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PREFACE

The plant hormone ethylene was perhaps the first to be determined as a naturally occurring growth regulator in plant tissues, after the original observation that ethylene can directly influence plant development (Neljulbov, 1901; see Chapter 1). Further, it is also the plant hormone for which the first significant evidence of receptors, and ensuing evidence of downstream signalling, was established.

To deal with the many aspects of ethylene biology in plants, this volume is divided (informally) into three parts, after a conspectus of the topic presented as Chapter 1. Part One deals with the biosynthesis of the hormone with three chapters covering the biosynthesis of S-adenosylmethionine (SAM), the biosynthesis of 1-amino-cyclopropane-1-carboxylic acid (ACC) (and discussion of competition with the polyamine pathway) and the oxidation of ACC (including the conjugation of ACC and the removal of HCN from plant tissues). For each chapter, the control of the pathway at the transcriptional, translational and post-translational levels is emphasized.

Part Two deals with ethylene signalling comprising three separate chapters on the receptors, the CTR-like and the downstream mitogen-activated protein (MAP) kinases, and finally the EIN2/EIN3 interactions and events in the nucleus. Again, at each level, the genetic and biochemical evidence is combined and dissected.

Part Three deals with the hormone as a growth regulator, with chapters covering ethylene and seed germination, ethylene and tissue growth (roots and shoots), ethylene and cell separation, ethylene and fruit ripening, ethylene and senescent processes (including floral events) and finally, ethylene and plant–pathogen interactions. A key aspect of these chapters is the discussion of evidence for the hormone as a primary regulator, and also ethylene as a participant in hormonal crosstalk. In these chapters too, some account of ethylene and post-harvest biology is covered, particularly in Chapters 11 and 12. In this volume, there is not a chapter devoted specifically to ethylene and environmental stress. Instead, these topics are treated separately in each chapter, as appropriate.

Finally, as the Editor of this volume I wish to thank the series of anonymous reviewers who generously made time to review each of the chapters. The secretarial assistance of Mrs Ann Truter is also gratefully acknowledged.

Michael T. McManus





Chapter 1

100 YEARS OF ETHYLENE – A PERSONAL VIEW

Don Grierson

Laboratory of Fruit Quality Biology / The State Agriculture Ministry Laboratory of Horticultural Plant Growth, Development and Quality Improvement, Zhejiang University, Zijingang Campus, Hangzhou 310058, China, and Division of Plant and Crop Sciences, School of Biosciences, University of Nottingham, Sutton Bonington Campus, Loughborough, Leicestershire, LE12 9BS, UK

1.1 Introduction

During the last 100 years, our view of ethylene has progressed from it being an environmental factor with profound effects on plants to an endogenous plant hormone controlling growth, development and reproduction. The ethylene story began with the work of Neljubov, a Russian graduate student. Previous work had indicated the adverse effect of illuminating gas on trees, but Neljubov (1901) was the first to describe the triple growth response of etiolated pea seedlings: (1) reduced stature, (2) exaggerated hypocotyl hook and (3) inhibited root growth (see Figure 6.1), which was subsequently shown to be due to hydrocarbons such as ethylene in the illuminating gas. When the method of heating banana-ripening rooms was switched from coke ovens to electric arc furnaces, it was noted that the fruit did not ripen so effectively, and it was eventually realized that the production of ethylene and other hydrocarbons during the combustion of coke actually stimulated ripening of the fruit. Later, it was found that hydrocarbons emanating from the lacquer coating the ballast chokes of lighting equipment, when in use, could affect the growth of plants in controlled environment rooms (Wills & Patterson, 1970).

The importance of ethylene for ripening stimulated a great deal of research, particularly on tomato, which is the best developed model for the ripening process (Alexander & Grierson, 2002). Today, we know that endogenous ethylene is involved in controlling events throughout the life cycle of plants. It can also be produced in the soil or atmosphere by micro-organisms, by stressed, infected or senescing plants, or by ripening fruits and affects other plants in the vicinity. Consequently, the control of ethylene synthesis, perception and action is of great scientific interest and is also important for the fresh produce supply chain.

The advent of gas chromatography for the quantitative measurement of small amounts of ethylene was an important step in studying ethylene in plants, since it enabled for the first time the measurement of physiologically significant levels of the hormone. Nowadays, very low concentrations can be measured easily using a photoacoustic laser. All plants generate ethylene. The amount can vary by at least 100-fold during the life cycle and is determined by the environment and the stage of plant development. Ethylene is typically associated with the triple response, wounding and infection, fruit ripening, abscission, and senescence, but in fact, as the chapters in this volume show, it is intimately involved in most aspects of growth and development, including flowering.

