigma component of SI is a basic

glycoprotein of approximately 17 kDa (Franklin-Tong et al. 1989) that does not

possess RNase features or display RNase activity (Franklin-Tong et al. l99l;

Foote et al. 1994). Several S alleles have been expressed in E. coli and the

recombinant proteins purified. When applied to germinating pollen, in vitro, the

recombinant S-proteins inhibited pollen tubes in an ,S-allele-specific manner,

confirming that they represent the stigmatic ,S-locus component (Franklin-Tong et

al.1988).

Franklin-Tong et al. (1990) demonstrated that de novo transcription of Papaver

pollen genes occurred as a result of an incompatible reaction, and that the

expression of these genes was a prerequisite for SI since transcription inhibitors

alleviated the SI response. It has since been shown that pollen gene expression

during an SI reaction is correlated with a transient increase in the level of

cytosolic free calcium in the nuclei region of the pollen tube (Franklin-Tong et al.

1993). The SI phenotype has also been correlated with an increase in the

phosphorylation state of two proteins, p26 and p68 (Rudd et al. 1996,1997). p26

is composed of two phosphoproteins, p26.1 and p26.2, and was isolated from
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soluble and microsomal protein fractions while p68 represents a single protein and

was isolated from pollen tubes. Significantly, phosphorylation of p26.I was Ca2*

and calmodulin dependent suggesting a Ca2*-dependant protein kinase may be

involved in SI signalling. By contrast, phosphorylation of p68 was C**-

independent, indicating that both Ca2*-dependent and Ca2*-independent signal

transduction pathways are involved in the pollen SI response in Papaver.

The actin cytoskeleton of pollen tubes has been proposed as a target for the

signalling pathways involved in the SI response (Franklin-Tong 1999a; 1999b).

Geitmann et al. (2000) recently demonstrated that the actin cytoskeleton of

Papaver pollen tubes is dramatically rearanged in incompatible pollinations. The

pattern of rearrangement was found to be SI specific as compatible pollen tubes

displayed an unchanged actin configuration. Moreover, the rearrangements

associated with SI were not an effect of the consequent arrest of growth since

stopping tube growth by chemical means did not duplicate the Sl-induced

alterations.

SI signalling has also been implicated in post inhibition processes. Jordan et al.

(2000) provided evidence that stigma ^l-proteins trigger DNA fragmentation in

incompatible pollen tubes. Interestingly, increases in the levels of free Ca2* also

resulted in DNA fragmentation, implicating the Ca2* signalling pathway in this

process.

1.2.4 Allele Number and Sequence Diversity at the S-locus

Genetic models (Wright 1939; Paxman 1963; Yokoyama and Hetherington, 1982)

and theoretical analyses (Takahata 1990; Vekemans and Slatkin, 1994) of selÊ

incompatibility have predicted that, due to the action of frequency dependent

selection, a greater number of more diverse and much older, alleles will be

maintained at a self-incompatibility locus than would be found at a strictly neutral

locus. Consistent with these predictions, Large numbers of S-alleles have been

recorded in natural populations of self-incompatible plant species (Table 1.1). In

addition, ,S-RNases from the Solanaceae (Richman et al. 1996) and Rosaceae

(Ushijima et al. 1998) and SRIISLG's from the Brassicaceae (Boyes et al. 1997)

commonly present higher levels of interspecific sequence identity than that found
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between alleles from the same species, a feature consistent with the proposition

that ,S-alleles are of ancient origin. The corollary of long coalescence is that S

alleles display a gteater level of sequence diversity than alleles present at a neutral

locus. Sequence comparisons of S-alleles has revealed amino acid sequence

similarities of between 29.2%-82.2Yo for rosaceous ,S-RNases (Ushijima et al.

1998), 65%-80% for the Brassica SRK's and SLG's (Kusaba et al. 1997) -d
30%-74% for Brassica SPl1/SCR's (Watanabe et al. 2000).

Sequence variation between ,S-alleles is often highest in defined, highly variable

regions. The S-RNases are composed of five highly conserved regions (Cl to C5)

and two highly variable regions (Hva and Hvb) (Ioerger et al. l99I; Tsai et al.

lg92). Similarly, the extracellular S-domain region of the Brassica SRK contains

three hlpervariable regions. Transformation studies incorporating mutated S-

RNase alleles have demonstrated that such hlpervariable regions are important for

allelic recognition (Matton et al. 1997; Matton et al. 1999). Matton et al. (1999)

replaced amino acids in the Hva and Hvb regions of a Solanum chacoense Sts

allele. Three substitutions generated an allele with dual Sts, Su specificity, whilst

four substitutions changed the specificity from Sr¡ to S¡.

Table 1.1 Summary of the number of ,S-alleles recorded

in populations of self- incompatible species

Species Number of S-alleles

Gametophytic SI
Papaver rhoeas
Phlox drummondii
Trifolium repens
Triþlium prøtensis
Oenothera organensis
Physalis crassiþlia
Solanum carolinense
Sporophytic SI
Brassica campestris
Iberis amara
Raphanus raphanistrum
Sinapsis arvensis

34-42
45
>36
>35

45
44
t4

20-30
>22
>22
52

After Richman and Kohn (1996)
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1.2.5 Self-Incompatibility in th.e Poaceae

SI is widespread in the grass family Poaceae, having been identified in genera

representing most subfamilies (Connor 1979; Hayman 1992). The most detailed

studies have centred on species representing the subfamily Pooideae, and have

identified self-incompatible species in all tribes (for a sunmary see Baumann et

al. 2000). Typically, both selÊincompatible and self-compatible species are found

in the same genus with the frequency of SI being highest in perennial species

(Beddows 1931).

1.2.5.1 The Genetics of SI in the Poaceae

The genetics of SI in the grasses has been most comprehensively studied in Secale

cereale (Lundqvist 1954) and Phalaris coerulescens (Hayman 1956). In both

species SI is gametophytically controlled by two unlinked, multiallelic genes, S

and Z. A pollen grain elicits an incompatible response when both the S and Z

alleles it carries are also present in the stigma upon which it lands (Figure 1.1).

It is likely all grasses share the same two locus SI system since eight species

representing 3 tribes have been demonstrated, genetically, to contain a two locus

SI system (Hayman 1992). Linkage studies have also provided evidence to

support this conclusion. For example, the isozyme phosphoglucoisomerase PGI-2

has been shown to be linked to the S-locus in six self-incompatible species

(Cornish et al. 1980; Leach and Hayman, 1987).

1.2.5.2 Molecular Studies into SI in the Poaceae: Phalarís coerulescens

The only Poaceous species for which SI has been investigated at the molecular

level is the mediteÌïanean grass Phalaris coerulescens. Li et al. (1994) used

differential screening to identify a putative ^l gene from a pollen cDNA library of

the grass Phalaris coerulescens. The cDNA clone, named Bm2, displayed features

consistent with a pollen SI gene: it detected an RFLP that co-segregated with the S

genotlpe in a population of 120 plants and was strongly expressed in pollen. Since

Bm2 was not full length, the structure of the gene was predicted from the genomic

sequence of two alleles, Sr and Sz. In contrast to S-alleles in other systems, the

deduced amino acid sequences of ,Sr and ,Sz wero found to be very similar, sharing
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92o/o identity, with all variation between the sequences located in the amino-

terminal region. All variation was restricted to the predicted second exon with

most attributable to a frameshift caused by a single base deletion and insertion.

The carboxyl half of the predicted proteins were completely conserved and shared

homology with plant thioredoxin h proteins. The thioredoxin-like region was

subsequently expressed in E. coli and found to possess thioredoxin activity (Li et

al. 1995). Thus, the Bm2 gene was reported as being composed of two domains,

an N-terminal allele-specificity-determining domain and a C-terminal catalytic

thioredoxin domain. However, unlike the S-RNases of the Solanaceous

gametophytic SI systems sequence variation was not contained in identifiable

hypervariable domains.

Interestingly, in situ hybridisation experiments have revealed that a self-

incompatible pollination induces considerable Bm2 expression at the site of

pollen-stigma contact while a self-compatible pollination does not (Baumann et al.

2000). However, sínce Bm2 is highly expressed in pollen and inhibited pollen

tubes regularly rupture, it is possible that the 8ru2 mRNA detected came from the

pollen tube itself. Moreover, a similar level of induction occurs upon wounding of

the stigma (Baumann et al. 2000) a result suggesting that Bm2 induction in stigma

may represent an effect of SI rather than the cause of it.

Attempts to isolate Bm2 homologues from other self-incompatible grasses, by RT-

PCR, have provided inconclusive results (Li et al. 1997). Primers targeted to the

thioredoxin domain of Bm2 successfully amplified a small, corresponding region

from pollen cDNA of other grasses. These PCR products were found to share 94-

97o/o nucleotide identity with the corresponding region of Bm2. In contrast,

primers constructed against the allelic region failed to amplify a product. Thus the

presence of an allelic domain upstream of the thioredoxin domain-like product,

such as predicted for ,Sr and ,S2, could not be confirmed for any of the grasses

investigated.
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1.3 Plant Thioredoxins

Thioredoxins have been studied in many organisms resulting in a large and varied

body of literature. The following section deals, almost exclusively, with plant

thioredoxins since these are the primary focus of this thesis. Literature regarding

thioredoxins from organisms other than plants has only been included if relevant

to subsequent results and discussion chapters. For recent reviews covering

thioredoxins in other organisms the reader is directed to the following references;

Arnér and Holmgren, (2000), Grant (2001), Powis and Montfort, (2001), Ritz and

Beckwith, (2001).

1.3.1 Introduction

Thioredoxins ate small (approximately 12-kDa) proteins that appear to be

ubiquitous in all organisms. V/ithin the predominantly reductive environment of a

cell, thioredoxins are involved in a range of biochemical processes. These include

the regulation of enzymes (Holmgren 1989; Arnér and Holmgren, 2000), the

modulation of transcription factors (Schenk et al. 1994; Hirota et al. 1999), as

hydrogen donors (Holmgren 1939) and in oxidative protection (Chae et al. 1994).

Most, but not all, roles depend upon the capacity of thioredoxins to effectively

reduce disulfide bonds in target proteins.

All thioredoxins share a conserved active site motif, Cys-X-Pro-Cys (where X is

generally Gly but can also be Pro or Ala), and conserved amino acids at

structurally important positions (Eklund et al. 1991). In the oxidised state of the

thioredoxin protein, the cysteines of the active centre can form a redox-active

disulfide bridge. The disulfide can be reduced to a dithiol by electrons from

NADPH or ferredoxin via the enzyrne thioredoxin reductase (Holmgren 1989).

Reduced thioredoxins have redox potentials (-270 mV for Escherichia coli

thioredoxin) similar to other cellular reductants such as glutathione (Follmann and

Häberlein, 1995). The low redox potential enables thioredoxins to reduce disulfide

bonds in target proteins or to transfer reducing equivalents to substrates such as

methionine sulfoxide residues (Follmann and Häberlein, 1995).
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Plants possess two thioredoxin systems that can be distinguished by the electron

donor and the enzyme that catalyses thioredoxin reduction.

1.3.2 The Ferredoxin /Ferredoxin-Thioredoxin Reductase /Thioredoxin

(FTR/Trx) System

The FTR/Trx system, which is composed of ferredoxin, ferredoxin-thioredoxin

reductase (FTR) and two nuclear-encoded thioredoxins, m andf (Figure 1'24), is

found only in photosynthetic eukaryotes and cyanobacteria. In plants the system is

located in the chloroplast and regulates the redox state of enzymes involved in

carbon metabolism and further biochemical processes (Scheibe and Anderson

1981; Buchanan 1991). The thioredoxins have been designated m and f in

reference to the enzymes they were initially found to interact with, NADP-malate

dehydrogenase (NADP-MDH) and fructose-1,6-bisphosphatase (FBPase),

respectively (Schürmann et al. L976; Jacquot et al. 1976; Jacquot et al. 1978;

Buchanan 1991). The reducing power for the chloroplastic thioredoxins is derived

from the electron transport system of illuminated thylakoid membranes. Electrons

are transferred from photosystem I to the iron-sulphur protein ferredoxin-

thioredoxin reductase (FTR) via ferredoxin. Subsequently, FTR reduces the

thioredoxins, which in turn change the redox status of their targetproteins, thereby

conferring a strict, light-sensitive control of both the assimilatory and

dissimilatory pathways.

1.3.3 The NADPH/NADP-Thioredoxin Reductase/Thioredoxin System

In contrast to the chloroplastic thioredoxin system, the NTR/Trx system has been

identified in all organisms with the exception of cyanobacteria. In this system

NADPH is the source of reducing power for the NADP-thioredoxin reductase

(NTR) catalysed reduction of thioredoxin (Arnér and Holmgren 2000) (Figure

l.2B). Plants and animals cells contain two distinct NTfuTrx systems, one located

in the cytosol and the other present only in the mitochondria (Pedras et al. 1996;

Lee et al. 1999; Miranda-Vizuete et aI. 1999; Banze and Follmann , 2000; Laloi et

al. 2001). ln plants, thioredoxins regulated by the cytosolic system are commonly

termed thioredoxins å in reference to their initial discovery in heterotrophic tissue

whilst thioredoxins that comprise the mitochondrial NTR/Trx system have been

ascribed the title thioredoxins o (for organelle).
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1.3.4 Plant Thioredoxins are a Diverse Multigene Family

Current knowledge supports the view that plants possess the greatest compliment

of thioredoxins found in all organisms. Multiple thioredoxins have been isolated

from algae (Crawford et al. 1986; Langlotz et al. 1986) and several species of

flowering plant (Berstemann et al. 1983; Vogt and Follmann, 1986). Elucidation

of the total number of thioredoxins in a given species, their tissue specificity and

subcellular localisation has been the focus of several subsequent studies. Until

recently, the most comprehensive picture to emerge has been in soybean where

protein and organelle fractionation techniques were used in conjunction with a

range of enzymatic assays to identify no less than six distinct thioredoxin proteins

in both leaves (Häberlein 1991) and seeds (Häberlein et al. 1995). The multiplicity

of thioredoxin proteins as detected by biochemical methods is substantiated by the

identification of multiple thioredoxin genes in plants (Rivera-Madrid et al. 1995).

The genome of Arabidopsis thaliana contains no less than seventeen distinct

thioredoxin genes (Figure 1.34), eight of which encode thioredoxin proteins of

the l¿ class (Rivera-Madrid et al. 1995; Juttner et al. 2000; Laloi et al. 2001). The

other genes comprise two thioredoxinsf four thioredoxins m,two thioredoxins o

and a novel prokaryotic-like thioredoxin, thioredoxin x (Mestres-Ortega and

Meyer, 1999; Laloi et al. 2001). By contrast, the genomes of E. coli, yeast and

humans contain two, three and three thioredoxin genes respectively. The number

and diversity of thioredoxins in Arabidopsrs is probably representative of many

higher plants. Database searches performed during the preparation of this thesis

reveal a similar number of all thioredoxins including thioredoxin x in expressed

sequence tag (EST) libraries of other species such as tomato and soybean.

1.3.5 Plant Thioredoxins: Expression Characteristics and Subcellular

Locations

Thioredoxin transcripts have been detected in many plant tissues although the

temporal and developmental regulation of most remains to be determined.

Similarly, the subcellular location of relatively few of the proteins comprising

each class of plant thioredoxins has been confirmed.
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Thioredoxins m and/genes are highly expressed in green tissue and encode the

only thioredoxin proteins isolated from chloroplasts (Jacquot et al. 1976;

Wolosiuk et al.1979). A single thioredoxin f and m protein has been isolated from

the chloroplast of both spinach and pea. However, the expression and transcription

of thioredoxins m and f may not be restricted to photosynthetic tissue.

Chromatographically separated thioredoxins from soybean seed showed a

virtually identical protein profile to that of soybean leaf, including two

thioredoxins that have been assigned to the chloroplast (Häberlein et al. 1995).

Correspondingly, the transcripts of thioredoxin m Eeîes have since been detected

in the seed and root of Arabidopsis (Mestres-Ortega and Meyer, 1999).

Thioredoxin / genes are also present in EST libraries of tomato seed (Genbank

clone accession numbers AW036169, 4W036163). The transcription of

thioredoxins m and/in non-photosynthetic tissue raises the question of whether

proteins encoded by genes belonging to these classes perform additional, non-

photosynthetic related functions. It has been suggested that chloroplastic-type

thioredoxins present in seed are stored as precursor molecules (Häberlein et al.

1995). However their presence in root remains to be explained.

As has been observed for thioredoxins m, h-trype thioredoxins are also expressed

in a range of tissues. Plant thioredoxin ft mRNAs have the highest expression level

in rapidly growing cells (Marty et al. 1993; Rivera-Madrid et al. 1995). Proteins

encoded by different members of the thioredoxin å class have been purified from

the endoplasmic reticulum (Marcus et al. 1991) and the plasma membrane (Shi

and Bhattacharya, 1996), and located in the nucleus by in situ hybndisation

(Senato et al. 2001). In addition, thioredoxin h proteins have been identified in the

sieve tubes of several plants despite not having a signal peptide (Ishiwitari et al.

1995; Schobert et al. 1998).

The prokaryotic-like thioredoxin x of Arabidopsis has an expression profile

similar to that of Arabidops¿'s thioredoxins m with highest transcript levels in leaf,

seedlings and cultured cells (Mestres-Ortega and Meyer, 1999), however, the

subcellular location of the corresponding proteins is as yet undetermined.
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The most recently identified plant thioredoxin, thioredoxin o, was demonstrated

by'Western blot and cellular fractionation experiments to be located exclusively in

the mitochondria of cultured Arabidopsis protoplasts (Laloi et al. 2001).

1.3.6 Thioredoxin Structure

Plant thioredoxins share most of the amino acid residues determined as being

essential for the maintenance of protein structure and catalysis in E. coli

thioredoxin (Eklund et al. 1991). The alignment of all available thioredoxins has

also identified conserved residues, additional to those of known structural

importance, that appear to be specific to each thioredoxin class (Figure 1.34)

(Jacquot etal.1997).

Thioredoxirrs m, f and o from plants are most easily differentiated from å class

thioredoxins by the presence of an N-terminal transit peptide of varying size

(Lepiniec et al. 1992; Wedel et al. 1992). Additionally,f-type thioredoxins differ

from thioredoxins m and o by the presence of a third conserved cysteine in the C-

terminal part of the proteins, a feature shared with animal thioredoxins (Hartman

et al. 1990). The recently identified thioredoxin x also appears to encode a signal

peptide although the corresponding protein has yet to be located in any specific

organelle. Thioredoxin "r can be distinguished from m, f and o types by several

sequence differences including a two-residue insertion in the C-terminus of the

protein (Mestres-Ortega and Meyer, 1999). A further distinguishing feature of

thioredoxins m and x is their closer sequence similarity to thioredoxins from

prokaryotes than to other plant thioredoxins. Phylogenetic analyses have provided

strong evidence to advocate a prokaryotic origin for m and x thioredoxins and a

eukaryotic origin for thioredoxins h and/ (Sahrawy et al. 1996; Mestres-Ortega

and Meyer,1999).

Thioredoxins have a similar three-dimensional structure. Nuclear magnetic

resonance spectroscopy of E'. coli (Jeng et al. 1994) and Chlamydomonas (Mittard

et al. 1997) thioredoxins and X-ray crystallography of human (V/eichsel et al.

1996) and spinach (Capitani et al. 2000) thioredoxins has demonstrated a

conserved arrangement of five p sheets surrounded by four ø helices, a structure



t6

commonly referred to as the thioredoxin fold yet not restricted to thioredoxrns

(Martin 1995) (Figure 1.38). V/ithin the protein, the active site amino acids are

located in a protrusion at the end of the second B sheet and the beginning of the

second ø helix (Ecklund 1991). The N-terminal active site cysteine is the

attacking nucleophile in disulfide reduction and is the more exposed of the active

site cysteines (Holmgren 1995). Reduction of the active centre disulfide bridge is

accompanied by localised structural changes including an increase in distance

between the two sulphur molecules and rotation of the side chain of the N-

terminal cysteine (Jeng et al. 1994; Qin et al. 1994).

Thioredoxins m andf from spinach are the only higher plant thioredoxin protetns

for which a crystal structure has been described (Capitani et al. 2000). The 1rufüary

structure of thioredoxin m is more similar to that of E. coli than thioredoxinl The

most significant difference between thioredoxins m and/is found in the surface

topography around the active site. The active site of thioredoxin/is surrounded by

positive charges, which may be important in the interaction with target proteins

(Dai et al. 2000). Also exposed on the surface is the conserved C-terminal

cysteine which is located 9.7 Å from the N-terminal active-site cysteine.

Mutagenesis studies suggest a role for the C-terminal cysteine in interactions with

target enzymes (Val et al. 1999).

1.3.7 Thioredoxin Evolution

The evolution of photosynthetic eukaryotes appears to have been accompanied by

an increase in the number and diversity of thioredoxins. Sequence and

phylogenetic analyses of higher plant thioredoxins have been performed by many

researchers and have determined that plants contain five distinct classes;

thioredoxins m, f h, x and o (Jacquot et al. 1997; Laloi et al. 2001). Through

comparison with thioredoxins derived from other organisms, it has also become

clear that many classes have different evolutionary origins. Thioredoxiîs m aÍe

more closely related, at the sequence level, to thioredoxins from prokaryotic

sources than to other eukaryotic thioredoxins (Hartman et al. 1990; Jacquot et al.

1997) indicating a prokaryotic origin for this class. Moreover, Mestres-Ortega and

Meyer (1999) have shown that of the four thioredoxins identified in the genome of
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the cyanobacterium Synechocyslrs sp PCC6803 one (open reading frame (ORF)

5110623) is found on the branch containing all eukaryote thioredoxins m. Given

that Synechocystis is considered to represent a modern relative of the progenitor of

plant chloroplasts, it has been suggested that all plant thioredoxins m may have

evolved from an ancestral thioredoxin similar to 5110623. The branch containing

ORF 5110623 also includes several red algae species. In red algae, thioredoxin m

is encoded by the chloroplast genome (Reynolds et al. 1994) in contrast to the

gleen algae, Chlamydomonas, where thioredoxin m is nuclear encoded as in

higher plants. Since thioredoxins m aÍe encoded by the chloroplast genome of red

algae it has been suggested that the red algae represent organisms situated,

evolutionally, just before the transfer of thioredoxins m from the chloroplast to the

nuclear genome (Jacquot et al. 1997).

Sequence comparisons also support a prokaryotic origin for the recently

discovered thioredoxin x of Arabidopsis. However, unlike thioredoxins of the rn

class, thioredoxin x has been shown to form a separate group with a different gene

îrom Synechocystis sp PCC6803 (S1r1139) suggesting a separate origin for this

plant thioredoxin (Mestres-Ortega and Meyer 1999).

Members of the most recently discovered class, thioredoxins o, aÍe distinct from

all other plant thioredoxins in the number (frve) and position of the introns present

in the coding region (Laloi et al. 2001). These features suggest a distinct

evolutionary origin for this class. Within a phylogenetic tree comprising plant

thioredoxins of all classes, thioredoxins o formed a clade more closely associated

to those of thioredoxins rn and x, implying that the class is also derived from a

prokaryotic ancestor (Laloi et al. 2001). By contrast, thioredoxins of the f and h

classes are likely to be of eukaryotic origin as they share highest sequence identity

with thioredoxins from eukaryotic organisms and contain an intron at a position

conserved between thioredoxins from plants and animals (Sahrawy et al. 1996).

The h class represents the largest and most divergent group of thioredoxins found

in plants. Thioredoxins ft of higher plants and Chlamydomonas are likely to have

evolved from a common ancestor since the position of two introns is conserved

across these species (Sahrawy et al. 1996). Duplication and divergence of
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thioredoxin å genes appears to be an ancient event as multiple h-type thioredoxins

are present in all higher plants and thioredoxin h sequences typically display high

levels of interspecific sequence identity (Rivera-Madrid et al. 1995)'

1.3.8 Thioredoxin Reductases

In all organisms, the action of thioredoxins is modulated by dimeric enzymes

called thioredoxin reductases. As their name suggests, thioredoxin reductases are

able to reduce oxidised thioredoxin; however, this is probably not their exclusive

function as they have been shown to interact with other cellular substrates

(Andersson et al. 1996; May et al. 1997). The sequencing of thioredoxin reductase

genes and crystallization of thioredoxin reductase proteins from several species

(V/aksman et al. 1994; Williams 1995; Dai et al. 1996) has revealed that two

broad classes exist in nature: The FTR that uses ferredoxin as an electron source

and NTR, which uses NADPH as the source of reducing equivalents.

NTRs of plants are homodimeric flavoproteins that belong to a family of pyridine

nucleotide disulfide oxidoreductase enzymes (V/illiams 1995). The protein

subunits have a molecular weight of 35 kDa and contain an FAD- and NADPH-

binding domain as well as a conserved redox active disulfide (Jacquot et al.1994).

Electrons are transferred from NADPH to FAD and then to the disulfide. The

tertiary structure of NTR ftom Arabidopsis thaliana has been determined and has

revealed that the plant NTR eîzyme is more closely related to prokaryotic

thioredoxin reductases than to NTR from higher eukaryotes such as mammals

(Dai et al. 1996; Williams et al. 2000). Within the protein, the active disulfide site

faces the isoalloxazin ring of the flavin (FAD) thus allowing the transfer of

electrons from FAD to the disulfide bridge (Wang et al. 1996). As determined for

E. coli (Dai et al. 1996), binding of thioredoxin by plant NTRs also requires a

structural change in the NTR molecule. The NADPH domain rotates away from

the flavin to accommodate the binding and subsequent reduction of thioredoxin

(Lennon et al. 2000).

NTRs display varying levels of affinity for thioredoxins from different sources

(Jacquot et al. 1994). Interestingly, several thioredoxins from divergent species

have been shown to be better substrates for a particular NTR than some
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thioredoxins derived from the same or more closely related organisms (Jacquot et

aI. 1994; Rivera-Madrid et al. 1995). Given that plants contain several distinct

NTR proteins (Banze and Follmann, 2000), there is likely to be a level of

specificity in the interaction between NTRs and thioredoxins.

FTR of higher plants is a nuclear encoded heterodimer, composed of two subunits,

a variable subunit and a larger catalytic subunit. The catalytic subunit is conserved

between species and contains a [4Fe-4S] centre and the reductive disulfide (Droux

et al. 1987; Huppe et al. 1990). It sits on top of the variable subunit forming a thin

molecule that resembles a concave disc (Dai et al. 2000a). The [4Fe-4S] cluster

and the reductive disulfide are located at the centre of this disc. Dai et al' (2000b)

suggested that both the electron donor (fenedoxin) and the electron acceptor

(thioredoxin) simultaneously dock on opposite sides of the FTR molecule.

Thioredoxin forms a mixed disulfide bond with the regulatory cysteine of FTR.

This bond is resolved after an electron from a second ferredoxin has been received

and the reduced thioredoxin is released.

1.3.9 Chloroplast Thioredoxins

The most extensively studied plant thioredoxins are those involved in the redox

regulation of chloroplastic enzyrnes. However, since this thesis deals primarily

with non-chloroplastic, h-type, thioredoxins only a brief summary of the functions

of chloroplastic thioredoxin isoforms is provided. Recent reviews (Ruelland and

Miginiac-Maslow, 1999; Schürmann and Jacquot, 2000; Baumann and Juttner,

2002) have covered this area of the literature in detail and can be consulted for

specific information regarding the thioredoxin-dependant regulation of individual

enzymes.

The FTR/thioredoxin m, f system represents one mechanism by which light

regulates the activity of various chloroplastic proteins (Buchanan 1991) and

thereby a range of biochemical processes (Figure I.2B). Through the interaction

with key enz)¡mes, the FTR/thioredoxin system acts like a switch between

anabolic and catabolic pathways in the chloroplast, thus preventing futile cycling

(Buchanan l99l; Jacquot et al.1997; Dai et al. 2000a)'
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No less than seven chloroplastic enzymes have been demonstrated to be

modulated by thioredoxins m and f (Table 1.2), most of which are involved in

carbon metabolism. Three enz)¡mes, FBPase, sedoheptulose-1,7-bisphosphatase

(SBPase) and phosphoribulokinase (PRK) are constituents of the Calvin cycle.

Glucose-6-phosphate dehydrogenase (G6PDH) is involved in the oxidative

pentose-phosphate pathway (glycolysis). NADP-MDH is a key eîzpe of carbon

assimilation in C4 plants and participates in the exportation of reducing

equivalents from the chloroplast to the cytosol in C3 plants (Scheibe 1991).

Rubisco activase regulates the activity of ribulose 1,5-bisphosphate

carboxylase/oxygenase, an enzyme that initiates photosynthetic carbon

assimilation in C3 plants (Zhang and Portis, 1999), whilst the CFr y subunit of

ATP synthase provides ATP for the chloroplast (Schwarz et al. 1997).

Thioredoxiîs m and f coordinate the activity of these enzymes through the

reduction of intramolecular disulfide bridges, a process that results in

conformational changes (Ruelland and Miginiac-Maslow, 1999). Disulfide

reduction causes the activation of all enzymes except G6PDH, which is

deactivated when reduced (Scheibe 1991).

For most of the thioredoxin-regulated chloroplast enz)rmes, unregulated cytosolic

forms also exist. Sequence comparisons of both forms have allowed the

identification of cysteines specific for the chloroplastic isoforms (for a review see

Ruelland and Miginiac-Maslow, 1999). Site directed mutagenesis studies have

determined which cysteines form the redox-active disulfide for all of the enzymes

described above (Table 1.2) (Brandes et al. 1996; Jacquot et al. 1997; Rodriguez-

Suarez et al. 1997; Schwartz et al. 1997; Wenderoth et al. 1997; Duford et al.

1998; Zhang and Portis, 1999; Hirasawa et al. 2000). In addition, structural data

from X-ray crystallography have verified the position of the disulfide bonds in

FBPase (Villeret et al. 1995; Chiadmi et al. 1999) and NADP-MDH (Johansson et

al. 1999). Comparative analysis of the protein sequences of these chloroplastic

enzymes has revealed no common cysteine-containing consensus motif. Nor are

the regulatory cysteines necessarily part of the active site of the enzymes.

Presently, PRK is the only example of a thioredoxin-regulated enzyme containing

regulatory cysteines at its active site (Hirasawa et al. 1998)'
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Table 1.2 Chancteristics of chloroplast enzymes modulated by thioredoxins. The

cysteines of the regulatory site are in bold.

Target Enzyme Biochemical
Pathway

Activator Regulatory
Site

Plant

FBPase

SBPase

Calvin cycle

Calvin cycle

Calvin cycle

Oxidative pentose-
phosphate pathway

C3 plants: redox
shuttle
C4 plants: carbon
assimilation

Calvin cycle
(indirectly)

photophos-
phorylation

Trx"f

Tnf

Trxm/f

Inactivated
byTrxm

Trxf/m

Trx"f

TnÍ

ECX,9CTfNIVCQ
1s3 173

SCGGTACV
52 51

GCX3sCL

CRIDKREDC

ECFGVFCT
24 29

KCXilCI
365 377

GCXTaCV
392 4ll

ICDINGNCV
198 204

Pea

Wheat

Spinach

Potato

Sorghum

Arabidopsis

G6PDH

PRK

NADP-
MDH

157

55l6

149

Rubisco-
activase

CF1-ATP syn-
thase y subunit

Pea

From Baumann and Juttner (2002)

Initial biochemical studies into thioredoxins m andf indicated that they interacted

preferentially with certain chloroplastic enzymes. Thioredoxin/was reported as

activating FBPase, SBPase and PRK whereas thioredoxin mwas thought to reduce

NADP-MDH and G6PDH (Schürmann et al. 1976; Jacquot et al. 1978;

Schürmann et al. 1981; Buchanan 1991). Recent analyses have, however,

demonstrated that the specificity of interactions is less strict than first proposed.

PRK activation has been reported to be twice as effective with thioredoxin m thalrt

with thioredoxin/(Geck and Hartmann, 2000) and NADP-MDH has since been

shown to be more efficiently reduced by thioredoxin/than m (Geck eL aL 1996).

Lopez Jaramillo et al. (1997) also showed that thiored oxin m of pea is capable of

activating FBPase, albeit not very effrciently. To date, thioredoxin f has

demonstrated the biochemical capacity to reduce all the aforementioned enzymes,

except G6PDH, which currently represents the only eîzyme exclusively reduced

by thioredoxin m.
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Site directed mutagenesis studies have provided some insight into the structural

features of thioredoxins / and m that are relevant for protein interaction. The

importance of the conserved third cysteine of thioredoxins/was demonstrated by

substitution mutants that had the cysteine changed to a serine or alanine (Val et al.

1999). Both mutants displayed impaired interaction with FBPase and NADP-

MDH, resulting in reduced activation of the enzymes. Charge topography around

the active site also appears to be an important component of the interaction

between chloroplast thioredoxins and target enzymes. Both 'Wangensteen et al.

(2001) and Duek and Wolosiuk (2001) demonstrated that changing the charge of

amino acids in thioredoxins m and/influenced the strength of interaction with

FBPase. Additionally, the substitution of thioredoxin f amino acids around the

active site for residues more closely resembling those of thioredoxin m resulted in

a mutant/protein displaying more z-like reactivity with various target enzymes

(Geck et al.1996; Geck and Hartmann, 2000).

Several other redox-regulated chloroplast enzymes have been proposed as

potential targets for thioredoxin reduction. These include Glyceraldehyde 3-

phosphate dehydrogenase (Baalmann et al. 1995; Reichert et al. 2000), Acetyl

CoA carboxylase (Sasaki et al. 1997; Kozaki et al. 2000), ADP-glucose

pyrophosphorylase (Ballicora et al. 2000) and the light harvesting complex II

kinase (Rintamäki et al. 2000).

1.3.1 0 Mitochondrial Thioredoxins

The mitochondria of plants and animals contain a distinct thioredoxin system

comprising an NADPH-dependant thioredoxin reductase and specific thioredoxins

(Pedrajas et al. 1999; Lee et al. 1999; Miranda-Vizuete et al. L999; B,arøe and

Follmann, 2000). Evidence for this system in plants came from the isolation of

mitochondrial thioredoxin proteins (Konrad et al.1996), and the identification of a

mitochondrial-specific protein utilizing NADPH and plant thioredoxins as

substrates (Banze and Follmann, 2000). Recently, genes encoding a mitochondrial

specific thioredoxin and NTR were identified in Arabidopsrs (Laloi et al. 2001)'

Both genes were found to possess an N-terminal signal sequence consistent with
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organellar targeting. In addition, Western blots of protoplast protein fractions

demonstrated that the protein products of both genes are located exclusively in the

mitochondrial fraction.

In animals, thioredoxins of mitochondria have been shown to be involved in the

regulation of mitochondrial 2-oxoacid dehydrogenase complexes (Bunik et al.

1995; Bunik et aI. 1997) and thioredoxin-dependant peroxidases (V/atabe et al.

1997; Araki et al. 1999), functions that could also apply to mitochondrial

thioredoxins in plants. In addition, plant mitochondria contain biochemical

pathways and enzymes not found in the mitochondria of other organisms, for

example the alternative oxidase, some of which have been proffered as possible

regulatory targets for mitochondrial thioredoxins (Vanlerberghe et al. 1995).

1.3.11 Cytosolic Thioredoxins: Thioredoxins å

1.3.11.1 Thioredoxins å in Seed Germination

Germination of cereal seeds involves the reduction of seed storage proteins

(Lozano et al. 1996; Yano et al. 2001). Evidence for the involvement of

thioredoxins in seed germination is based largely on the observation that

thioredoxins from plant and bacterial sources have the biochemical capacity to

reduce seed storage proteins and inactivate amylolytic enzyme inhibitors as

determined by in vitro studies (Kobrehel et aL 1992). For example, wheat and E-

coli thioredoxins were found to reduce and inactivate a-amylase and trypsin

inhibitor proteins from several plant species (Kobrehel et al. 1991; Jiao et al.

lg92). Thioredoxin also reduced a seed-specific serine protease, thiocalsin, that

following reduction was activated by calcium (Besse et al. 1996). Reduced

thiocalsin was able to cleave thioredoxin reduced gliadins and glutenins. More

direct evidence for thioredoxin-mediated regulation of seed enzymes has come

from a transformation experiment in which barley transgenic lines, overexpressing

thioredoxin å in seed, displayed a four-fold increase in the activity of pullanase

(limit dextrinase), an eîzqe that cleaves o,"-1, 6 linkages in starch (Cho et al.

leee).
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Examination of the level of thioredoxin protein in the endosperm of germinating

wheat has revealed a progressive reduction during germination and that this

process is enhanced by giberellic acid (GA¡) (Lozano et al. 1996). More recently,

Serrato et al. (2001) reported the cloning of two thioredoxins from wheat that

were predominantly localised in the nucleus of scutellum and aleurone cells and at

a lower level in endosperm. In contrast to the endosperm, the level of thioredoxin

protein in aleurone cells remained unchanged during germination. Moreover, GA¡

did not have an effect on the level of thioredoxin in this locality, indicating the

presence of multiple differentially regulated thioredoxins in wheat seed.

Alternatively, it is possible that the thioredoxin proteins identified in both studies

are the same and that the GA3-associated disappearance of thioredoxin in the

endosperm described by Lozano et al. (1996) is due to the action of GA¡ regulated

proteases.