1.2 Ethylene biosynthesis

The key features of the pathway of ethylene biosynthesis were worked out by Shang Fa Yang, building on prior studies by Mapson, Lieberman and others. Three pathways are involved in ethylene production: (1) the activated methyl cycle, (2) the S-methylmethionine cycle and (3) the methionine or Yang cycle (see Figures 2.3 and 3.1). The Yang cycle produces ethylene from methionine via S-adenosylmethionine (SAM, or S-adomet) and 1-aminocyclopropane-1-carboxylic acid (ACC) and recycles components to regenerate methionine. The toxic by-product cyanide is removed by β-cyanoalanine synthase. The key reactions concerned directly with ethylene production are SAM to ACC, catalyzed by ACC synthase (ACS), and ACC to ethylene, catalyzed by ACC oxidase (ACO) (Figure 1.1). Since methionine participates in a range of important functions, including protein synthesis, methylation reactions and ethylene synthesis, regulation of its production is of great importance (see Chapter 2). Further, the relationship among methionine, ethylene production and the generation of another class of plant growth regulators – the polyamines – also has important implications in plant development, as described in Chapter 3.


Figure 1.1 Key reactions in the ethylene biosynthesis pathway. The synthesis of ethylene from methionine and the steps catalyzed by ACC synthase (ACS) and ACC oxidase (ACO) are shown, together with a summary of experiments in which ethylene production in transgenic plants was inhibited by silencing either ACS or ACO, or their tomato fruit transcriptional regulatory proteins Le MADS-RIN and LeHB-1, or by overexpressing bacterial ACC deaminase to deplete the substrate for ACO.

[image: nc01f001.eps]


The known requirement for O2 for ethylene synthesis was utilized by Adams and Yang (1979), who showed that radioactive C14 from methionine accumulated in an unknown compound (subsequently identified as ACC) in apple tissue placed under N2. The production of C14-labelled ethylene resumed when the tissue was restored to air, demonstrating that ACC is the immediate precursor of ethylene. Using tissue slices, Yang also demonstrated that the enzyme converting ACC to ethylene shows stereospecificity, a significant observation as it distinguishes it from ethylene generated by chemical reactions.

The final two enzymes in the ethylene biosynthetic pathway, ACS and ACO (initially called ‘the ethylene forming enzyme’, and renamed later when the oxygen-requiring enzymatic mechanism was understood), were initially studied and identified in strikingly different ways, although in both cases they were discovered during studies on fruit ripening. The enzymatic conversion of SAM to ACC by ACS was first studied in extracts of plant tissue. Eventually, the enzyme was purified by the Kende and Imaseki groups (Bleecker et al., 1986; Nakajima & Imaseki, 1986; Nakajima et al., 1988) and ACS was shown to be a pyridoxal phosphate-requiring enzyme and related structurally to the aminotransferases. An antibody to purified ACS was used to identify the mRNA translation product. Cloning and sequencing of the ACS cDNA soon followed and ACS was shown to be encoded by a multi-gene family, with expression of the different members regulated by hormones, environmental and developmental cues. A detailed exposition of the biology of ACS in plants is provided in Chapter 3.

At the protein level, the various ACS isoforms have different affinities for pyridoxal phosphate and the monomers, encoded by 14 structural genes (in Arabidopsis, for example), form active homo- and heterodimers. Post-translational modification also plays a key role in ACS regulation and some forms of the enzyme are highly labile. The half-life of the IAA-induced ACS in mung bean hypocotyls and wounded tissue, for example is about 25 minutes. Sequences in the C-terminus of some ACS proteins greatly affect their activity and stability, and this regulation involves phosphorylation (see Figures 3.2 and 3.3). Type-1 ACS proteins have extended C-terminal domains and are phosphorylated by mitogen-activating protein kinase (MAPK) and probably also by calcium-dependent protein kinases (CDPKs). Unphosphorylated proteins are more rapidly degraded, apparently by the 26S proteasome. Type-2 proteins have a shorter C-terminus with a single potential CDPK phosphorylation site. By studying Arabidopsis mutants that over-produced ethylene, three proteins – (1) ETO1, (2) EOL1 (ETO1-like) and (3) EOL2 – have been identified that recognize the C-terminal domains of type-2 ACS isoforms and interact with the ubiquitin–26S proteasome system, thus targeting these isoforms for degradation. Type-3 ACS proteins, on the other hand, have a minimal C-terminus extension with no known phosphorylation sites.

Finally, it has been suggested that ACC might have a function in its own right, and not just as a precursor to ethylene. It is clear that translocation of ACC leads to ethylene synthesis in the receiving organ but no evidence for a direct role for ACC has been found so far in fruit in which the level of ACC has been increased or decreased with sense or antisense ACO or ACS genes.

In contrast to ACS, ACO, for a long time, could not be purified and its activity could only be studied in tissue slices, which were used to confirm the dependence of catalytic activity on O2. Breaking open plant cells often led to loss of enzyme activity and several explanations were put forward to explain this, including the suggestion that ACO was located in the cell wall or the cell membrane and that special conditions were required in order to retain its activity. A chemiosmotic mechanism for ethylene biosynthesis was even suggested. In the end, the problem was resolved when ACO was identified, cloned and sequenced by Grierson and colleagues (see Grierson & Schuch, 1993). They used a tomato ripening-related cDNA library to identify mRNAs that increased in abundance during ripening and then asked which of these mRNAs also increased in abundance rapidly after wounding and in senescing tomato leaves, all situations in which there is also a major rise in ethylene production. Only one mRNA, encoded by cDNA clone TOM13, was found with these characteristics and the translated sequence suggested it was likely to encode a soluble dioxygenase enzyme. Hamilton, while a PhD student, generated transgenic plants expressing a TOM13 antisense gene, and showed that ethylene synthesis was inhibited in wounded leaves and ripening fruits of these transgenic plants (Hamilton et al., 1990). This was the first time that any gene had been identified and a function assigned using antisense technology. Once the clone for this enzyme had been identified, it was relatively easy to express it in yeast and study its catalytic activity, and show that it converted ACC to ethylene with the stereospecificity predicted by Yang (Hamilton et al., 1991). In an alternative approach, TOM13 was obtained by Spanu et al. (1991) and a related cloned mRNA shown to encode an enzyme that converted ACC to ethylene when introduced into Xenopus oocytes. ACO is now placed as a member of a superfamily of non-haem iron oxygenases and oxidases that utilizes Fe (II) and ascorbate rather than oxoglutarate as cofactors (Schofield & Zhang, 1999). In addition to the requirement for O2, ACO binds bicarbonate, which activates the enzyme (Zhang et al., 2004).

In common with ACS, ACO exists as a multi-gene family with different members displaying distinct spatial and temporal expression patterns during growth and development, and in response to various stress conditions and other environmental cues; a description of ACO biology is described in Chapter 4. As predicted, there are multiple ACO isoforms, although, intriguingly, not all have yet been shown to have catalytic activity in vitro. A protein related to ACO (called E8) lacks ACO activity, but inhibiting its expression in transgenic plants actually stimulates ethylene production – a phenomenon that has never been fully explained (Kneissl & Deikman, 1996).

In contrast to ACS, far less effort has been devoted to studying the regulation of ACO activity. It was originally suggested that the ‘ethylene-forming enzyme’ (the oxidase) was constitutive, and ACS, the synthase, was said to be the controlling step. The fact that there is a very rapid rise in ACO activity after cutting tissue slices may have led to the erroneous assumption that ACO is constitutive, but in many situations the ACO mRNA and enzyme activity are present at a very low level and accumulate to high levels in ripening fruits, senescing flowers and leaves, following infection and rapidly (within 20–30 minutes) in response to wounding or slicing most tissues (Blume & Grierson, 1997 and references therein). There is certainly a great deal to be learned about the control of ACO, and investigation of ACO enzyme activity may yet provide additional insights into how ethylene production is regulated.

Inhibition of ethylene biosynthesis at the level of ACC synthesis or oxidation has been achieved by genetic means in tomato plants and fruit, either by gene silencing using sense, antisense or RNAi approaches (which involve related mechanisms) or depleting ACC (by overexpression of bacterial ACC deaminase). A reduction in ethylene has also been achieved by impairing the function of transcriptional regulators for ripening-related ACS and ACO genes in fruit (Figure 1.1), and physiological studies on these plants established beyond doubt the role of ethylene in fruit ripening and leaf senescence (Oeller et al., 1991; Picton et al., 1993; John et al., 1995). McMurchie et al. (1972) originally proposed two systems (System-1 and System-2) for ethylene production in fruit, which function in different situations, and it is now clear that these require different ACO and ACS genes (see Figure 11.2). System-1 is responsible for the low levels of ethylene synthesized during normal vegetative growth and in unripe fruit and is ethylene auto-inhibitory. System-2 operates during ripening of climacteric fruit and during senescence, when ethylene is auto-stimulatory, and in some fruits is induced by prior cold treatment (see Chapter 11). Barry showed that non-ripening rin (ripening inhibitor)-mutant tomato fruit, which show no climacteric rise in ethylene synthesis, operates only System-1, where LEACS6 and, to a lesser extent, LEACS1A appear to play a major role. At the onset of ripening in tomato, System-2 ethylene synthesis comes into play and is initiated and maintained by ethylene-dependent induction of LEACS2 and ACS4. It is not clear whether there is a similar differentiation of function among the 4–5 ACO genes. LEACO1 appears to be a major gene expressed in ripening tomato fruit, in response to wounding and pathogen attack (Barry et al., 1996; Blume & Grierson, 1997), but LEACO3 and LEACO4 are also expressed in fruit (see Lin et al., 2008).