Thioredoxin fr is not the only native protein with a capacity to reduce seed

proteins in-vitro. Kobrehel et al. (1991) reported that the a-amylase inhibitors

DSG-I (from durum wheat) and CM-l (from bread wheat) as well as a corn kernel

trypsin inhibitor and two purothionin proteins (cr-l and p from durum wheat) were

all more effectively reduced by E. coli glutaredoxin than the E. coli thioredoxin

system used. Further, Kobrehel et al. (1992) found that wheat gliadins and

glutenins can also be reduced by E. coli glutaredoxin, albeit less effectively than

thioredoxin. Since the publication of this work glutaredoxins have been cloned

from the seeds of rice (Minakuchi et al. 1994) and cotyledons of castor bean

(Szederkényi et al. 1997) and can be found to be represented in EST seed libraries

from wheat andmaize

1.3.11.2 Thioredoxins l¡ in the Companion Cell, Sieve Element Complex

Thioredoxins ft represent a common (Schobert et al. 1998), and often predominant

(Ishiwitari et al. 1995), component of the large number of proteins present in the

phloem sap of plants (Fisher et al. 1992; Sakuth et al. 1993). Glutaredoxin has

also been identified in the sieve tube exudate of four dicotyledonous species

(Szederkényi et al. 1997; Schobert et al. 1998), suggesting that redox systems are

an integral component of functional sieve tube complexes.
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Mature sieve tubes are enucleate and contain no cellular organelles yet require a

functional plasma membrane (Sjölund 1997). Consequently, sieve tubes are

thought to be supported by proteins synthesised in neighbouring companion cells

and transferred via plasmodesmata (Schobert et al. 1998). Microinjection studies

with mesophyll cells from rice (Ishiwitari et al. 1998), Cucurbita and Ricinus

(Balachandran et al. 1997) have revealed that recombinant thioredoxin h and

glutaredoxin have the capacity to mediate their own transport through

plasmodesmata. To determine the structural motifs required for cell-cell transport

Ishiwitari et al. (1993) generated two thioredoxin fr mutants incapable of

plasmodesmatal movement. ln both cases mutations involved the modification of

charged residues predicted to project from the protein surface implying that

surface charge topology is important for the binding and or transport of

thioredoxins through plasmodesmata.

A possible role for thioredoxins in sieve tubes is as a hydrogen donor for

peroxiredoxin (Prx). Prx was recently identified as an abundant protein in sieve

tubes of poplar (Populus trichocarpa) (Rouhier et al. 2001). Moreover, in vitro

peroxidase assays demonstrated that poplar Prx was able to reduce H2O2 using

either the poplar thioredoxin in combination with Arabidopsis NTR or

glutaredoxin/glutathione/glutathione-reductase as a proton donor system.

f 3.11.3 Thioredoxins å in Self-Incompatibility

A role for thioredoxins in the selÊincompatibility (SI) response of plants was first

reported when two ft-like thioredoxin proteins (THL-I andT}J.L-2) were found to

interact with the kinase domain of the SI locus receptor kinase (SRK), the female

component of the Brassica SI system (Bower et al. 1996). Mutational studies have

demonstrated that the interaction is dependent upon a functional thioredoxin

active site and the presence of a conserved cysteine in the N-terminus of the SRK

(Mazzurco et al. 2001). Recently, it was shown that SI in Brassica oleraceo

involves the phosphorylation of SRK and that a protein present in stigma extract is

able to inhibit SRK phosphorylation (Cabrillac et al. 2001). Exposure of SRK and

stigma extract to the SI protein component of incompatible pollen results in

phosphorylation suggesting that the inhibitor protein prevents spontaneous
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activation of the SI signalling pathway. Thioredoxin has been proposed as a

candidate for the stigma inhibitor since THL-I and Spirulina thioredoxin were

found to inhibit SRK phosphorylation in-vitro (Cabrillac et al. 2001).

Furthermore, the depletion of thioredoxins from stigma extract was reported to

abolish the inhibitory effect of SRK phosphorylation. However, an interesting

finding arising from this research has been the observation that a functional,

reduced active site is required for the thioredoxin-mediated inhibition of SRK

phosphorylation, yet SRK inhibition appears to involve direct binding of the

inhibitor. How thioredoxin might form an inhibitory complex with SRK through

the active site remains as yet unexplained.

1.3.12 Thioredoxins in Oxidative Stress Protection

A common role for thioredoxins in many organisms is oxidative stress protection.

In yeast, studies on thioredoxin deletion mutants implicated both cytoplasmic

thioredoxins, trxl and trx2, in oxidative protection (for review see Grant 2001).

trx2 deletion mutants were sensitive to hydrogen peroxide (HzOz) (Kuge and

Jones, 1994) and resistant to the thiol oxidant diamide (Muller 1996).

Additionally, trx2 expression was strongly induced in yeast exposed to oxidants.

The HzOz-dependant activation of trx2, was shown to be controlled by the yeast

AP-1 (Yaplp) transcriptional factor, a regulator of several stress-responsive genes

(Kuge and Jones, 1994). Moreover, Yaplp has been shown to be constitutively

active in a trxl/trx2 double mutant (Izawa et al. 1999). Similarly, mutational

studies in the bacterium E coli demonstrated that the mutation of specific

components on the thioredoxin system resulted in increased HzOz sensitivity

(Takemoto et al. 1998). Expression of E. coli thioredoxin2 (trxC) has since been

shown to be regulated by the transcriptional activator OxyR in response to

oxidative stress (Ritz et al. 2000).

One mechanism by which thioredoxins of these organisms participate in oxidative

stress defence is by providing reducing equivalents to specific antioxidant proteins

such as peroxiredoxin (Prx). When reduced, Prxs catalyse the reduction of

hydrogen peroxide or alkyl hydroperoxides to water and the corresponding

alcohol (Rouhier et al. 2001). Five Prx isoforms have been detected in yeast, three

in E. coli and six in mammalian cells (Zhou et al. 2000). Analysis of yeast mutants
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lacking different isoforms has revealed that there is a level of specificity in the

interaction of these enzymes with certain types of peroxides (Chae et al. 1993;

Jeong et al. 1999;Lee et al. 1999).

Although an oxidative stress protection role has yet to be conclusively

demonstrated for thioredoxins in higher plants, several studies have provided

indirect evidence advocating the presence of thioredoxin/Prx antioxidant system

in plants. As for other organisms, higher plants also encode Prxs (Baier andDietz,

1991; Rhee et al. 1999; Genot et al. 2001) several of which have been

demonstrated to be reduced by the NTR/thioredoxin system (Choi et al. 1999;

Verdoucq et al. 1999; Rouhier et al. 2001). Significantly, complementation assays

have shown that Arabidopsis thioredoxins h3, ml, m2, m4 and x are able to restore

HzOz tolerance to yeast thioredoxin mutants (Mouaheb et al. 1998; Issakidis-

Bourguet et al. 2001). Moreover, an Arabidopsis h3 C35S mutant, designed to trap

target proteins, formed a complex with the YLR109 Pnc of yeast (Bréhélin et al.

2000). Most recently, Goyer et al. (2002) cloned a thioredoxin-dependant

peroxidase from the green algae Chlamydomonas that functioned as an antioxidant

towards reactive oxygen species and protected DNA against ROS-induced

degradation.

Unlike classical thioredoxins, an oxidative protective role has been attributed to

CDSP32, a thioredoxin-like protein located in the chloroplast of potato (Rey et al.

1993). The C-terminus of the CDSP32 gene encodes a typical thioredoxin

sequence including the active centre consensus sequence and structural residues at

appropriate positions. Expression of the thioredoxin region also demonstrated that

the recombinant protein possessed thioredoxin activity. Under oxidative stress,

CDSP32 expression is upregulated and the corresponding protein accumulates in

the stroma of stressed plants where it is suggested to preserve the redox potential

of chloroplast proteins (Broin et al. 2000).

1.3.13 Objectives of this ThesÍs

The initial objective of this study was to resolve uncertainty regarding the

structure of Bm2 and to investigate the level of S-gene diversity in the two-locus

SI system of grasses. To this end Bm2 homologues ìwere isolated from a range of
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self-incompatible grass species. This analysis revealed that Bm2 does not

represent the male SI determinant but rather encodes a highly conserved and novel

l¿-class thioredoxin. Consequently, the focus of this study shifted to the

characterisation of these thioredoxins in the grasses and other plants.
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Figure 1.1 Schematic illustration of the genetics of different self-incompatibility systems.

a) The single locus gametophytic system found in the Solanaceae, Rosaceae, Papaveraceae and Scrophulariaceae. Self-incompatibility

is controlled by a single multiallelic S-locus. Self-incompatibility arises when the S-allele carried by the pollen is matched in the pistil;

b) The two locus gametophytic system present in the Poaceae. Self-incompatibility is controlled by two unlinked, multiallelic loci, ,S

and Z.Apollen grain is incompatible only when both of its ,S and Z alleles are matched in the recipient pistil; c) The sporophytic system

of the Brassicace¿e. Self-incompatibility is controlled by a single multiallelic S-locus. However, pollen rejection occurs when the

pollen parent shares alleles in common with the recipient pistil. For example, the ,S3 allele derived from the S73 pollen parent is rejected

as the parent shares an allele (S7) in com.mon with the recipient pistil. By contrast, the 
^93 

allele from the S3a pollen parent is compatible

and able to effect fertilisation.
N)\o
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Figure 1.2 Schematic representation of the two thioredoxin systems found in plants. (a) Light-induced regulation of chloroplastic enzymes

thto"gh the ferredoxin-thioredoxin reductase system. In the light, photosystem I of the photosynthetic electron transport chain reduces ferredoxin.

Ferreãoxin can then serve as an electron donor to ferredoxin-thioredoxin reductase, which reduces thioredoxins m and f. The thioredoxins in turn

reduce the disulfrde bonds of several target enzymes, thereby modiffing their activity. (b) The NTR/Trx system. The reduction of plant thioredoxins

h ¿¡d o is catalyzed by NADPH-thioredoxin reductase using NADPH ¿N a source of reducing equivalents. When the thioredoxin cysteine disulfide is

reduced to a dithiol, the thioredoxin is able to reduce disulfides in target proteins.
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Figure 1.3(a) Comparative alignment of Arabidops¡b thioredoxin protein sequences representing all classes of plant thioredoxins and -E

coli thioredoxin: S.qrr"nr". and accession numbers are: Arabidopsis hl (Zl40S4), oI (44C12840), fl (4F144386), ml (4F095749), x

(AF095753), E. coli (4E000344). Structurally important amino acids are in blue while the active centre is boxed and in bold' Amino acids

iepresenting the predicted N-terminal signal sequence of thioredoxins o, f, m and x are in italics. The conserved C-terminal cysteine of thioredoxin

f is in red and the two-amino-acid insertion of thioredoxin x is in green.

(b) Three-dimensional structure of spinach thioredoxin f showing the 'thioredoxin fold': The positions of the active site cysteines are

indicated. The position of the third conserved cysteine, present in thioredoxins of the f class, is highlighted in blue. Regions targeted in mutational

studies and mentioned in the text are: amino acids 74-77 (light blue); Thrl05, Val89 (in green).
(¿)
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Chapter 2 General Materials and Methods

2.1 Plant Material

Phalaris coerulescens, Lolium perenne, Secale cereale, Hordeum bulbosum,

Hordeum vulgare (cv Sloop), Triticum aestivum (cv Chinese spring) and Zea mays

plant material was obtained from a glasshouse collection maintained at the Waite

Campus, University of Adelaide, Australia. Nicotiana tabacum material was

provided by Dr Ute Baumann of the University of Adelaide. Rice (Oryza sativa cv

'Amaroo') leaf tissue was obtained from Dr Arun Aryan, University of Adelaide.

2.2 RNA Isolation from Plant Material

V/ith the exception of purchased reagents or unless otherwise indicated all

solutions used for RNA extractions \¡/ere prepared using double autoclaved

nanopure HzO then autoclaved again. All non-plastic material required for RNA

preparation (mortars, pestles, glassware, spatulas etc) were wrapped in aluminium

foil and sterilized by baking at 1600C for 4 hrs. Autoclavable plasticware was

sterilized by autoclaving twice whilst other plastic material (eg electrophoresis gel

tanks and material used in RNA transfers) was soaked in 0.4 M KOH for 10 min

then rinsed three times with double autoclaved HzO.

2.2.lDEPC Treatment of HzO

H2O was drawn into an RNase-free (baked 1600C for 4 hrs) glass bottle and

diethylpyrocarbonate (DEPC) added to 0.01% (v/v). The solution was allowed to

stand for 12 hrs, then autoclaved.

2.2.2 Small Scale RNA Isolation

10-100 mg of plant material was placed in a 2 ml microcentrifuge tube together

with one 5 mm and three 3.5 mm sterilized ball bearings and immersed in liquid

nitrogen until frozen. The material was glound to a fine powder by 5 rounds of

vortexing for 30 seconds then refreezing. RNA was extracted using 1 ml of Trizol

(Gibco BRL) reagent following the manufacturers instructions then resuspended

in DBPC-treated HzO (2.2.1) and stored at -800C.
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2.2.3Large Scale RNA Isolation

Plant material was ftozen in liquid nitrogen and ground to a fine powder using a

mortar and pestle. The powder was homogenised in 3 to 4 ml of REB-buffer (10

mM Tris-HCL pH 8.0, 4yo (v/v) sarcosyl, 10 mM NazEDTA) and the ice slurry

was transferred to pre-chilled 10 ml Corex tubes and immediately centrifuged at

6000 rpm (J420 rotor, Beckman J2-21) at 40C for 10 min. The supernatant was

transferred to a fresh tube and caesium chloride added (lg CsCl per ml

supernatant). The supernatant solution was pipetted onto 3 ml of a CsCl cushion

(9.65 g CsCl dissolved in TE (10 mM Tris-HCL, 1 mM EDTA, pH 7.5) to a final

volume of 10 ml) in ultracentrifuge tubes (Oakridge Polycarbonate for Ti70.1 and

Ti65 rotors). The samples were centrifuged at 30,000 rpm for 16 hrs at 40C (rotor

Ti70.1, Beckman L8-70). The supematant was transferred to a 1.5 ml

microcentrifuge tube and the RNA pellet dissolved in 400 ¡rl REB-buffer then

extracted with 400 ¡rl of phenol/chloroform/isoamyl alcohol (25:24:1) and gentle

mixing for 2 min. The two phases were separated by centrifugation at 10,000 rpm

for 5 min in a bench top centrifuge. The upper phase was transferred to a fresh

microcentrifuge tube and the RNA precipitated by the addition of 40 pl of 3 M

sodium acetate (pH a.S) and 1 ml of ethanol and placing at -200C for 2 hrs to

overnight. The pellet was washed with 70Yo ethanol and resuspended in DEPC-

treated llJ-.2O (2.2.1) and stored at -800C.

2.2.4 Nucleic Acid Quantitation and Quality Determination

The concentration of RNA and DNA was determined spectrophotometrically

(Shimadzu IJV-1604 spectrophotometer) at 260 nm. The quality of RNA and

DNA was assessed visually following gel fractionation. RNA in a denaturing

agarose gel (2.9.1) and DNA in a TAE agarose gel (2.12.1).

2.3 RT.PCR

First strand cDNA was synthesized from 2 ¡tg of total RNA using Superscript II

Reverse Transcriptase (Gibco-BRL) and either oligo dT, R2 or T2 as the initiation

primer. The composition of each reaction was as follows; 20 mM Tris-HCL (pH

8.4), 50 mM KCl, 2.5 mM MgCl2, 10 mM DTT, 30 ng R2 primer, 0.5 M of each

dNTP and 200 units Superscript II RT. Reverse transcription was carried out at
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45oC for t hr and terminated by heating to 75oC for 15 min. RNA was degraded

by the addition of 2 units of RNase H and RNase T1 (Gibco-BRL) and incubation

at 37oC for 10 min. oDNA was recovered by ethanol precipitation and the

concentration determined by spectrometric measurement (Shimadzu UV-1604

spectrophotometer). 0.1 pg cDNA was used per PCR reaction. Products of PCR

reactions were visualised by agarose gel electrophoresis (2.12.1).

2.4 s'.RACE

Reverse transcription was performed as described previously (2.3) with the

following exceptions; Thermoscript Reverse Transcriptase (Gibco-BRL) was the

enzyme used, both R2 and T2 were used to prime first strand synthesis and the

reactions were performed at 55oC and 60oC for R2 and T2 respectively. oDNA

was purified using a Qiagen PCR Purification kit according to the manufacturers

instructions and eluted in 30 pl of water. A homopolymeric C-tail was added to

the 3' end of the purified cDNA by the addition of I pl of Terminal

deoxynucleotidyl Transferase (Gibco-BRL) to a 24 ¡rl reaction mix of the

following composition; l0 mM Tris-HCl (pH 8.4), 25 mM KCl, 1.5 mM MgCl2,

0.2 M dCTP and 10 ¡rl of the purified cDNA. Five microliters of the tailed oDNA

was used for PCR. Products of PCR reactions were visualised by agarose gel

electrophoresis (2. 12. 1).

2.5 Preparation of Competent Escherìchia colí Cells

Escherichia coli, strain DH5a, cells were streaked out onto an LB agar plate (I%o

(w/v) Bacto-tryptone, 0.5olo (w/v) Bacto-yeast extract, 0.5o/o (wlv) NaCl' 1.5%

(w/v) Agar, pH 7.5) and incubated overnight at 370C. A single colony was

collected and used to inùhoculate 250 ml of SOB meditm (2o/o (w/v) Bact-

tryptone, 0.5o/o (wlv) Bacto-yeast extract, 0.1 M NaCl, 2.5 mM KCI) in a2-litre

flask. Cells \¡/ere grown to an ODooo of 0.6 at 180C withvigorous shaking(200-

250 rpm). The flask was chilled on ice for 10 min then the cells were transferred

to pre-chilled 250 ml centrifuge bottles. Cells were pelleted by centrifugation at

2,500 rpm and 40C for 10 min (J414 rotor, Beckman J2-21) then resuspended in

80 ml TB buffer (0.01 M Pipes (1,4-piperazinediethanesulfonic acid), 0.055 M

MnCl2, 0.015 M CaClz, 0.25 M KCl, pH 6.7). Cells were allowed to sit in an ice
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bath for 10 min then harvested as above. Cells were gently resuspended in 20 ml

TB containingTo/o (v/v) DMSO and incubated in an ice bath for a further 10 min.

The suspension was then dispensed into 2 ml microcentrifuge tubes, frozen

immediately in liquid nitrogen and stored at -800C.

2.6 Ligation of DNA-sequences into Plasmid Vectors and Transformation of

Escheríchia colí

PCR fragments (2.3 and2.4) were purified by affinity chromatography 'spinclean'

microcolumns (Qiagen) and cloned into either the pGemT or pGemT EASY

vector (Promega) according to the manufacturers instructions. 100 pl of

competent cells (2.5) were added to the ligation mix, gently mixed and then

placed on ice for 30 min. The cells were heat shocked at 420C for I min then 400

pl of SOC medium (SOB media (2.5) containing 0.01 M MgSO+, 0'01 M mgCl2

and 0.35%(w/v) glucose) was added and the tube was incubated at 37oC for t hr

with gentle shaking. Cells were plated out onto LB agar plates (2.5) containing 50

þelml ampicillin, 0.004% (w/v) X-gal and 0.1 mM IPTG and incubated at 370C

ovemight. Recombinant bacteria were identified as white colonies.

2.7 Isolation of Plasmid DNA

Recombinant bacterial colonies were picked from plates with sterile toothpicks

and were inoculated into 10 ml of LB media (l% (wlv) Bacto-tryptone,5%o (w/v)

Bacto-yeast extract, l% (wlv) NaCl, pH 7.5) containing 50 pglml ampicillin. Cells

were grown overnight at 370C with vigorous shaking then pelleted by

centrifugation. Plasmids were purified from the bacterial pellet by either the

alkaline lysis method of Bimboim and Doly (1979) or with a commercial plasmid

purification kit (Qiagen) following the manufacturers instructions. Plasmids were

resuspended in TE buffer or nanopure HzO.

2.8 DNA Sequencing and Analysis

Sequencing of inserts cloned into the pGemT or pGemT EASY vectors (2.7) was

performed by the Nucleic Acid and Protein Chemistry Unit, University of

Adelaide using an Applied Biosystems model 373A DNA Sequencer. Sequencing

reactions were performed as prescribed by the manufacturer. DNA sequences
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were aligned by eye using the SeqED (Applied Biosystems) nucleotide-editing

program.

2.9 RNA Gel Blots and Northern Hybridisation

2.9.1 Formaldehyde Gel Electrophoresis

Total RNA was fractionated in a denaturating agarose gel (1-1 .2 %o agatose, 0.02

M MOPS pH 7.0, 5 mM sodium acetate,l mM NazEDTA,2.2M formaldehyde).

The RNA was prepafed for loading by drying under vacuum, resuspending in 2.0

pl of Buffer A (0.5 M MOPS, 0.01 M NazEDTA pH 7.0) and 13.5 pl of

formaldehyde/formamidel iHzO (3.511013.5), incubating at 700C for l0 min then

chilling on ice. Just prior to loading 1.0 pl of RNA-loading buffer (322 ¡tl Buffer

A mixed with 178 p,I37 % formaldehyde, 500 pl of deionised formamide, 5 mg

xylene cyanol, 5 mg bromocresol green and 400 mg sucrose) was added.

Electrophoresis was performed in MOPS buffer (0.02 M MOPS pH 7.0, 5 mM

sodium acetate, 1 mM Na2EDTA). After electrophoresis the gel was stained in 2

mg/ml ethidium bromide for l0 min, destained for t hr in DEPC{reated HzO and

photographed using an electronic 'GelCam' documentation system (Bresatech

Aust.)

2.9.2Transfer of RNA onto Nylon Membranes

Gels were soaked in 20X SSC (3 M NaCl, 0.3 M trisodium citrate) for l5 min and

the RNA transferred to a nylon membrane (Hybond-N*, Amersham, UK) by

capillary blotting for 12 hrs using 20X SSC as the transfer solution. The

membrane was rinsed in2X SSC for 2 min, air dried and baked at 700C for 30

min. RNA \Mas cross linked to the membrane by exposing the membrane to 50

mJoules of short-wave IJV light. Membranes were sealed in plastic bags and

stored at -200C until used.

2.9.3 Probe Labelling

cDNA sequences generated by either PCR or excised from cloning vectors were

separated on lo/o TAE agarose gels. The sequence was excised under long

wavelength IJV light and purified using a Qiagen Gel Extraction Kit according to

the manufacturers instructions then eluted in nanopure H2O. Approximately 50 ng
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of the probe was boiled with 0.9 pg of 9-mer random labelling primers (total

volume 5 ¡r) for 5 min to denature then rapidly cooled in an ice bath. The

probe/primer mix was added to 12.5 ¡rl of ice-cold oligolabelling buffer (40 pM

d(ATP, TTP, GTP), 0.1 M Tris-HCl pH 7.6,0.1 M NaCl, 0.02 M MgCl2, 200

pdml acetylated DNase-free bovine serum albumin (Sigma), 4 ¡tl lu-32P1-dCTP

(Amersham), 2 units of DNA polymerase Klenow fragment (Boehringer

Mannheim) and made up to 25 pl with ice cold nanopure HzO. The labelling mix

was incubated at 370C for I hr and the labelled DNA separated from

unincorporated nucleotides by passing through a G-100 Sephadex column

(Sambrook et al 1989).

2.9.4 Northern Hybridisation

Membranes were placed in a hybridisation bottle (Hybaid) together with 20 ml of

hybridisation solution (50% (v/v) formamide, 5X SSPE (0.9 M NaCl, 0.05 M

sodium phosphate, 5 mM EDTA p}J7.7), 1X Denhardt's (Sambrook et al. 1989),

1% SDS, 100 pglml yeast RNA) and prehybridised overnight at 420C in a

hybridisation oven (Hybaid). The hybridisation solution was replaced the

following day before the labelled probe was added. The labelled probe was

denatured in boiling water for 5 min and chilled on ice then added directly to the

hybridisation bottle containing the membranes and hybridisation solution.

Hybridisation \ryas allowed to proceed for 24 hrs.

Membranes were then washed in lX SSC, 0.1% SDS at 650C for 20 min, followed

by 20 min washes at increasingly higher stringencies (0.5X SSC, 0.1% SDS and

0.2X SSC, 0.1% SDS and 0.lX SSC, 0.1% SDS). After washing the membranes

were sealed in plastic and exposed to X-ray film (Fuji, Super HR-G30) at -800C

for varying lengths depending on signal intensity. Films were developed in an

AGFA CP1000 developer.

2.10 DNA Isolation from Plant Material

2.10.1Small Scale DNA Isolation

Approximately 500 mg of young leaf material was placed in a 2 ml

microcentrifuge tube together with one 5 mm and three 3.5 mm ball bearings and
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immersed in liquid nitrogen until frozen. The material was ground to a fine

powder by 5 rounds of vortexing for 30 seconds then refreezing. T50 ¡rl of DNA

extraction buffer (l% (wlv) sarcosyl, 0.1 M Tris-HCl, 0.1 M NaCl, 0.01 M

Na2EDTA, 0.1 M NazSO¡, pH S.5) was added to the tube and mixed by hand

inversion for 2 min. The slurry v/as extracted with 750 ¡r1 of

phenol/chloroform/isoamyl alcohol (25'24:l) and gently mixed on an orbital rotor

for 15 min. The two phases were separated by centrifugation at 10,000 rpm for 5

min in a bench top centrifuge. The aqueous phase was transferred to a fresh

microcentrifuge tube and the phenol/chloroform/isoamyl alcohol extraction

repeated. 500 pl of the aqueous phase was transferred to a fresh microcentrifuge

tube and the DNA precipitated by the addition of 50 pl of 3 M sodium acetate (pH

4.8) and 1.5 ml of ethanol and incubation at room temperature for I hr. The

precipitation solution was carefully removed by pipette and the DNA washed with

1 ml of 70% (vlv) ethanol. The DNA was pelleted by centrifugation (10,000 rpm

for 5 min), the ethanol removed by pipette and the pellet allowed to air dry. The

DNA was resuspended in 30-50 ¡rl of TE (2.2.3) containing 40 pglml of RNase A

then stored at -200C until used.

2.10.2 Large Scale DNA Isolation

Approximately 29 of leaf material was frozen in liquid nitrogen and ground to a

fine powder using a mortar and pestle. The powder was homogenised in 4 ml of

DNA extraction buffer (2.6.1) and the ice slurry was transferred to a 10 ml screw-

cap tube (Sarstedt). Phenol/chloroform/isoamyl alcohol (25:24:l) (4 ml) was

added and the tube placed on an orbital mixer for 15 min. The tube was then

centrifuged at 5000 rpm (J420.1 rotor, Beckman J2-21) for l0 min. The

supernatant was transferred to 10 ml serum gel tube (Sarstedt) and re-extracted

with another 4 ml of phenol/chloroform/isoamyl alcohol (10 min on an orbital

mixer) then centrifuged at 5000 rpm for 5 min. The supernatant was decanted into

a fresh 10 ml tube and DNA precipitated by the addition of 400 ¡rl of 3 M sodium

acetate (pH a.S) and 4 ml of isopropanol. The DNA was spooled around the end

of a sterile pasteur pipette and transferred to a 2 ml microcentrifuge tube. Excess

supernatant was removed and the pellet washed with 2 ml of 70% (vlv) ethanol.
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The pellet allowed to air dry and the DNA was resuspended in 300 pl of TE

(2.2.2) containing 40 pglmlof RNase A then stored at -200C until used.

2.11 Digestion of Genomic DNA with Restriction Endonucleases

DNA was digested in a solution of the following composition; 15-20 ¡rg DNA, 2

pl of 0.04 M spermidine, 2 þl of 1 mg/ml acetylated bovine serum albumin

(Boehringer Mannheim), 10 units of restriction endonuclease (Promega), 2 ¡il of

the corresponding 10X restriction buffer (Promega) and HzO to 20 pl. Digests

were incubated at 370C for 3 hrs then an additional 10 units of restriction enzyme

added and the digest allowed to proceed for a minimum of 2 hrs.

2.12 DNA Gel Blots and Southern Hybridisation

2.12.1 Agarose Gel Electrophoresis

DNA samples were mixed with 1/10 vol of l0X Ficoll dye (0.1 M Tris-HCl, 0.2

M Na2EDTA, 0.25o/o (w/v) bromophenol blue, 0.25o/o (w/v) xylene cyanol,30%o

(w/v) ficoll tlpe 4000, pH 8.0) and fractionated on a lo/o agarose gel in TAE

buffer (0.04 M Tris-acetate, 1 mM NazEDTA, pH8.0) at 20-100 mA for 4-16 hrs.

After electrophoresis, gels were stained in 10 pglml ethidium bromide for 15 min,

visualised under UV light and photographed.

2.12.2 Transfer of DNA onto Nylon Membranes

DNA was transferred to a nylon membrane (Hybond-N*, Amersham, UK) by

capillary blotting (Southern 1975) for 5-12 hrs using 0.4 M NaOH as the transfer

solution. Following transfer the membrane was rinsed inZX SSC (2.5.2) and dried

by careful blotting on filter paper (V/hatman 3MM). Membranes \ryere sealed in

plastic bags and stored at 40C until used.

2.12.3 Southern Hybridisation

Membranes were prehybridised for 12-20 hrs at 650C in a hybridisation bottle

(Hybaid) containing 2 ml 5X HSB (3M NaCl, 0.1 M PIPES, 0.025 M Na2EDTA

pH 6.8), 1 ml Denhardts III 00% (w/v) SDS, 5% (w/v) tetrasodium

pyrophosphate, 2% (w/v) gelatine, 2% (w/v) ficoll, 2% (w/v) polyvinyl

pyrollidone), 1 ml salmon sperm DNA (5 mglml) and 6 ml HzO. The
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prehybridisation solution was replaced with 10 ml of hybridisation solution (4 ml

HzO,2 ml 5XHSB,2 ml Denhardts Itr, I ml 25% (wlv) dextran sulfate and 1 ml

salmon spefm DNA (5 mglml)) and allowed to warm up to 650C before the probe

was added. The labelled probe, prepared as described previously (2.9.3), was

denatured in boiling water for 5 min and chilled on ice then added directly to the

hybridisation bottle. Hybridisation was performed at 650C overnight. Membranes

were then washed in2X SSC, 0.1% SDS at 650C for 20 min, followed by 20 min

washes at increasingly higher stringencies (1X SSC, 0.1% SDS and 0.5X SSC,

0.1% SDS and 0.2X SSC, 0.1% SDS). After washing the membranes \¡/ere sealed

in plastic and exposed to X-ray film (Fuji, Super HR-G30) at -800C for varying

lengths depending on signal intensity. Films were developed in an AGFA CP1000

developer.

2.13 Removal of Radioactive Probes from Membranes

Southern membranes were stripped by pouring hot (900C) stripping solution

(0.1% SDS, 2 mM NazEDTA, pH 8.0) onto them then incubating at 650C for 30

min. Northern membranes were stripped by pouring boiling 0.1% SDS onto them

then incubating them at room temperature for 30 min. All membranes were re-

exposed to X-ray film for 5 days to ensure that the probe had been removed.



4t

Chapter 3 Clarification of the Structure of Bm2 and its Role in SI

3.1 Introduction

Self incompatibility (SI) is widespread in the grass family (Graminae) and is

controlled by two multiallelic loci, S and Z, which segregate independently

(reviewed in Hayman 1992). Previous reports suggested that a cDNA called Bm2,

isolated by differential screening of a mature pollen library of Phalaris

coerulescens, represents a putative ,S-gene (Li et al. 1994). Since Bm2 was not full

length the first exon and intron of the gene were predicted from the genomic

sequence of two alleles (S7 and ,Sz). Based upon these sequence analyses it was

proposed that the gene was composed of two domains. The 5' half of the gene was

found to contain most of the nucleotide differences and was labelled the allelic

domain, whilst the 3' region of the gene sequence was completely conserved and

was named the thioredoxin domain as it shared similarity with plant thioredoxin ft

genes. In a subsequent study, a sequence orthologous to part of the conserved

thioredoxin domain was amplified by RT-PCR from several SI and self-

compatible (SC) grass species suggesting the presence of similar genes in these

species (Li et al. 1997). Conversely, RT-PCR with primers designed to the allelic

domain failed to amplify a corresponding product in other grasses, a result

interpreted as supporting the premise that this region of the gene determined

allelic identity.

Allelic variability is crucial for the recognition process in SI. Not surprisingly,

proteins shown to be involved in single-locus SI systems, such as the S-RNases in

the gametophytic system of the Solanaceae, Rosaceae and Scrophulariaceae as

well as the S-receptor kinase (SRK) and S-locus glycoprotein (SLG) in the

sporophlic SI reaction of the Brassicaceae show a high degree of amino acid

sequence polymorphism. For example, within the Rosacede sequence similarities

ranged from 29.2o/o to 82.2o/o (Ushijima et al. 1998). For the S-RNases and

SRIVSLG proteins it was found that sequence variations were clustered and

several hypervariable and conserved sequence blocks have been identified.

Clustering of amino acid variation is, however, not necessarily the rule since the

S-proteins involved in the gametophytic SI response of the Papaveraceae show
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amino acid variation (51.3% to 63.70/o identity) that is dispersed throughout the

protein (Kurup et al. 1998). Mechanisms responsible for the generation of S-allele

polymorphism also differ between SI systems. ,S-allele diversity in the sporophytic

Brassica system appears to be the result of both point mutations and intragenic

recombination (Nasrallah 1997; Kusaba et al.1997), whilst point mutations alone

appear to be the primary generator of new alleles in gametophytic systems (Saba-

El-Leil et al. 1994; Matton et aI. 1997; Ishimizu et al. 1998). In contrast to ,S-

alleles from other gametophytic SI systems, allelic variation between the ,Sr and,S2

alleles of Phalaris was found to be comparatively low (92o/o predicted amino acid

identity) and was due, almost entirely, to a frameshift caused by a single base

deletion and insertion in the predicted allelic domain region (Li et al. 1994).

Moreover, unlike many of the S-genes published to date, the Phalans ,S-alleles did

not display readily distinguishable, allele determining, hlpervariable domains.

An additional contrasting feature of the Phalaris Bm2 gene and ,S-genes from

other species is their spatial expression pattern. All ,S-genes studied to date are

expressed in either pollen or stigma tissue depending upon whether they encode

the male or female SI determinant respectively (Sims 1993; Foote et al. 1994;

Schopfer et al. 1999). By contrast, Bm2 is expressed in both pollen and stigma

tissue (Li et al. 1994; Baumann et al. 2000). Previous in-situ hybridisation

experiments have reported that Bm2 mRNA is highly expressed in response to a

self-incompatible, but not self-compatible, pollination (Baumann et al. 2000). The

apparent self-incompatible-dependant induction of Bm2 mRNA has been

interpreted as indicating a role lor Bm2 in SI. However, there are alternative

explanations that have not as yet been tested. SI in Phalaris is regularly associated

with the rupture of incompatible pollen tubes, thus the,Bz2 mRNA detected at the

site of SI may have been released by the burst pollen tube rather than expressed by

the surrounding stigma tissue. Furthermore, during the preparation of stigmas for

in-situ hybridisation it was discovered that mechanical damage also indt¡ced Bm2

expression (Baumann et al. 2000). In addition, oxidative stress has since been

implicated in the gametophytic SI response of lily (Tezuka et al. 1997). Should SI

in Phalaris similarly elicit a stress response it is possible that Bm2 is expressed in

response to this stress.
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In order to clarify the structure of Bm2 and determine the level of ,S-gene diversity

in a two-locus SI system, full-length Bm2 homologues were isolated from three SI

grass species known to have the S-Z system and two further alleles lrom Phalaris

coerulescens. In addition, the induction of Bm2 expression in response to

mechanical damage and SI was examined further.

3.2 Materials and Methods

3.2.1 Isolation of Bm2 Homologues

RT-PCR was utilised to isolate Bm2 homologues from the SI grass species Secale

cereale, Hordeum bulbosum, Lolium perenne and two additional Bm2 alleles from

Phalaris coerulescens. The Phalaris 
^Sr 

and rS2 seQuences published by Li et al.

(1994) were used as a template for the design of PCR primers (Figure 3.2a). PCR

primer sequences are given in Appendix A.

3.2.1.1RNA Extraction

Total RNA was extracted from the mature pollen of all species and purified by

CsCl gradient (general materials and methods2.2.3).

3.2.1.2 PCR Reactions

Four RT-PCR (Reactions 1 to 4) and two 5'RACE (Reactions 5 and 6) reactions

were performed on the RNA of each species (see general materials and methods

2.3 and2.4):

Reaction l; first strand oDNA was synthesised using oligo-dT as the initiation

primer followed by PCR with the A1/R2 primer pair (PCR Protocol l, Appendix

B).

Reaction 2; reverse transcription with R2 as the initiation primer followed by PCR

with the AllT2 primer pair (PCR Protocol 2, Appendix B).