Transcriptional regulation of ACS and ACO gene families, as outlined in Chapters 3 and 4, occurs in response to various developmental and environmental factors, during flower development, ripening, senescence and stresses such as wounding, pathogens, exposure to ozone and UV-B. It is, therefore, surprising that only three transcription factors that regulate the production of ACO and ACS (RIN, HB1, ERF2) have been identified so far (Ito et al., 2008; Lin et al., 2008a; Zhang et al., 2009). Major new insights came from studying the rin tomato ripening mutant, where the recessive rin mutation blocks the ripening process and fruit fails either to produce high endogenous ethylene or to ripen in response to exogenous ethylene (Knapp et al., 1989). Ito et al. (2008) reported that a tomato protein named Le MADS-RIN (RIN) (which had been shown previously by Giovannoni's laboratory to be mutated and non-functional in the rin mutant) binds specifically to the LeACS2 promoter, as shown by chromatin immunoprecipitation polymerase chain reaction assays (Giovannoni, 2007). RIN encodes a MADS-box transcription factor of the SEPALLATA clade (Vrebalov et al., 2002), and members of this clade control the identity of floral organs. Protein interactions among MADS-domain proteins are essential for MADS-box protein functions (Leseberg et al., 2008) and these regulatory proteins have the potential to form a large number of interacting complexes affecting developmental functions in vivo. It had been suggested that MADS-box proteins bind to specific DNA sequences as dimers, but more recently a tetramer model for MADS-box function has been proposed. The finding that the RIN protein binds to the LeACS2 promoter provided evidence that RIN directly controls ethylene biosynthesis in tomato fruit. In the same year, Lin et al. (2008) identified a leucine zipper homeobox (HD-zip) protein, LeHB-1, that binds to the promoter and controls expression of tomato LeACO1. Using virus-induced gene silencing (VIGS) to down-regulate LeHB-1 in tomato resulted in reduced expression of LeACO1 mRNA and delayed ripening. These results indicated that LeHB-1 is a transcriptional activator that controls LeACO1 expression in vivo (Lin et al., 2008). Interestingly, there are many HD-zip proteins in plants and they are involved in a range of hormonal and developmental processes. In addition, an ethylene response factor (ERF2) has recently been reported to regulate ethylene biosynthesis in tomato and tobacco by binding to the promoter elements in tobacco and tomato ACO3. This gene is ethylene inducible, and ethylene production was suppressed in antisense LeERF2/TERF2 transgenic tomatoes, suggesting that LeERF2/TERF2 functions as a positive regulator in the feedback loop of ethylene induction. The role of ethylene and the regulatory mechanisms controlling fruit ripening are fully discussed in Chapter 11 and information from the tomato fruit model is compared with the situation in other fruits.

1.3 Ethylene perception and signalling

Even before the ethylene receptors were identified, several chemicals were known to inhibit ethylene effects, including Ag+, which was used to investigate and control ethylene responses in a variety of experimental situations. Outstanding research by Sisler and colleagues (discussed in Chapter 11) subsequently identified several organic compounds that interact with the ethylene receptor and interfere with ethylene binding or ethylene action. One of these, 1-methylcyclopropene, has considerable promise for controlling ethylene effects in the fresh produce supply chain and as a diagnostic tool (Reid & Staby, 2008), and aspects of its utility are discussed further in Chapter 12.

Unravelling ethylene perception and signalling was critically dependent on characterizing mutants of Arabidopsis (see Chapters 5 and 6). The work of Hall and colleagues identified some potential ethylene-binding proteins, but the first breakthrough, using mutant approaches, came with the isolation of a dominant ethylene-insensitive Arabidopsis mutant, called ethylene response 1 (etr1) that failed to show the triple response to ethylene. ETR1 is a two-component histidine kinase-like receptor that, in the mutated form, fails to bind ethylene; a detailed dissection of ETR function is presented in Chapter 5. A second component of the pathway was identified from a recessive mutant ctr1 (constitutive triple response 1) that displayed constitutive activation of ethylene responses in the absence of added ethylene. The encoded protein, CTR1, is a serine/threonine protein kinase, with some similarities to mammalian Raf-1 kinase. CTR1 can physically interact with the receptors and loss of its kinase activity by mutation renders it non-functional. Chapter 6 covers the biology and interactions of CTR in detail.

Members of a small family of ethylene receptors (five in Arabidopsis and six in tomato) are capable of dimerizing by association of their N-terminal membrane-spanning regions. The N-termini lie buried in a cell membrane, with each dimer binding a single copper ion (Cu(I)). CTR1 is recruited to the cell membranes (initially thought to be the endoplasmic reticulum (ER) but now known to include other cell membranes as well) by association of its N-terminus with the C-terminal domains of the receptor dimers (Chapter 6). In the absence of ethylene, receptors associated with CTR1 suppress the downstream ethylene response. When ethylene is present, it interacts with the Cu(I) associated with the membrane-located N-termini of the receptor dimers and initiates two processes: (1) degradation of the receptors and (2) a cascade signalling to downstream components (summarized in Figure 1.2). The different receptors vary in structure (and sometimes function). They may form homo- and heterodimers and even higher order aggregates, but the nature and functional significance of these require clarification. A kinase cascade may form part of ethylene signalling, but there is no direct evidence for this so far. Moussatche and Klee (2004) proposed that although ethylene receptors can auto-phosphorylate in vitro, histidine kinase activity is not essential for receptor function (receptors ETR1 and ERS1 can phosphorylate on the histidine residue, while the other receptors and ERS1 have serine/threonine kinase activity). Why then are the kinase domains conserved? One possibility worth investigating is that they may be pseudokinases that can induce conformational change without phosphorylation (see Rajakulendran & Sicheri, 2010).