Reaction 3; reverse transcription with oligo-dT as the initiation primer followed

by PCR with the R1/R2 primer pair (PCR Protocol l, Appendix B)

Reaction 4; reverse transcription with R2 as the initiation primer followed by PCR

with the R1/T2 primer pair (PCR Protocol 3, Appendix B).

Reaction 5; reverse transcription with R2 as the initiation primer followed by the

addition of a homopolymeric C-tail then PCR with the T2 pnmer and an anchored

primer AAP (specific to the homopolymeric tail) (PCR Protocol4, Appendix B).
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Reaction 6; reverse transcription with T2 as the initiation primer followed by the

addition of a homopolymeric C-tail then PCR with the Tl primer and AAP (PCR

Protocol 4, Appendix B).

Reactions 1 and 2 werc designed to amplify full-length cDNA's and were based

upon the assumption that the predicted first exon sequence of the 
^Sr 

and ,Sz alleles

was correct. Reactions 3 and 4 were designed to ampliff the majority of the

thioredoxin domain region of the gene using primers targeted to the Bm2 IDNA

sequence. Reactions 5 and 6 were 5'RACE reactions employing nested primers

targeted to the Bm2 c,DNA sequence, and therefore did not require the first exon to

have been correctly predicted. The possibility of ampliffing contaminating

genomic DNA in the 5'RACE reactions was avoided by designing the Tl primer

such that it covered an intron-exon junction.

3.2.1.3 cDNA Cloning and Sequencing

The PCR products amplified from each grass were subcloned into pGemT vectors

(2.6) and competent E. coli cells transformed with the recombinant plasmids (2.6).

Recombinant bacteria were groìwn and plasmids harvested (2.7). Two independent

clones of each product were sequenced from each direction (2.8). To ensure that

sequence accuracy was achieved, reactions were repeated from the point of

reverse transcription. Therefore, each sequence is the result of four individually

generated sequences.

3.2.2 Ãnalysis of Bz2 Expression

Two expression studies were conducted to clarify the expression characteristics of

Bm2 in response to mechanical damage and self-incompatible pollination.

Previous in-situ hybridisations were performed on stigmas subjected to an in-vitro

pollination assay developed by Hayman (1956). For the assay, intact mature

stigmas were removed from Phalaris florets and planted onto 2%o agar plates

containing l0% (wlv) sucrose and 100 ppm boric acid. Stigmas were then

pollinated with Phalarrs pollen sourced from plants of different S and Z genotlpes

and the SI phenotype assessed by viewing the pollinated stigmas under a light

microscope. To ensure that the results obtained in this study could be compared

with previous in-situ results, the stigmas used for pollination experiments were

treated in an identical manner (Figure 3.9).



45

3.2.2.1 Mechanical Damage

Phalaris stigmas (1 day pre-anthesis) were mechanically damaged in-planta. The

top of the floret was cut off and the stigma damaged by gentle squeezing with

forceps. Stigmas were left for 3 hrs then harvested into 2 ml microcentrifuge tubes

and frozen in liquid nitrogen. Control (undamaged) stigma material was derived

from florets treated in an identical manner with the exception of forcep damage.

Approximately 50 stigmas were harvested for each treatment.

3.2.2.2 Self-incompatible and S elf-compatible Pollinations

Mature Phalaris stigmas (1 day pre-anthesis) were carefully excised from florets

and planted onto agar plates (approximately 50 stigmas per plate). Plates were

sealed and stored at 4oC overnight. The following day, plates were allowed to

waÍn up to room temperature (approximately 22 oC) then the stigmas were

pollinated with fresh pollen from a Phalaris plant of either the same S and Z

genotype (self-incompatible) or a different genotlpe (self-compatible) or with

pollen from wheat (cross-incompatible). Pollinated stigmas were held at room

temperature for 3 hrs then harvested into 2 ml microcentrifuge tubes and frozen in

liquid nitrogen. Control stigmas were unpollinated.

3.2.2.3 RNA Extractions

Total RNA was extracted from stigmas and mature anthers (1 day pre anthesis)

using the small-scale RNA isolation method (2.2.2).

3.2.3.4 Amplific a tion of P h al sr ís P er oxiredoxin (P c P rx)

Peroxiredoxin was amplified by RT-PCR from Phalaris anther RNA. The

sequences of rice (Genbank accession number 4U031625), wheat (88427212)

and barley (BQ46SI13) type-C peroxiredoxins (Rouhier et al. 2001) were used as

the templates for the design of primers. First strand cDNA was synthesised using

oligo-dT as the initiation primer (2.3) followed by PCR with the PrxF/PrxR

primer pair (PCR Protocol 5, Appendix B). Subcloning and sequencing of the

PCR product were carried out as described previously. PCR primer sequences are

given in Appendix A.
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3.2.3.5 RNA Transfer and Northern Hybridisation

RNA concentrations were determined spectrophotometrically (2.2.$ and 12 pg of

RNA fractionated in a I.2%o denaturating agarose gel (2.9.1). RNA was then

transferred to nylon membranes by capillary blotting (2.9.2) The Phalaris PTrxl

and PcPrx cDNAs amplified by RT-PCR were radioactively labelled (2.9.3) and

used as the probes for hybridisation (2.9.4). Membranes were washed three times

to a final stringency of 0.2X SSC, 0.1% SDS (2.9.4).

3.3 Results

3.3.1 Isolation of Bm2 Homologues

3.3.1.1 Analysis of PCR's

PCR's incorporating primer A1 (Reactions 1 and 2) failed to amplify a cDNA

product regardless of the PCR conditions, even with Phalaris cDNA as the

template. By contrast, PCR Reactions 3 to 6 yielded oDNA products. PCR's 3 and

4 amplified products of identical size from the oDNA of all species whilst the size

of the product amplified in 5'RACE Reactions 5 and 6 varied slightly between

species. PCR's 3, 4,5 and 6 were designed to generate four overlapping products

(Figure 3.1b). The sequences reported here represent contigs generated from the

overlapping PCR products.

3.3.1.2 Nucleotide Sequence Analysis

Entire sequences were generated for all species and are presented as ful1 sequence

alignments in Appendix C. The cDNA's range in size from 939 bp for Secale

cereale to 1024 bp for Lolium perenne and displayed 77.3-91.5% nucleotide

identity. The two Phalaris alleles show the highest level of homology. PTrxl

differs ftom PTrx2 by 6 nucleotides; a three-base deletion 199 bases upstream of

position +1 and three substitutions located ll7 and 106 bases upstream and at

position +339. Across all species, the most striking observation is that the 3'halt

defined by nucleotides +1 to +396 (Appendix C), displays a very high level of

conservation (95.9-98.7o/o nucleotide identity). A small number of single base

substitutions constitute the only differences observed. This finding is consistent

with the high level of homology reported by Li et al. (1997) when partial

sequences from this region were compared. Conversely, within the 5' region, a
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higher level of divergence is evident. Sequence homology is restricted to

completely conserved blocks separated by extensive insertions, deletions and

areas of multiple single base substitutions. The 5' divergence is most evident in

the Secale sequence, which displays the highest level of variability in this section

when compared to the other grasses investigated here.

3.3.1.3 Analysis of ORF's and Protein AlÍgnments

The nucleotide sequences were analysed for the presence of open reading frames

(ORF's) using Lasergene (DNASTAR Inc.). In all cases a single ORF was

identified. The ORF starts at a conserved initiation codon (given as position +1 in

the sequence alignment, Appendix C) and translates into a protein of 131 amino

acids. Upstream of the initiation codon seven in-frame stop codons are found in

Secale, three in Hordeum, two in PTrxl and PTrx2 and one in Lolium (Figure

3.2). These confirm the position of the initiation codon and demonstrate that the 5'

untranslated leader sequence contributes approximately 60/o of the overall length

of these mRNA's.

The deduced protein sequences for the five genes are shown in Figure 3.3. As

indicated by the nucleotide homology, the level of sequence identity across these

proteins was found to be very high. The two Phalaris sequences are identical,

whereas Secale, Hordeum and Lolium show 95.4% , 97 .lo/o and 95.4%o amino acid

identity with the two Phalans proteins respectively. Although some nucleotide

variation was detected in the coding region, as high as 23 differences in the Secale

sequence when compared with the Phalaris sequences, very few differences result

in amino acid changes (six in the case of Secale, of which three are

nonsynonymous).

Comparing the data obtained in this study with the previously published Phalaris

,S7 and 52 seeuences, a discrepancy in the region of the first intron and second

exon was found (Figure 3.4). The cDNA sequence of the 5' end of the genes

isolated in this study identified regions of homology to, and terminating within,

the first intron of the Phalaris,Sr and 52 seQuences reported by Li et al. (L994).

V/hile the genes amplified in this experiment represent full length sequences, the

first exon and intron of the 
^Sr 

and ,S2 seQuences \ryere predicted and as such would
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appear to be incorrect. This observation is further supported by the inability of

PCR's employing the A1 primer (targeted to the predicted first exon) to amplify a

product. Significantly, the ^!r and rS2 seeuences contain a methionine residue in an

identical position to the initiation codon of the genes isolated here. 'When this

residue is taken as the start codon, the ,S7 and Sz sequences translate into proteins

of identical size and sequence to those of PTrxl and PTrx2.

3.3.1.4 Database Searches

Database searches using BLAST (Altschul et al. 1997) were performed on the

sequences and revealed that all proteins shared amino acid similarity with the å

class of plant thioredoxins. The thioredoxin å proteins identified in the database as

having the highest sequence identity were from wheat (Gautier et al. 1998) and

rice (Ishiwatari et al. 1995) with 36%o and 34% identity, respectively' A

comparative alignment of the Phalaris PTrxl protein with the thioredoxin å

sequences of wheat and rice is given in Figure 3.5. Significantly four thioredoxin-

like genes, three plant expressed sequence tags (ESTs) and one gene located on a

bacterial artificial chromosome (BAC) clone, were also identified from the

database as having high levels of sequence similarity to the genes isolated in this

study. The ESTs from Lycopersicon esculentum, Glycine max aîd Pinus taeda

and the BAC gene from Arabidopsis thaliana were predicted to sharc 620/o,620/0,

59% and 65%o identity with the Phalans PTrxl protein, respectively (Figure 3.6).

In the case of G. max and A. thaliana this represents a higher level of identity than

that detected when these genes are compared with the two G. max and fle A.

thaliana thioredoxin h sequences that have been published (Shi and

Bhattacharyya, 1996; Rivera-Madrid et al. 1995). Therefore, it would appear that

the EST and BAC sequences represent other plant homologues of the grass genes

reported here.

3.3.2 Analysis of Brz2 Expression

The in-situ observation of Bm2 expression in response to damage (Baumann et al.

2000), together with the finding that SI in lily is associated with oxidative stress

(Tezuka et al. 1997), raises the question of whether Bm2 expression was induced

by oxidative stress. In order to determine whether the tissue used for Northerns

was under oxidative stress, membranes were also probed with a Phalaris tlpe-C
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peroxiredoxin cDNA fragment amplified from stigma RNA. The rationale for

choosing the type-C peroxiredoxin was: 1) peroxiredoxins have been shown to be

involved in the response to oxidative stress in several organisms (Baier andDietz,

1999; Rhee et al. 1999; Lewis et al. 2000);2) the type-C peroxiredoxin was found

to be present in reproductive tissue EST libraries of several grass species; 3) type-

C peroxiredoxins isolated from three plant species have been shown to reduce

HzOz in the presence of the NTR/thioredoxin system (Choi et al. 1999; Verdoucq

et al. 1999; Rouhier et al. 2001).

3.3.2.1Amplification of a Phalaris Type-C Peroxiredoxin cDNA

The Phatarz's peroxiredoxin cDNA probe (PcPrx) was amplified from stigma

RNA by RT-PCR. Visualisation of the PCR product in an agarose gel (Figure

3.7a) revealed a band of the expected size (327 bp). The identity of the PCR

product was confirmed by sequencing and comparison with the cDNA sequence

of wheat tlpe-C peroxiredoxin (Figure 3.7b). The Phalarts sequence displayed

96%o ntcleotide similarity with the corresponding region of wheat and 86Yo,97%o

and 84o/o with the same region of rice, barley and maize, respectively (Appendix

D) indicating that this type of peroxiredoxin is highly conserved in the grasses.

3.3.2.2 Expression of Bm2 (PTrxI) in Response to Mechanical Damage

Phalaris stigmas were mechanically damaged in-planta and the expression profile

of PTrxl and PcPrx determined by Northern blotting. Mechanical damage of

Phalaris stigmas was found to result in a large increase in the expression level of

both PTrxl and PcPrx mRNAs (Figure 3.8). The induction of PcPrx expression

indicates that the damage was sufficient to cause oxidative stress. Moreover, both

PTrxl and PcPrx were rapidly induced since the time between the application of

damage and the sampling of tissue was relatively short (3hrs). These results

confirm the previous in-situ hybridisation findings and suggest that the damage of

Phalaris stigmas, both in-planta and in the plate assay, results in oxidative stress.

3.3.2.3 Expression of Bm2 (PTrxI) in Response to SI

SelÊincompatible and self-compatible pollinations were recreated in an in-vitro

assay (Figure 3.9) and the expression patterns of PTrxl and PcPrx in response to

both types of pollination assessed by Northern hybridisation (Figure 3.10).
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Hybridisation with the PTrxl and PcPrx cDNA probes revealed that both

transcripts were strongly upregulated in stigmas derived from plate assays (Panel

ii and iii) when compared with their endogenous expression level (Panel i).

Significantly, there was found to be no difference in the expression level of PTrxl

in stigmas pollinated with either incompatible or compatible pollen. Therefore, the

in-situ findings of massive Bm2 expression at the site of a selÊincompatible

pollination do not indicate the induction of expression in the surrounding stigma

tissue.

The level of PTrxl and PcPrx expression in the control (unpollinated) stigmas

from the plate assay was marginally lower than that of pollinated stigmas.

However, as both transcripts are highly expressed in mature anthers (Panel i), the

slightly higher level of expression detected in pollinated tissue is most likely due

to the additional mRNA from the pollen in these samples. Moreover, since the

pollination contributed little to the expression level of both transcripts in stigma, it

is likely that the in-vitro assay method was the primary cause of transcript

accumulation. The substantial expression of PTrxl and PcPrx in stigmas derived

from the plate assay is not dissimilar to that recorded for the mechanical damage

Northerns (Figure 3.8). The increased expression of PcPrx in particular, suggests

that the plate assay method similarly causes oxidative stress in Phalaris stigmas.
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Full-length Seca/e cereale cDNA

Figure 3.1 a) Location of PCR primers used in this study with respect to the

published Phalaris,ST sequence. Roman numerals represent exons and the positions of
the proposed domains are indicated (the thioredoxin domain is also in red). Primers

Tl,T2 and Rl correspond to the putative thioredoxin domain, R2 is located in the 3'

UTR and the upstream primer A1 was based upon the predicted first exon sequence.

The known and predicted regions of the gene are indicated. Red arrows correspond to

the PCR primers employed by Li et al. (1997) that are mentioned in the Introduction.

b) The PCR strategy employed to amplify the Bm2 homologue fuom Secale cereale.l)
Agarose gel of the PCR products amplifîed using the following primer sets: Lane 2,

AAPIT2; Lane 3, AAP/TI; Lane 4,F.llT2; Lane 5, Rl/R2. Lanes 6-10 are controls;

Lane 6, AAPIT} (no template cDNA); Lane 7, U2lT2 (no template oDNA); Lane 8,

Rlru (no template oDNA); Lane 9, P.llT2 (genomic DNA as template); Lane 10,

Rl/R2 (genomic DNA as template). Lane 1 is a size marker (band sizes in bp are

indicated). II) Schematic illustration of the PCR products of lanes 2 to 5 and their

positions in the full length cDNA contig. Red bars designate the thioredoxin domain

region.

3'5'
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5' 3'
PTrxI

PTrx2

LpTrx

ScTrx

HbTrx

69 -89%

I stop codon Þ nfC start codon I onr

Figure 3.2

Schematic representation of the alignment of cDNA sequences from Phalaris

coerulescens (PTrxl, PTrx2), Lolium perenne (LpTrx), Secale cereale (ScTrx) and

Hordeum bulbosum (HbTrx). The positions of the common open reading frame and

upstream stop codons are indicated. The range of nucleotide sequence homology for areas

mentioned in the text is also given.
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HbTrx
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Figure 3.3
Alignment of the deduced amino acid sequences from Phalaris coerulescens (PTrx),

Hordeum bulbosum (HbTrx), Lolium perenne (LpTrx) and Secale cereale (ScTrx).

Dashes represent identical amino acids.
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Intron I Exon 2

Sl 5r

s1

PTrxl

s1

PTrxl

s1

PTrxl

3r

PTrxl 5r 3r

cgcacggcacgagcggcgccggccgggccaagtggtgcgacgccgacc g acgc.g

CGCACGGCACGAGCGGCGCCGGCCGGGCCAAGTGGTGCGACGCCGACCGACGCG

gÈtaattcacgggc tcgcccacgcacgccagccgÈcc gtaccacgcggttaatc
GTTAATTCACGGGCTCGCCCACGCACGCCGGCCGTCCGTCCGACGCGGTTAATC

caccattagctc- - - - - : : - cggcAtagtagtttgtg- - ; ccagaaacacgagc
-***l* ******** * * * **** ***

CACCGCGTCGTCGCCGTCGCCGCCGTC GTCGTC GTCGCCTCCAGAAACACGAGC

cggccatagcACGGCCGCGGAÀTATTCCACGTCCCTCCCCTCCCCCC TCCTCCG

CGGCCATAGCACGGCCGCGGAATATTCCACGTCCCTCCCCTCCCCCCTCCTCCG

s1

PTrxl

FÍgure 3.4

Comparative alignment of the 5' end of the PTrxl sequence with a homologous

region covering the predicted first intron/second exon boundary of the Phalaris S t
sequence. The sequence coffesponding to the predicted first intron of 57 is in
lowercase letters whilst the predicted second exon is in uppercase and red. Different

nucleotides are identified by an asterix. Gaps in the alignment are indicated by

dashes.
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Figure 3.5
Alignment of the Phalaris coerulescens (PTrxl) amino acid sequence with the

thioredoxin ft sequences of wheat (TaTrx) and rice (OsTrx). Dashes indicate identical

residues. The thioredoxin active site motif is in red and amino acids reported to be

important for the maintenance of thioredoxin protein structure (Eklund et al. 1991) are

boxed. Residues that are chemically similar across the three sequences are highlighted

in blue.
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Figure 3.6

Comparative alignment of the deduced amino-acid sequence of Phalaris PTrxl with
homologous EST sequences fuom Lysopersicon esculentum (LeTrx; GenBank

accession number AW092362), Glycine max (GmTrx; 4W101975), Pinus taeda

(PtTrx;4W043121) and an Arabidopsis thaliana homologue (AtTrx; located on BAC
clone AC012562). Dashes indicate identical amino acids, the thioredoxin active site

sequence is in red and chemically similar amino acids are in blue. The percentage

protein identity and similarity of each gene, relative to the PTrxl sequence, is given

in brackets at the end of the sequence (o/oidentity I o/osimllarity).
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TaPTx ATGGCTCCGATTGGCGTGGGCAGCACCCTCCCCGACGGCCAGCTCGCGTGGTTCGACGA 59

T a P Tx GAGCGAACAGATGCAGCAGGTCTCCATCCACT CCCTGGCCGCCGGC AAGAAGGTCATCC 1 1 8

PrxF
T a Prx T CTT CGGCGTCCCTGGCGCCT TCACCCCCACCTGCAGCAATCAGCATGTACCAGGCT TC 1 7 7

PcPrx ACCCCCACCTGCAGCAATCAGCATGTACCAGGCTTC 36

T a PTx AT TACT CAGGCCGAGGAGCT CAAAGCCAAGGGTGTAGATGAGATCCT GCT TGTCAGCGT 2 3 6

Pc PTx AT TACT CAÀGCTGAGGATCTCAAAGCCAAGGGTGTAGAGGAGATTCT TCTT GTCAGCGT 9 5

TaPTx TAATGACCCCTTTGTCATGAjU\GCATGGGCGAAGACATACCCAGATAACAAGCATGTGA 2 95

PcPTx TAATGACCCCTTTGTCATGAAGGCATGGGCAi\,\GACATACCCAGAGA,\C2\GCATGTGA 15 4

T A PTx AGT TCCT T GCTGATGGAGCGGCAGCATACACAAAAGCACT TGGTCT T GAGCT TGAT C T T 3 5 4

P c PTx AGTT CCTTGCT GATGGAGCGGCAGCATACACAAÄAGCACT T GGTCT T GAGCT TGATCTC 2 1 3

TaPrx
PcPrx

TaPrx
PcPrx

AGTGAGA,U\GGAT TGGGTCT CCGT TCGAGGCGGT T TGCTCTCCTTGCTGACGACCT CAA 4 1 3

ACGGAGAAGGGATTGGGTCTTCGTTCGAAGCGCTTTGCTCTCCTTGCTGACGACCTCAA 2'7 2

PrxR
GGTCACCGTCGCA'U\CGTCGAGGAAGGTGGCCAGTTCACÀATCTCTGGTGCCGAGGAGA 47 2

GGTCACCGTCGCAAACÀTCGAGGAAGGÀGGCCAGTTCÀCAÀTCTCTGGTGCCGAG 321

TaPrx TCCTCAAGGCACTGTAG 489

Figure 3.7
Amplification of the Phalans C-type peroxiredoxin (PcPrx) cDNA probe. (a) 2%

agarose gel of the PCR fragment amplified using the PrxF/PrxR primer set: Lane 1,

l00bp DNA ladder (sizes indicated); Lane 2, RI-PCR product; Lane 3, control (no

template oDNA); Lane 4, control (genomic DNA as template). (b) Alignment of the

wheat C-type peroxiredoxin (TaPrx) oDNA sequence (GenBank EST clone
88427212) with the sequence of the Phalaris KI-PCR product. The primer sequences

are highlighted in bold and different nucleotides are in blue.
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Figure 3.8
The effect of mechanical damage on the PTrxl and PcPrx mRNA levels in
Phalaris stigma. (a) Denaturing agarose gel of stigma RNA. Sizes of RNA
marker bands and the position of the 265 and 18S ribosomal RNA bands are

indicated. (b) Northern blot with the Phalaris PTrxI cDNA probe. (c) Northern
blot with the Phalans peroxiredoxin cDNA probe. Both blots were exposed for
5 days
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Figure 3.9 Schematic illustration of the Phalaris coerulescens in-vítro

pollination assay

a) Intact, mature stigmas (1 day pre-anthesis) were removed from florets of a

Phalaris plant of known genotype.

b) Stigmas were plated onto 2%io agar plates containing I0% (wlv) sucrose and

100 ppm boric acid. Plates were then stored at 4"C for 24 hrs.

c) Plates were v/aÍned to room temperature and pollinated with pollen from

either:

1) the stigma donor plant (self-incompatible pollination)

2) a plant of different s and Z genotype (self-compatible pollination)

3) wheat variety Chinese Spring (cross-incompatible pollination)

d) Plates were incubated at room temperature for 3 hrs, stigmas harvested and

RNA extracted

e) As a control, RNA was also extracted from intact stigmas and anthers

excised directly from the stigma donor plant.
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Figure 3.10
The expression characteristics of PTrxI and PcPrx in Phalaris stigmas in response

to selÊincompatible and self-compatible pollinations. (a) Denaturing agarose gel

of the total RNA extracted from (Panel i) mature stigmas and anthers excisecl from
the florets of glasshouse grov/n plants (Panels ii and iii) stigmas planted onto

support media and pollinated with either genetically identical Phalaris pollen
(self-incompatible), genetically different Phalaris pollen (self-compatible) or
pollen derived from a different species (Cross-incompatible). Sizes of RNA
marker bands are indicated. (b) Northern blot with the Phqlaris PTrxl cDNA
probe. All blots were exposed for 5 days. (c) Northern blot with the PcPrx oDNA
probe. Exposure times were: blot (i), 5 days; blots (ii) and (iii), 2 days.
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3.4 Discussion

Previous studies aimed at the identification and characterisation of SI genes in the

grasses (Li et al. 1994; 1997) have yielded incomplete and in some cases

conflicting data. In particular, the predicted structure of the Bm2 gene has yet to

be confirmed for Phalaris or any other self-incompatible grass. Additionally, the

spatial expression pattern of Bm2 is inconsistent with that of a male SI

determinant. This study sought to clarify the structure and expression profile of

Bm2 and homologues in other selÊincompatible grasses using the putative pollen

S-gene of Phalaris as a starting point.

The data presented here conflict with previously published results. The cDNA's

isolated have an open reading frame which translates into a protein of 131 amino

acids, less than half the size of the predicted ,Sr and ,S2 protein sequences (Li et al.

1994) which are reported to be 282 and 281 amino acids respectively. The ORFs

identified represent the first encountered in all frames of all sequences and the

only one common to the sequences of all four species. The cDNA sequences in

this study are almost identical to the proposed Sr and Sz alleles of Phalaris.

Indeed, PTrxl and PTrx2 are actually identical to the thioredoxin domains of Si

and ,S2. However, from the number and, in several cases, conserved position of

upstream stop codons it is clear that, the thioredoxin-like proteins isolated here do

not constitute a component of larger proteins. Furthermore, when the sequences of

PTrxI and PTrx2 are compared with the published Phalaris coerulescezs Sr and

^Sz 
alleles it is clear that the proposed allelic domain almost certainly represents the

5' untranslated region of these genes. The misinterpretation of the allelic domain

in the Sr and rS2 seeuences undoubtedly resulted from the prediction of the first

intron and exon. The current evidence also enables the results of the RT-PCR

study reported by Li et al. (1997) to be re-interpreted. The primers designed

against the thioredoxin domain successfully amplified homologous products from

other grasses, as they were complementary to sequences within the coding region

of the actual gene. By contrast, the primers to the proposed allelic domain were

targeted to the variable non-coding 5'UTR sequence and consequently were

ineffective. Thus the sequence variability of the 5'UTR was incorrectly construed

as representing the variability inherently found in different S-alleles.
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From sequence analysis it appears that these genes are thioredoxins belonging to

the plant å class, as they not only show highest homology to published thioredoxin

å genes but also possess all structurally important amino acids. These include the

active centre consensus sequence (WCGPC) and structurally important residues

given as Phe50, Ala52, Pro63, Asp84, Pro99 and Gly 115 corresponding toPhe27,

Alazg, Pro40, Asp61, Pro76 and Gly92 in the E. coli thioredoxin sequence

(Eklund et al. 1991). Furthermore, these sequences are not preceded by transit

peptides as has been described for the other thioredoxin classes (*, f x and o)

from higher plants (Mestres-ortega and Meyer, 1999; Lalio et al. 2001).

The genes described here show 56.0-97.7% identity with one another at the

nucleotide level. Interestingly, the predicted proteins of several of these genes

display higher levels of interspecific amino acid identity than that calculated for

thioredoxin å genes isolated from a single species. For example, proteins encoded

by the five thioredoxin å genes of Arabidops¿s share 60-70% identity (Rivera-

Madrid et al. 1995). By comparison, the grass sequences reported here share a

minimum of 95.4Yo amino acid identity and the database homologues are between

54o/o and 70%o identical with one another at the protein level. Excluding amino

acids of known structural importance, the position of no less than 33 residues is

completely conserved across these proteins and can be used to distinguish them

from other thioredoxins. In addition, chemically similar residues are maintained at

a further 35 positions. Based upon these results, the genes isolated would appear

to represent a highly similar subclass of plant thioredoxins å. To enable members

of this subclass to be readily identifiable throughout this thesis, genes belonging to

the subclass will be entitled thioredoxins n (for new thioredoxins). Members of

the thioredoxin n subclass are present in a diverse afiay of species including a

member of the gymnosperms, a result that implies the n subclass is of ancient

origin.

Detection of the Bø2 mRNA by in-situ hybridisation has shown that Bm2 is

expressed in stigma tissue in response to a self-incompatible pollination

(Baumann et al. 2000). Given that Bm2 appears to encode a thioredoxin the in-situ

findings raise the question of the role of thioredoxins in the SI response of grasses.

In the Brassicace¿e thioredoxins appear to be an important component of the SI
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reaction. Yeast two-hybrid and mutational analyses have demonstrated that

thioredoxins interact with the kinase domain of the SRK stigma protein and that

the interaction is dependant upon a functional thioredoxin active site (Bower et al.

1996; Mazzurco et al. 2001). The Brassica thioredoxins are proposed to act as

phosphorylation inhibitors preventing the spontaneous phosphorylation of SRK

and activation of the SI signalling pathway (Cabrillac et al. 2001). Furthermore, a

biochemical study of SI in lily has found that SI is associated with oxidative stress

(Tezuka et al. 1997). The lily study poses an additional question of whether SI in

Phalaris is also associated with oxidative stress and if so could this explain the

accumulati on of Bm2 detected by the in-situ experiment?

From the Northern hybridisations conducted in this study it is evident that Bm2

(PTrxt) is not specifically expressed in response to a self-incompatible

pollination. Both self-incompatible and self-compatible pollinated stigmas showed

a virtually identical level of expression. Consequently, the most plausible

explanation for the previously reported accumulation oî Bm2 mRNA at the site of

a self-incompatible pollination is that the mRNA was released from the ruptured

incompatible pollen tube and it is transcript from this source that the in-situ RNA

probe detected. PcPrx expression levels revealed that stigmas subjected to the in-

vitro pollination assay experienced oxidative stress. Interestingly, PTrxI

expression was also upregulated in stigma tissue under oxidative stress. PTrxl

expression was induced by both mechanical damage and the in-vitro assay

procedure suggesting that this gene may be involved in the oxidative stress

response of grass stigmas. Since PcPrx was highly expressed in stigma tissue

pollinated with both incompatible and compatible pollen, it was impossible to

determine whether an incompatible pollination results in oxidative stress as has

been found in lily. It is possible that incompatibllity in-planta results in a slight

upregulation of genes involved in oxidative protection, but that this was masked

by the sizeable expression induced by the in-vitro assay method. To address

whether SI in Phalaris is associated with oxidative stress, future expression

studies will have to use stigmas pollinated in-planta.
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The thioredoxin n genes isolated here display all of the sequence characteristics of

thioredoxin å genes. Whether they encode functional thioredoxin proteins is the

focus of the following chapter.
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Chapter 4 Assessing the Activity of Thioredoxins n

4.1 Introduction

Thioredoxin contains a redox active cysteine disulfide that is reduced to a dithiol

by thioredoxin reductase and NADPH (Holmgren 1977). In the reduced form

thioredoxin is capable of reducing disulfides in a large number of target proteins

including proteins that, in-planta, thioredoxin would not interact with. This

feature of thioredoxins has been used to develop several protein assays for

thioredoxin activity. Two assays most commonly employed by researchers are the

insulin reduction assay (Holmgren 1979) and the 5,5'-dithio-bis-(2-nitrobenzoic

acid) (MS2) reduction assay (Slaby and Holmgren, 1975)'

The insulin reduction assay is a non-specific test that measures the capacity of

thioredoxin to catalyse the reduction of insulin by dithiothreitol (DTT) (Reaction

1). Insulin comprises two chains, the cr and p-chains, joined by two interchain

disulfide bonds. At neutral pH the reduction of the interchain disulfides result in

the precipitation of the two free chains. The free p-chain forms a white precipitate

that can be measured spectrophotometrically at 650 nm. Since reduced

thioredoxin reduces insulin with a second order rate constant that is l0a times that

measured for insulin reduced with DTT alone (Holmgren 1979), the catalytic

effect of thioredoxin is easily discernible.

Thioredoxin

DTT-(SH)2 f Insulin-S2 DTT-S2 + Insulin-(SH)z

Reaction I (from Holmgren 1979)

The NbSz assay is a more specific assay that incorporates the other components of

the thioredoxin system (NADPH and NADPH-dependant thioredoxin reductase

(NTR)). This assay is designed to measure the capacity of a thioredoxin protein to

serve as a substrate for NTR (Reaction 2). If the assayed thioredoxin is able to act

as a substrate it is reduced by NTR and the reduced form can in turn reduce MSz'

The reduction of NbSz is accompanied by the development of colour that can be

measured as a change in absorbance at 412 nn.
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NTR

Thioredoxin-S z + NADPH Thioredoxin-(SH)z + NADP+

Thioredoxin-(SH)z + NbSz Thioredoxin-S2 + Nb-(SH)2

Reaction 2

Both assays were used to determine the thioredoxin activity of the LpTrx and

PTrx proteins (hereafter referred to as Lpn and Pcn). The assays were also applied

to a tobacco (Nicotiana tabacum) thioredoxin n homologue (Ntn) kindly provided

by David Olde. The Ntn cDNA was amplified from leaf RNA, using primers

designed against the tomato (Lycopersicon esculentum) thioredoxin n EST

described in the previous chapter, and was included so that both monocotyledon

and dicotyledon representatives of the n gloup were tested.

4.2 Materials and Methods

4.2,1 Cloning and Construction of the Recombinant Expression Vector

The QlAexpress (Qiagen) recombinant protein expression system was employed

to express and purify the thioredoxin n proteins îrom Lolium, Phalans and

Nicotiana. The system generates recombinant proteins with an N-terminal 6-

histidine tag that can be purified by afninity chromatogtaphy. All cloning,

transformation, expression and purification was conducted according to the

manufacturers instructions.

The Pcn sequence was excised from the sequencing vector (pGemT, Promega) by

a HindIII-Dr¿l double digest. The HindIII site was blunt ended and the fragment

cloned into the SmaI site of the pQE-31 expression vector. The fragment consisted

of the entire coding region of the gene less the initiation codon and the first 39

nucleotides (13 amino acids). The Lpn gene ìwas cloned into the HindIII site of the

pQE-30 expression vector in two stages. Firstly, the entire coding region of the

gene was released from the sequencing vector by an SphI-PstI double digest and

cloned into a pQE-31 vector that had been digested with same enzymes. Secondly,

the recombinant pQE vector was digested with HindIII and the resultant fragment

cloned into the HindIII site of pQE-30. Again this constituted the entire coding

region less the initiation codon and the first 13 amino acids. The Ntn expression
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construct was kindly supplied by Dr Ute Baumann and David Olde. The construct

consisted of the entire coding region cloned into pQE-30 double digested with

BamHI and HindIII.

4.2.2 Expression and Purification of Recombinant Proteins

Recombinant plasmids were transformed into competent M15 E. coli cells

(Qiagen, USA) by heat shock treatment (2.6). Cells were plated on LB plates

containing 25 ¡tglmlkanamycin and 100 pdml ampicillin and incubated overnight

at 37oC. lndividual colonies were selected and inoculated into 5 ml of LB

containing both antibodies and grown at 37oC with constant shaking for

approximately 12 hrs. 500 pl of the starter culture was removed and inoculated

into 10 ml of pre-ìù/aTïned (37"C) LB (containing25 þglml kanamycin and 100

Vdml ampicillin) and the culture grown at 37'C with shaking until the ODooo

reached 0.8. Protein expression was induced by the addition of IPTG to a final

concentration of 2 mM. Three hours after induction, cells were harvested by

centrifugation and the pellet resuspended in 1 ml of lysis solution (50 mM

NaHzPO¿, 300 mM NaCl, 1olo Triton, 5mM imidazole, pH 8.0) containing I -9,
0.3 mg and 0.3 mg of Lysozyme, RNase and DNase, respectively. The solution

was then left on ice for 30 min. Cells were lysed by a combination of rapid freeze-

thawing (in liquid nitrogen) followed by sonication (6 x 6 s) at 40 W in a Branson

b-12 Sonifier and the cellular debris removed by centrifugation at 10,000 rpm for

10 min. A 50% slurry of Ni/nitriloacetic acid resin (Qiagen, USA) in lysis buffer

was added to the supernatant and the recombinant proteins separated from

endogenous proteins by virtue of their histidine tag. Contaminating proteins were

removed by a series of three individual washing steps: Stepl, four washes with 50

mM NaHzPO+, 300 mM NaCl, 5mM imidazole, pH 8.0; Step 2, three washes with

50 mM NaHzPO¿, 300 mM NaCl, pH 6.0; Step 3, three washes with 100 mM

NaHzPO¿, pH 6.0. The purified protein was eluted from the resin by the addition

of 100 mM NaHzPOt, 2 mM EDTA, pH 3.0. The eluate containing the

recombinant protein was then titrated to pH 7.0 by the addition of 100 mM

NaHzPO¿, 2 mM EDTA, pH 10.0. Protein concentration was determined

spectrophotometrically (Shimadzu UV-160 A) at 280 nm and by comparison with

a BSA standard curve. The purified protein was visualised on a 12.5o/o
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polyacrylamide gel with protein markers in the 4 to 250 kDa range (SeeBlue,

Novex USA).

4.2.3 Thioredoxin Activity Assays

4.2.3.1Reduction of Disulfides in Insulin

The thioredoxin catalysis of insulin (Sigma) reduction was measured

spectrophotometrically (Shimadzu UV-160 A) at 650 nm and 25oC as an increase

in turbidity resulting from the precipitation of the free insulin B-chain (Holmgren

lg79). The assay mixture was 100 mM NaHzPO+, 2 mM EDTA, pH 7.0

containing 1 mg insulin and 0.4 ¡rM to 4.0 pM of the Pcn, Lpn and Ntn proteins.