Figure 1.2 An outline of components of the ethylene perception and signalling network. Note that there are multiple ethylene receptors, located in the endoplasmic reticulum and other cell membranes, plus interacting proteins such as RTE1 and TPR1. Only CTR1 is shown, based on evidence from Arabidopsis, but in tomato, several CTR-like proteins may be involved. EIN2 is also located in a membrane, and there are several EIN3-like proteins and multiple ethylene response factor (ERF) transcription factors in the nucleus.
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The direct targets of CTR1 have to be identified, but EIN2 (ETHYLENE INSENSITIVE 2) and EIN3 are positive regulators of the ethylene-signalling pathway that are known to function downstream of the receptor(s)–CTR1 complex. Recently, evidence for a direct interaction between EIN2 and ETR1 that is modulated by phosphorylation has been presented (Bisson & Groth, 2010). The regulation of stability of EIN2 and EIN3 seems important for controlling ethylene responses. The N-terminus of EIN2 shares sequence homology with NRAMP (natural resistance-associated macrophage proteins) ion transporters, but the significance of this for ethylene signalling remains a matter for speculation. In the nucleus, ethylene responses are amplified by a nuclear transcription factor cascade that includes EIN3 and ethylene response factor 1 (ERF1), and their homologues. F-box proteins that bind the EIN3 promoter and regulate EIN3 levels appear themselves to be regulated by both ethylene and auxin. EIN3 activates primary ethylene-dependent transcription by binding to the promoter elements of ethylene response early genes and its stability is controlled in a complex manner involving phosphorylation. There are three EIN3-like proteins (EILs) in Arabidopsis and numerous ERFs, and counterparts of these signal transduction components have now been identified in many other plants, including tomato. In Arabidopsis, AtERF1, AtERF2 and AtERF5 are positive regulators, whereas AtERF3 and AtERF4 are negative regulators, and, emphasizing the complexity, AtERF2 and AtERF4 are also positive and negative regulators, respectively, of the response to jasmonic acid. Roles are still being assigned to the 60 ERF genes in Arabidopsis and 30 identified so far in tomato, and the complexity and subtlety of ERFs and gene control mechanisms are still being established. It is important to emphasize that some auxin response factors (ARFs) are regulated by ethylene and some ERFs are controlled by auxin. A detailed discussion of the CTR targets, EIN2 and EIN3, as well as ERF proteins is covered in Chapters 7 11, where authors also discuss the complexities of the ARF and ERF transcription factor families.

1.4 Differential responses to ethylene

The existence of multiple ERFs provides an obvious mechanism by which multiple ethylene responses can be regulated. This would not, however, explain the specificity of ethylene responses to particular developmental and environmental stimuli, unless there are different signalling channels, for example from different receptors, or different response channels, for example in different tissues, or modulation of signalling by other pathways in particular cells. Comparison of ethylene research in Arabidopsis and tomato indicates that there may be real differences among receptors and perhaps among species. The various Arabidopsis ethylene receptors were initially proposed to be redundant, but there is increasing evidence suggesting that not all receptors are equivalent. Some are expressed constitutively and the synthesis of others is induced or substantially increased at particular developmental stages, supporting the suggestion that they may have specific functions. In tomato, the ethylene receptors LeETR3, LeETR4 and LeETR6 are preferentially expressed in fruit and have been shown to have unique roles during ripening (Klee, 2002, 2004; Kevany et al., 2007), whereas LeETR1 has specific effects in controlling abscission, internode length and auxin movement (Whitelaw et al., 2002).

In addition, new receptor-interacting components have been described that react with some ethylene receptors and not others. For example, the RTE1 protein has been shown to specifically modulate ETR1 function in Arabidopsis and may play a predominant and/or additional role in ethylene signalling. Furthermore, tomato SlTPR1 (TRP1 in Arabidopsis) interacts with some receptors and not others, and tomato has multiple CTR1-like proteins, which interact specifically with more than one ethylene receptor. The three CTR1-like genes in tomato (LeCTR1, LeCTR3 and LeCTR) interact with the tomato ethylene receptors LeETR1, LeETR2 and NR (LeETR3) in yeast two-hybrid assays (see Lin et al., 2008). LeCTR3 most closely resembles CTR1 and is able to complement the ctr1 mutation, although LeCTR1 and LeCTR4 also partially complement ctr1, suggesting that several CTRs may mediate ethylene signalling in tomato (Adams-Phillips et al., 2004). A link between ethylene and pathogen response has been suggested for the more distantly related Arabidopsis EDR1. Interestingly, the likely tomato counterpart, LeCTR2, has been shown to bind some ethylene receptors (see Lin et al., 2009) and if this is confirmed, it would establish a direct link between ethylene perception and pathogen signalling. Of all the CTR-like genes, however, only CTR1 has been implicated in ethylene signalling by mutant analysis in Arabidopsis.

These observations raise important questions (see Lin et al., 2009; Lin & Grierson, 2010):


1. Is it possible that the functions of the ethylene receptors have not been fully explored? If different receptors and CTR-like proteins have different functions, for example at different stages of development, could some functions have been overlooked by searching only for mutants of the triple response?

2. Do multiple CTRs interact with ethylene receptors in vivo in tomato, are they significant in ethylene signalling, and do differences exist amomg species?

3. Do some CTR1-like proteins interact with other proteins, and is this related to other signalling process(es)?



It would be interesting to investigate whether different CTRs interact with each other, or with other kinases, because the Raf protein in animals, which has similarities to CTRs, can form ‘side-by-side’ dimers through the kinase domains, and thereby activate kinase activity (Rajakulendran et al., 2009). Some of these issues are discussed further in Chapters 5 and 6, but further investigations are probably required in order to resolve them all.

1.5 Ethylene and development

Ethylene is involved in a range of developmental processes, from seed development, dormancy and germination, through to vegetative growth, flowering, senescence, ripening and abscission, and these aspects are discussed in detail in several chapters in this volume. Chapter 8 emphasizes the importance of ethylene in seed development, dormancy and germination. The very interesting relationships among ethylene, NO and reactive oxygen species are discussed in Chapter 8, and also in Chapter 9. Abscission processes for different plant organs are discussed in Chapter 10, which reviews the regulation of expression of a range of cell wall-modifying enzymes in cell separation processes such as dehiscence, abscission, emergence of lateral roots and aerenchyma formation, and the extent to which these processes are regulated by ethylene and other hormones. Chapter 9 also discusses the role of ethylene in different developmental situations, including the control of root and shoot architecture, tropisms and floral transition. It also provides a detailed discussion of the mechanisms underlying the interactions between auxin and ethylene, and the control of growth. An important feature of several chapters concerns the interactions between ethylene and other hormones, including abscisic acid, auxins, brassinosteroids, cytokinins, gibberellins, jasmonic acid, polyamines and salicylic acid. In view of these interactions, it is not surprising that ethylene is involved in so many aspects of development.

Chapter 12 highlights the large number of transcription factors associated with the control of senescence. It concludes that although ethylene can regulate the timing of senescence, it is not the critical component in triggering its onset. This is particularly interesting, since experiments in which production of ACO1 mRNA and ethylene synthesis were inhibited by an antisense gene delayed the onset of leaf senescence by up to 14 days, but once senescence did start, however, it proceeded normally (John et al., 1995). There may, in fact, be a general principle operating here. Shang-Fa Yang and others said ‘ethylene shortens the green life of a banana’, meaning that supplying ethylene for a short time to unripe bananas, although not causes ripening immediately, actually reduces the time taken by them eventually to ripen (i.e. the storage life of green fruit is reduced). More recently, work from Klee's laboratory (see Section ‘References’ in Chapter 11) has shown that ethylene perception in tomato determines the time at which ripening occurs (see also the discussion on flowering in the subsequent paragraphs). A further important point is that in several cases, including cell separation and ripening, both ethylene-dependent and ethylene-independent processes can be distinguished (Figure 1.3 and Chapters 11 and 11).


Figure 1.3 Overexpression of LeHB-1 (which regulates a number of genes, including LeACO1) leads to swelling of sepals (left) and their conversion to small fruitlets, which ripen on the shoulder of the main fruit (right). (From Lin et al., 2008a.) (For a colour version of this figure, please see Plate 1.1.)
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The role of ethylene in the primary response to pathogen attack and the crosstalk among ethylene, salicylic acid and jasmonic acid are discussed in Chapter 13. This chapter points out that ethylene functions ‘as a spider in the web of induced defence-signalling pathways’, and in some plant-pathogen interactions it enhances resistance, while in others it promotes symptom development or confers tolerance to specific pathogens. This picture of ethylene, functioning as a regulatory component in a web, or net, is likely to hold true for many stages of development.

Although examples of a relationship between ethylene and flowering have been known for a long time, recent work has provided a much greater insight. The promotion of flowering by auxin was first observed in pineapples in the 1930s. Thirty years later, Burg and Burg (1966) showed that auxin application caused ethylene synthesis, which is the active agent in promoting flowering. Treatment with ethylene or an ethylene-generating compound has become an important horticultural practice for production of pineapple and other bromeliads (Abeles et al., 1992). Furthermore, Trusov and Botella (2006) showed that silencing ACS in pineapple delayed flowering. Ethylene is now known to be involved in the transition from the vegetative to the flowering state and the actual development of flowers, in addition to its accepted role in the ripening of fruits and the transition to flowering, and this is discussed in Chapter 9. Ethylene-generating compounds (ethrel or ethephon) have also been used to cause male sterility in wheat (see Lin et al., 2009), and ethylene is known to play a critical role in sex determination of cucurbit species and has been linked to pollination, fertilization, flower senescence and abscission in many flowers. A deeper insight into the involvement with flowering has been provided by the work from Harberd's laboratory (Achard et al., 2003, 2007), which showed that ethylene delayed the gibberellic acid (GA)-mediated disappearance of GFP-RGA (a DELLA protein) from root cell nuclei via CTR1-dependent signalling, suggesting that ethylene stabilizes the DELLA proteins and that ethylene controls floral transition via DELLA-dependent regulation of floral meristem identity genes. Activation of ethylene signalling reduces bioactive GA levels, thus promoting the accumulation of DELLA proteins, which represses floral meristem identity genes (Achard et al., 2007).