The reaction was initiated by the addition of dithiothreitol, to a final concentration

of 0.33 mM, to the reaction cuvette only. The blank contained all components less

the dithiothreitol.

4.2.3.2 Thioredoxin z Reduction by E. colì NTR

The three thioredoxin-n proteins were tested as substrates for E. coli NADPH-

dependant thioredoxin reductase (Sigma). The reduction of n proteins was

determined by measuring the reduction of NbSz in a reaction mixture containing

100 mM NaHzPO¿, 2 mM EDTA, pH 7.0, 150 mM NADPH and 200 mM NbSz.

The reaction was initiated by the addition of 10 pmol of E. coli NTR and the n

protein reduction assessed as a function of NbSz reduction. The reduction of NbSz

was measured directly as the change in absorbance at 412 nm. The thioredoxin

protein of the prokaryotic organism Spirulina sp (Sigma) was used as a positive

control.

4.3 Results

4.3.1 Preparation of Expression Constructs

The Lolium, Phalaris and Nicotiana thioredoxin n cDNAs were cloned into pQE

expression vectors in order to generate recombinant proteins containing an N-

terminal histidine tag, which was subsequently used to facilitate purification. The

sequence of the Nfn oDNA is given in Figure 4.1. A restriction fragment

containing the entire coding region of the Pcz oDNA, less 13 N-terminal amino

acids, was cloned into the SmaI site of pQE-31, whilst a two step procedure was

employed to clone an identical region of the Zpru cDNA into the HindIII site of
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pQE-30 (Figure 4.2). The endogenous translational start codon was removed in

each case to ensure that the translational products would contain the 6xHis tag at

the N-terminus. Internal, in frame, initiation codons are present in all sequences

(positions 68 and 76 for Pcn, 68, 76 and 86 for Lpn and 6, 73 and 89 for Ntn)'

However, translation initiating from these points generates pollpeptides lacking

the histidine tag and consequently these are removed by subsequent purification

steps.

4.3.2 Purification of Recombinant Thioredoxin z Proteins

Recombinant Lolium, Phalaris and Nicotianø thioredoxin n proteins were purified

by affinity chromatography on a Nickel-resin column. The inclusion of low

concentrations of imidazole to the initial binding and first washing step was found

to result in a highly stringent purification protocol (Figure 4.3). Despite the loss of

recombinant protein at each purification step, the protocol resulted in a pure

protein preparation and yielded sufficient recombinant protein for later assays.

The presence of the recombinant thioredoxin n proteins was verified by

SDS/PAGE (Figure 4.4). For all species a protein of the expected size

(approximately 12 kDa for the Lolium and Phalaris proteins and 13.5 kDa for the

Nicotiana protein) was purified. The purification regime effectively removed all

endogenous E. coli proteins without substantially reducing the yield of the

recombinant proteins. The yield of recombinant protein was found to be identical

(approximately 5mg/ml) regardless of whether the proteins \ryere purified under

native or denaturing conditions suggesting that the majority of the protein is

present in the soluble fraction.

4.3.3 Thioredoxin Assays

Thioredoxin has been shown to catalyse the non-specific reduction of insulin

disulfides by the reducing agent DTT (Holmgren,1979). The capacity of the Lpn,

Pcn andffin thioredoxins to reduce insulin disulfides following reduction by DTT

was assessed. The proteins of all species could reduce disulfides in insulin after

the addition of DTT (Figure 4.5). As in other studies (Gautier et al. 1998), the rate

of insulin reduction was found to increase as a function of thioredoxin

concentration. Not surprisingly, at the same concentrations (0.9 pM Lpn and Pcn,
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2.0 ¡rM Lpn and Ntn), the activities of the thioredoxins n were similar. The

similarity in activity reflects the high level of identity (63%-95%) between the

proteins. A Lineweaver-Burk plot was generated from the Lolium assay data

(Figure 4.5) and the V.u* (0.05 AA6s6/min) and K- (0.5a¡rM) values calculated.

The values are consistent with those that have been previously reported for wheat

thioredoxin ¿ (0.05^A6so/min and 0.65¡rM) (Gautier et al. 1998).

The Lolium, Phalaris, Nicotiana and Spirulina proteins were tested as substrates

for E. coli NTR by measuring their ability to catalyse the NADPH-dependent

reduction of NbSz (5,5'-dithiobis(2-nitrobenzoic acid)). The plant proteins were

poor substrates for E. coli NTR, a finding reflected in the high concentrations of

thioredoxins required to reduce measurable quantities of Nbsz @igure 4.6). The

low substrate recognition is seen in the high K, (80¡rM) and V.'* (167pM

reduced thioredoxin/min) values calculated for Loliuø (Figure 4.7). Conversely,

the Spirulina thiorcdoxin, a protein more closely related to E. coli thioredoxin,

was rapidly reduced by E. coli NTR. This result is congruent to the K' of 81¡tM

recorded by Jaquot et al. (7994) when they tested E. coli thioredoxin as a substrate

for Arabidopsls NTR (Table 4.1). The low level of activity between the plant

proteins and E. coli NTR demonstrates that the purification procedure effectively

removed all endogenous ,E coli thioredoxin, whilst the rapid reduction of the

Spirulina thioredoxin confirmed the activity of the commercially acquired NTR

protein. The similarity of activity seen in the insulin assay is confirmed in the

NbSz reduction assay where proteins show comparable activities at the same

concentration (8 ¡rM Lolium and Phalaris,20 p.M Lolium and Nicotiana).

Table 4.1 Kn values for different thioredoxin and NTR interactions

Thioredoxin K- (pM)NTR

A. thaliana
E. coli
E. coli
L. perenne
T. aestivum

A. thaliana
A. thaliana
E. coli
E. coli
T. aestivum

1.1

81.0
2.8

80.0
3.1
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Figure 4.1

Alignment of the Phalaris coerulescens (Pcnl) amino acid sequence with the

homologous expressed sequence tag (EST) sequence from tomato (Lysopersicon

esculentum; Len) and the corresponding sequence amplified from tobacco

(Nicotiana tabaccum; Ntn). Dashes indicate residues in the tomato and tobacco

sequences that are identical to the Phalaris protein. The thioredoxin active site

sequence is in red.



Figure 4.2

The cloning strategy used to generate the Lpn expression construct. A two step

cloning procedure was employed so that the endogenous Lpn initiation codon

was removed and the remaining coding sequence was cloned in frame with the

6-histidine tag:

a) The entire Zpn oDNA was excised from the sequencing vector (pGemT) by

a SphI/PstI double digest.

b) The resulting 814bp fragment was cloned into a pQE-31 expression vector

(cut with the same enzymes).

c) The endogenous ATG-start codon \Mas removed by digestion with HindIII.

The resultant 508bp fragment contained the entire Lpn coding sequence less

the first 39 nucleotides.

d) The Lpn-HindIII lragment was cloned into a HindIII digested pQE-30

expression vector. In this vector the Lpn fragment was cloned in frame with

the upstream sequence encoding the 6-histidine tu5, enabling the

recombinant protein to be purified by affinity chromatography.

e) Since The Lpn fragment was not directionally cloned into pQE-30 the

orientation was confirmed by a PstI digest. Fragments that ligated in the

correct orientation produced a 508bp restriction product (Lanes I and 2)

whilst fragments in the reverse orientation produced a 20bp product (Lane

3).

Ð The identity of the products from Lanes 1 and 2 was further confirmed by a

^Sac1 
digest. The Zpzr cDNA contains a single SacI site resulting in two

bands of303 and 205 bp.
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Figure 4.2 Cloning the Lolium perenne thioredoxin n cDNA into the pQE-30
expression vector.
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Figure 4.2 Continued Cloning the Lolium perenne thioredoxin n cDNA into the

pQE-30 expression vector.
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12345678

Ntn recombinant protein .. 
_ -

Lpn recombinant protein >

250kDa
98kDa
64kDa
56kDa

36kDa

30kDa

l6kDa
<16kDa

Figure 4.3 Monitoring of protein washing steps

The removal of proteins by each sucessive 'washing step was determined by

SDS/PAGE gel electrophoresis. Lanes are:

1) Lolium pererìne (Lpn) total protein
2) Nicotian tabacum (Ntn) total protein
3) Lpn proteins removed by Stepl washes

4) Ntn proteins removed by Stepl washes

5) Lpn proteins removed by Step2 washes

6) Ntn proteins removed by Step2 washes

7)Lpnproteins removed by Step3 washes

8) Ntn proteins removed by Step3 washes

The positions of the recombinant Lpn and Ntn proteins are given.
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123 4 5 67
250kDa

98kDa
64kDa
56kDa

36kDa

30kDa

16kDa
<16kDa

Figure 4.4
SDS/PAGE gel of the purified Lolium, Phalaris and Nicotiana nproteins. Lanes 1

and 5, SeeBlue (Novex, USA) protein size markers with the band sizes indicated:

Lane 2, Ni-resin-purified Ntn protein: Lanes 3 and 6, Ni-resin-purified Lpn

recombinant protein: Lane 4, Lpn total protein after lysis: Lanes 7, Ni-resin-
purified Pcn recombinant protein.
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Figure 4.5
The reduction of insulin by recombinant Lpn, Pcn and Ntn proteins (A), and

Lineweaver-Burk plot calculated using the Lolium protein concentrations (B).

Reactions in (A) were initiated by the addition of dithiothreitol (DTT) and insulin

reduction'was measured spectrophotomerically (650 nm) as the increase in turbidity

associated with the precipitation of the insulin B-chain. The reduction of insulin by

DTT in the absence of thioredoxin served as a control.

0

=o
E
E
.=
E

t

y = 14.721+ 6.0652x R2 = 0.962



2.0

77

2pM Spirulina Trx

100pM Lpn

55¡rM Lpn

36pM Lpn
34pM Lpn

E
tr
(\
ç
r!
oo
tr
cttt
L
olttt

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0 200 400 600 800

Time (seconds)

1000 1200

Figure 4.6
The reduction of Nbs2 by Lp4 Pcn and Ntn proteins in combination with E' coli

NTR. Reactions were initiated by the addition of NTR and the reduction of Nbs2

was determined spectrophotomerically (412 nrr). The Spirulina thiotexoxin is

included as a positive control.
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Figure 4.7
Lineweaver-Burk plot of the Nbs2 reduction assay using lhe Lolium protein

concentrations.
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4.4 Discussion

This study sought to determine whether the proteins encoded by members of the

thioredoxin n subclass did indeed possess thioredoxin activity. The results

presented here indicate that the n subclass proteins do represent active

thioredoxins. The Lolium perenne, Phalaris coerulescens and Nicotiana tabacum

thioredoxin z proteins were able to reduce insulin disulfides following reduction

by DTT. The K- of the Lolium protein is similar to that reported for wheat

thioredoxin fr (Gautier et al. 1998) and E. coli thioredoxin (Holmgren 1979)

suggesting a similar level of activity for this non-specific test. The catalytic nature

of these proteins is confirmed by the observation that thioredoxin catalysed

reduction occurred faster than insulin reduction by DTT alone.

In contrast to the insulin assay, all plant proteins were found to be poor substrates

for E. coli NADPH-dependant thioredoxin reductase (NTR) (Loliumn K. 80pM).

Previous studies have also found poor interactions between NTRs and

thioredoxins from highly divergent organisms. Decottignies et al. (1991) reported

that the Chlamydomonas thiorcdoxin ChI could not serve as a substrate for E. coli

NTR at concentrations of up to 6pM. Similarly, wheat thioredoxin ft could not be

reduced by E.coll NTR although the range of thioredoxin concentrations tested

was not reported (Gautier et al. 1998). It is possible that at higher thioredoxin

concentrations low levels of reducing activity may have been recorded not unlike

those reported here. Indeed the K,n of 81¡rM calculated for the reduction of E. coli

thioredoxin by Arabidopsrs NTR (Jacqout et al. 1994) is very similar to the results

achieved in this assay. Future analyses with the r? group will undoubtedly require

the use of an NTR from a eukaryotic, and preferably plant, source.

Several publications have provided evidence for the existence of different levels

of specificity in the interaction between NTRs and thioredoxins. Rivera-Madrid et

al. (1995) report that Arabidopsis NTR displays a much lower affinity for

Arabidopsis thioredoxin h4 than any of the other Arabidops¡r,s thioredoxins å'

Similarly, Chlamydomonas ChI has a higher affinity for Arabidopsis NTR in vitro

than l/. tabacum hl, a more closely related species (Jacquot et al. L994)' A

subsequent study has identified multiple NTR sequences in the genome of
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Arabidopsis including an organelle specific form (Laloi et al. 2001). Moreover,

one NTR gene was found to encode multiple transcription initiation sites, resulting

in the translation of two distinct proteins in vitro. Assuming that most plants also

contain multiple NTR proteins it is conceivable that specific groups, such as the n

subclass described in this thesis, interact with, or are preferentially reduced by, a

particular NTR. Testing this proposition would require an inclusive set of

biochemical data for interactions between all thioredoxins å and all non-organellar

NTRs from a single species. Currently, Arabidopsl's represents the only plant

species for which the entire complement of these genes is known and for which

many of the corresponding proteins have been expressed and tested (Jacqout et al.

1994; Rivera-Madrid et al. 1995; Laloi et al. 2001)'
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Chapter 5 Characterisation of the Thioredoxin h Class in Wheat

and Other Grasses

5.1 Introduction

In contrast to many other organisms, the molecular and genetic profile of

thioredoxins in most plants has yet to be determined. Arabidopsis is currently the

only plant species for which there exists a comprehensive set of data for all gene

members of a given thioredoxin class (see 1.3.4). In the grasses' molecular

information regarding thioredoxins is restricted to five å-class sequences isolated

from two cereal species, rice (Ishiwitari et al. 1995) and wheat (Gautier et al.

1998; Serrato et al. 2001).

The previous chapters have demonstrated that grass thioredoxin n genes encode

active thioredoxin proteins and potentially constitute a subclass within the å-class.

The next logical step in the investigation of thioredoxins n would be their

molecular characterisation in a model grass species. For example' the

determination of gene copy number, chromosomal location and expression

patterns. However, since thioredoxins n are members of the multigenic ft-class it

was deemed necessary to characterise all members of this class in the grasses. The

rationale for this decision being:

1) lnvestigating all members of the fr-class would ensure that hybridisation results

(eg Southerns and Northerns) reflected the profile of an individual gene and did

not arise by cross-hybridisation to distinct yet sequentially related members of the

class.

2) The study would provide the first comprehensive molecular profile of all

members of any thioredoxin class for a grass species.

3) The results obtained would be a valuable tool for future studies investigating

the function of grass thioredoxins fr.

Since the majority of published data relating to grass thioredoxins å has arisen

from studies in wheat, the wheat variety Chinese Spring was chosen as the grass

species on which this investigation would be conducted.
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The involvement of thioredoxins in the response to oxidative stress, either by

direct reduction ofan oxidised protein or as electron donors for a reactive-oxygen

scavenging system, has been well documented in animal, yeast and bacterial cells

(Fernando et al. 1992; Grant 200I; Takemoto et al. 1998). In contrast, no study

has shown a direct involvement of plant thioredoxins in the response to oxidative

stress although Arabidopsis thioredoxins h3 and h4 have been demonstrated to

restore HzOz tolerance to an HzOz-sensitive yeast thioredoxin-mutant. To

determine whether grass thioredoxins h might participate in oxidative protection,

the transcript expression pattern of wheat thioredoxins in plants subjected to

varying forms of abiotic stress was also investigated.

5.2 Materials and Methods

5.2.1 Plant Material

Wheat (Triticum aestivum cv Chinese Spring), nce (Oryza sativa cv Amaroo) and

maize (Zea mays) plants ,were grown in the greenhouse under natural light

supplemented with sodium vapour lamps.

5.2.2 Nulli-tetrasomic Lines

A complete set of nulli-tetrasomic lines was obtained from Dr Adam Lukaszewski

(Department of Botany and Plant Science, University of California, Riverside,

CA). Southern-blot membranes carrying restriction-digested DNA from each line

were kindly provided by Margaret Pallotta (University of Adelaide).

5.2.3 Database Searches and Sequence Analysis

Genbank (http://www.ncbi.nlm.nih.gov) cereal EST databases were screened for

thioredoxin ft cDNAs by BLAST searches using the published thioredoxin å

sequences of rice (Ishiwitari et al. 1995) and wheat (Gautier et al. 1998) and the

Phalaris thioredoxin n as the initial query sequences. All thioredoxin h sequences

identified that were not identical to the query sequence were subsequently used to

conduct further BLAST searches. This process was repeated until no new

sequences were identified. The deduced proteins of all grass thioredoxin ft

sequences were aligned using the ClustalW program (Thompson et al' 1994)

employing the Dayhoff PAM 250 matrix. Possible transmembrane sequences were

analysed using the prediction programs:
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TMHMM (http :i/www.cbs.dtu. dk/services/TMHMM-2. 0/)

TMPRED (http ://www.ch. embnet.org/software/TMPRED)

TMAP (http ://www.mbb.ki. se/tmap/)

SOSUI (http ://sosui.proteome.bio.tuat. ac jp/sosuiframe0.html)

The phylogeny of grass sequences was determined using the neighbour joining

algorithm implemented in PAUP (Swofford 1998) with vertebrate thioredoxin

sequences as an outgroup.

5.2.4 PCR Amplification of Thioredoxin n cDNAs from Wheat, Rice and

Maize

Total RNA was extracted from mature anthers of wheat and rice and pollen of

maize and was purified by CsCl gradient centrifugatíon (2.2.3). cDNAs were

amplified by RT-PCR and 5'RACE using PcR Reactions 3, 4, 5 and 6 as

described previously (Chapter 3) except that PCR Protocol 5 (Appendix B) was

used for Reaction 6. PCR products were subcloned and sequenced according to

the method outlined earlier.

5.2.5 RT-PCR AmplifÏcation of \ilheat cDNA Probes

Total RNA was extracted from young leaves of wheat plants and purified by CsCl

gradient centrifugation (2.2.3). First strand oDNA was synthesised with oligo-dT

as the initiation primer and used as the template for PCR amplification of wheat

cDNAs. Partial length oDNA sequences of wheat thioredoxin hl, h2, h3 arñn

were amplified using the TalF/R, Ta2FlR, Ta3F/R and R1/T2 primer pairs

(Appendix A), respectively. Wheat EST sequences were used as the templates for

the design of the TalF/R and Ta3F/R primer sets whilst the Ta2FlR primer pair

was designed against the published wheat thioredoxin ft sequence (Gautier et al.

1998). Wheat peroxiredoxin (TaPrx) was amplified with the PrxF/R primer set

(Appendix A) described earlier (Chapter 3). The wheat CDSP32 homologue

(TaCDSP32) was amplified using the CDSP32F/R primer pair (Appendix A). The

sequences of barley (Genbank accession number 8F.421930) and maize

(8G841177, BMO74S32) CDSP32 homologues (Appendix G) were used as

templates for the design of the CDSP32F/R primers'
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All cDNAs were amplified using PCR protocol 5 (Appendix B) except wheat

thioredoxin z (PCR Protocol 2). PCR products were confirmed by sequencing

using the procedure described previously (Chapter 3).

5.2.6Isolation of DNA and Southern Blotting Analysis

Southem-blot membranes carrying restriction-digested DNA (digested with

BamHI, HindIII and EcoRÐ from each nulli-tetrasomic line were hybridised with

wheat thioredoxin å probes. The wheat thioredoxin å cDNAs, amplified by RT-

PCR were radioactively labelled (2.9.3) and used as the probes for hybridisation

(2.12.3). Membranes rwere washed four times to a final stringency of 0.2X SSC,

0.1% sDS (2.t2.3).

5.2.7 Stress Treatments

Stress treatments were applied to four-week-old wheat plants (Chinese Spring)'

Plants \¡/ere grown in the glasshouse under controlled temperature and (18-22"C)

and 12 h day length (natural light supplemented by sodium vapour lamps).

5.2.7.1Drought Stress

V/heat seeds were surface-sterilised in 10% sodium hlpochlorite (20 min) and

rinsed 10 times in autoclaved HzO then germinated on moist, sterilised'Whatmann

paper. Five days after germination seedlings were transferred to a rockwool

support medium (GrodanrM) and grown in aerated hydroponic tanks containing

Hoaglands solution (Hoagland and Arnon, 1950) that was replenished weekly.

Plants were grown under controlled growth room conditions (25'C dayl2}"C

night, 12 h photoperiod, 80% relative humidity, -500pmol m-2s-r photon flux

density) and stressed at four weeks. Drought stress was applied by the addition of

18% (w/v) polyethylene glycol (PEG molecular weight 8000kDa) to the nutrient

solution creating an osmotic potential of -3.0 MPa.
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5.2.7.2 Methyl Viologen Treatment

Methyl viologen (Sigma, USA) was applied by spraying 10 ml per plant of a 10

¡rM solutionin25o/o Tween 20. Control plants were treated with 10 ml of 25V.

Tween 20 only. All treatments were applied in the glasshouse.

5.2.7 .3 Ultraviolet Light Treatment

Pots containing glasshouse grown wheat plants were placed in a laminar flow

cabinet (Gelman) and subjected to 2 hrs of UV irradiation (l200mW/m2) then

placed back into the glasshouse. Control plants were subjected to the same

conditions except that they were exposed to 2 hrs of fluorescent light in the

cabinet.

5.2.7.4 Hydrogen Peroxide (HzOz) Treatment

Young leaves of glasshouse grown plants were cut and floated in petri dishes

containing a solution of 1 mM HzOz for 1,2 or 3 hrs. For the control treatment

leaves were floated in autoclaved nanopure HzO for 3 hrs. The treatment was

performed in the glasshouse to ensure that light and temperature conditions were

unchanged.

5.2.7 .5'Wounding Treatment

The epidermal layer of young leaves was gently abraded with wet acid-washed

sand by very light rubbing between the thumb and forefinger. Plants were

glasshouse grown and the treatment was applied in the glasshouse on the youngest

fully expanded leaf. For the control, leaves were gently rubbed between wet

thumb and forefinger without sand.

5.2.8 Isolation of RNA and Northern Blotting Analysis

Total RNA was extracted from mature anthers (one day pre-anthesis), mature

stigmas (one day pre-anthesis), young roots (from 7 day old germinated seeds),

young leaves and stress-treated leaves (5.2.7) using the small-scale RNA isolation

method (2.2.2). RNA concentrations were determined spectrophotometrically

(2.2.4) and either l2¡tg or 20 þg of RNA fractionated through a l.2o/o denaturing

agarose gel (2.9.1). RNA was transferred to nylon membranes by capillary
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blotting (2.9.2) and hybridised with radiolabelled wheat thioredoxin hl, h2, h3, n,

TaPrx and TaCDSp32. The washing conditions were the same as for Southern

blots.

5.3 Results

Characterising all members of the grass thioredoxin å-class required the

identification of a large number of grass thioredoxins. Thioredoxin sequences

where either amplified using the RT-PCR based procedure outlined in Chapter 3

or located in public grass EST databases. The stress-responsive expression profile

of each thioredoxin å was then analysed in wheat'

5.3.1 Determining the Thioredoxin ft Compliment in the Grasses

5.3.1.1 PCR Amplification of Thioredoxin z cDNAs from Wheat, Rice and

Maize

Wheat (Tan), maize (Zmn) and rice (Osn) thioredoxin n cDNAs were amplified

from pollen RNA by RT-PCR using the same approach described in Chapter 3.

Comparison of the coding region of each sequence with that of Phalaris

thioredoxin n (Pcn) revealed a high level of sequence conservation (Figure 5.1)'

Tan, Zmn and Osn werc 95o/o,86o/o and 87o/o simllar to Pcn at the nucleotide level

and shared 960/0, 860/0 and 89o/o residue identity at the protein level respectively.

The predicted-protein of Osn contains an additional glutamic acid residue in the

N-terminal region of the protein whilst Zmn contains 2 additional residues

(threonine and serine) at the carboxyl terminus.

5.3.l.2Identification of Thioredoxin ft ESTs

The 803,206 grass ESTs present in the NCBI EST-database were screened fot h-

class thioredoxins. 368 ESTs were identified as having high sequence similarity to

the query thioredoxin sequences used. The details of these ESTs are summarised

in Table 5.1.

Thioredoxin sequences including published grass å sequences, EST database

clones and all grass /,s cloned in this study were aligned using the Clustal\ù/

multiple alignment program (Appendix E). Sequences were found to form four

distinct groups and were labelled subclasses l, 2, 3 and n. A comparative
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alignment of the deduced protein sequences of each thioredoxin h subclass from

wheat, rice, sorghum and maize is given in Figure 5.2.

Subclass 1 comprised homologues of a rice thioredoxin å, which was identified in

sieve elements (Ishiwitari et al. 1995). Mutational studies of the rice thioredoxin h

have shown that the removal of the five N-terminal amino acids abolishes the

ability of the protein to mediate its own transport across plasmodesmata

(Ishiwitari et al. 1998). The deduced protein sequences of other grass members of

subclass I are very similar (70-83% identity) to that of rice (Osl) and all have

virtually identical N-terminal sequences.

Subclass 2 is composed of homologues of wheat seed thioredoxins h that have

been located to the scutellum, aleurone and endosperm of germinating grain

(Gautier et al. 1998; Serrato et al. 2001). The sequences of this group are also

highly conserved (71-83% protein identity) with most differences restricted to the

N-terminal region of the predicted proteins. The N-terminus of subclass 2 proteins

is predominantly hydrophobic with a high proportion of alanine and threonine

residues, a composition characteristic of protein presequences. However, it is
unlikely that these proteins are post-translationally processed since 'Western-blot

analysis of native protein extracts, with wheat subclass 2 thioredoxin fr antibodies,

has only identified a wheat band of size consistent with the full-length protein

(Senato et al. 2001). Both maize and sorghum subclass 2 proteins were found to

encode an active site with the consensus WCPPC as has been described for

Arabidopsis thioredoxins h3, h4 and h5 (Rivera-Madrid et al. 1995). These two

sequences represent the only grass thioredoxins identified in this study that

display this variant form of the more common WCGPC consensus.

Subclass 3 was found to be composed of sequences as yet undescribed in the

literature. The predicted proteins of this group are the longest of all the grass

thioredoxins h and,like the other 3 subclasses, are highly conserved (72%-90%

identity). Similar to the subclass 2 thioredoxins, the N-terminus of subclass 3

proteins are predominantly hydrophobic (10 of the first 15 residues). In addition,

proteins of all subclass 3 thioredoxins contain a typical endoplasmic reticulum

(ER) retention signal (KDEL) near the C-terminus suggesting that these proteins
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may reside in the ER of plant cells. To determine whether the hydrophobic N-

termini represent a membrane bound domain, as has been described for two

soybean thioredoxins å (Shi and Bhattachar:yya, 1996), all subclass 3 sequences

\Mere analysed using the transmembrane prediction programs TMHMM,

TMPRED, TMAP and SOSUI. Irrespective of the program used, the N-terminus

of all subclass 3 representatives were predicted not to be anchored within a

membrane.

Thioredoxin subclass n was the most conserved of the four subclasses with at least

86% amino acid identity between thioredoxin n proteins of different grass species.

Grass thioredoxins n could be readily distinguished from other grass thioredoxins

by presence of a conserved cysteine at position 4 in the mature protein and 3

conserved phenylalanines towards the carboxyl end.

5.3.1.3 Phylogenetic Analysis of Grass Thioredoxins ft

All grass thioredoxin ft sequences amplified and identified were used for

phylogenetic analysis (Figure 5.3). Each thioredoxin h subclass formed a

monophyletic clade with strong support among bootstrap replicates [(100%

support for all subclasses except subclass I (93%)] indicating that the grass

thioredoxin ft class is indeed composed of four distinct subclasses. In addition,

since each subclass clade is composed of sequences representing three different

subfamilies of the grasses (the Pooideae, Oryzoideae and Panicoideae) it is clear

that the four grass å subclasses evolved prior to the divergence of these

subfamilies. In this analysis, subclass n is a sister gtoup to all other gtass

thioredoxins h (78% bootstrap agreement) and more closely related to the

vertebrate outgroup sequences, a topology suggesting that subclass n may

represent a more ancient subclass. This interpretation is supported by the

observation that other non-grass plant species contain thioredoxin n homologues

(Chapter 3).

The position of the root in this phylogeny is strongly supported (100% of

bootstrap replicates), however, the relative positions of subclass clades are less

clear (note the lower bootstrap support for the basal node of subclasses I and 2).

Since there is no variation in the position of the root in replicates and the
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individual subclass clades are strongly supported, the uncertainty of basal node

position must be due to variation in the relative positions of subclass clades during

bootstrap replicates.

5.3.2 Characterisation of Wheat Thioredoxins å

Since an objective of this study was investigation of thioredoxin h expression

patterns in response to oxidative stress, a wheat type-C peroxiredoxin (TaPrx) and

a wheat CDSP32 homologue (TaCDSP32) were also amplified for use as markers

of oxidative stress. TaPrx was employed for the same reasons as outlined in

Chapter 3. TaCDSp32 was chosen for two reasons. Primarily because the gene

encoding CDSP32, a thioredoxin-like 32 lÐa chloroplastic protein identified in

potato, was found to be induced in response to several oxidative stresses (Broin et

al. 2000). Secondly, this study provided the opportunity to determine whether the

transcriptional response of grass homologues, such as TaCDSP32, to oxidative

stress mirrored that of potato.

5.3.2.1Amplification of Wheat cDNA Probes

cDNA probes of all four wheat thioredoxin å subclasses, a wheat type-C

peroxiredoxin (TaPrx) and a wheat CDSP32 homologue (TaCDSP32) were

amplified from leaf RNA by RT-PCR. Visualisation of the PCR products in an

agarose gel (Figure 5.4a and b) revealed bands of expected size: 327 bp for TaPrx,

394bp for TaCDSp32 and 226bp,l55bp, 260bp and 171bp for wheat thioredoxins

hl, h2, h3 andn respectively. The identity of each PCR product was confirmed by

sequencing and comparison with the sequences against which the PCR primers

were designed. The sequences of the wheat thioredoxins hl, h2, h3 and n and

TaPrx are given in Appendix F. The TaCDSP32 PCR sequence was aligned with

the corresponding region of the potato CDSP32 cDNA (Rey et al. 1998) and the

barley and maize CDSP32 homologues. TaCDSP3z displayed 95o/o,85yo and 70Yo

nucleotide similarity with the barley, maize and potato sequences respectively

(Appendix G) indicating that this gene is highly conserved'

5.3.2.2 Thioredoxin ft Copy Number and Chromosomal Location in Wheat

The chromosomal location of each thioredoxin h gene in wheat was determined by

RFLP analysis of a set of nulli-tetrasomic lines. Each line is missing an individual
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pair of chromosomes that have been replaced by an additional homoeologous pair

(eg nulli 2Ntetra 28 has lost both copies of chromosome 2A yet contains two

additional copies of 28) Consequently, the absence of a RFLP band indicates that

the sequence corïesponding to the hybridisation probe is located on the missing

chromosome. Southern blots of a complete set of nulli-tetrasomic wheat lines

probed with all wheat thioredoxins h are given in Figure 5.5. Based upon the

RFLP pattern of each blot it is clear that each thioredoxin gene is located on a

single group of chromosomes with at least a single copy on each homoeologous

member of the group. The Tal gene maps to chromosome gloup two, Ta2 and Tan

to group one and Ta3 to group five.

Each probe resulted in relatively simple restriction fragment length polymorphism

(RFLP) pattern of between 4 (HindIIIlTan) and 8 bands. As none of the probes is

cut by the restriction enzymes chosen, the presence of multiple bands has two

possible explanations. Firstly, there are restriction enzyme sites in the genomic

sequence corresponding to each cDNA. Alternatively, the wheat genome carries

multiple copies of thioredoxins hl, h2 and ft3. Given that wheat is a hexaploid and

potentially carries three copies of each fr-subclass gene, the simplicity of RFLP

patterns suggests that each gene is likely to be present as a single copy per

genome

5.3.2.3 Expression Patterns of Wheat Thioredoxins l¿

Transcript levels of wheat thioredoxins h in mature anthers, mature stigmas, roots

and leaves were determined by RNA gel blot analysis. Transcripts of each

thioredoxin were detected in all tissues examined, but varied in abundance (Figure

5.6). Based upon the strength of the hybridisation signal and the duration each blot

was exposed to X-ray film, thioredoxin hl was found to be the most abundant

transcript in the tissues investigated followed by h2, h3 and lastly n. For

thioredoxins hl, h2 and h3 the lowest level of transcript was detected in leaf.

mRNAs of both thioredoxins hl and h3 were present in similar quantities in

anther, stigma and root whilst å2 expression was highest in stigma and root. By

contrast, the wheat thioredoxin n transcript was most abundantly expressed in

anther tissue, and at a lower and similar level in other tissues. In addition to the

four tissues investigated here the transcript of h2 has been detected in germinating
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seed (Gautier et al. 1998) whilst EST data also indicates that å3 is present in seed

and that all thioredoxins are expressed in the spike (Table 5'1).

5.3.2.4 Expression of Wheat Thioredoxins ft in Response to Oxidative

Treatments

Wheat plants were subjected to five abiotic stresses: i) spraying with methyl

viologen, a chemical that disrupts the flow of electrons in chloroplast photosystem

I and results in the generation of superoxide (Babbs et al. 1989); ii) direct

exposure of whole leaves to 2mM HzOzi iii) exposure of whole plants to very high

levels of ultraviolet light (ItV); iv) mechanical damage designed to stimulate

defence responses in plants; v) drought stress sufficient to reduce leaf relative

water content to 70o/o in 48 hrs.

The expression response of each thioredoxin and the control probes TaPrx and

TaCDSp32 to stress treatments was determined by Northern blotting. All

thioredoxins displayed changes in expression pattern in response to at least one of

the abiotic stresses applied. The most pronounced changes detected were strong

inductions of thioredoxins ft1 and h2 in response to UV treatment (Figure 5.6).

Thioredoxin ft1 displayed the most rapid induction response with a detectable

increase in transcript abundance 2 hours after the initiation of UV treatment and

an even higher level after 24 hours. By contrast, the quantity of h2 mRNA

appeared unchanged after 2 hours yet by 24 hours was approximately an order of

magnitude more abundant than in the control (non-stressed) leaf sample'

Similarly, thioredoxin å3 transcript accumulation was only evident 24 hours after

UV treatment, however, unlike hI and h2 the level of induction was significantly

lower. lnterestingly, the initial response of thioredoxin n to several stresses

appears to be a reduction in transcript levels. 2 hours after IJV treatment

thioredoxin n transcript was less abundant than the unstressed control level yet

within 24 hours was present at normal levels. A similar pattern was recorded for

methyl viologen treated plants with a small reduction in thioredoxin n message

levels detected in leaves 6 hours after spraying and an apparent recovery to

endogenous levels by 24 hours. By comparison, transcript levels of all other

thioredoxins were found to increase in response to methyl viologen application'
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Thioredoxin hI was again found to be most rapidly induced with a detectable

increase within 6 hours of spraying.

Wounding appeared to induce the rapid expression of thioredoxins h2, h3 arñ n

since Northerns of all three detected a greater quantity of message in leaves 2

hours after wounding. However, the quantity of RNA present in the 2 and24hout

post wounding sample lanes was also higher than the control. Consequently, these

results are probably a function of unequal loading or transfer of RNA during the

preparation of the Northern membranes.

Thioredoxin n was found to be the only gene to clearly respond to the HzOz

treatment. Thioredoxin n transcript levels were significantly lower in leaf tissue 1,

2 and 3 hours after HzOz stress was applied than in the control sample. Although

lower, the quantity of thioredoxin n increased with time indicating a rapid

depletion of n message upon treatment followed by the transcription of

replacement RNA.

Drought stress elicited a different expression response from each thioredoxin in

wheat leaves (Figure 5.7). As expected, the TaCDSP32 control probe was

upregulated in response to drought stress confirming that the plants used in the

study were indeed under stress. Thioredoxin h2 transcript levels were unaltered by

drought stress or plant rehydration whilst å3 expression was only induced in

recovered plants. By contrast, thioredoxin hI expression was strongly upregulated

with the level of hl transcnpt increasing over time. Thioredoxin n was similarly

induced by drought however, unlike hI, the n transcript level only increased

initially and by 48 hours had fallen to less than unstressed levels. Significantly, all

mRNAs except h2 were also upregulated in plants recovered after 48 hours of

drought stress. This expression pattern suggests that the cellular processes of

recovered plants had not, aîter 24 hours rehydration, returned to normal. lndeed,

the expression profiles of thioredoxin n and TaCDSP32 would suggest that

rehydration resulted in the recovery of the transcriptional apparatus and that hl,

h3, n and TaCDSP32 proteins were required for cellular repair.
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Interestingly, in wheat leaves TaPrx expression was only induced by UV and to a

very slight degree by drought stress. This expression profile not consistent for a

gene with a generalised role in oxidative protection and suggests that TaPrx may

only be involved in the response to specific forms of oxidative stress (eg light

stress).

5.3.2.5 ExamÍning the Promoters of Rice Thioredoxins hI and h2

The rapid induction of thioredoxin hl mRNA in response to methyl viologen,IJV

and drought stress treatments and the large accumulation of å2 mRNA in response

to IJV raises questions as to the transcriptional regulation of these genes.