There is now increasing evidence, at least in some species, that ethylene is actually also involved in the genetic network that specifies floral identity and this aspect is also discussed in Chapter 9. Silencing a pistil-specific ACO in tobacco caused female sterility (De Martinis & Mariani, 1999), and ethylene is responsible for female flower development in gynoecious melon. Ectopic expression of LeHB1, which regulates ACO1 in tomato, caused a variety of altered flower phenotypes in tomato, including multiple flowers inside a single whorl of sepals, fused sepals and petals, and conversion of sepals to fruits (see Plate 1.1) (Lin et al., 2008). It is not clear whether LeHB-1 acts directly on flower homeotic genes or operates through ethylene, but interestingly, the tomato orthologue (TAG1) of the homeotic gene AGAMOUS (AG), involved in specifying the identity of the two inner whorls in flowers, is suppressed by the ethylene inhibitor 1-MCP in particular situations (Bartley & Ishida, 2007). Ethylene also affects sex determination in the Cucurbitaceae and promotes femaleness. In melon (Cucumis melo), andromonoecy (production of plants carrying both male and bisexual flowers) is controlled by the identity of the alleles at the andromonoecious (a) locus. Boualem et al. (2008) demonstrated that wild-type CmACS-7 mRNA was expressed only in female flowers and hermaphrodite (bisexual) flowers, whereas in the male flowers CmACS-7 mRNA was not detected at any developmental stage. In an andromonoecious mutant, a missense mutation in the active site of CmACS-7 renders the enzyme unable to bind pyridoxal phosphate at physiological concentrations, so it is non-functional, resulting in andromonoecious plants.

1.6 Looking ahead

Forty to fifty years ago, the questions were: is ethylene a hormone, how is it perceived, does it operate by modulating the control of gene expression, what are the target cells for ethylene and how can it do so many different things? Today, the main focus is on the gene regulatory networks involved in ethylene signalling and action, and interactions between signalling pathways. Bioinformatics approaches are providing important tools for the identification of key players in regulatory gene networks, for the development of new hypotheses, and for testing them against the reality of developmental physiology, biochemistry and genetics. There is still much to learn about these gene networks, particularly in plants other than Arabidopsis, but it makes biological sense to consider the involvement of ethylene in the processes of flower and fruit development, ripening and abscission as part of a developmental continuum. Increased understanding should provide a fascinating insight into how ethylene-related processes actually evolved. New insights into the control of flowering and ripening by ethylene raise the possibility that a better understanding of the regulatory factors may one day make it possible to generate flowers and fruits without going through the usual developmental constraints. There is good evidence that ethylene influences the timing of leaf senescence and fruit ripening and it would be interesting to know whether there is an interaction between ethylene and biological clock genes in measuring developmental time. In addition, ethylene is intimately involved in plant responses to biotic and abiotic stresses and increased knowledge should help devise strategies for improving crop protection and for breeding plants better able to adapt to environmental change. Finally, ethylene has been reported to play a role in zygote formation in the cellular slime mould Dictyostelium mucoroides, raising the question whether a role for ethylene in reproduction and sex determination has been conserved during evolution.
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Chapter 2

EARLY EVENTS IN THE ETHYLENE BIOSYNTHETIC PATHWAY – REGULATION OF THE POOLS OF METHIONINE AND S-ADENOSYLMETHIONINE

Katharina Bürstenbinder and Margret Sauter

Plant Developmental Biology and Plant Physiology, University of Kiel, Am Botanischen Garten 5, 24118 Kiel, Germany

Abstract: Ethylene is synthesized from S-adenosylmethionine (SAM), an activated form of methionine (Met). Continuous supply of SAM and hence of Met is necessary for the maintenance of prolonged ethylene synthesis, especially when it occurs at high rates. Met can be replenished through de novo synthesis and through the Yang cycle, which recycles 5′-methylthioadenosine (MTA), the by-product of ethylene synthesis, to Met. This chapter summarizes the pathways and regulation of Met and SAM syntheses with a particular focus on the regulation by ethylene. While the Yang cycle was discovered about three decades ago, not all of the respective genes have yet been identified in any one plant to date. In rice, one of the genes encoding acireductone dioxygenase (ARD) is under immediate control of ethylene whereas in Arabidopsis no known Yang cycle gene is regulated by ethylene, likely reflecting species-specific requirements for ethylene production during development and stress adaptation. The molecular mechanisms by which ethylene synthesis and Met/SAM production are coordinated still await discovery. As ethylene synthesis is a major means to control ethylene levels, unravelling these mechanisms is certainly of interest.

Keywords: ethylene synthesis; methionine (Met); 5′-methylthioadenosine (MTA); S-adenosylmethionine (SAM); Yang cycle; activated methyl cycle; S-methylmethionine (SMM) cycle

2.1 Introduction

The gaseous phytohormone ‘ethylene’ regulates numerous developmental and physiological processes including fruit ripening, flower induction, senescence and responses to abiotic and biotic stresses; these topics are covered in other chapters of this volume. Crucial to this diversity of function is the tight regulation of ethylene synthesis and signalling. The synthesis of ethylene is of particular importance as the plant does not possess other ways of directly controlling ethylene levels such as transport, enzymatic inactivation or degradation. Such mechanisms are known only for the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC). Ethylene is synthesized from S-adenosylmethionine (SAM), an activated form of the sulphur-containing amino acid methionine (Met) via a two-step pathway involving ACC as an intermediate. The first committed step of ethylene synthesis is the formation of ACC from the aminobutyrate group of SAM, a reaction catalyzed by ACC synthase (ACS). ACC oxidase (ACO) catalyzes the subsequent oxidation of ACC to ethylene with the release of HCN and CO2 (Yang & Hoffman, 1984). Both enzymes, ACS and ACO, are encoded by small gene families, and expression of these genes is regulated differentially in response to developmental, environmental and hormonal signals, thus allowing fine-tuning of ethylene synthesis (see Chapters 3 and 4).