Numerous plant genes are induced at the transcriptional level in response to

various abiotic stresses including those examined in this study (Chandler and

Robertson, 1994; O'Donnell et al. 1996; Shinozaki and Yamaguchi-Shinozaki,

1997; Thomashow 1999). For many of these genes stress-responsive expression

has been shown to be modulated by transcription factors interacting with specific

c¡'s-elements present in the gene promoter (Martin and Paz-Ares, 1997; Stockinger

et al. 1997; Busk and Pagés, 1998; Liu et al. 1998). Since the core sequence

motifs of c¿'s-elements targeted by specific transcription factors or families of

transcription factors are often highly conserved (Giuliano et al. 1988;Izawa et al.

1993), their presence in the promoter of a new gene provides clues as to the

potential regulation of the gene. The recent sequencing of the entire rice genome

(Goff et al. 2002) provided the opportunity to examine the promoters of rice

thioredoxins hl and h2 for such regulatory-element motifs. Assuming that the

gene representing each thioredoxin å subclass in rice is performing a similar

function to its wheat homologue, the results of promoter analyses in rice may

provide clues as to the transcriptional regulation of wheat thioredoxins.

Rice thioredoxins hl (Osl), h2 (Os2), h3 (Os3) and n (Osn) were identified on Pl

artificial chromosome (PAC) contigs of rice chromosomes 7,5,3 and 5,

respectively. 1.5kb of genomic sequence upstream of the OsI and Os2 initiation

codons was analysed for the presence of putative c¡,s-acting regulatory elements,

recognised by stress-responsive plant transcription factors, using the search

program PLACE (http://www.dna.affrc.gojp/htdocs1PLACE|). The search

identified TATA-box motifs L26 bp and 309 bp upstream of the translational start
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codon of Osl and Os2, respectively, and numerous sequence motifs previously

shown to act as binding sites for a range of plants transcription factors. Of these,

five motifs in the Os1 sequence and three motifs in Os2 sequence represented

potential stress-responsive regulatory elements (Figure 5. 8).

Upstream of the Os,l TATA-box, the first potential element was a motif that

represents the core binding sequence of two cereal Dof proteins, maize PBF and

barley BPBF (Vicente-Carbajosa et al. 1997; Mena et al. 1998). Dof proteins are a

class of DNA-binding proteins that contain a highly conserved Cys2-Cys2 zinc-

finger motif (Yanagisawa 1996). The second element was a telomere motit the

telo-box, a sequence conserved in all known plant translation elongation factor

(eEFlA) genes (Tremousaygue et al. 1999). The remaining three elements were

sequence motifs demonstrated to be targeted by the maize Dofl and Dof2 DNA-

binding proteins, proteins proposed to act as transcriptional activators or

repressers (Yanagisawa and Sheen, 1998). Of the three Os2 motifs detected the

first represented the core sequence motif of the Arabidopsrs C-repeat/dehydration

response element (C/DRE), an element essential for transcriptional activation in

response to cold, drought and/or salt stress (Yamaguchi-Shinozaki and Shinozaki,

1994). The second motif CCGAJA,A. is identical to a hexanucleotide sequence

found to be involved in the low-temperature response of the barley blt4.9 gene

(Dunn et al. 1998). The third putative element was a GCC-box, the core sequence

of the ethylene-responsive element in tobacco and the target of ethylene-

responsive transcription factors (Ohme-Takagi and Shinshi, 1995).



Table 5.1 Summary of the database search for h class thioredoxin in grass

species.

u The Genebank accession number of a representative EST clone encoding each

thioredoxin å subclass sequence is provided for each species. In the case of

thioredoxin ft sequences that have been published the reference is given.

o A summary of the tissues in which each thioredoxin mRNA is present (derived

from EST database sequences). The tissues are abbreviated and are: A anther; Ap

apex; C caryopsis; Ca callus; E ear; Em embryo; En endosprm; G glume; L leaf;

O ovary; P pollen; Pa panicle; R root; Ra rachis; S seedling; Sc sperm cells; Sd

seed; Sh shoot; Sk silk; Sp spike; T tassel; Te testa; Wp whole plant. The presence

of (vs) after the tissue abbreviation indicates that the mRNA has been extracted

from various developmental stages of that particular tissue. Tissue subjected to a

form of abiotic stress is indicated by (as) after the tissue abbreviation whilst (bs)

indicates biotic stress.



Table 5.1 Summary of the database search for ft class thioredoxins in grass species.

Thioredoxin
subclass

Subclass I

Subclass 2

Subclass 3

Species

Aegilops speltoides (As I )
Hordeum vulgare (Hvl)
Oryza sativa (Osl)
Sorghum bicolor (Sbl)

Triticum aestivum (Tal )
Zea mays (Zml)

Hordeum vulgare (Hv2)

Oryza sativa (Os2)

Secale cereale (Sc2)

Sorghum bicolor (Sb2)

Triticum aestivum (Ta2)

Triticum durum (Td2)

Triticum monococcum (Tm2)

Zea mays (Zm2)

Aegilops speltoides (As3)

Hordeum vulgare (Hv3)

Oryza sativa (Os3)

Secale cereale (Sc3)

Sorghum bicolor (Sb3)

Triticum aestivum (Ta3)

Triticum monococcum (Tm3)

Zea mays Qm3)

Hordeumvulgare (Hvn)

Oryza sativa (Osn)

Sorghum bicolor (Sbn)

Triticum aestivum (Tan)

Zea mays (Zmn)

Number of database
entries

GenBank accession
number'

BF291690
8i||{376s49

(Ishiwitari et al

AW923038
8E404630
At770787

1 ee5)

AV930350
AU032254
8E586970
AW924685

(Gautier et al. 1999)
(Gautier et al. 1999)

8G608088
8E510268

BF292230

8G418853
AU069205
BF,637204
AW678266
8F402773
8G607107
AW56629r

BF437654
AU082255
BG04783 I
Bt750469
8M269264

I
4l
49
t2
6

26
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(a)

PCN ATGGGAGGCTGTGTGGGCAAGGATCGTGGCATTGTGGAA--_GACAAGCTTGATTTCAAAGGTGGGAA 65

TAN ATGGGGGGCTGTGTGGGCAAGGATCGTAGCATTGTGGAA---GAÀAAGCTTGATTTCAAAGGTGGAAA 65

OSN ATGGGAGGTTGTGTGGGCAAGGGÀCGÀCGÀCÀTÀTTGAGGÀÀGACAAGCTTGATTTCAAAGGTGGAÀA 68

ZMN ATGGGAGGCTGTGCGGGAAAGGTÀCGTCGTGÀTGACGAA--_GAÀAAGCTTGATTTTAÃAGGTGGAAA 65

PCN TGTGCATGTCATAACTACCAAAGAGGACTGGGACCAGNUU\TTGCAGAAGCAAACAAGGATGGGAAAA 1 3 3

TAN TGTGCATGTCATAACAACCAÄAGAGGACTGGGACCAGAAGATTGAAGAAGCAAACAAGGATGGGNUU\ 1 3 3

OSN TGTTCATGTCATAACÀAGCAÄAGAGGACTGGGATAGGAAGATTGÀAGAAGCA'AACAAGGATGGGAAÄA 1 3 6

ZMN TGTTCATÀTTATAACAAGCAATGAGGGCTGGGACCAGAAGATTGCAGAAGCAAACAGAGATGGGA'UU\ 1 3 3

PCN TTGTTGTGGCAAATTTCAGTGCTTCCTGGTGTGGGCCATGCCGTGTCATTGCACCTGTTTATGCTGAG 201

TAN TTGTTGTÀGCAAACTTAAGTGCTTCGTGGTGTGGGCCATGCCGTGTCATTGCACCTGTTTATGCCGAG 2 O 1

OSN TTGTTGTGGCAAATTTCAGTGCTTCCTGGTGTGGACCATGTCGTGTTATTGCACCTATTTATGCTGAG 2O 4

ZMN CTGTTGTTGCAAATTTCAGCGCTTCCTGGTGTGGGCCATGCCGTGTCATTGCTCCTGTCTATGCTGAA 2 O T

PCN ATGTCAAAGACGTATCCTCAACTCATGTTCTTGACAATTGATGTTGATGACCTAGTGGATTTCAGCTC 2 6 9

TAN ATGTCCAAGACTTATCCTCAACTCATGTTCTTGACAATTGATGTTGATGACCTAÀTGGATTTCAGCT C 2 69

OSN ATGTCAAAGACTTATCCTCAACTCATGTTCTTGACAATAGATGTTGATGACCTAÀTGGATTTCAGCTC 2 7 2

ZMN AT GT CAAAGACTTAT CCTCAACT CATGT TCT T GACAATÀGACGT T GATGACCTGAT GGACTT CAGCT C 2 6 9

PCN AACATGGGACATCCGTGCAACCCCAACGTTCTTCTTCCTCAAGAATGGCCAGCAGATCGACAAGCTCG 3 3 7

TAN TACATGGGACATCCGTGCAACCCCGACGTTCTTCTTCCTCAAÀAACGGCCAGCAGATCGAÀAAGCTCG 3 3 7

OS N ATCAT GGGATATCCGCGCAAÀGCCGACCT TTTT CTT CÀTAAAÀAACGAGAAGCAGGT CGACAAGCTTG 3 4 O

ZMN TTCATGGGACAT CCGTGCAACCCCGACÀTT CTT CT T CCT CAAGAACGGGCAG CAGAT CGACAAGCT CG 3 3 7

PCN TTGGCGCCAACAAGCCTGAGCTCGA.AAAGNU\GTACAJ\GCTCTTGGCGATGGCAGT_--__-TGA 396

TAN TCGGCGCCAACAAACCTGAGCTCGAAAAGAAAGTACAAGCTCTTGGCGATGGCAGT--_---TGA 396

OSN TGGGCGCCAACAAÀCCTGAGCTCGAÄÀAGAAGGTTCAGGCÀCTTGCTGATGGCAGC------TGA 3 99

ZMN TGGGCGCGAACAAACCTGAGCTCGAGAAGAAAGTGCTAGCAGCCGCTGATGCCAGTÀCGTCCTAG 4 02

(b)

PCN MGGCVGKDRG ] V- EDKL D FKGGNVHVf T TKEDVIDQKIAEANKDGKI VVAN FSASWCGPCR

TAN MGGCVGKGRS ]V_ EE KLDFKGGNVHVI T TKE DWDQKIE EANKDGKI VVAN FSASWCGPCR

OSN MGGCVGKDRRHIEEDKLDFKGGNVHVI TSKEDWDRKIEEANKDGK]VVANFSASVÍCGPCR

ZMN MGGCÀGIÕ/RRDD- EEKLDFKGGNVHT I T SNEGWDQK]AtrANRDGKTVVANFSASI'TCGPCR

59
59
60
59

Pcn
Tan
Osn
Zmn

VIAPVYAEMSKTYPQLMFLT] DVDDLVDFSSTbIDlRATPTFFFLKNGQQ]DKLVGANKPE 1 1 9

V]APVYAEMS KT Y PQLMFLT I DVDDLMDFS S TWD ] RAT PT FFFLKNGQQ ] DKLVGANKPE 1 1 9

V TAP IYAEMS KTYPQLMFLT I DVDDLMD FS S SVi D I RAKPT FFFI KNEKQVDKLVGANKPE 1 2 O

VIAPVYAEMS KT Y PQLMFLT I DVDDLMD FS S SVúD] RAT PT FFFLKNGQQ I DKLVGANKPE 1 1 9

Pcn LEKKVQALGDGS 131
Tan LEKKVQALGDGS 131
Osn LEKKVQALADGS I32
Znn LEKKVT.AAADASTS 133

(e6%te8%)
(8e %l 9s%)
(86%te0%)

Figure 5.1 Comparative alignments of the nucleotide (a) and deduced amino-acid (b)

sequences of thioredoxins n from Phalaris coerulescens (Pcn), Triticum aestivum

(Tan), Oryza sativa (Osn) and Zea mays (Zmn). Dashes indicate gaps introduced into

the alignment. Nucleotides and residues different to those of the Pcn sequence are in

bold and the active site motif is in blue. The percentage protein identity and similarity

of each gene relative to the Phalaris n protein is given in brackets at the end of the

sequence (Yo identity/% simi larity).
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Grass thioredoxin ft subclass 1

Ta1 MAÄ.EEGAV]ACHTKQEFDTHMANGKETGKLV] ] DFTASWCGPCRV]APVFAEYAKKFPGAI 6I
os 1 MAÄ.trEGVVIACHNKDEFDAQMTKAKEAGKVVI I DFTASWCGPCRFIAPVFAEYAKKFPGAV 6L
Zn1 MAS EQGVV]ACHS KAB FDAHMTKAQEAGKLVVI D FTAAWCGPCRAIAPL FVEHAKKFTQVV 6 1

Sbl MAS EEGVVIACHTKAEFDAQMAKAKEAGKLVVI DFTASWCGPCRAIAPLFVEHAKKYTQAV 6 1

Ta1
Os1
ZmL
sb1

FLKVDVDELKDVAEAYNVEAMPTFLFIKDGAKVDTVVGGRKDDIHTK]VALMGSASA 118
FLKVDVDELKBVAEKYNVEAMPTFLFIKDGAEADKVVGARKDDLQNT]VKHVGATAASASA 12 2
FLKVDVDEVKEVTAAYEVEAMPT FH FVKNGKTVAT ] VGARKDELLAQ I EKHAAPAPASASA 1 2 2

FLKVDVDELKEVTAEYK]EAMPTFHFIKNGETVETIVGARKDELLAL]QKHTASASA 118

Grass thioredoxin ft subclass 2
Ta2 MAASAÄ,TATATAAV_GA-GEV] SVHSLEQWTMQI EEANAAKKLVVVDFTASWCGPCRIMAP 5 9

Os2 MAAASA,U\- -- - -- -QAEGTVIAIHSLDEWTIQIEEANSAKKLVVI DFTASWCGPCRI IAP 5 4

Zn2 MAASEA¡U\\iU\TPVTPTEGTVIAIHSLEEh]S]QIEEANSAKKLVVIDFTATWCPPCRAMAP 61
Sb2 MATTEAiU\i\--TPVAPAEGSVIAIHSLDEWSIQIEEANSAKKLVVIDFTATWCPPCRM]AP 59

Ta2 VFADLAKKFPAAVFLKVDVDELKP IAEQ FSVEAMPT FL FMKEGDVKDRVVGAI KEELT TKV 12 O

Os2 VFADLAKKHTNAVFLKVDVDELKP IAEQFSVEAMPT FL FMKEG DVKDRVVGAMKDELAS KV 1 1 5
Z¡02 IFADMAKKSPNVVFLKVDVDEMKT]AEQFSVEAMPTFLFMREGDVKDRVVGAAKEELARKL 122
Sb2 VFAELAKKH PNVVFLKVDVDEMKT IAEQFSVEAMPT FL FMREGDVKDRVVGAAKBELANKL 12 O

Ta2 GLHAAQ
Os2 QLHMA
Zn2 ELHMAS
Sb2 QLQMAQ

126
120
128
126

Grass thioredoxin ft subclass 3
Ta3 MGSTLSSLWTPPPLPGDDPDSAVVAVHSKPAh]DRHVfEAHR-NACKLMV]DFSASWCGPCRF 6O

Os3 MGS FFSTMFTPPPAADDGGDSRVVAVHSTATWDEQVüGAHKSNPNKL]VI DFSATWCGPCRF 6 1

Zn3 MGStrLSSLVTPPPAADD-PNCAVVAAHSKATYDEQVIAAHK-SSSKLMVIDFSASVICGPCRF 59
Sb3 MGNFI S S LVT P P PAADD- PNCAVVAAHSKTTYDEQh]AAHK-NGGKLMV] DFSASWCGPCRF 5 9

Ta3 I E PAFKEMASRFADALFVKI DVDELAEVAKT FRVEAMPT FVLVKGGQEVSRVVGAKKDELD I2I
Os3 I E PAFKDMAGH FADAVFFKI DVDELS EVARQWKVEAMPT FVL I KGGKEVS RVVGAKKDE LE I 2 2
Zn3 I E PAFKELASRFS DAI FVKVDVDELAEVARTWKVEAMPT FVLVKDGKEVSRVVGAKKDELE I2O
Sb3 I E PAFKELAS RFT DAI FVKI DVDELAEVARTWKVEAMPT FVLVKDGKEVS RVT GAKKDE LE 12 O

Ta3 RKIKTFISSS 131
Os3 RKVNMFISSSSS 134
Zn3 RKIRMFTSSSSS I32
sb3 RKTQMFTMSSSSS 133

Grass thioredoxin å subclass n
Tan MGGCVGKGRS I V- EEKLD FKGGNVHVI TTKE Dh]DQKI EEANKDGKI VVANLSASWCGPCRV
Osn MGGCVGKGRRH ] E E DKLDFKGGNVHV] T S KE DWDRKI EEANKDGKI VVAN FSASV¡CGPCRV
Znn MGGCAGKVRRDD- EEKL DFKGGNVH ] ] T SNEGWDQK]AEANRDGKTVVAN FSASWCGPCRV
Sbn MGGC ]AKQHADD- E DKI DFGGGNVHVVT S KE DWDQKIAEANKDGK] VVAN FSASWCGPCRV

Tan ]APVYAEMSKTYPQLMFLT ] DVDDLMDFS S TWD] RAT PT FFFLKNGQQ I DKLVGANKPELE
Osn IAP I YAEMSKTYPQLMFLT ] DVDDLMDFS S SWDI RAKPT FF.F I KNEKQVDKLVGANKPELE
Znn ]APVYAEMSKTYPQLMFLT ] DVDDLMDFS S SWDI RAT PT FFFLKNGQQI DKLVGANKPELE
Sbn I S PVYAEMS9T YPQLMFLT ] DVDELME FS S SWD I RAT PT F. F FLKNGQQVDKLVGANKPELE

60
61
60
60

L27
r22
r27
I2T

Tan KKVGALGDGS
Osn KKVQALADGS
Znn KKVLAAADASTS
Sbn KKVAAIAGAS

131
132
133
131

Figure 5.2 Deduced amino acid sequences of wheat (Ta), rice (Os), maize (Zm) and

sorghum (Sb) representatives of each grass thioredoxin å subclass. Identifiers of
sequences derived from published sources are highlighted in red. Dashes indicate gaps

introduced to maximise alignments and the thioredoxin active site sequence is in bold.
Residues of each subclass that are discussed in the text are in blue.
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Figure 5.3 Phylogeny of grass ft-class thioredoxins
Deduced amino acid sequences of EST clones and published thioredoxin ft protein

sequences ,ù/ere aligned using ClustalV/ (Appendix E). The phylogeny was

determined \ryith the neighbour joining algorithm implemented in PAUP (Swafford

1993) using distances calculated as mean percentage amino acid difference. Numbers

indicate the percentage of 1000 bootstrap replicates in which a group was found

(numbers <5}o/o not shown). Species are identified by their initials (refer to Table

5.1). The initials of the published rice Osl (Ishiwitari et al. 1995) and wheat Ta2,Tdz
(Gautier et al. 1998) sequences are highlighted in bold. The vertebrate cytosolic-

thioredoxin sequences of horse (GenBank acession number A8022431), human

(AF276919), mouse (NM_011660) and chicken (J038S2) were specified as outgroup

sequences.
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Figure 5.4 PCR amplification of wheat cDNAprobes
(a) 2% agarose gel of the PCR fragments (cDNA) amplified using primer sets

complimentary to each 'wheat thioredoxin h sequence. Lane l, wheat

thioredoxin hl;Lane 2, h2; Lane 3, h3;Lane 4, n;Lanes 5-8, control PCRs (no

template oDNA) of wheat hl, h2, h3 andn respectively. (b) 2Yo agarose gel of
the PCR amplification of the wheat C-type peroxiredoxin (TaPrx) and CDSP32

homologue (Tacosrsz) cDNAprobes. Lane 1, RI:PCR product using the PrxF/R

primer set; Lane 2, control (no template oDNA) with the PrxF/R primer set;

Lane 3, KI-PCR product using the Tacosp32F/R primer se! Lane 2, control (no

template oDNA) \Mith the Tacosp¡zF/R primer set. Size marker bands are given

in base pairs.
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Figure 5.5 The chromosomal locations of wheat thioredoxins ft.

Southerns are nulli-tetrasomic lines: A) digested with BamHI and probed with

wheat thioredoxin ft-l oDNA; B) digested with HindIII and probed with

thioredoxin å2 cDNA; C) digested with EcoRI and probed with thioredoxin ft3

cDNA; D) digested with HindIII and probed with thioredoxin n cDNA. The

chromosome pair missing in each line is indicated with an N and the additional

copy with a T. RFLP bands associated with specific chromosomes are indicated.
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Figure 5.6 Expression profiles of wheat thioredoxins l¿ in anther, stigma, root

and leaf tissue and in leaves of plants under abiotic stresses.

A) Denaturing agarose gel of total RNA (12 tg per lane) derived from different

tissues of unstressed plants (lanes 1-4) and leaves of abiotically stressed plants

(lanes 5-17). B-F) Northern blots with wheat thioredoxins h and TaPrx cDNAs as

probes. Abbreviations: MV, methyl viologen treatment; H2O2, hydrogen peroxide

treatment; I-fV, ultraviolet light exposure. Probe exposure times ate: Thl 1 day,

Ta2 3 days, TA3 9 days, Thn 8 days, TaPrx 2 days.
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Figure 5.7 Expression of thioredoxin ft genes in wheat plants subjected to

drought stress.
A) Denaturing agarose gel of total leaf RNA (20 ug per lane) derived from: 1)

Control (unstressed) plants; 2) Plants subjected to 24 hrs drought stress; 3) Plants

subjected to 48 hrs drought stress; 4) Plants subjected to 48 hrs drought stress

then recovered for 24Ivs. B-G) Northern blots with wheat thioredoxins h, TaPrx

and TaCoSp,:z cDNAs as probes. Sizes of RNA marker bands (in base pairs) are

given.
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TATA-box motifs are also indicated. Numbers indicate the nucleotide position of each element relative to the thioredoxin translation

start codon.
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5.4 Discussion

kr the study reported in this chapter, the identification and molecular

characterisation of grass thioredoxin fr genes was undertaken, and their expression

characteristics in response to abiotic stress examined.

The starting point for these analyses was the identification of all grass thioredoxm

ft sequences in the NCBI sequence database and the amplification of additional

grass thioredoxins n. The collection and sequence analysis of grass thioredoxins å

revealed that the å-class is composed of four distinct subclasses: two subclasses

(subclasses 1 and 2) comprising homologues'of previously published grass

thioredoxins, one subclass (subclass r) representing the cDNAs cloned in this

thesis whilst the fourth subclass (subclass 3) is a new group of grass thioredoxins

ft. It is likely that this is an accurate representation of the total number of

thioredoxins å present in grasses since at the time database searches were

conducted (August 2001) the total number of EST entries for several species (eg

barley, wheat, maize and rice) was substantial (652,225 clones) and represented

mRNAs from many tissues. The presence of distinct subclasses and the high level

of sequence similarity among subclass members hints at a conservation of

function for subclasses.

The genomic organization of each subclass \ilas determined for wheat. From

RFLP pattems of nulli-tetrasomics it is clear that each wheat subclass å gene is

restricted to a single homeologous chromosome group. Although the total number

of copies of each gene rwas not determined, the simple RFLP banding pattem

detected in Southern blots suggests that genes are probably only present as a

single copy on the individual chromosomes of each group. Comparative mapping

and genetic synteny studies have demonstrated that gene content and order are

highly conserved between different species of grasses (Devos and Gale, 1997;

Gale and Devos, l99S). The chromosomal locations of wheat and rice thioredoxin

fr genes reported here, as determined by nulli-tetrasomic RFLP pattems and

sequence analysis of PAC clones respectively, are consistent with the evidence

derived from comparative mapping studies (Moore et al. 1995). There is

significant conservation of linkage groups between wheat chromosome I and rice

chromosome 5 indicating that these chromosomes are largely syntenous (Ahn et
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al. 1993; Van Deynze et al. 1995). Correspondingly, the rice homologues (Os2

and Osn) of wheat thioredoxins h2 andn (present on chromosome gloup 1) are

found on PACs representing chromosome 5. Similarly, conserved linkage groups

between wheat chromosome 2 and 5 and rice chromosomes 7 and 3 respectively

are supported by the data presented here.

In contrast to all other grasses, the screening of wheat EST libraries identified

several, virtually identical, sequences in each subclass. Similar results are present

in the literature with Serrato et al. (2001) and Gautier et al. (1998) cloning cDNAs

of three almost identical (96-98.4% protein identity) subclass 2 thioredoxins from

grain libraries of wheat. The nucleotide sequence of the 3 cDNAs was highly

conserved within the coding region and only differed significantly in the 5' and 3'

UTRs. Given that wheat is a hexaploid it is likely that these genes represent

homeologues encoded by each genome. Such an explanation is also supported by

the nulli-tetrasomic Southern results that found thioredoxin å genes are present on

each homeologous member of a chromosome group.

The expression analyses of wheat thioredoxins å reported here revealed

differences in the relative abundance of each transcript within the tissues

examined. All thioredoxins were expressed in the four tissues examined with

thioredoxin hl representing the most abundant message overall. Although

endogenous expression levels were only determined for four tissues in this study,

the compilation of EST data revealed that mRNA of thioredoxins representing

each subclass have a broad spatial distribution including photosynthetic and non-

photosynthetic tissues. Each thioredoxin in barley, the grass species with the

greatest number of database entries, is represented by ESTs derived from no less

than five distinct tissues (h3) and as many as nine (h2). Morcover, ESTs \ryere

identified in several libraries of the same tissue at different stages of development

indicating that grass thioredoxins å also have a broad temporal expression profile.

The exposure of wheat plants to abiotic stresses revealed that the transcript levels

of all thioredoxins were influenced by at least one form of stress. Thioredoxin ft1

was strongly induced in leaf tissue exposed to methyl viologen treatment, drought

and UV exposure whilst h2 expression was upregulated most dramatically by IJV
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exposure. Moreover, the inducti on of hl was rapid with a significant accumulatton

of transcript detectable within 2 hrs of IJV stress and 6 hrs of methyl viologen

application. The rapid induction of ft1 in response to methyl viologen is

interesting given that methyl viologen affects the electron transport chain in

chloroplasts yet ht is cytosolic. This result demonstrates that electron transport

disruption can rapidly effect the transcription of genes whose products are not

targeted to the chloroplast. In contrast to hl, the thioredoxin n expression response

to many stresses was a rapid (1 hr in the case of HzOz treatment) initial reduction

in transcript level followed by a return to control levels. Such an expression

profile might indicate a high sensitivity of the thioredoxin n transcriptional

apparatus to oxidative stress. Conversely, the reduction in message levels could

have been due to stress-induced mRNA degredation. However, following an

initial reduction, thioredoxin n transcript can be seen to accumulate even when the

plant tissue is still under stress (eg gradual accumulation in HzOz treated tissue)'

An alternative explanation is that upon oxidative stress the thioredoxin n mRNA is

rapidly translated to protein in order to protect other proteins from oxidation and it '

takes the cellular transcriptional apparatus time to restore /, message quantities to f

endogenous levels. Future analyses will be required to test these hlpotheses.

The large, and in some cases rapid, alteration of wheat thioredoxin å transcript

levels in plants exposed to abiotic stress implies that h-class thioredoxins are an

integral component of the stress-response mechanism of grasses. If indeed grass

thioredoxins are involved in the stress response, the proteins encoded by these

genes have the potential to act at the protective andlor signalling level. Since all of

the stresses applied in this study result in oxidative stress, thioredoxin proteins

may have an antioxidant function similar to that described for thioredoxins in

other organisms (Chae et al. 1994; Kang et al. 1998). In this capacity thioredoxins

could either directly reduce oxidised target proteins or act as hydrogen donors for

other antioxidant proteins such as peroxiredoxin. Alternatively, thioredoxin

proteins may function as messengers or regulatory proteins involved in signal

transduction. A potential long-distance signalling function has been suggested for

the rice Os1 protein (Ishiwitari et al. 1995; 1998) since this protein is present in

large quantities and moves with the phloem translocation stream. Such a

suggestion is appealing in light of the observation that the wheat homologue (ftl)

.1
( "l\r/- 1 '.,..iJ1
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of rice Os,l is strongly induced in response to drought stress' However, it is

equally plausible that the wheat hl proteins are involved in oxidative protection of

sieve-element proteins and that the hl gene is induced for this reason. Grass

thioredoxins could also be involved in the response to stress at the level of

transcriptional modulation. In mammalian cells, cytosolic thioredoxin has been

clearly shown to promote the DNA-binding of transcription factors such as AP-l

(Hirota et al. 1997), PEBP2 (Akamatsu et al. 1997), l'tF-KB (Hirota et al. 1999)

and p53 (Ueno et al. 1999) whilst a redox-dependant mechanism has been

implicated in the modulation of plant homeodomain transcription factors (Tron et

aI.2002).In the case of NF-rB, oxidative stress (WB) was found to promote the

translocation of cytosolic thioredoxin into the nucleus where it activated the

transcription factor. Presently, thioredoxins of subclass 2 are the grass

thioredoxins most likely to interact with transcription factors since

immunolocalization experiments have identified wheat subclass 2 proteins in the

nucleus of scutellum and aleurone cells (Senato et al. 2001). Interestingly, this

study found there was a substantial induction of wheat h2 in leaves responding to

IJV stress. Although there is no evidence for a NF-KB homologue in cereals it is

conceivable that h2 induced by UV inadiation is rapidly translated and

transported into the nucleus where it interacts with a stress-responsive

transcription factor. To assess such hlpotheses, future transformation experiments

employing sense thioredoxin h2 constructs linked to a reporter gene such as green

fluorescent protein (GFP) could be used to track the intracellular movement of

recombinant proteins in UV stressed leaf tissue. Moreover, if the thioredoxin

construct employed an active site with the 2nd cysteine mutated to a serine (will

form a stable mixed disulfide with interacting proteins: see Meyer et al. (1999) for

a review of the method) it may be possible to isolate the proteins that interact with

thioredoxin h2 in-vivo and determine whether any represent transcription factors.

Such a strategy has been successful tested in-vitro with ^8. coli and human

thioredoxins (V/ynn et al. 1995; Qin et al. 1995) and in-vivo with yeast (Verdoucq

et al. 1999). Clearly this will require further analysis.

Examination of the transcriptional response of wheat thioredoxins to abiotic stress

revealed differences in the expression profile of each transcript. In addition, it was
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observed that no thioredoxin was induced/repressed by all of the stresses applied,

a result implying some level of specificity in transcriptional regulation. Stress-

regulated gene expression in plants is typically modulated by stress-responsive

transcription factors that bind to specific sequence elements in the gene promoter.

Working on the assumption that thioredoxin homologues of each subclass are

performing similar functions in different grasses, the transcriptional regulatory

mechanism of thioredoxins in all gtasses could be determined from promoter

analyses of genes in one species. As a first step towards understanding how

thioredoxins ft,l and h2 are transcriptionally regulated, putative cis-acting

regulatory elements were identified upstream of the rice subclass 1 (Osl) and

subclass 2 (Os2) thioredoxins. Of the five elements located upstream of the Os1

TATA-box, four represented known binding motifs of cereal 'Dof transcription

factors. Dof proteins are proteins found only in plants that contain a highly

conserved single zinc-finger DNA binding domain. In maize Dof proteins have

been shown to function as transcriptional activators or repressers of tissue-specific

and light-regulated gene expression (Vincente-Carbajosa et al. 1997; Mena et al.

1998; Yanagisawa and Sheen, 1998). Úr addition, transformation experiments in

tobacco have demonstrated that the tobacco Dof protein, NtBBFl, is involved in

the vascular expression of the rolB oncogene (Baumann et al. 1999). The fifth

sequence motif identified in Osl was a telo-box, a sequence motif found to be

essential for the activation of expression of the eEFIA gene in root primordia of

Arabidopsis (Tremousaygue et al. 7999). Given that Osl is a predominant protein

of rice phloem sap (Ishiwitari et al, 1995) and wheat hl was upregulated in

response to drought and UV irradiation, Dof proteins may also be involved in

modulating the transcription of grass subclass 1 genes. Os2 was found to contain

three potential stress-associated sequence motifs, the core sequence of the

Arabidopsis C/DRE element, an element essential for the low-temperature

response of the barley btt4.9 gene and a typical GCC-box. Transformation

experiments in Arabidopsis have revealed that the C/DRE element is essential for

transcriptional activation in response to stresses including cold, drought and salt

stress (Yamaguchi-Shinozaki and Shinozaki,1994} Significantly, recent research

(Kim et al. 2002) demonstrated that light was required to activate cold-induced

gene expression through the C/DRE. Although the response of wheat thioredoxins

to cold stress was not investigated in this study, the involvement of light in stress-
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induced gene expression is important given that wheat h2 was most strongly

upregulated following UV inadiation. The GCC-box represents a sequence motif

shown to be targeted by etþlene-responsive transcription factors, a large

multigene family with members in dicots and monocots (Fujimoto et al. 2000).

Since many plant stresses, including those applied in this study, induce ethylene

biosynthesis (Ecker 1995; O'Donnell et al. 1996; Penninckx et al. 1998) it is

possible that wheat h2 induction was also mediated by ethylene-responsive

transcription factors acting through an upstream GCC-box.

Despite the detection of c¡s-elements in rice that may be recognised by

transcription factors previously shown to regulate expression under oxidative

stress, it is possible that this analysis failed to identify the true regulatory elements

involved in thioredoxin transcriptional control. For example, transcription factors

controlling thioredoxin gene expression may bind to cls-acting elements as yet

undescribed in the literature. Alternatively, the sequence motifs recognised by

such factors may be located further upstream than the 1.5 kb of sequence

examined. Moreover, this analysis assumed that the function and expression

profile of each thioredoxin subclass is identical irrespective of the species

examined. This assumption has yet to be tested and requires the future

determination of the stress-responsive expression pattern of all thioredoxins å in

several gtass species.

Phylogenetic analysis of grass thioredoxins /z supports the view that the å class ts

composed of four distinct subclasses that evolved prior to the divergence of the

Pooideae, Oryzoideae and Panicoideae subfamilies. Moreover, the grass lt genes

represent a subclass of plant thioredoxins h that clearly evolved prior to the

divergence of monocotyledonous and dicotyledonous plants. Unlike the

thioredoxin n subclass, a brief screening of plant sequence databases with the

three other grass ft subclasses failed to identify clear non-grass homologues. This

result could be interpreted as indicating that the other grass subclasses evolved by

duplication of an n-like ancestral sequence after the divergence of monocot from

dicotyledonous plants. Alternatively, it is possible that the progenitors of these

subclasses evolved prior to the monocot-dicot split and the sequences have

diverged substantially since. To clarify which interpretation more closely reflects
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the likely path of thioredoxin evolution requires a detailed phylogenetic analysis

of all plant thioredoxins encompassing gymnosperms and angiosperms including

both monocotyledonous and dicotyledonous representatives. This is the focus of

the following chapter.
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Chapter 6 Phytogenetic Analysis of the Thioredoxin ft-class of

Higher Plants

6.1 Introduction

Plants have the most complex thioredoxin profile of all organisms studied

comprising five distinct and often multigenic classes. Of these classes the fr-class

is the largest, with as many as eight thioredoxins å having been identified in the

genome of Arabidops¡s. Results presented in Chapter 5 indicated that there is a

level of subdivision in the ft-class of grasses, with each thioredoxin h gene

representing one of four phylogenetically distinct subclasses. In addition, results

in Chapter 3 showed that in the case of subclass n the level of subdivision extends

beyond the grass family (Pooideae) and probably encompasses all plants. The

corollary is that at least one thioredoxin å subclass evolved early in plant

evolution and has remained highly conserved since this event. The high sequence

similarity of thioredoxins n in plant species as diverse as angiosperms and

gyrnnosperms implies a conservation of gene function. Moreover, this observation

raises the question of whether the subdivision of the ft-class reported for grasses is

representative of all plants.

Several phylogenetic analyses have examined relationships between different

classes of plant thioredoxins and have uncovered evolutionary histories for most

classes (Hartman et al. 1990; Sahrawy et al. 1996; Jacquot et al. 1997; Mestres-

Ortega and Meyer, 1999); for example, whether the class has a prokaryotic or

eukaryotic origin. However, to date no comprehensive study has examined the

evolutionary relationships of thioredoxins within a class. Given that most

thioredoxin classes are multigenic, such a study requires the use of a large number

of sequences encompassing plant species from a diverse range of families. The

recent increase of plant entries in EST sequence databases provided an

opportunity to collect suffrcient thioredoxin å sequences to perform the first

detailed analysis of evolutionary relationships within the å-class. This study

details the identification of all plant thioredoxins fr present in the Genbank public

database (as of January 2002) and an investigation of the evolutionary relationship

of å-class thioredoxins in plants.
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6.2 Materials and Methods

6.2.1 Identification of Thioredoxin ft Sequences in the Genbank Database

The Genbank non-redundant and EST databases were screened for thioredoxin h

sequences by BLAST searches using the published thioredoxin h cDNAs of

Arabidopsis (Rivera-Madrid et al. 1995) as the initial query sequences. Screening

of ESTs was performed systematically by, firstly identifying all plant species with

entries listed in the Genbank EST database and secondly specifying BLAST-

searches of individual species. All cDNAs containing a thioredoxin active-site

motif were collected for each species. Thioredoxins m, f, o and x were identified

on the basis of conserved residues (ie C+erminal cysteine of thioredoxins Ð attd

motifs (N-terminal signal sequences of thioredoxins m, f and o) and higher

sequence similarity to other plant thioredoxins of these classes. Thioredoxins

representing these classes were removed and the remaining fr-class thioredoxins

used for subsequent analyses. In this way all plant thioredoxins present in the EST

database at the time of searching were identified and those representing the å-class

collected.

6.2.2 Sequence Alignment

The deduced protein sequences of all plant thioredoxins were aligned using the

ClustalW software package employing the PAM 250 matrix. The alignment was

then assessed by eye to ensure that the active site motif and structurally important

residues were maintained at the same position in all sequences. Amino acid

sequences were chosen for alignment since all thioredoxin share structurally and

functionally conserved residues. These residue positions were therefore used as

anchor points and ensured that intervening variant residues were aligned more

accurately.

6.2.3 Assessing the Phylogenetic Signal in the Thioredoxin Data Set

To estimate the amount of phylogenetic signal in the plant thioredoxin h data, the

Hillis and Huelsenbeck (1992) skewness test was implemented using the random

trees option (20,000) implemented in PAUP. The test provides a measure of

whether the data under analysis is or is not more structured than a random data set

of the same number of sequences and characters. Since plant thioredoxins ft
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contain a mixture of highly conserved (eg the active site) and variable residue

positions (eg the N-terminal region) phylogenetic relationships are naturally

constructed on the basis of sequence similarity at variant positions. The test

enabled the randomness of variant positions to be assessed. Skewness is assessed

by examining the tree-length distribution resulting from the parsimony analysis of

a random subset of trees (in this case 20,000). Normal (symmetrical) tree-length

distributions indicate little or no phylogenetic signal is present (the variant

positions are essentially randomised) whilst a strongly left-skewed distribution is

an indicator of the presence of correlated characters (Hillis et al. 1993). Skewness

of a data set is measured by the 91 statistic in comparison with tables of critical g¡

values derived from random data sets (Hillis and Huelsenbeck, 1992). As the

tables of critical values only extend to 25 taxa (or sequences), tree length

distributions were determined by parsimony analysis of a subset of 25 thioredoxin

sequences chosen at random.

6.2.4 Phylogenetic Analyses

Phylogenies were reconstructed using both distance-based (Neighbour Joining)

and character-based (Parsimony) methods implemented in PAUP. Distance-based

methods make pairwise comparisons of whole sequences, thus evolutionary

divergence is determined on the basis of a single coefficient of sequence

similarity/difference. By contrast, the character-based method of parsimony

constructs phylogenies using sequence characters (amino acids), however, only

relies upon "phylogenetically informative" amino acid positions. Both methods

were chosen for this analysis to determine whether the phylogeny constructed was

robust (ie was not compromised by the method employed). For a comprehensive

comparison of different phylogenetic algorithms refer to Hillis et al. (1993).

Parsimony trees were found using the heuristic search algorithm, generating 100

replicates using random stepwise addition of sequences. Multiple equal-length

parsimony trees were collapsed into 50% majority rule consensus trees. Bootstrap

scores for all resolved nodes in the consensus tree were obtained from 100

bootstrapping permutations. The bootstrapping runs were produced using a

heuristic search via random stepwise addition and under the tree-bisection-

reconnection (TBR) algorithm for branch swapping.
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Distance matrices were derived from the thioredoxin h sequence dataset under a

mean character difference criterion. Amino acid substitutions were weighted in

accordance with the BLOSUM substitution matrix. Trees were subsequently

generated via the Neighbour-Joining algorithm as implemented in PAUP.

Bootstrap values for resolved nodes were derived from 1000 runs.

6.3 Results

6.3.1 ldentification of Plant Thioredoxin ft Sequences

All plant entries (a total of 1,935,959) in the Genbank EST database were

screened for thioredoxinh sequences. In addition to the grass sequences described

in Chapter five, a further 569 plant ESTs were found to encode å-class

thioredoxins. These represented 74 distinct thioredoxin ft genes of which 62 were

as yet undescribed in the literature. The genes were derived from a diverse range

of plant species encompassing angiosperrns, gymnosperms and bryophytes. A

summary of all non-grass thioredoxin sequences identified during this study is

given in Table 6.1.

Multiplicity of thioredoxin ft genes was found to be a common feature of plants

with as many as 11 distinct genes distinguishable in a single species (soybean). As

was found for grass thioredoxins h, the mRNAs of fr-class thioredoxins in other

plant species had a wide spatial and temporal distribution. The predicted proteins

of all plant thioredoxins å, including wheat, nce, maize and sorghum å-subclass

representatives, were aligned by the ClustalW alignment program (Appendix H).

Thioredoxin å protein sequences displayed between 30o/o and 98% amino acid

identity to each another with most variation found in the N and C-terminal regions

of aligned sequences. Excluding the active site,24 residue positions were found to

be either invariant or highly conserved across all sequence (Figure 6.1). 17

positions contained residues reported previously as being essential for the

maintenance of thioredoxin structure and/or active site conformation (Ecklund et

al. 1991). The remaining residues were a tryptophan, threonine and serine found

22, 3 and I amino acids upstream of the active site respectively and a

phenylalanine, tryptophan, phenylalanine and lysine located 19, 34, 42 and 59

amino acids downstream of the active site. Analysis of prokaryote and other
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eukaryotic thioredoxins revealed that the conservation of chemically similar

residues at these seven positions was not unique to plants. Vertebrate cytosolic-

thioredoxin sequences were found to have identical or chemically similar residues

at each position, with the exception of Trp34 where vertebrates contain a cysteine.

Therefore, several of these conserved amino acids may be representative of higher

eukaryotes in general. The variant active site consensus WCPPC was found to be

uncommon in plants with only three proteins from Populus balsamifera (Pbl),

Thellungiella salsuginea (TsL) and a hybrid poplar (Phl) containing this form.

6.3.2 Assessing the Phylogenetic Signal in the Thioredoxin Data Set

To determine whether plant thioredoxins contained sufficient correlated characters

at variable residue positions to proceed with phylogenetic analyses, the Hillis and

Huelsenbeck skewness test (6.2.3) was performed on a random subset (25) of

sequences. The distribution of lengths for the 20,000 trees evaluated was strongly

skewed to the left (Figure 6.2) with a 91 value of -0.839 compared to the critical

value of -0.12 (P < 0.01) for 25 taxa and 100 characters. This value indicates that

the thioredoxin data is significantly more structured than a random data set of

identical sequence number and similar character size and implies the presence of

strong phylogenetic signal.

6.3.3 Phylogenetic Analysis of Plant Thioredoxins ft

Phylogenetic analyses were performed on aligned amino acid sequences using

both distance (neighbour joining) and character (parsimony) based algorithms.

The resultant phylogenies constructed with both methods were found to be

virtually identical (Figures 6.3 and 6.4) differing only in the placement of

bryophyte (mosses and liverwort) and fern sequences and the levels of bootstrap

support for major nodes. Thus the method of tree construction had little effect on

the plant thioredoxin ft phylogeny. In the neighbour joining (NJ) tree bryophytes

and ferns \¡/ere grouped into a single, although weakly supported (56% of

bootstrap replicates), monophyletic clade that also contained all n-trype

thioredoxins. Conversely, parsimony (PAR) analysis placed bryophytes, ferns and

thioredoxins r¡ into three separate clades with higher bootstrap support of 84o/o,

100% and 93Yo respectively. With the exception of thioredoxin n and lem
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sequences, all other vascular plant thioredoxins were grouped into three distinct

monophyletic clades comprising only angiosperm or gymnosperm representatives.

In both analyses the thioredoxin n clade was well supported among bootstrap

replicates (NJ 34% and PAR 93%) and represented the only major grouping to

contain both angiosperm and gymnosperm sequences. The result implies that the

n-subclass is of ancient origin and predates the evolution of the angiosperms at

least 200 million years ago (Bold 1977). This conclusion is also supported by the

observation that in both analyses thioredoxins n are the å-class sequences that

share gteatest similarity with ancient plant forms (bryophytes and ferns). By

contrast, no clear gymnospefm homologues can be found for angiosperm groups 1

and2 nor is there an angiosperm representative for the gymnosperm clade. There

are however sequences from the same species, including monocots and dicots, in

both groups I and 2. These results indicate that the evolution of groups I and 2

predates the divergence of monocots and dicots approximately 180-220 million

years ago (Soltis et al.1999; Yang et al. 1999).

The angiosperm group 1 clade contained the shortest thioredoxin ft sequences

including both grass subclasses 1 and 2. The two plant thioredoxins isolated from

sieve tubes, Osl (Ishiwitari et al. 1995) and Rcl (Schobert et al. 1998), are

represented in this group, as are very similar proteins from 25 other species' 31

members of this group, encompassing 23 species, have N-terminal amino acids

virtually identical to those identified in rice Osl as being essential for the protein

to mediate its own transport across plasmodesmata (see 5.3.1.2). Therefore it is

probable that this clade contains all angiosperm sieve-element thioredoxins.

Group 1 contains multiple genes for most species indicating widespread gene

duplication. However, many genes do not form associations with other

thioredoxins from the same or closely related species. For example Rcl, Phl and

Pbl are all representatives of the same family yet are not grouped in the tree.

Similarly, Mt3, Gm5/8 and Gm 417 are not grouped with other legume sequences.

The uncertain placement of many group 1 sequences reflects the similarity of

sequence distance of these proteins and indicates a high level of variability in their

cladal location in bootstrap replicates. Furthermore, the similarity of sequence
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variation suggests that these genes evolved prior to the divergence of their

respective plant families and that they have not been under strong sequence

constraint since. By contrast, some sequences displayed a higher level of

correlated characteristics and formed subclades consistent with known familial

relationships. For example, Mt4, Ljl, Srosl and Gm3/9 are from species of the

same legume subfamily. Such associations \¡/ere also found for grass sequences

and certain solanaceous sequences (St2, Le2, Ntl and Ibl). This topology could

indicate that these group I genes evolved later by duplication after the divergence

of specific family lineages.

Unlike the groupl clade, the relationship of group 2 sequences was more clearly

defined in both the neighbour-joining and parsimony topologies. In the parsimony

tree, group 2 sequences \Mere divided into monocot (grass subclass 3 sequences)

and dicot sister clades with 100% and, 59Yo bootstrap support respectively. The

dicot clade comprised three distinct subclades supported in 63%o, 52o/o and 100%

of bootstrap replicates. The neighbour-joining analysis identified group 2

subclades virtually identical to those present in the parsimony tree, however was

unable to resolve the topology of these clades. The separation of monocot and

dicot sequences and the presence of distinct dicot subclades in angiosperm group

2 indicates that dicot subclades arose by duplication after the monocot-dicot split.

ln addition, since two dicot subclades contain sequences of identical species

representingthe solanaceae andfabaceae famlliel the duplication that gave rise

to these subclades must predate the divergence of the solanaceae andfabaceae.

A common feature of angiosperm group 2 thioredoxins was the presence of a long

N-terminus. This group included the published Gml and Gm2 proteins of soybean

(Shi and Bhattacharyya, 1996). Gmll2 were reportedly plasma membrane-bound

proteins, anchored to the membrane through 16 predominantly hydrophobic N-

terminal amino acids. All sequences represented in the same dicot subclade as

Gml and Gm2 were found to have an N-terminal sequence very similar to the

proposed transmembrane region of the soybean proteins. Therefore it possible that

plasma membrane bound homologues from other angiosperm species are

represented in the group 2 clade.



Table 6.1 Summary of the database search for h class thioredoxin in other

plant (non-grass) species.

u The GeneBank accession number of a representative EST clone encoding each

thioredoxin ft subclass sequence is provided for each species. In the case of

thioredoxin å sequences that have been published the reference is given.

b A srrmmary of the tissues in which each thioredoxin mRNA is present (derived

from EST database sequences and published Northem data). The tissues are

abbreviated and are: B bark; Bf boll fibres; C carpel; Ca callus; Cb cambia; Cc

cell culture; Cg crown gall; Ch chloronemata; Co cotyledon; Cu caulonemata; E

epicotyl; Em embryo; F fruit; Fb flower bud; Fl flower; Fm floral meristem; G

gametophore; H hypocotyl; K kernel; L leaf; M mycorrhiza; Mb malformed bud;

P protoplast; Pc pollen cone; Pe pericarp; Pr protonemata; R root; Ra radicle; Rn

root nodule; S seedling; Sc suspension culture; Sd seed; Sdc seed coat; Se somatic

embryo; Sh shoot; So sexual organs; Sp spore; T tuber; Tr trichome; V/p whole

plant; X xylem. The presence of (vs) after the tissue abbreviation indicates that the

mRNA has been extracted from various developmental stages of that particular

tissue. Tissue subjected to a form of abiotic stress is indicated by (as) after the

tissue abbreviation whilst (bs) indicates biotic stress.



Table 6.L

Family Species Common Identifier
name

Number of
database entries

Source"

Rivera-Madrid et al.

AC}t2s62
Bower et al.1996
81698880

8I136756
AIl6l830

Tissuesb

Sc, Ca Wp, R, L, F, Fb

ND
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae

Fabaceae

Fabaceae
Fabaceae

Fabaceae

Salicaceae
Salicaceae

A. thaliana
A. thalíana
B. napus

T. salsuginea

G. max

L. japonica
M. truncatula

S. rostrata

P. balsamífera
Populushþrid

Arabidopsis
Arabidopsis

Oilseed rape

Thellungiella

Soybean

Lotus

Barrel medic

Tropical legume

Poplar
Poplar

Atl -At5
Atn
Bnl, Bn2
Tsl

47
I
4

ll

1995

S

Gml
Grî2
Gm3

Gm4
Gm5

Gm6

Gm7
Gm8
Gm9

Gml0
Gmn
Ljl
Mtl
Mr2
Mt3
Mt4
Mt5
Mtn
Srosl

Pbl
Phl

l6
t6
2t
29

Shi and Bhattacharlya 1996

Shi a¡rd Bhattacharyya 1996

8Q627739
8E807885
AW569018
8F066s75
Ar441505
BQ627882
81967602
BG652681

BQ298430
81421029

AW560796
88943230
AL386021

B.8320702

AW686237

8G647951
AJ30r738

Fl, H, Co(a/s), R, L,
H, Se, S, R. L(v/s), E
R(v/s), Se, Fm, S, L(a/sXv/s), Sdc, Sh, F

Fl(v/s), H, L(v/s), Sh, S(a/s), Sd, Sdc, Sh, R, Se, Fb

S, RN

Sh, H, CO

R. L(v/s), S

S, R, H, Fm, Sp, Sc, Fl

&sh
FnL Se, R, H, Co(a/s), Fl, S, L
S(a/s), R, H, L(v/s), Sd

Rn

R,L
R(v/s), L, M, Cc

M,&L,Co
R" R(a/Ð, M, L(a/s)(b/s), Rn, Sd, Fl, Cc, S

R, Rn

R, M Rn, Fl
R

F1

Cb, L

2

3

t0
9

4

l3
7

3

2

22

ll
44

2

7

I

2

t7

ao
Euphobiaceas Rcommunis Castor bean Rc1 270677 Co



Table 6.1 continued

Family

Malvaceae

Vitaceae

Rosaceae

Rutaceae

Chenopodiaceae

Polygonaceae

Aimaceae

Asteraceae
Asteraceae

Species

G. arboreum

V. vinifera

P. persíca

C. sinewis

B. vulgaris

F. esculentum

M. crystallinum

H. annus

S. rebaudiana

Common
name

Cotton

Identifrer

Vvl

Pperl

Csl

Bvl

Fel

Mcl
Mc2
Mc3
Mc4

Number of
database entries

Source"

8G446507
8E053246
8E05383s
BQ408049
8Q412293

8Q800442

8U044549

BQ625213

BQ489103

D87984

8G269748
BM30l185
8G269520
BE034818

8Q913020
8G524210
8G522391

^w255457

Tissuesb

Gal
Ga2

Ga3

Ga4

Ga5

8

2

I
I
2

8

2

2

Bf
Bf
Bf
Bf
Bf

Wine grape

Peach

Orange

Sugar beet

Buckwheat

Iceplant

Sunflower
Stevia

F, L(a/s)

F

S

Sh, R

SdI

6

2

1

2

8

7

I

2

Hal
Srl
S12

Mpl

Ibl

L
L
L
Fl, Sp, R

P,

L
L

Tr

KSh(a/s),

M. piperita PeppermintLamiaceae

I.batatas Sweet 8M878771 \o



Table 6.1 continued

Family

Solanaceae

Solanaceae
Solanaceae

Pinaceae
Pinaceae

Pteridaceae

Marchantiaceae

Funariaceae

L. esculentum Tomato AW094467
At776ll0
81208855
AW626141
AW036157
AW092362

Brugidou et al. 1993

BMl l r0l0
8Qs07668
8t434632
BQs09s63
BG888653

L, Ra

L, Sc, R, Ra F, Sh, S, Cg, F(v/s)

Sc, Fb, L
Ra, L, C, Cg, Ca

Sd, Sh

L, Pe, C, Sc, Ca

R, L(b/s)
T
L(b/s)
T
T, L(b/s)

Em

X, Sh, PC,

X, Sh, PC,

X, Sh, PC,

Sp

Sp

So

Ch, Cu, Pr, G, Mb

Species Common
name

Tobacco
Potato

Black spruce

Loblolly pine

Fern

Liverwort

Moss

Identifier Number of
database entries

Source'

AUO84606

AF05r206
8Q290672
AW043379

AW0l l514

BF,642843
8F,642761

AU08t772

BJI 875 I 8

Lel
Le2
Le3

Le4
Le5

Len

Ntl, Nt2
stl
st2
st3

st4
Stn

cjl

Pml
Pt1

Pt2
Ptn

Crl
Cr2

Livl

8

49

ll
5

2

t2
ND
5

4
2

2

5

Cupressaceag C.iaponica Japanese cedar

N. tabacum

S. tuberosum

P. mariana

P. taeda

C. richardii

M. polymorpha

P. patens

B2

I
43

32

9

I
2

12
N)o

Ppl
Pp2 8 l 803 Pr, Mb
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Figure 6.1 Schematic illustration of the position of chemically conserved residues in plant thioredoxins l¿.

The positions of conserved amino acids are indicated with the consensus residue. The active site amino acids are in red
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randomly derived trees. Trees were generated by parsimony analysis of 25

plant h-class thioredoxins chosen at random from the 95 sequences used in

later phylogenetic analyses. The 91 statistic and the position of the shortest
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Figure 6.3 Phylogeny of plant thioredoxins ú determined by Neighbour-Joining.

Phylogeny of all plant thioredoxin h protein sequences determined with the

neighbour-joining algorithm implemented in PAUP (Swafford 1998). Distances

were calculated as mean percentage amino acid difference. Numbers indicate the

percentage of 1000 bootstrap permutations in which a group was found (numbers

<50yo not shown). Species are identified by their initials (refer to Table 6.1) and

initials of published sequences are highlighted in bold. Major clades discussed in

the text are indicated. The vertebrate thioredoxin h sequences of horse, human,

mouse and chicken were specified as outgroup sequences (see Figure 5.3 for

accession numbers).
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Figure 6.4 Phylogeny of plant thioredoxins l, determined by Parsimony.

A consensus (50% majority rule) of the most parsimonous trees from the analysis of
all plant thioredoxin å protein sequences using PAUP (Swafford 1998). Numbers

indicate the percentage of 100 bootstrap permutations in which a group '\Ã/as found

(numbers <50o/o not shown). Species are identified by their initials (refer to Table 6.1)

and initials of published sequences are highlighted in bold. Major clades discussed in

the text are indicated. The vertebrate thioredoxin h sequences of horse, human, mouse

and chicken were specified as outgroup sequences (see Figure 5.3 for accession

numbers).
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6.4 Discussion

In this chapter the phylogeny of plant h-class thioredoxins was investigated. The

analysis coÍtmenced with the identification of all plant thioredoxin ft sequences in

the Genbank EST sequence database and concluded with the frnding that the h-

class of flowering plants is composed of three distinct and monophyletic

subclasses. The presence of genes representing all subclasses in such a diverse

range of species implies that the subclasses arose early in angiosperm evolution

and raises the question of the mechanisms that may have generated the number of

thioredoxins å present in modern plants. Genomic studies in plant species such as

Arabidopsis and soybean provide some insight into the possible mechanisms that

may have produced multiple thioredoxins å. In both species, large segmental

duplications cover much of their genomes and have been shown to be due to a

combination of whole genome duplication followed by diploidisation and smaller

localised duplication events (Blanc et al. 2000; Shoemaker et al. 1996). In

Arabidopsis at least four major duplication and whole genome pollploidisation

events are estimated to have occurred between 100 to 200 million years ago

(Vision et al. 2000). Evidence in support of ancient duplication events has come

from comparative mapping studies that have detected conserved linkage blocks

between tomato and Arabidopsrs (Ku et al. 2000) and between Arabidops¿s and

soybean (Grant et al. 2000; Lee et al. 2001), species whose ancestors are estimated

to have diverged approximately 90 million (Gandolfo et al. 1998) and 112 million

(Yang et al. 1999) years ago, respectively. Since several duplication events are

predicted to predate important angiosperm evolutionary landmarks, including the

divergence of monocots and dicots (Soltis et al. 1999) and that of major family

lineages, they are likely to have contributed to the generation of multiple

thioredoxins l¡ found in all modern angiosperms.

In addition to the aforementioned ancestral duplication eúents, the genome of the

soybean ancestor appears to have undergone a more recent pollploidisation event

followed by reversion to a diploid state. Evidence for this comes from observation

that linkage groups between legumes are represented twice in soybean (Menancio-

Hautea et al. 1993; Boutin et al. 1995;Lee et aI.2001) and several multigene

families in soybean contain 2 distinct subgroups of closely related genes (Lee and

Verma 1984; Neilsen et al. 1989; Yamamoto and Knap, 2001)' The results
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presented here also support the proposition of a pol¡ploidisation event in soybean.

Soybean EST libraries were found to encode at least 11 distinct thioredoxin å

genes, almost twice as many as were identified in libraries of Medicago

truncatula. Furthermore, the thioredoxin å multigene family in soybean can be

seen to contain highly related sequence pairs (Gml lGm2, Gm3/Gm9, Gm4lGm7,

Gm5/Gm8 and Gmn/Gml0). Phylogenetic analysis demonstrated that each pair of

thioredoxins except Gmn/GmlO were more similar to one another than to

thioredoxins derived from the related legumes Medicago truncatula (Mt), Lotus

japonica (Lj) and Sesbania rostrata (Sros). Since all of these legumes are

members of the same subfamily (the Papilionoideae) the implication is that the

genome polyploidisation event occurred after the soybean linage diverged from

other tribes of the subfamily.

Thioredoxins lt appear to represent the most ancient subclass of ft thioredoxins

since homologous n genes are clearly distinguishable in angiosperms and

gymnosperms. Thioredoxin n genes from species as diverse as pine and wheat are

more similar to one other than to other pine or wheat thioredoxin ft sequences'

This indicates that thioredoxins ru evolved early in terrestrial plant evolution and

that sequences changes have been largely constrained over a long period of time.

One possible explanation for the conservation of sequence identity is stringent

functional constraint at the protein level. If indeed this is the case, the function

must be one common to higher plants that has yet to be identified. All

thioredoxins n contain several conserved residues that distinguish them from other

plant h-class thioredoxins (see 3.4). Such amino acids could be essential for the

functional specificity of thioredoxins n or the interaction with target proteins and

as such represent potential targets for future mutational and functional studies.

The absence of gymnosperm representatives in angiosperm Groups 1 and 2 raises

the question of when the progenitor genes of these clades evolved. During the

evolution of the angiosperms would infer that there was only a single z-like

thioredoxin gene present in both ancestral gymnosperms and angiosperms and that

multiple sequences in each arose from duplications and divergence after the split.

However, such a model is not supported by the observation that modern relatives

of ancient plants (eg Ceratopteris richardii (Crll2) and Physcomitrella patens
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(PpIlz)) also contain multiple ft-class thioredoxins. Moreover the green algae

Chlamydomonas, the closest living relative to the progenitor of all terrestrial

plants, contains two cytosolic (å-class) thioredoxins (Stein et al. 1995). Thus

ancient vascular plants are likely to have contained multiple thioredoxins å. An

alternative explanation is that the sequences of the gyrnnospefm group and

angiosperm Groups 1 and 2 share a common ancestry yet have diverged

substantially since. To determine whether this hypothesis is probable would

require the inclusion of a greater number of gymnosperm sequences than were

used in this study.

The topology of angiosperm Groups I and 2 and the low bootstrap scores for

some subclades within these groups reflected the uncertain placement of

sequences during bootstrap replicates. Although a Large number of thioredoxins

were used in this analysis, these sequences \ryere derived primarily from the dicot

families Brassicaceae, Fabaceae, Malvaceae, Aizoaceae and Solanaceae. With

the exception of the grasses (Poaceae) no other monocotyledon thioredoxins were

available on the public database. The lack of sequence representatives from other

monocot families undoubtedly contributed to the inability to determine the

relationships between monocot and dicot sequences in angiospefm group 1.

Improving the resolution of cladal relationships between monocots and dicots,

will require the future isolation and utilisation of Group 1 and 2 thioredoxins from

other monocot species such as orchids, lilies, bromiliads and palms. Such an

analysis would also provide an insight into the total number of å-class

thioredoxins likely to have been in existence at different stages of angiosperm

evolution and the chronology of gene duplication events.

In the phylogenies constructed using both the neighbour joining and parsimony

methods the topology of the Group 1 clade was the most poorly defined reflecting

the similar level of amino acid difference between members of this clade. This

finding suggests that the function of these proteins does not place a strong

constraint upon sequence evolution and may indicate a generalised role for

members of Groupl subclass. Such a proposition is supported by the observation

that wheat thioredoxin ft1 expression was induced in response to a range of

oxidative stresses. Given that rice (Ost) and Ricinus (Rc1) homologues of wheat
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hl are abundant proteins in phloem sap (Ishiwitari et al. 1995; Schobert et al.

1993) it is possible that these proteins have a broad antioxidant function in the

plant translocation system. Should group 1 thioredoxins have a generalised

antioxidant role with many target proteins it may also explain the apparent

redundancy of the Group. However, it must be noted that not all group I

sequences fit this explanation. V/heat ft2 mRNAs are not upregulated in response

to some of the same oxidative stresses, nor have their proteins been isolated from

phloem exudate. Since most dicot Group 1 sequences resemble grass subclass 1

genes it is plausible that grass subclass 2 thioredoxins evolved by duplication from

subclass I genes after the monocot-dicot split. If such a hypothesis were true there

should be subclass 2 homologues in the genomes of non-grass monocot species'

Hence it is essential that future investigations designed to resolve topological

relationships in angiosperm Group 1 include Group 1 genes from non-grass

monocots

The compilation of all ESTs encoding plant thioredoxins ft provides valuable data

on the spatial and temporal expression profiles of thioredoxin mRNAs. ln species

with a large number of database entries, thioredoxins å were identified in many

tissues and at a broad range of developmental stages suggesting that thioredoxins å

are expressed in most plant tissues. Tlpically, the greatest number of ESTs, of a

particular gene, came from oDNA libraries of young or developing tissue (eg shoot

tips). This finding is consistent with Northern hybridisation results that found the

expression levels of å-class thioredoxins in Arabidopsrs and tobacco were highest

in young or rapidly growing tissue (Marty et al. 1993; Rivera-Madrid et al. 1995).

The increased expression of thioredoxin ft mRNA in rapidly growing cells may be

related to changes in the redox environment of cells that occur during the cell cycle

since studies in mammalian cells have found that the protein level of the major

cellular redox compound, glutathione, is highest during the exponential growth

phase (Post et al. 1983; Atzori et al. 1990). EST analyses also revealed that

thioredoxins representing each of the three thioredoxin ft subclasses had

overlapping spatial and temporal expression patterns. The presence of multiple

thioredoxins expressed in the same tissue raises the question of functional

redundancy. A possible explanation may lie in the subcellular location of proteins

of each subclass. Although the intracellular and intercellular distribution of all
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thioredoxin h proteins from a single plant species has yet to be determined,

representatives from Groups 1 and 2have been identified in different locations. For

example, Osl and Rcl proteins (Group 1) are present in high concentrations in the

phloem sap, wheat h2 (Groupl) has been localised to the nucleus of scutellum and

aleurone cells and soybean thioredoxins Gml and Gm2 (Group 2) are plasma

membrane bound. If members of each thioredoxin Group are performing functions

in different locations of a plant it may explain the high number of apparently

similar thioredoxins å present in angiosperms. Alternatively, the functions of

thioredoxins in plants may overlap with one another and with related redox

systems such as the glutathione-glutaredoxin system as has been described for

yeast (Draculic et al. 2000). Cumulative gene knockout experiments could provide

insights into the minimum thioredoxin requirements of plant cells and the degree

of redundancy within and between thioredoxin å subclasses.
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Chapter 7 General Discussion

Most plant nuclear genes are members of multigene families; multiple genes that

have a common evolutionary origin and encode proteins of related function

(Zhanget al. 2000). These families are a significant component of plant genomes

and vary in size from a few to several hundred genes (Clegg et al' 1997; Meyers et

al. 1999). Despite the importance of plant gene families, few studies have

comprehensively addressed the evolutionary genomic processes that influence

gene family structure and dynamics. An understanding of these processes is

important in the context of identifying mechanisms of gene family evolution and

essential to an understanding of mechanisms that drive molecular adaptation and

functional divergence in plants. In this thesis the dynamics of plant gene family

evolution and functional relationships were investigated using thioredoxins å as a

model system within the phylogenetically well-characterised framework of the

grasses and other plants.

The starting point for this analysis was Bm2, the putative pollen S-gene of

Phalaris coerulescens (Li et al. 1994). Bm2 provided a unique opportunity to

study the relationship between gene function, genomic position and gene

evolution since information relating to each of these components already existed.

Firstly, the function of Bm2 was thought to be known (the male SI determinant).

Secondly, there existed data from other SI systems on the evolutionary forces at

work in the region of SI loci. Therefore the effect of genomic position on the

evolution of Bm2 in the grasses could be addressed and compared with other SI

loci. Thirdly, initial studies on Bm2 had reported the gene to encode a highly

conserved thioredoxin h-Llke domain (Li et al. 1995). Thus, the evolution of a

thioredoxin-like protein under the positional and functional constraints of an SI

system could be compared with that of other plant thioredoxins h. Early in these

analyses it became clear that Bm2 did not represent the male determinant of

Phalaris SI but rather encoded an active thioredoxin (termed thioredoxin n)

belonging to a highly conserved subclass of plant thioredoxins ft (Baumann et al.

2000; Juttner et al. 2000). Consequently, the focus of this thesis shifted to an
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evolutionary and functional investigation of the thioredoxin å multigene family in

plants. Whilst Bm2 does not represent a SI recognition molecule, the results

presented here do not discount the involvement of Bm2 in the SI response per se.

Indeed, redox mechanisms appear to play a role in at least two SI systems (Tezuka

et al. 1997; Bower et al. 1998). Moreover, thioredoxins have been reported to act

as negative regulators of SI (Cabrillac et al. 2001) and apoptosis (Saitoh et al.

1998; Hashimoto et al. 1999) signal-regulating kinases in plants and mammals,

respectively. The involvement of thioredoxins in signal transduction pathways

leading to cell death in such divergent organisms raises the question of whether

this is a function common to thioredoxins in other eukaryotes including self-

incompatible grasses.

The change in scale of study from a single locus within one family of plants (the

grasses) to an entire gene family across a broad phylogenetic spectrum

(angiosperms) presented several problems. Primarily, the number of thioredoxin h

genes published in the literature at the commencement of this project (14) was

insufficient to accurately resolve phylogenetic relationships in a multigenic class

such as the å-class. As a result the new electronic resources of EST databases and

whole-genome sequences Ìvere used as a source of additional thioredoxin å genes.

This approach culminated in the screening of gteater than 1.9 million ESTs and

the identification of 86 new plant thioredoxins ft. Sequence assembly and

phylogenetic analyses of these genes provided the first detailed profile of the copy

number complexity and evolutionary dynamics of the thioredoxin /¡-class in

plants. The central finding of this work was the identification of three primary

clades (n, Group I and Group 2) in the thioredoxin ft class of flowering plants.

Sequences from a diverse range of angiosperm families were located to each clade

indicating the clades are ancient and arose either prior to, or early in, the evolution

of flowering plants. The presence of these clades in all flowering plants studied to

date may indicate a similar function for representatives from each clade.

Determining the intracellular location of proteins from each clade will be the first

logical step in addressing such a question and remains an important objective for

future investigations.
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Of all thiorecloxi¡ å clades the n clade was found to be particularly interesting

si¡ce it was highly conserved ancl was the only clade to contain a gymnosperm

representative. The implication of this finding is that thioredoxin n genes evolved

very early in plant evolution but were then conserved. A possible explanation for

such sequence conservation is a common function for thioredoxin n proteins. If

this is true, then thioredoxin n proteins must be involved in a reaction or series of

related reactions that are yet to be defined. In this analysis, thioredoxin n

representatives were not detected in ESTs of mosses, liverworts or ferns despite

the screening of as many as 67,738 ESTs from the moss Pftyscomitrella patens.It

is possible that plants representing these divisions do encode thioredoxin z

homologues, however the tissue(s) in which the gene is transcribed were not used

for cDNA construction. Alternatively, this result may indicate that the function of

thioredoxins n is not one common to bryophytes or fems. One significant

difference between bryophytes, ferns and the pollen-producing plants examined

here is their method of fertilisation. The sperm of fems and bryophytes actively

swim from the organ of production (the antheridium) to the egg (contained within

the archegonium) to effect fertilisation (Richardson 1981; Bell and Woodcock,

1983). By contrast, the sperm of g¡rmnosperms and angiosperms are carried to the

egg by the developing pollen tube. Considering that many liverwort, moss and

fem ESTs in the database were derived from reproductive tissue (and contained no

thioredoxin n gene), the reproductive processes of gymnosperms and angiosperms

may represent a good focal point for functional analyses of thioredoxins n.

Alternatively, thioredoxin n sequence conservation may be related to the genomic

location of thioredoxin n genes. In selÊincompatible grass species thioredoxins n

are closely linked to the ,S-locus (Baumann et al. 2000), regions of low

recombination (Matton et al. 1997; Ishimizu et al. 1998). In addition, mapping

studies in self-compatible species such as wheat and barley have detected very

low levels of polymorphism in the region of the thioredoxin n locus (4. Hay pers'

comm. 2000). Together these observations suggest that the thioredoxin n locus in

grasses may be subject to different intragenic evolutionary pressures than other

regions of the genome. This raises the question of whether thioredoxin n loci in

other plant families are similarly associated with regions of low recombination.

Determining the placement of thioredoxins n in the genomes of other well studied
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species such as Arabidops¿s and soybean will be an important step in addressing

this question.

In contrast to the situation in animals, few of the putative functions ascribed to

thioredoxins in plants have been verified. This is particularly evident within the å

class, where no single biological function has been unambiguously attributed to a

thioredoxin h. The difficulties associated with determining plant thioredoxin

function are compounded by the fact that plants contain approximately four to five

times as many thioredoxins as have been identified in animals. ln addition, data

collected during the course of this study indicate that most thioredoxins å have

spatially and temporally overlapping expression profiles. The presence of multiple

genes for each thioredoxin class in plants has raised two important questions

regarding their function. Firstly, do the functions of thioredoxins overlap with one

another and with other redox-active proteins as has been found in E. coli

(Gallardo-Madueno et al 1998) and yeast (Draculic et al. 2001). Secondly, is there

specificity in the interaction between thioredoxins and target proteins? These

question can be addressed in part by the analysis of gene expression patterns in

plants under specific conditions. Expression profiling was used as an indicator of

the involvement of thioredoxins ft in the stress responses of wheat. These studies

demonstrated that the transcript levels of all wheat thioredoxins å underwent

stress-responsive modulation. Moreover, differences in the expression prohle

suggest that the biochemical processes incorporating each thioredoxin were

affected in a different manner and are indicative of each thioredoxin h having a

separate function. However, the function of each thioredoxin h and the identity of

interacting proteins still remain undefined.

Currently, the most promising tools for defining the function of each thioredoxin

and the level of redundancy that exists in the å-class are those based upon

transformation techniques. New technologies such as RNAi may provide a means

of addressing isoform redundancy since this technique will enable the silencing of

individual and multiple genes within a family of related sequences. In addition,

transformation experiments employrng a thioredoxin with an active site containing

a second cysteine mutated to a serine (to form a stable mixed disulfide with

interacting proteins) could be used to isolate thioredoxin-target protein complexes.
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The data presented here suggest that such a study is likely to be less complex if
attempted using a grass species since the level of thioredoxin h gene redundancy

appears to be lowest in grasses.

Molecular evolutionary investigations in plants have been dominated by studies

focusing on the chloroplast genome. By contrast, an understanding of the

molecular evolutionary processes shaping nuclear genes in plants, particularly

those belonging to gene families, is still in its infancy. The results presented in this

study reveal that the primary phylogenetic structure of the thioredoxin ft class is

the same in all flowering plants. The defined nature of gene relationships in the

thioredoxin l¡-class suggest that this class of genes may represent a good model

family for studies on the evolution of nuclear multigene families and the levels of

functional redundancy between family members.
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Appendix A

PCR Primer Sequences

AAP 5'GGCCACGCGTCGACTAGTACGGGtrGGGIIGGGIIG3'

(I: Inosine)

A1 5' CGGACATGAGCAACACfuqAGA 3'

PrxF 5' ACCCCCACCTGCAGCAATCAG 3'

PTxR 5' CTCGGCACCAGAGATTGTGAA3,

Rl 5' tu{GCAÁACAAGGATGGGTAJ{A 3'

R2 5' GCGGAIATA.A'GACACGGA'IA.A.CTG 3'

T1 5'CGATCCTTGCCCACACAG 3'

T2 5'ACGGATGTCCCATGTTGAG 3'

cosp¡zF 5' TGCCGCACTTCTCCTTCTACAA3'

cosp:zR 5' TAGCGGCGGCAGATCTTGTCGT3'

TalF 5, GACCGGCAAGCTGGTGATCAT 3'

TalR 5, CCTGCCACCGACAACAGTGTC 3'

Ta2F 5, GGGCGGGGGAGGTGATCTC 3'

Ta2R 5' CTTGGCGAGATCAGCGtuAÁA 3'

Ta3F 5'CCGCCGTCGTCGCCGTCCACTC 3,

Ta3R 5, CTGCCCGCCCTTCACCAGTAC 3'
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Appendix B

PCR Protocols

All PCR reactions were performed in a programmable thermal controller (MJ

research, USA). A typical reaction composition \¡/as as follows; l0 mM Tris-HCl

OH 8.3), 50 mM KCl,0.0l%(w/v) gelatin,200 ¡rM of each dNTP, I mM MgCl2'

15 ng of each primer, approximately 50 ng of template oDNA and2.5 units of Taq

DNA polymerase in a reaction volume of 50p1.

Protocol 1

Step 1;940C for 4 min

Step 2; 94oC for I min

Step 3; 52oC for 1 min

Step 4; 72oC for 1 min

Step 5; return to step 2 for 30 cycles

Step 6; 72oC for 10 min

Step 7; end

Protocol 2

As for Protocol 1 except the annealing temperature (step 3) was 550C

Protocol 3

As for Protocol 1 except the annealing temperature (step 3) was 580C

Protocol 4

Step 1 ;940C for 4 min

Step 2; 94oC for 1 min

Step 3; 61oC for 1 min

Step 4; 72oC lor 1.5 min

Step 5; return to step 2 for 5 cycles

Step 6; 94oC for 1 min

Step 7; 60oC for I min

Step 8; 72oC for 1.5 min
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Step 9; retum to step 6 for 5 cycles

Step l0; 94oC for 1 min

Step 11;580C for l min

Step 12; 72oC1or 1.5 min

Step 13; returnto step 9 for25 cycles

Step 14;72oCfor 10min

Step 15; end

Protocol5

Step 1; 94oC for 4 min

Step 2;940C for 1 min

Step 3; 60oC for I min

Step 4; 72oC lor 1 min

Step 5; return to step 2 lor 5 cycles

Step 6; 94oC for I min

Step 7; 58oC for 1 min

Step 8; 72oC for 1 min

Step 9; return to step 6 for 5 cycles

Step 10;940C for 1 min

Step 1l;560C for l min

Step 12; 72oC for I min

Step 13; retumto step 9 for25 cycles

Step 14; 72oC for 10 min

Step 15; end
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Appendix C

cDNAs of Bm2 Homologues

Alignment of the cDNA sequences from Phalaris coerulescens PTrxl (GenBank

accession number 4F159388) and PTrx2 (4F159389), Hordeum bulbosumllbTrx

(4F1593S5), Lolium perenne LpTrx (4F159387) and Secale cereale ScTrx

(4F159336). Sequences are numbered from the translation initiation codon which

is underlined. In frame stop codons are given in red and are in italics. Nucleotides

that are identical within the alignment are in bold. Dashes represent gaps

introduced to maximise the alignment.

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx

PTrxl
P"[rx2
HbTrx
LpTrx
ScTrx

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx

PTrxl
PTxx2
HbTrx
LpTrx
ScTrx

PTrxl
PTrx2
HbTrx
LPTIX
ScTTX

PTrxl
PTrx2
HbTrx
LPTIX
ScTrx

CGCACGGCÀCGAGCGGCGCCGGCCGGGCCAÀ_ _ _ - -GTGGTGCGACGCCGAC
CGCÀCGGCACGAGCGGCGCCGGCCGGGCCAÀ- - - _ _GTGGTGCGACGCCGAC

AAAGCCGTTTCTTTCCGCÀGGCGCÀCGCAAACACCAGCGGC-GCCGG-CCAACCCAGGTGGTGCAACCCC-__
AA.AA.èÀÀGCCGTTTCTTTCCGCÀGGCGCÀCGCGAACACCAGCGGC-GCCGG_CCGÀGCCAGGTGGTGCGACGCC--_

GTGCGÀCGC_GA-

CGACGCGGTTAATTCACGGGCTCGC----CCACGCACGCCGGCCGTCCGTCCGACG_-CGG----_-----TTAAT-
CGÀCGCGGTTAATTCÀ,CGGGCTCGC_---CCACGCACGCCGGCCGTCCGTCCGACG--CGG--_------_TTAAT-
_Al{CGCGGTTAATCCACGGGCTCGCTCACGCACGCACGCCGGCCGCCCGCCCGAC____-----__TCCATCCAAT-

-GÀCGCGGTTAATCCACGGGCTCACTCACGCACGCACGCCGGCCGCCCGCCCGAC--____-----TCCATCCAAT_
-GACGC-GT-----CÀ,CGGGCCCGCTCACAC-CG---GCCGGCCGGGAGC-GGACGGACGGGCCGATCGATCCA_TC

_----CCACCGCGTCGTCGCCGTCGCCGCCGTCGTCGTCGTCG---CCTCCÀGAAACÀCGAGCCGGCCATAæÀCGG

-----CCÀCCGCGTCGTCGCCGTCGCCGCCGTCGTCGTCGTCG-_-CCTCCAGÀÀÀCÀCGAGCCGGCCÀ1rÀGCACGG
_-__CCCÀCCGGGCCGTCGCCATCGCCGTCGTCGTCCTCGTCGTC_CCTCCAAÀAAaACAÀACCGGGC.ATACCÀCGG

----CCCÀCCGGGCCGTCGCCGTCGCCGTCGTCGTCCTCGTCGTCGCCTCCÀGAAÀCÀCGAGCCGGGCÀTÀGCACGG
CAGCCCCÀCCGGGTCGTCCCCGTCGTCCCC---GTCGTCGTCGTCTCCTCCAGAAACACGAGCCCAGCA?ÀGCACGG

CCGCGGAÀTATTCCÀCGTCCC-TCCCCTCCCCCCTCCTCCGTCCTCATCCACGGGACCCCCCÀGC,ACCACTÀCÀAAÀ
CCGCGGAÀTATTCCÀCGTCCC-TCCCCTCCCCCCTCCTCCGTCCTCATCCACGGGACCCCCCÀGC.ACCACTÀCÀAAÀ
CCGCAAAATÀTTCCACTTCCCTTCCCTTCCACCCTC-TCCGTCCTCATCCACGGGA-CCCCCÀGCACCAATÀCÀÀAA
CCGCAGAATÀTTCCACGTCCCTTCCCTTCCACCCTT-TCCGTCCTCATCCACGGGA_CCCCCÀGCAGCAATACAAAA
CCGCAGAATATTCCÀCGTCCCTTCACTT---------TCCG-GCT-------------CCCCÀGCÀACÀATÀ-AAAA

AAGÀÀAGAAAACCAATCCTCCTTCCCCCTCCTCCTCCGATTAÀTCAAACCA--CA__CGCTGCGGCGGCGCCCAGCG
AAGAÀAGAAAACCAATCCTCCTTCCCCCTCCTCCTCCGATTàATCÀAACCA--CA_-CGCTGCGGCGGCGCCCAGCG
__CAAA_AAA.ACAAATCCTCCT-CCTCCTCCACCTCCGÀTTAÀTCAATCAAACCACTCCCTGCGGCGGCGGC__.--

--CAÀ-GAAACCAÀATCCTCCT_CCTCCTCCACCTCCGATTAATCÀÀTCGAACCACTCGCTGCGGCGGCGGCG---_
AGCAÀ_GC___CAA-TCCCCCA_CCTCTT_-TCCTCCGAT?¿ÀTCÀA___----ÀC_CGC-GCGGCGGCGGCG-GCG

AAGCGAGCAACCTACGACCÀGGÀGAGGAGACC__ GTCCACTGÀCCCCCACCACCÀCCACCACCGGA

AAGCeAGCAÀCCTACGÀCCAGGAcadeeeaCC-- cTcCACTGÀCccCCACCÀCcÀCCACC---GcA
AAA_GACCAÀCCTACAÀCCACCÀGAGGAAÀCCCAACCAA-___--GTCCTCTGACCCC_TC-ÀCCÀCCGC---CGGA
_AG-GAGCAÀCCTACGACCÀGGAGAGGAGÀCCCAACCA.ACCACTGGTCGTCTGACCCCCTC-ACCACCGGC__CGGA

ACGTGCG-_ACCTGCGACCÀCCAGÀ__CGÀCCCAACCGAC__-----CCACTGACCC--AC-ACCACC------GGA

GACAGCGTTGCCTTGCACGTTàÀTCCACCCAGCC-GAGTTAÀGGAGCCTCTTAÀTTGCCC-__-GGAGATCCGCCÀG
GACAGCGTTGCCTTGCACGTTÀATCCACCCAGCC-GÀGTTAAGGAGCCTCTTÀATTGCCC----GGAGATCCGCCAG
GÀGCTC-TT-CCTTGTACGTTAÀTCAATCCÀACCCGAGT?ÀÀGGAACCTCT"ÀÀTTGCCC--_-GGAGATCCGCCÀG
GAGCT_-TTGCCTTCTACGTCÀÀTCAÀTCCAGCCCGÀGTTAAGGGACCTCTTAÀTTGCCC----GGAGATCCGCCÀG
GAGCTC_-TCCCTTTTÀCGT ?àÂTCAÀTCCAACC-CAGTTÀÀAGAACCTCT?¡ÀTTGCCCGCCAGGAGATCCGCCÀG

GCTCATCGTCTTCGTCTC---- ------CCTT--CCCGCGG-CT------CTTGGCGCCÀÀÀATCC
GCTTACCGTCTTCGTCÎCCTCTC-----------CTCCGCCTC--CCCGCGG-CT------CTTGGCGCCÀ.AAÀTCC
GCTTATCGTCTTCGTCTCCTTCTC----------GTCCCCCTC--CCCGCGG-CT_-----CTEGGCGCCAAÀÀTCC
GCTTACCTTCTCCGTCTCCTCCCAACCCAGCCCCCGCCCCCTCGCCCCGCGGTCTGGGTTCCTTGGCGCCAAAÀTCG
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Appendix C continued

CCGCTCCCCÀTCCCÀGGGCCTTCÀGG-------GGGCCTTTTG--CTCAGTGCTGCGTGC_TAGTTT-GTCGATTGÀ
CCGCTCCCCÀTCCCAGGGCCTTCÀGG-------GGGCCTTTTG--CTCAGTGCTGCGTGC-TAGTTT-GTCGATTGA
CCCCTTCCCÀTCTCÀGGGCCTTCÀGG__-----GGGCCCTTCG__TTCGGTG__GTGTGCC?ACTTTTGTCGÀCGGA
CCCTTTCCCATCTCÀGGGCCTTCAGG-------GGGCCCTTCG--TTCGGTG--GTGTGCCTAqTTTCGTCGACGGA
TCGCTTCCCATCCCÀGG-CCTTCÀGGAATCAGGGGGCGTTTTTTATTCAG___-------C TÀCTATTGT ?GÀTTGÀ

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx

PTTXl
PTxx2
HbTrx
LpTrx
ScTrx

+1 69
ÀGTTTÀCAÀTGGGAGGCTGTGTGGGCÀÀGGATCGTGGCATTGTGGAÀGACÀAGCTTGATÎTCAAAGGTGGGÀATGTG

PTrxl
PTTx2
HbTrx
LpTTX
ScTrx

AGTTCÀCAÀTGGGAGGCTGTGTGGGCAÀGGACCGTAGCÀTTGTAGÀÀGATÀAGCTTGATTTCAAÀGGTGGGAATGTG

ÀGTTCÀAGÀTGGGGGGCTGTGTGGGGAÀGGGTCGTAGCÀTTGTGGÀÀGAA]AÀGCTEGATTTCAÀAGGTGGGAÀTGTG

?0 746
CÀTGTCÀTAÀCTACCÀAAGAGGACTGGGACCÀGAAAATTGCAGÀÀGCAÀACÀÀGGATGGGAÀAÀTTGTTGTGGCAÀA
CÀTGTCÀTA.ACTACCAÀÀGAGGACTGGGACCÀGAAAATTGCAGAAGCAÀACÀAGGATGGGAAÀÀTEGTTGTGGCAåÀ
CÀTGTCATCACAÀCCAÀ.A,GAGGACTGGGACCAAÀAGGTTGCÀGAÀGCAÀACÀ.AGGATGGGÀÀÀATTGTTGTTGCA.AÀ
CÀTGTCÀTCACAÀCCAÀÀGAGGÀCTGGGACCAAJAÀGGTTGCAGAÀGCTÀACAÀAGÀTGGGAÀAATEGTTGTGGCGAA
CATGTCÀTAÀCAÀCCAÀÀGAGGÀCTGGGACCÀGÀÀGATTGAÀGAÀGCA.AACAÀGGATGGGAAAATTGTTGTAGCAÀA

141 223
TTTCÀGTGCTTCCTGGTGTGGGCCÀTGCCGTGTCATTGCACCTGTTTÀTGCTGAGATGTCA.àÀGACGTATCCTCAAC
TTTCÀGTGCTTCCTGGTGTGGGCCATGCCGTGTCATTGCACCTGTTTATGCTGAGATGTCAÀAGÀCGTÀTCCTCÀÀC
CTTCAGTGCTTCGTGGTGTGGGCCÀTGCCGCGTCATTGCÀCCTGTETÀTGCTGAGATGTCCAÀGACTTÀTCCTCAAC
TTTCÀGCGCTTCCTGGTGTGGCCCATGCCGTGTCATTGCACCTGTTTÀTGCTGAGATGTCAÀAGACTTATCCCCAAC
CTTCÀGTGCTTCGTGGTGTGGGCCATGCCGTGTCGTTGCÀCCTGTTTÀTGCTGGGATGTCCAÀGACTTATCCTCAAC

224 300
TCATTCTTGACÀÀTTGATGTTGATGACCTÀGTGGATTTCAGCTCÀÀCATGGGACATCCGTGCAACCCCAÀCGTTCTT
TCATTCTTGACÀÀTTGATGTTGATGACCTAGTGGATTTCAGCTCAACATGGGÀCÀTCCGTGCÀACCCCAÀCGTTCTT
TCÀTTCTTGACAATTGÀTGTTGATGACCTAATGGÀTTTCGGCTCAÀCATGGGACÀTCCGCGCÀACGCCGÀCGTETTT
TCATTCTTGACAÀTTGACGTTGATGACCTÀATGGATTTCAGCTCÀACÀTGGGÀCATCCGTGCAÀCCCCGACGTTCTT
lCATTCTTGACAÀTTGATGTTGATEACCTAATGGATTTCAGCTCAACÀTGGGACÀTCCGTGCAÀCCCCGACGTTCTT

3 01 3',1'l

GTCTTCCTCAÀGÀATGGCCAGCAGATCGAC.AAGCTCGTTGGCGCCAÀCAAGCCTGAGCTCGAA]AAGÀÀÀGTACAAGC
GTCTTCCTCAÀGÀÀTGGCCAGCAGATCGACAAGCTCGTCGGCGCCÀACÀAGCCTGAGCTCGAAAÀGAAAGTACAAGC
GTCTTCCTCAÀAÀACGGCCÀGCAGATCGÀCAAGCTCGTCGGCGCCAÀCAAACCTGAGCTCGAGAAGÀA.AGTGCAAGC
GTCTTCCTCAAGAACGGCCAGCTGATTGACÀAGCTCGTCGGCGCCAACÀ'GACCTGAGCTCGAAÀÀGAAAGTACÀÀGC
GTCTTCCTGAAAJàÀCGGCCAGCAGATCGACÀÀGCTCGTCGGCGCCÀÀCÀAACCTGAGCTCGÀGÀAGA.AÀ'GTACAÀGC

378 396
TCTTGGCGATGGCAGTTGA
TCTTGGCGATGGCÀGTTGA
TCTTGGTGATGGCAGTTGA
TATTGGCGÀTGGCÀGCTGA
TCTTGGTGÀTGGCAGTTGA

PTrxl-
PTrx2
HbTrx
LpTrx
ScTrx

PTrxl
PTTx2
HbTrx
LpTTX
ScTrx

PTrxl
PTxx2
HbTrx
LpTrx
ScTrx

PTrxl
PTrx2
HbTrx
LpTrx
ScTrx
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Appendix D

Grass Peroxiredoxins

Alignment of the Phalaris peroxiredoxin sequence (PcPrx) with the t¡pe-C

peroxiredoxin EST sequences of barley (HvPrx, GenBank accession number

8Q468113), maize (ZmPrx,81430757), rice (OsPrx, AU031625) and wheat

(TaPn<, 8F427212). The sequences of the PruF and PrxR primers are underligned

and nucleotides differing from the consensus are in bold.

HvPTx ATGGCTCCGATTGGCGTGGGCÀGCACCCTCCCCGACGGGCAGCTCGGGTGGTTCGACGA 59
ZmPTx ATGGCTCCCATCGCTGTCGGCGACGCCCTCCCCGACGGCCAGCTCGGGTGGTTCGACGA
OS PTx ATGGCCCCGGTTGCCGTGGGCGÀCACCCTCCCCGACGGCCAGCTGGGGTGGTTCGACGG
Ta PTX ATGGCTCCGATTGGCGTGGGCÀGCACCCTCCCCGACGGCCAGCTCGCGTGGTTCGACGA

HvPTx GAACGACCAGCTGCAGCAGGTCTCGATCCACTCCCTGGCCGCCGGCAAGAAGGTCATCC 1 1 B

ZMPTx GAACGACCAGCTGCAGCAGGTCTCCGTCCACGCGCTCGCCGCCGGCAAGAAGGTCATCC
Os PTx GGAGGACÀAGCTGCAGCAGGTCTCCGTCCACGGCCTCGCCGCCGGCAAGAAGGTCGTCC
TaPTx GAGCGAACAGATGCAGCAGGTCTCCATCCACTCCCTGGCCGCCGGCAAGAAGGTCATCC

HvPTx TCTTCGGCGTCCCCGGCGCCTTCACCCCCACCTGCAGCAATCAGCATGTACCAGGCTTC 177
ZmPTx TCTTCGGCGTCCCCGGCGCCTTCACCCCCACCTGCAGCAACCAGCATGTGCCAGGCTTC
OS PTx TCTTCGGCGTCCCCGGTGCCTTCACCCCGACCTGCAGCAATCAGCATGTGCCAGGATTC
Ta PTx TCTTCGGCGTCCCTGGCGCCTTCACCCCCACCTGCAGCAATCAGCATGTACCAGGCTTC
PcPrx ACCCCCACCT GCAGCAAT CAGCATGTACCAGGCT T C

HvPrx
ZmPrx
OsPrx
TaPrx
PcPrx

ATTACTCAAGCTGAGGATCTCAAAGCCAAGGGTGTAGAGGAGATTCTTCTTGTCAGCGT 2 3 6

ATCACÀCAGGCTGAGCAGCT CAAAGCCAAGGGT GTAGACGAGAT CCTGCTTATCAGCGT
ATÀAJAT CAGGCTGAGCAGCT CAAAG CCAAGGGT GTAGACGACAT CTTG CTTGTCAGTGT
ATTACT CAGGCCGAGGAGCT CAÄAGCCAAGGGT GTAGATGAGAT CCTGCTTGTCAGCGT
ATTACT CAÀGCCGAGGAGCT CAAAGCCAAGGGT GTAGACGAGATTCTGCTTGTCAGCGT

TAATGACCCCTTTGTCATGAAGGCATGGGCAAAGACATACCCAGAGAACAAGCATGTGA 2 95
TAACGACCCCTTCGTCAT GAAGGCGTGGGCGAAGACCTACC CCGAGAACAAGCACGT GA
TAACGACCCCTTT GTCAT GAAGGCGTGGGCAÃAGTCATACC CTGAGAATAAGCATGT GA
TAATGACCCCTTT GTCAT GAÄÀGCATGGGCGAAGACATACC CAGATAACAAGCATGT GA
TAATGACCCCTTTGTCATGAAGGCATGGGCA.AAGACATAGCCAGAGAACAAGCATGTGA

AGTTCCTTGCTGATGGAGCGGCAGCATACACA,¡UU\GCACTTGGTCTTGAGCTTGATCTC 3 5 4

AGTTCCTCGCCGACGGATCTGGAGCGTACACCAAGGCGCTCGACCTCGAGCTCGATCTC
AÀTTCCTTG CCGATGGTTTGGGAÀCATACACCAAGGCACTTGGT CTTGAGCTTGACCTT
AGTTCCTTGCTGATGGAGCGGCAGCATACACA'UU\GCACT TGGT CTTGAGCTTGAT CTT
AGTTCCTTGCTGATGGAGCGGCAGCATACACA'UU\GCACTTGGTCTTGAGCTTGATCTC

ACGGAGAAGGGATTGGGTCTTCGTTCGAAGCGCTTTGCTCTCCTTGCTGACGACCTCAA 4 1 3
ACGGACAAAGGGCTGGGCGTGCGCTCGAAGAGGTTCGCT CT CCTGGCCGACGACCT CAC
TCGGAGAÀAGGGCTTGGTÀTT CGTTCGAGACGGTTTGCT CT CCT TGCTGACAACCT CAA
AGTGAGAAAGGATTGGGTCTCCGTTCGAGGCGGTTTGCT CT CCT TGCT GACGACCT CAA
ACTGAGAAGGGATTGGGTCTTCGTTCGAAGCGCTTTGCTCTCCTTGCTGACGACCTCAA

HvPrx
ZmPrx
OsPrx
TaPrx
PcPrx

HvPrx
ZmPrx
OsPrx
TaPrx
PcPrx

HvPrx
ZmPrx
OsPrx
TaPrx
PcPrx

HvP Tx GGTCACCGTCGCAAACAT CGAGGAAGGÀGGCCAGTTCACAAT CTCTGGT GCT GAÀGAGA 4 7 2

ZmP Tx GGTCACCGTCGCA.AACATCGAGGAAGGCGGGCAGTTCACGATCTCCGGCGCTGAGGAGA
OS PTx GGTTACTGTTGCAAACATTGAGGAAGGTGGCCAÀTTCACAATCTCTGGTGCTGAGGAGA
TAPTx GGTCACCGTCGCAÃACGTCGAGGAAGGTGGCCAGTTCACAATCTCTGGTGCCGAGGAGA
PCPTx GGTCACCGTCGCAAACATCGAGGAAGGTGGCCAGTTCACAATCTCTGGTGCCGAG

HVPTX TCCTCAAGGCACTGTAG 489
ZmP Tx TCCTGAAGGCGCTTTAG
OSPrx TCCTCAAGGCACTGTAÀ
TaPTx TCCTCAAGGCACTGTAG



Appendix E

ClustalW alignment of the deduced protein sequences of grass ft-class thioredoxins.

t4t

MAAEE ....GAVIACHTKQEFDTHMANGK.ETGKLVIIDFTASWCGPCRVIAPVFAEYA
MAAAE . . . . GAVIACHTKQE FDTHMANGK. ETGKLVI ] DFTASWCGPCRVIAPVFAEYA
MAAEE ....GAV]ACHTKQEFDTHMANGK.DTGKLVIIDFTASV']CGPCRVIAPVFAEYA
MAAEE . . . . GWIACHNKDEFDAQMTKAK. EAGKWT IDFTASVùCGPCRF]APVFAEYA
MASEQ. . . . GWIACHSKAEFDAHMTKAQ. EAGKLVVIDFTAAWCGPCRAfAPLFVEHA
MASEE ....GVVIACHTKAEFDAQMAKAK.EAGKLVVTDFTASWCGPCRAIAPLFVEHA
MAASE..AA.AAÄATPVTPTEGTV]AIHSLEEV']S]Q]EEAN.SAKKLWIDFTATü]CPPCRAMAPIFADMA
MATTE..AA.A..ATPVAPAEGSVIAIHSLDEWSIQIEEAN.SAKKLVVIDFTATWCPPCRMIAPVFAELA
MAAAS . . AA. A, QAEGTVIAIHSLDEWTIQIEEAN . SAKKLVV]DFTASWCGPCRI IAPVFADLA
MiUUU\TATT . TAiU\TAIUryGPGEVI SVHSLEQWTMQIEEAN . AAKKLVV]DFTASWCGPCRIMAPI FADLA

. . . EVT SVHSLEQV']TMQIEEAN . AAKKLWI DFTASWCGPCRIMAP I FADLA

MAASA.,.A.TATAT.AAVGAGEVISVHSLEQWTMQIEEAN.AAKKLVVVDETASWCGPCRIMAPVFADLA
MAASAT..A.AATATTAAVGAAEVISVHTLEQlVTMQIEEAN.AAKKLVVVDFTASWCGPCRIMAPVEADLA
MAASAT ....AÄAVAAEVISVHSLEQWTMQIEEAN.TAKKLVVIDFTASWCGPCRIMAPVFADLA
MGGCVGKGR. S IVEEKLDFKGGNVHVITTKEDV.]DQKIEEAN . KDGKIWANFSASWCGPCRVIAPVYAEMS
MGGCVGKGR . S IVEEKLDFKGGNVHVITTKE DVI DQKIEEAN . KDGKTVVANFSASV.]CGPCRVIVPVYAEMS

MGGCVGKGR. GVVEEKLDFKGGNVHVITTKEDlfDQKIEEAN . KDGKIVVANFSASWCGPCRVIAPVYAEMS
MGGCVGKGR. GIVEEKLDFKGGNVHVITTKEDWDQKIEEAN . KDGKIVVANFSASt/ùCGPCRVIAPVYAEMS
MGGCVGKDR. GIVEDKLDFKGGNVHVITTKEDV.]DQKIAEAN . KDGKIWANFSASWCGPCRVIAPVYAEMS
MGGCVGKDR. S IVEDKLDFKGGNVHVITTKEDWDQKVAEAN , KDGKIVVANFSASWCGPCRVIAPVYAEMS
MGGCVGKGRRHIEEDKLDFKGGNVHVITSKEDWDRKIEEAN . KDGKIVVAN FSASWCGPCRVIAP]YAEMS

MGGCAGKVR. RDDEEKLDFKGGNVHI ITSNEGWDQKIAEAN . RDGKTWANFSASWCGPCRVIAPVYAEMS
MGGCIAKQH. ADDEDKI DFGGGNVHVVTSKEDV,]DQKIAEAN . KDGKIWANFSASWCGPCRVI S PVYAEMS

MGNFI S , SLVTPPP . AADDPNCAVVAAHSKTTYDEQV']AAHK. NGGKLMV]DFSASWCGPCREIEPAFKELA
MGSFLS . SLVTPPP. AADDPNCAVVAAHSKATYDEQWAAHK. SSSKLMVIDFSASWCGPCRFIEPAFKELA
MGS FLS . SLü]TPPPLPGDDPDSAVVAVHSKPAV']DKHWEEHR. NASKLMVI DFSASWCGPCREIEPAFKEMA

MGS FLS , SLWTPPPLPGDDPDSAVVAVHSKPAWDRHV']EAHR. NASKLMVI DFSASWCGPCRFIEPAFNEMA

MGSFLS . SLWTPPPLPGDDPDSAVVAVHSKPAWDRHWEAHR. NACKLMVIDFSASWCGPCRFIEPAFKEMA
MGSFLS . SLWTPPPLAGDDPDSAVVAVHSKPAI/'IDRHWEAHR. NASKLMVI DFSASWCGPCRFIEPAFKEMA
MGS FLS . SLFTPPPLPGDDPDSAVVAVHSKPAWDQHV'IEAHR. NASKLMVI DFSASWCGPCRFIEPAFKEMA

I4GS FFS . TMFT PPPAADDGGDSRVVAVHSTATWDEQV']GAHKSNPNKLIVI DFSATWCGPCRFIE PAFKDMA

KKFPGAIFLKVDVDELKDVAEAYNVEAMPTFLFIKDGAKVDTWGGRKDDIHTKIVALMG....SASA....
KKFPGAI FLKVDVDELKDVAEAYNVEAMPTFLFIKDGAKVDTVVGGRKDDIHTKIVALMG . . . . SASA. . . .

KKFPGAIFLKVDVDELKDVAEAYNVEAMPTFLFIKDGEKVDSVVGGRKDDIHTKIVALMG....SAST....
KKFPGAVFLKVDVDELKEVAEKYNVEAMPTFLFIKDGAEADKVVGARKDDLQNTIVKHVGATAASASA...,
KKFTQVVFLKVDVDEVKEVTAAYEVEAMPTFHFVKNGKTVATIVGARKDELLAQIEKHAA....PAPASASA
KKYTQAVFLKVDVDELKEVTAEYKIEA}4PTFHFIKNGETVETIVGARKDELLALIQKHTA. . . . SASA. . . .

KKSPNVVFLKVDVDEMKTIAEQFSVEAMPTFLFMREGDVKDRVVGAAKEELARKLELHMAS . . . . .

KKHPNVVFLKVDVDEMKTIAEQESVEAMPTFLFMREGDVKDRVVGAAKEELANKLQLQMAO. . . . .

KKHTNAVFLKVDVDE LKP IAE QFSVEAMPT FL FMKEG DVKDRVVGAMKDELASKVQLHMA

KKFPAAV FLKVDVDE LKP IAEQFSVEAM PT F], FMKEGDVKDRVVGAI KEE LTTKVGLHAAA

KKFPAAV FLKVDVDE LKP IAEQ FSVEAMPT FL FMKE GDVKDRVVGAI KEE LTTKVGLHAAA

KKFPAAVFLKVDVDELKPIAEQFSVEAMPTFLPMKEGDVKDRVVGAIKEELTTKVGLHAAO. . . . .

KKFPNAVFLKVDVDELKPIAEQFSVEAMPTFLFIKEGDVKDRVVGATKEELTTKVGLHA.AAAO.........
KKFPNAVFLKVDVDELKPIAEQFSVEAMPTFLFMKEGDVKDRVVGAIKEELTAKVGLHAAAO,.........
KTYPQLMFLTIDVDDLMDFSSTV'IDIRATPTEFFLKNGQQIDKLVGANKPELEKKVQALGDGS. . . .

KTYPQLMFLT I DVDDLMDES STWD]RATPT FFFLKNGQQ] DKLVGANKPELEKKVQALGDG S . . . .

KTYPQLMFLT I DVDDLMDFS STWD IRAT PT FFFLKNGQQI DKLVGANKPELEKKVQALGDGS . . . .

KTYPQLMFLT I DVDDLMDFS STVID IRAT PT FFFLKNGQQI DKLVGANKPELEKKVQALGDGS ., . .

KTYPQLMFLTIDVDDLVDFSSTWDIRATPTFFFLKNGQQIDKLVGANKPELEKKVQALGDGS. .''
KTYPQLMFLT I DVDDLMDFS STWD IRAT PT FFFLKNGQL I DKLVGANRPELEKKVQAI GDGS . . . .

KTY PQLMFLT I DVDDLMDFS S SWD IRÀKPT FFFIKNEKQVDKLVGANKPELEKKVQALADGS . . . .

KTYPQLMFLT I DVDDLMDFS S SWDIRAT PT FFFLKNGQQI DKLVGANKPELEKKVLA.AADAST S . .

QTYPQLMFLT I DVDELME FS S SVÙD IRAT PT FFFLKNGQQVDKLVGANKPELEKKVAAIAGAS . . . .

SRFT DAT FVKI DVDELAEVARTWKVEAMPTEVLVKDGKEVSRVf GAKKDELERKIQMFIMS S S S S

SRFS DA] FVKVDVDELAEVARTWKVEAMPT FVLVKDGKEVSRVVGAKKDELERKIRMFT S S S S S . .

S RFADAL FVKI DVDE LAEVAKT FRVEAMPT FVLVKG

SRFADALFVKIDVDELAEVAKTFRVEAMPTFVLV. .

SRFADALFVKIDVDELAEVAKTFRVEAMPTFVLVKGGQEVSRVVGAKKDELDRKIK'1'!'1SSS. ' . .

S R FADAL FVKI DVDE LAEVAKT FRVKAM PT FVLMKGG

SRFADALFVKIDVDELAEVAKTFRVEAMPTFVLVKGGQEVSRVVGAKKDELDRKIKTFISSS . . . .

GHFADAVFFKI DVDELSEVARQI\]KVEAMPTFVLIKGGKEVSRVVGAKKDELERKVNMPI SSSS S . .

IdI

^e1
Hv1
Os1
Zm1
sb1
Zm2
êho

Os2
rd2
Im2
"Ia2
Sc2
Hv2
Tan
Scn
Hvn
Hbn
Pcn
Lpn
Osn
Znn
Sbn
sb3
Zm3
As3
Tm3
Ta3
c^î

Hv3
Os3

Ta1
As1
Hv1
Os1
ZmI
sb1
Zm2

sb2
Os2
Td2
Tm2
Ta2
Sc2
Hv2
TaN
ScN
HvN
HbN
PcN
LpN
OsN
ZmN

SbN
sb3
Zm3

As3
Tm3
Ta3
Sc3
Hv3
Os3
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Appendix F

Sequences of wheat cDNA probes amplified by RT-PCR. Primer sequences are

underlined.

Wheat thioredoxin hl probe (Ta1F/R primer set)

GACCGGCAAGCT GGTGATCATTGACTTCACTGCTTCCT GGTGCGGT CCTTGTCGTGT CATAGCCCC

AGTCTT TGCTGAGTACGCCAAGAAGT TCCCTGGCGCCAT TT TCCTGAAGGTGGACGT TGACGAGCl

GAAGGACGTCGCTGAAGCATACAACGT T GAGGCAAT GCCGACCT TCCTGT T TATCAAGGATGGTGC

GAAGG T GGACAC T GT T G T CGGT GG CAGG

Wheat thioredoxin h2 probe (Ta2FlR primer set)

GGGCGGGGGAGGTGATCTCCGTCCACAGCCTGGAGCAGTGGACCATGCAGAT CGAGGAGGCCAACG

CCGCCAAGAAGCT GGTGGTGATTGACTTCACT GCAT CAT GGTGCGGACCAT GCCGCAT TATGGCTC

CAATTTTCGCTGATCTCGCCAAG

V/heat thioredoxin h3 probe (Ta3F/R primer set)

CCGCCGTCGTCGCCGTCCACTCCAAGCCCGCCT GGGACCGGCACTGGGAGGCGCACCGGAACGCGT

GCAAGCTGATGGTGATCGACTTCT CCGCCTCCTGGTGCGGGCCCT GCCGCTTCATCGAGCCCGCCT

TCAAGGAGATGGCCTCCCGCT TCGCCGACGCGCTCT TCGTCAAGATCGACGTCGACGAGCTCGCGG
AGGTTGCAAAGACA TTCCGCGTAGAGGCGATGCCGACCT TCGTACTGGTGAAGGGCGGGCAG

Wheat thioredoxin n probe (Rl/T2 primer set)

AAGCAAACAAGGATGGGAAÄATAGTTG TGGCAAACT TCAGCGCT TCGTGGTGTGGGCCATGCCGTG

TCAT TGCACCTGT T TATGCTGAGATGTCCAAGACT TACCCTCAACTCAT TCT TGACAATTGATGT T

GATGACCTAATGGATT TCAGCTCAACAT GGGACAT CCGT

lVheat C-type peroxiredoxin probe (PrxF/R primer set)

ACCCCCACCTGCAGCAATCAGCATGTACCAGGCT TCATTACTCAGGCCGAGGAGCTC A'U\GCCzu\G

GGTGTAGATGAGAT CCTGCT T GTCAGCGT TAATGACCCCT T TGTCATGAAAGCA TGGGCGAAGACA

TACCCAGATAÄCAÀGCATGT GAAGTTCCTTGCTGATGGAGCGGCAGCATACACAÄÄAGCACT T GGT

CT TGAGCTTGATCT TAGTGAGAiU\GGAT TGGGTCTCCGT TCGAGGCGGT TTGCTCTCCT T GCTGAC

GACC T CAAGGT CAC CGT CGC AAACGT C GAGGAAG G T GGCCAGT T CACAAT C T CT GG T GCCGAG
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Appendix G

Alignment of the wheat CDSP32 RT-PCR fragment sequence (TaCDSP32) with

the corresponding region of the potato CDSP32 oDNA (Stcosesz;Rey et al. 1998)

and EST sequences of CDSP32 homologues from barley (HvCDSP32, Genbank

accession number 8F.421930) and maize (ZnCDSP32,BG84ll77). The sequences

of the Wctsp¡zF and Wcosp32R primers are underlined and nucleotides differing

from the consensus are in bold. Dashes indicate gaps introduced to maximise the

alignment.

STCDS P3 2 TACCÀCATTTCÀACTTCTACAÃÀÀGCATGGAGAAGÀTCCACGAGGAÀGAAGGCATT
HvCDS P3 2 TGCCGCACTTCTCCTTCTACAAGGGCACCGAGAAGGTGCACGAGGAGGAAGGCATC
TaCDSP32 TGCCGCACTTCTTCTTCTACAAGGGCACCGACAAGGTGCACGAGGAGGAGGGCATC 56

S tCDS P3 2 GGCCCGGACCTACTÀGCCGGTGATGTACTCTACTACGGTGACAGCCACTCTGÀÀGT
ZmCDSP32 CAGCCACTCGGCGGT

HvCDS P3 2 GGCCCCGACCAGCTCGCCGGCGACGTGCTCTACTACGGCGACAACCACGCCGGCGT
TaCDSP32 ccCCCCGACCAGCTCGCCGGCGACGTGCTCTACTACGGCGACAÀCCACGCCGGCGT 1 12

S ICDS P3 2 ÀGTGCAGCTCCACAGCAGÀGAÀGACGTTGA.AÀÀGGTÀATCCAÀGATCACAÀAATCG
ZmCDS P3 2 ccTGCAGCTGCACTCGCGGGAGGACGTGGAGGCGCTCATCGACGAGCACCGCGGCG
HvCDS P3 2 CGTGCAGCTGCACAGCCGGGCCGACGTGGAGGCGCTCATGGCGGAGÀACAGCGGCG

TaCDSP32 CGTGCAGCTGCACAGCCGCÀCGGACGTGGAGGCGCTCATGGCGGAGCACAGCGGCG 1 6B

SICDS P3 2 ATAAA-- -AAGTTA.ATAGTCCTCGATGTTGGÀTTGAAGCATTGTGGACCATGTGTG
ZmCDS P3 2 ACAAGGGCAAGCTCGTCGTGCTGGACGTGGGCCTCAAGCACTGCGGGCCCTGCGTC
HvCDS P3 2 AGGGCGGGAAGCTGCTGGTcCTGGACGTCGGGCTCAAGCATTGCGGGCCCTGCGTC
TaCDSP32 AGGGCGGCAAGCTGCTGGTGCTGGACGTCGGGCTCAAGCACTGCGGGCCA'IGCGTC 224

STCDS P3 2 AAAGTTTATCCÀACÀGTGATCAAGCTATCGÀAGCÀGATGGCTGATACAGTCGTGTT
ZmCDS P3 2 AAGGTGTACCCCACCGTGCTGAAGCTGTCGCGGTCCATGGTCGACAÀCACCGTCTT
HvCDS P3 2 AAGGTCTACCCCACCGTGGTCAAGCTGTCCCGCTCCATGGCCGACACAACCGTCTT
TaCDSP32 AAGGTCTACCCCACCGTCGTCAAGCTCTCCCGCTCCATGGCCGACACCGCCGTCTT 2 B 0

STCDS P3 2 CGCGAGAATGAATGGCGATGAGAATGATAGTTGTATGCAGTTTTTGAAÀGACATGG
ZmCDSP32 CGCGCGCATGAACGGCGACGAGAACGACAGCTGCATGGAGTTCCTCAGGGCCATGÀ
HvCDS P3 2 CGCGCGCATGAACGGCGACGAGAACGACGCCTGCATGGACTTCCTCAAGGACATGG
T aC D S P 3 2 CGCGCGCATGAACGGCGACGAGAACGACGCÀTGCATGCAGTTCCT CAAGGACATGG 3 3 6

S tCDS P3 2 ATGTTÀTTGAÀGTGCCTACATTTTTGTTÍATAAGAGATGGTGAGATTTGTGGÀAGG
ZmCDS P3 2 AGATCGTGGAGGTGCCCACTTTCGTCTTCATCAGGGACGGCCAGATCGTCGGCCGC
HvCDS P3 2 AGGTCGTGGAGGTGCCCACCTTCCTCTTCATCAGGGACÀACAAGATCTGTCGCCGC
TaCDSP32 AGGTCGTCGAGGTGCCCACC TTCCTCTTCATCAGGGACGTCAAGATCGTCGGCCGC 3 92

SICDSP32 TA
ZMCDSP32 TA
HvcDSP32 TA
TacDSP32 TA 394
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Appendix H

ClustalW alignment of all plant h-class thioredoxins present on the Genbank

database. Species identifiers are the same as listed in Table 6.1. Dots indicate gaps

in the alignment. Residues at invariant or highly conserved positions are in bold.

Horse
Human
Mouse
Chicken
stl
Le3
Nt2
Rcl
Csl

Mc3
At1
Mpl
Gm5

cmB
Ga4

Vv1
Gm4

Gm7

Mt3
Mt4
L) L

Srosl
cm3
Gm9

Pperl
st2
Le2
Nt1
rb1
Srl
Ha1
Mc1
Ph1
Pbl
Fe1
os1

zmL
sb1
At4
Bn2
zm2
sb2
Os2

Bnl
Ts1
At3
At5
Mc2
sb3
Zm3
Ta3
Os3
c+?

Le1
Le5
Mt1
Mt5
Gm6

st4
Le4

: : : ::::::: : : : :: : : :: : : : : : : : : : : : : : : : : :: . ., .iliriiË3r;liËrîiäi:' ,liiÏTÏ:i:lÏ
. ' . . MVKSVGNLADFEAELKAAG. . EKLVVVDESAT

. MAEE. . . . GQVFGVHNVDEWNQHLOKGIDNKKLIVVDFTÀS

. . . . . . . MAEG . . . . GQVFGVHTVDEI{ITQHLQKGIDNKKLLVVDFTAS
.MAEE. ...GOVIGVHTVDAWNEHLQKGIDDKKLfVVDFTAS
. MAAEE. . . GQVIGCHTVEAWNEQLQKGNDTKGLIV1¡DFTAS

. . . . . . MAAAEE . . . . . . . . . . GOVIGCHTVEAWNEOLQKSNETKQLWVDFTAS

. . . . . . . MAAEE. . . . . . . . . GoVYGCHTTESIINEoLoKGNESEKLVWDFTAS

.......M44EE..... ...'GQVISCHTTQAT{EEQLNKANESKKLMVVDFTAS
. MASEE. . . GOVIACHTVETWNEQLQKANESKTLVWDFTAS
. MASSES . EGQVIGCHTTDTWNEQLQKANDNKKLVV\¡DFTÀS
. MAGS SE . EGQVI SCHTVDAIVNDQLQKGNOSKKLIV\¡DFTAS

. . . . . . . MAGSSE. . . . . . . EGQVISCHTVEEWNDQLQKGNESKKLIV'VDFTAS
.MAEE. . . .GOVIACHTVESWQOOLQMGNESNKLVWDFTAS
. MA.AEE. . . GQVISCHTLDSWKEOLOKGGOSKKLVWDFTAS

. MAEE. . . GOVVGCHSVESWKEQFQHGIESKKLVVVDFTAS
. MAEVE. . EGQVIGVHTVDEWKLQLQNAKDSKKLIWDFTAS
. MAE. . . ' EGQVVGVHTVDAWNQQLQNGKDSQKLIVVDFTAS

. MAAE. ' . EGOVIGVHTVEQWKEEIQKGNDSKKLIV\¡DETÀS
. . . . . . MÀAE. . . . EGHV]GVHTVEAI{KEHLEKGNGSKKLIWDFTÀS
. . . . . . MAAE. . . . EGTVIGVHTVEAWKEHLEKGNVSKKLIVVDFTAS

. MAE . . . . EGQVIGVHTVDAVIKQHLEKGNENKKLIV\¡DFTAS

. . . . . . . MAE. . . ' . EGQVIGVHSVEEWKEHLKKGEESKKLIWDFTÀS
.MAE. . . .EGQVIGVHSVEEI{EEHLKKGQESKKLIWDFTAS
. MAE. . . . ENQVIGCHTTQAWEEQLHKGNENKKLVVTDFTAS

. . . . MATSSEE . . . . . GQVIGCHKVEEWEVQLQKGVETKKLWVDFTÀS

. . . . MATSSEE . . . GQVIGCHKVEEWKVQLQKGVETKKLVWDFTÀS
MAANDATSSEE . . . , GOVFGCHKVEEI{NEYFKKGVETKKLVVVDFTÀS

..MAAATSSEE .....GQVIACHTVDHVIKEQFAKGVETKKLW\¡DFTAS
. MAEE. . . . GVVIGCHSTDQWKEOLEKHKSTQKLVVVDFTAS

. . . . . . . MAEE ' . . . GIVVGCHNADQWKEHFDKHKASOKLVWDFTAS
. MAEQ. . . . NQVIGCHNVAQÌ{EEHFNKGKDAKRLWVDFTAS

.MAEE. . "GQVIACHTVDTWKEHFEKGKGSQKLIWDFTAS

. MAEE. ' . . GQVIACHTVDVWKEQFEKGKGTQKLIWDFTAS

. . . . . . . M4E8 " . . AQVIACHTVQEI{NEKEQKAKDSGKLIVIDFTAS
. MAAEE, . . GVVIACHNKDEFDAOMTKAKEAGKVVIIDFTAS
. MAAEE . . . GAVIACHTKQEFDTHMANGKETGKLVIIDFTAS
. MASEQ. . . GVVIACHSKAEFDAHMTKAQEAGKLVVIDFTAÀ

. . . . . . . MASEE. . . . . . . . . GVVIACHTKAEFDAQMAKAKEAGKLWIDFTÀS

. . . . . . . MAAEE. . . . . . . ' . GQVIGCHTNDVW1TVQLDKAKESNKLIVIDFTÀS
.MA.AEE. . 'GQVIGCHEIDVÍIAVOLDTAKQSNKLIVIDFTAS
.MAASEAAAA..AATPVTPTEGTVIAIHSLEEWSIQIEEANSAKKLVVIDFTAT

.......MATTEAAA..'.ATPVAPAEGSVIAIHSLDEWSIoIEEANSAKKLVVIDFTAT
.MA.AÄSAAA. ..QAEGTVIAIHSLDEWTIQIEEANSAKKLVVIDFTAS
.MAASAATA.'...TATAAVGAGEVISVHSLEQ!|'IM0IEEANAAKKLVVVDFTAS
.MAATAEVI ....PAGEVIACHTVEDWNNKLKAAKESNKLIVIDFTAV

. . . . . . . MAG. . . . DGEVIACQTVEDWNEKLKAAQESKKL]VIDFTÀV
. MAA. . . . EGEVIACHTVEDWTEKLKAANESKKLIVIDFTÀT

. . . . . . . MAG. ' . . EGEVIACHTLEVWNEKVKDANESKKLIVIDFTAS

. . . . . . . MAA. . . . ' DAVIACHTVDVWNEKVKDANESKKLfVIDFTÀS
. MGNEI S . SLVTPPP . AADDPNCAVVAAHSKTTYDEOWAAHKNGGKLMVIDFSAS
. MGSFLS . SLVTPPP. AADDPNCAVVAAHSKATYDEQWAAHKSSSKLMVIDFSÀS

. . . . . . . MGSFLS . . . . . . . SLWTPPPLPGDDPDSAVVAVHSKPAVÍDRHWEAHRNACKLMVIDFSAS
. MGSFFS . TMETPPPAADDGGDSRVVAVHSTATWDEQ!ÍGAHKNPNKLIVIDFSAT
.....MGGYYY PTÍiPEENKKPTTPOIKGSQVIAFHSSTKWKLHFDSLKDTNKLVVIDFTAT

. . . . MSGYNY. . . . . . PTWPEENKKPITQQIKRCQVITFNSSTKWMIHLNFLKDTNKLVVIDFTAT
. . . . S . . . . . . VTLIIEAIINMP]TPQFKRSQVIAFHSSTKWKLHFDSLKNTNKLVVIDFTÀT

. . . . . MG. . . . GNLSNMEHGHTSAKSLSSHILTFHSTAKWKAYFDASKETNKLMVIEFTAÀ

.....MG. ...ANFSNLES.VVEKSSQPSLILTFHSTAKWKAHFEASKVTNKLMVIDFTÀT
. . . MAMAYVARSSESSQVLNFHSTAKWNAHFDALKQTNKL}{VVDFTAS

. . . . . .ASELG. . . . . .GGEAQAATEVSGSPSEPSRVIAFHSSNRWQLHFNSSKQLNKLIWDFAÀÀ

. MGSFVSTLLG. . . . . . GGEAQAATEVSGSPSEPSRVIAEHSSNRWQLHFNSSKOLNKLIV\¡DFAAÀ



Gm1

Gm2
AE2

Ga5
ML2
Bv1
Mc4
s12
Prl
Pt2
Pm1

cj1
Pcn
Tan
Osn
Zmn
Sbn
Stn
Len
Ntn
Mtn
Gm1 0

GÍm
Atn
Ptn
Cr1
cr2
Pp1
Pp2
Livl

Horse
Human
Mouse
Chicken
st1
Le3
Nt2
Rcl
Cs1

Mc3
Atl
Mpl
cm5
cm8
Ga4
ca2
Vv1
Gm4

Gm7

Mt3
Mt4
!J f

Srosl
Gm3

Gm9

PperL
st2
Le2
Nt1
rb1
Sr1
Hal-
Mcl
Ph1
Pb1
Fe1
Osl
Ta1
zm1
sb1
At4
Brt2
zm2

. CVG

. CVG

. CAG

. crA

KDRGIV.
KGRSIV.
KGRRHI.
KVRRDD.
KOHADD.
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. . . MGAILSALTG. . . . . . GAATAAT . . . SSPESSASRVQSFHSSARWQLHPNELKETNKLVVIDESAS

. . . MGGILSGLLG. . . . . . SDAAAAA. . . SSPESSTSRVSSFHSSPRWQLYFNEIKDTDKLVVIDASAS

...MGGALSTVFG......SGEDATA...AGTESEPSRVLKFSSSARIÙOLHFNE]KESNKLLV\¿DFSAS

...MGSEFS .....SDSTPEK..SSSSSEHSGIQTFHSSPRWQLHFNSVKDSSQLMVIDFSÀS

...MGSELSSLLG......SSGSPSED..SPSSSESSRVSTFHSAPRWQLHFNSVKESPKLMVIDFSÀS

. . . MGSFLSSLVG. . . . . . GDSATASQ. . SSESSENSSVKTFHSSARWQLHFNELKDSPRLWIDFSAT

...MGNRFA. ...RGKPPAVVAIHSTEQT{NAHFELSKSSAKLI'ÍVVDFSÀS

. . . MGNNCS . . . . . RRKLPAVLVFHSADOWKTYFESSKYSEKLMVIDFSAS

. . . MGAQVSS . QQRSDHGEVLSVHSLDNWNTRFQNSKTSHKLMVIDFSÀÀ
. GNVFACHSTEAWRS KLOEAI DTKRLWVDE.TAT

. . GNVFACHSTEAWRSKLQEAI DTKRLVVVDFTAT
. GNVFACHSTEGT{RSKLQEAI DTKRLVÀ\¡DETAT

. . GLVVACHSVDTWRSKLQEAKT SGKLVV]/DFTAT
EDKLDFKGGNVHVI TTKEDWDQK ] AEANKDGK I VVAI{FSAS
EEKLDFKGGNVHVI TTKEDWDQK I EEANKDGKI WÀ¡IE.SAS
EDKLDFKGGNVHVI T S KEDWDRKI EEANKDGKI VVAIiTE'SAS

EEKLDFKGGNVH I I T SNEGWDQKIAEANRDGKTVVÀIIE'SAS
EDKI DFGGGNVHVVT S KEDWDQKIAEANKDGK I VVAIiIE'SÀS

...MGISDTVRSLFPCIKSHSTSDGDDSTHNVEFAGGNVSLITTKESWDQKLAEAKKEGKIVIÀ}¡FSAS

...MGISDTVRSLFPCIKSHSTSDGDDSTHNVEFAGGNVSLITTKESWDOKLAEAKKEGKIVIAÀIFSAS

...MGITDMVHSLEPCIKSRSTNNDGDSSHNVKFAGGNVSLITTKES9IDQKLAEANKEGKIVIA}TFSAS

. . . MGN. . . CLA. KSRDRDNDSDQHVEFAAGNVALITTKEAWDQKLEEAKKDGKIVIÀÀTFSAV
, , . MGS . . . CVS . KNHAKDNDSDHDVDFAAGNVKLITTKEAWDQSLEEARRGGKIVIAIìTFSAT
. . . MGN . . . CLR. KAHADD . DSDHIVELASGNVQLITTKESVIDQKLDQARKESKIVIÀÀIFSÀT
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WCGPCKMIKPFFHSLSEKYS . NVVFLEVDVDDCQDVAAECEVKCMPTFQFFKKGQKVDEFSGANK. EKLEATI
bICGPCKMI KPFFHSLSEKYS . NVI FLEVDVDDCQDVASECEVKCMPTFQFFKKGOKVGEESGANK. EKLEATI
WCGPCKMIKPFFHSLCDKYS . NVVFLEVDVDDCQDVAADCEVKCMPTFQFYKKGQKVGEFSGANK. EKLEASI
WCGPCKMIKPFFHSLCDKFG . DVVFI EI DVDDAQDVATHCDVKCMPTFQFYKNGKKVQEFSGANK . EKLEETI
WCGPCKFIAPFLAELAKKIP . TVTE'LKVDVDELKSVATD9IAVEAMPTFMFIKEGKIVDKWGAKK. EELQQT]
WCGPCKFIAPFLAELAKKIP. TVTFLKVDVDELKSVATDVIAVEAMPTFMFIKEGKIVDKWGÀKK. DELQQTI

WCGPCKFIAPFYAELAKKMP. TVTFLKVDVDELKSVATDWAVEAMPTFMFLKEGKIVDKVVGAKK. DELOOTI

WCGPCRFIAPFLAELAKKLP. NVTE'LKVDVDELKTVAHEWAVESMPTFMFLKEGKIMDKVVGÀKK. DELQQTI

WCGPCRFIAPFLAELAKKLP . NVLFLKVDVDELKSVATDWAVEAMPTFMFLKEGKIVDKVVGAKK. EELOOTI
WCGPCRFIAPFLAELARKFP . SVTE LKVD\ZDELKEVATDWAVEAMPTFMFLKEGK]VDKVVGAKK. EELQQTL

VÙCGPCRFIAPFLAELAKKLP . QVI FVKVDVDELKQLAADWAI EAMPTE'MFLKEGK I VDKVIGAKK. DELOOTV

V,ICGPCRFIAPFFADLAKKLP. NVLFLKVDTDELKSVASDWAfQAMPTE'MFLKEGKILDKVVGÀKK. DELQSTI
WCGPCRFIAPFFAELAKKEP. NVTFLKVDVDELKSVASDWAVEAMPTFI FLKEGKILDRVVGÀKK. EELOANI
WCGPCRFIAPFLAELAKKET. SVVFLKVDVDELKSVSQDWAIEAMPTFVFVKEGTLLSKVVGAKK. DELQQTI

WCGPCRFIAPFLAELAKKFT . SVIFLKVD\ZDELKSVSQDWAI EAMPTFVFVKEGTLLDKVVGAKK. DELQOKI

WCGPCREISPILVDLAKKLP . NVIELKVDVDELKSVAQSVIAIEAMPTFVELKGGTI IDKLVGARK. DELQQKI

ViCGPCREI SPELAELAKKFP . NVMFLKVDVDELKEVAAEWDVDAMPTFLFLKEGKAVEKVVGAKK. EELQQAV

WCGPCRV] SPFLAELAKKMP. NVIE'LKVDVDELETVAKEWEVEAMPTFLFVKEGNVVDKVVGÀKK. EELVQKT

WCGPCREMAPVLAEIAKKTP. ELIFLKVDVDEVRPVAEEYSIEAMPTFLFLKDGEIVDKVVGÀSK. DDLQATI
WCGPCRFIAPVLAEIARHTP . OVIE'LKVDVDEVRPVAEEYSIEAMPTFLFLKDGKIVDKWGAKK. EELQLTI
ViCGPCRFIAPILAEIAKKIP . EVIELKVDIDEVKSVAKEVISVEAMPTFLFLKEGKEVDKVVGARK. EELENAI
WCGPCRFIAPI LAEIAKKLP . NVTFLKVD\¡DELKTVAEEWAVDAMPTFLFLKEGKLVDKVVGAOK. EQLQAAI

}ICGPCREIAPILAEIAKKLP. HVVFLKVDVDELKTVAEEVINVEAMPTFLFLKEGKAVDKVVGAKK. EELQLTI
WCGPCREIAP]LAEIAKKLP. QVTFLKVDVDELKTVAEEWGVEAMPTFLFLKEGKLVDKVVGAKK. EELQLTI
WCGPCRFIAPILAEFAKKLP . NVTFLKVDVDELETVSKEWGIEAMPTE'LFLKEGKLVDKVVGAKK. EELQLTI
WCGPCRFIAPILADMAKKLP . NVTALKVDVDELATVSREWEVEAMPTFLFLKEGKLVKKLVGARK. EELQDI I
I¡ICGPCRLIAPI LAELAKKTP . EVTFLKVDVDELRTVSEEWGVEAMPTFLFLKEGKIVDKWGAKK. DELQ] KV

!ÍCGPCREIAPILADIAKKMP. HVIFLKVDVDELKKVAEDVITVEAMPTFVFIKEGKEVDRVVGANK. DGLLQTI
WCGPCRFIAPILADIAKKMP. HVMFLKVDVDELKKVAEEWNVEAMPTFVFIKEGKEVDRWGANK. DGLLQTI
WCGPCRFIAPI LADIAKKMP . HVIE'LKVDVDELKTVSAEWSVEAMPTFVFIKDGKEVDRVVGAKK. EELQOTI
V{CGPCRMIAPILAEIAKKMT . HVIAVKVD\¡DELQAVAEEYKVEAMPTFVELKDGKEVDRMVGAKK. DDLQNCI

WCGPCRV]APILADFAKKI P. HVTFLKVDVDELESVAQEYSVEAMPTFLFFKNGEVIDKWGAKK. DDLHACI

WCGPCRVIAPILADYAKKFP . HVAFLKVDVDEVESVAOEYSVEAMPTFLFEKNGVKVDTVVGÀKK. DELLACI
WCGPCRFIAPI LAEVAKKTP . HVMFLKVD\¡DELKSVAEQYKVSAMPTFVELKDGEE] DRVVGÀKK. DELIVAI
WCPPCKMIAPI FAELAKKFP. NVTFLKVDVDELKAVAEEWNVEAMPTFI ELKDGKLVDKTVGADK. DGLPTLV

VüCPPCKFIAPVFADLAKKFT. NVTFLKVDVDELKPVAAEVTEVEAMPTFI FLKDGKLVDKIVGADK. DGLPALV

WCGPCRVITPYVSELAKKFP. HVAFEKVDVDDLKDVAEEYKVEAMPSFVILKEGQEVERIVGARK. DELLHKI
I!CGPCRFIAPVEAEYAKKEP . GAVELKVDI/DELKEVAEKYNVEAMPTFLFIKDGAEADKVVGARK. DDLQNTI

WCGPCRVIAPVFAEYAKKFP . GAIFLKVDVDELKDVAEAYNVEAMPTELFIKDGAKVDTVVGGRK. DDITITKI
WCGPCRAIAPLFVEHAKKET. OVVFLKVDVDEVKEVTAAYEVEAMPTFHFVKNGKTVATIVGARK. DELLAQI
WCGPCRÀIAPLEVEHAKKYT , QAVFLKVDVDELKEVTAEYKIEAMPTF'HFIKNGETVETIVGÀRK. DELLALI
WC P PCRMIAP I ENDLAKKFMS SAI EFKVDVDELQSVAKEE'GVEAMPTE'VFII(ÀGEVVDKLVGANK. EDLQAK I
WC P PCRMIAPVFADLAKKFMS SAI FFKVD\¡DELONVAQEFGVEAMPTEVL I KDGNVVDKVVGÀRK. EDLHAT I
WCPPCBåMAPI FADMAKKSP. NVVFLKVDVDEMKTIAEQFSVEAMPTFLFMREGDVKDRVVGAAK. EELARKL



sb2
os2

Bn1
Tsl
At3
At5
Mc2
sb3
Zm3
Ta3
os3
st3
Le1
Le5
Mt1
Mt5
Gm6

st4
Le4
cml
(Jmz

Ga5
Mr2
Bvl
Mc4
ST2
Pt1
Pt2
Pm1

cj1
Pcn
Tan
Osn
Zmn
Sbn
Stn
Len
Ntn
Mtn
Gm10
Gmn

Atn
Ptn
Cr1
Cr2
Pp1
Pp2
l,rvl
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WCPPCRMIAPVFAELAKKHP . NVVF],KVDVDEMKTIAEQFSVEAMPTFLFMREGDVKDRVVGÀAK. EELANKL
WCGPCRI IAPVFADLAKKHT . NAVFLKVDVDELKPIAEQE'SVEAMPTFLFMKEGDVKDRVVGA¡{K. DELASKV
WCGPCRIMAPVFADLAKKFP . AAVELKVDVDELKPIAEQFSVEAMPTFLFMKEGDVKDRVVGAIK. EELTTKV
WCPPCRFIAPI FVELAKKHL . DVVEEKVD\¡DELATVAQEFDVOAMPTFVYMKGEEKLDKVVGAAK. EEI EAKL
IÌCPPCRFIAPI EEEYAKKFL . NVVFFKVDVDKLSDVAKAFEVEAMPTFI FMREEAI LDKIVGAAK. DEIHAKL
V{CPPCREIAPVFADLAKKHL . DVVFFKVDVDELNTVAEEE KVQAMPEE'I FMKEGEI KETVVGAAK. EEI IANL
WCPPCRFIAPVFAEMAKKET. NVVFFKIDVDELOAVAQEFKVEAMPTFVFMKEGNI IDRVVGAAK. DEINEKL
IiÍCGPCRLVAPI EEELAKKFT . ET IFLKVDVDELGSVAEEFKVKAMPTFVYLKEGREVERIVGAVKKDDMI KAI
WCGPCREIEPAFKELASRFT . DAIFVKIDVDELAEVARTWKVEAMPTFVLVKDGKEVSRVIGAKK. DELERKI
WCGPCRFI EPAFKELASRFS . DAIFVKVD\¡DELAEVARTWKVEAMPTFVLVKDGKEVSRVVGAKK. DELERKT

WCGPCRFIEPAFKEMASREA. DALFVKIDVDELAEVAKTFRVEAMPTFVLVKGGQEVSRVVGAKK. DELDRKI
WCGPCREIEPAFKDMAGHFA. DAVFFKIDVDELSEVARQWKVEAMPTFVLIKGGKEVSRWGAKK. DELERKV
WCGPCKNMDPI TNDFASKYT. DVEFVKIDVDELVDVALEYEVQAMPTFTLMKRGKVVDKIVGADK. DGLKMKI

V{CGPCRNMDPI INDFAAKYT . NVEFVKIDVDELVDVAEKYGVQAMPTFVLMKKGEVVDQIVGADK. DGLKMKI
WCGPCKYMEPILNDFAAKYI . DVEFVKIDVDELDDVAOEYGVQAMPTFVLIKKGKVVDKWGADK. DGLKMKI

WCGPCKYMDPI IQDFAAKYI . KVDFIKIDVDELMSI SQEFQVQAMPTFILMKKGKVVDKWGÀKK. EELEKLI
üICGPCKYMDPI IKELAAKYK. DVEFIKID\¡DELMDVASAE'QVQAMPTE'ILLKKGKVVEKVVGÀKK. EQLQKLI
WCGPCKLMDPVIQEFATKYR. DVEFVKID\¡DELMEVSOHYOVQGMPTEMLIKKGNVADKWGVRK ' DELQRLI
WCGPCKFMEPAINAMASKYT . DVDFVKIDVDELSDVAKEFGVQAMPTFLLLKQGKEVERVVGÀKK. DELEKKI
WCGPCKEMEPAINAMASKYT . DVDFVKIDVDELS DVAKEFGVQAMPTFLLLKQGKEVERVVG'VKK. DELEKKI
V{CGPCKEIEPAIHAMSEKFT. DVDFVKIDVDELPDVAKEFNVEAMPTFVLCKKGKEVDKWGAKK. DELEKKI
!üCGPCKFIEPAIHAMADKFN . DVDFVKIDVDELPDVAQEFQVOAMPTFVLWKKGKEVDKVVGAKK. DELEKKI
WCGPCRMIEPAIHAMADKEN. DVDEVKLDVDELPDVAKEFNVTAMPTFVLVKRGKEIERI IGAKK. DELEKKV

WCGPCKFMEPVLNAMAAKFT . DVEEVKLDVDELPDVAQEFGVQGMPTFVLLKKGKEVDRVVGÀQK. NDLEKKI
!{CGPCKFMEPVLNGMAAKFT . DVDFVKLDVDELPDVAQEFGVQAMPTFVLVKQGKEVDRVVGAOK. NELEKKV

WCGPCKMMEPILOAMANEFT . DVEFIKIDVDELSDVAQEEKVOAMPTFLLLKNGKEVDKVVGAKK. DELKNKV

WCGPCQYMEPI IKDLSTKYG. DVEFVNIDVDELSDVASEFGVDAMPTFVFFKKGKEVERLVGANK. GELKEKI
V'ICGPCQYMEPILKDFSIKYG. DVEFIKIDVDELPDVASEFKVDAMPTFI FVKKGKEIDKLVGÀNK. AELKDKI
WCGPCNFIEPAVHDLAVEFS . DVDE IKIDVDELPDVAKDFEVKAMPTFVLVKKGKERERIVSVKK. DELHRMI

WCGPCRVISPVEVELSRRFP . EI FFLKVDVDELRDVAQEWDVEAMPTFI FIKEGKAVDKVVGAKK. DELERKV

WCGPCRI I SPVEVELSKKFS . EIFFLKVD\¡DELRDVAQEYTDVEAMPTFI FIKDGRAVDKF.VEANK. AELERKV

WCGPCRVIGPVFVELSKKFP. EIEFLKVDVDELRDVAQEWDVEAMPTFIFIKDGKAVDKWGÀKK. DDLERKV

¡ICGPCRI I SPVFVELSKKYT . NVVFLKVDVDELQDVTAEWEVQAMPTEI FIKDGKAI DKIVGAKK. DELERKV

WCGPCRVIAPVYAEMSKTYP. QLMFLTIDVDDLVDFSSTWDIRÀTPTFEFLKNGQQIDKLVGÀNK. PELEKKV

V']CGPCRVIAPVYAEMSKTYP . QLMFLTIDvDDLMDFSSTWDIRATPTFEFLKNGQQIDKLVGANK. PELEKKV
WCGPCRVIAPIYAEMSKTYP. QLMELTIDVDDLMDFSSSWDfRAKPTE FFIKNEKOVDKLVGANK. PELEKKV

WCGPCRVIAPVYAEMSKTYP. QLMFLTIDVDDLMDFSSSWDIRATPTFFFLKNGQQI DKLVGANK. PELEKKV
WCGPCRVI SPVYAEMSOTYP. QLMFLTIDVDELMEFSSSVIDIRATPTI.FFLKNGOQVDKLVGANK. PELEKKV

VÙCGPCRMISPFYCELSEKYL. SLMFLTVDVDELTEESSSWDIKATPTFFELKDGEOIDKLVGANK. PELQKKI
VüCGPCRMI SPFYCELSEKYL . S],MFLTVD\¡DELTEFS S SWDI KATPTFEFLKDGEQI DKLVGÀNK. PELQKKI
WCGPCRMIAPFYCELSEKYL . SLMFLTVD\¡DELTEFS S SWDI KATPTFEELKDGEQI DKLVGANK. PELQKKI
WCGPCKVIAPYYCEMSEKYT . SMMFLLVDVDELTDFSTSWDIKATPTE'EFLKDGQQLDKLVGÀNK. PELEKKL

WCGPCKMIAPYYSELSEKYT . SMMFLLVDVDDLTDFSTSWDIKATPTFFFLKDGOQLDKLVGANK. PELLKKI
WCGPCKVIAPHYCELSVKYP. SIMFLLVDVDELADFSTSWDIKATPTEFFLKDGKEVDKLVGANK. PELEKKI
V{CGPCKIVAPFFI ELSEKHS . SLMFLLVDT/DELSDFSS SWDI KATPTFFFLKNGOQI GKLVGANK. PELOKKV

WCGPCKMIAPFYAELSEKYP . QLVFLKVDVDEMAEVSAEWDVRAMPTFI FIKDGKQIDKLVGLNQ. PELEKKV

WCGPCRMIAPFYEELSEKYS . NLIE'LKVD\¡DQLSDT SAAYEVRAMPTFMEIENGAVVEKIVGADR. TKLEAMV

WCGPCRMIAPLEEELSEKYS . NLIFLKVDVDOMNEISNAYGVRAMPTFMEIENGSVVDKIVGADK. YKLEAKV

WCGPCRMMAPI FADLSKKEE. KLLFLKVDVDAVQEVTQEWEVRAMPTFLFIKDGKLLDKIVGÀNK. DELEKKC

WCGPCRLMAPI FVELSKKYE. NI IFLKVDVDEVKDVTSOWEVRAMPTEIFIKDGKSIHKVVGA}.IK. DELEKKC

WCGPCRYMSPI FTELSKKHE. DIVFLKVDVDEFQEIASEVIEVRAMPTFLEIKDGKIVEKIVGANK. DELESKV

KGLI. .

NELV..
TEYA..
KSLV. .

AKHI SSTSSA .

AKHISSTSSA.
AKHISSTSTA.
AKHMATAST
AKHLATASA.
SKHMAVPSTSSA.....
tkH^^cÀqn
AKHLA.
AKHLNTATSTA
EKYVASASA.

^3U\r^ 
q À cÀ

AFHSSTSVQTA
TKHMATSSTSA
EKHA..
AKHASAVAAASSS. . . .

AKHVSAAAASS
TKHKDATVATA
TKHATTDA.
TKHAEAPGTSTA.....
NKHAATASA.

Horse
Human
Mouse
Chicken
st1
Le3
Nr2
Rc1

ca3
Mc3
At1
Mp1
cm5
Gm8

ca2
Vv1
Gm4

Gm7

Mt3
Mt4
Lj1
Sros 1
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Gm3

Gm9

Pperl
st2
Le2
Ntl-
rb1
Sr1
Ha1
Mcl
Ph1
Pb1
Fe1
osl
Tal
zm1
sb1
At4
Br,2
zm2
sb2

Bn1
Tsl
At3
At5
Nlc2
sb3
Zm3
Ta3
os3
st3
Le1
Le5
Mt1
Mt5
Gm6

st4
Le4
Gm1

cm2
At2
Gal

Mt2
Bv1
Mc4
Sr2
Ptl
Pt2
Pm1

cj1
Pcn
Tan
Osn
Zmn
Sbn
Stn
Len
Ntn
Mtn
cm10
Gmn

Atn
Ptn
Crl
Cr2
Pp1
Pp2

AKHAAIAAA.
VKLAAIDAA.
AKHVA.AAAAASAT SASATAATATATASA. .

EKHGAAPAIVTA.....
EKHGAAPAVVTA. . . . .

VKH.AAPATVTA. . . . .
TKH. .AAAVMTA. . . . .

VKHAGAASA......
VKHAGEAAATVSA..
TKHA..
AKHATA.
EKHSVYTA.
AVHAPITA.
VKHVGATAASASA. .

VALMG....SASA..
EKHAÀPAPASASA..
QKHTASASA......
VKHTGVTTVVNOFEA
AKHTGVATA......
ELHMAS

QLQMAO.
QLHMA.
GLHAAO.
LKHSQVAAA......
EKHSQAVAAA.
EKHKTVVAAA.
MKHGGLVASA.
EPNL..
QMFIMSSSSS
RMETSSSSS
KTFISSS
NMFISSSSS
EKHKASLY.
EKHKGSLY,
EKHKAMFI
EKHQN.
EKRRV.
EQHR. .

LKHREAPKYAA
LKHREAPKYAA
EKHRSQS
EKHRS. .

SKLRA.
EKHRALVAAA.
EKNRC.
QKHKA.
TKHRV.
LEHRVS
EKHRF.
TALA. . . . .TEAALTAKA.
AALA.....TQEALVTOA.
AALAAAATTTEATLPAOA.
VTLS.. ....0A.
QALGDGS
GALGDGS

OALADGS
LA.AADAS
AAIAGAS
TTVADTHVACEPQPQPO.
TTVADRHVACEPQPQPO.
TAIADTQVVCETOPO. .

VAIADSVPQI SSDLFLFMFVDATAELPSOIANS
VVINDSLPEYKO.....
VVVNDVVPHKQ
TSIIDSVPESPQRP...
LNCVAMTQSA.
KHYSEKCASLAA
KQFSEKCAGLAA
NQYASQPVVATA.....
QQFASLPSTV.
RF....Livl
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