In addition to its role as a substrate for ethylene synthesis, Met is an essential component of proteins and, when activated to SAM, serves as co-substrate for numerous methylation reactions. As a by-product of SAM-dependent transmethylation, S-adenosylhomocysteine (SAH) is released, which is recycled to Met via homocysteine (Hcy) through the activated methyl cycle. In addition, SAM is a substrate for biosynthetic reactions that consume the aminobutyrate group, as is the case in ethylene biosynthesis. These reactions include the biosynthesis of certain polyamines, the metal chelator nicotianamine, and in graminaceous plants, the biosynthesis of phytosiderophores via nicotianamine as an intermediate (Mori & Nishizawa, 1987; Ravanel et al., 1998; Hell & Stephan, 2003). In each pathway, the aminobutyrate group of SAM is consumed and 5′-methylthioadenosine (MTA) is released, which is subsequently recycled to Met via the Met cycle, also known as the Yang cycle in plants (Miyazaki & Yang, 1987a). Met also serves as substrate for the biosynthesis of glucosinolates and SAM is utilized in biotin biosynthesis. Finally, the Met derivative S-methylmethionine (SMM) is involved in the interconversion of Met and SAM via the SMM cycle (Bourgis et al., 1999; Ranocha et al., 2001).

Pools of Met and SAM depend on the rate of de novo Met synthesis and on the three pathways involved in SAM recycling: (1) the activated methyl cycle, (2) the SMM cycle, and (3) the Met cycle (Figures 2.1 and 2.2). This chapter summarizes what is known about the regulation of Met and SAM pools, with a special focus on the impact that this regulation has on ethylene synthesis. The enzymes that catalyze SAM-consuming reactions in ethylene, polyamine and nicotianamine biosyntheses compete for their common substrate. Hence, these biosynthetic pathways can be expected to mutually affect each other, and it is conceivable that regulatory mechanisms exist that coordinate channelling of SAM into these pathways.


Figure 2.1 Methionine (Met) metabolism in plants. Met is synthesized from the aspartate-derived O-phosphohomoserine (OPHS) and from cysteine (Cys). Through a trans-sulphuration pathway that occurs exclusively in the plastids, the sulphur from Cys is transferred to homocysteine (Hcy) via cystathionine. Cystathionine-γ-synthase (CGS) catalyzes the formation of cystathionine, which is subsequently converted to Hcy by cystathionine-β-lyase (CBL). CGS competes with threonine synthase (TS) for their common substrate OPHS. Methionine synthase (MS) catalyzes the formation of Met from Hcy in the plastids or in the cytosol. The activation of Met to S-adenosylmethionine (SAM) is catalyzed by cytosolic SAM synthetases (SAMS). SAM has to be imported into mitochondria, plastids and the Golgi apparatus. The by-product of SAM-dependent transmethylation reactions that take place in plastids, mitochondria and in the Golgi network, S-adenosylhomocysteine (SAH), must be exported to be metabolized. In plastids and mitochondria, the antiport of SAM and SAH is mediated by transport proteins of the SAM transporter family (SAMT1, also termed SAMC1). Transport proteins involved in Hcy transport have not yet been identified in plants. Methionine-γ-lyase (MGL) catalyzes the formation of methanethiol from Met. The Met derivative S-methylmethionine (SMM) is involved in the interconversion of Met and SAM via the SMM cycle.
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Figure 2.2 SAM recycling pathways. S-adenosylmethionine (SAM) synthetase (SAMS) catalyzes the formation of SAM from methionine (Met) that serves as co-substrate for transmethylation reactions and as substrate for the synthesis of ethylene, polyamines and nicotianamine. As a by-product of these latter reactions, methylthioadenosine (MTA) is released, which can be recycled to Met via the Met cycle (dashed grey lines). Methyltransferases (MT) catalyze the transfer of a methyl group from SAM to an acceptor molecule releasing S-adenosylhomocysteine (SAH) as a by-product that can be recycled to Met and subsequently to SAM via the activated methyl cycle (black lines). The breakdown of SAH to homocysteine (Hcy) and adenosine (Ado) is catalyzed by SAH hydrolase (SAHH). Ado is phosphorylated by Ado kinase (ADK). Hcy can be recycled to Met either by methionine synthase (MS) with a derivative of folate (CH3–H4PteGlu3) as methyl group donor, or by Hcy S-methyltransferase (HMT) with S-methylmethionine (SMM) or SAM as methyl group donor. Transfer of a methyl group from SAM to Met produces SMM, catalyzed by Met S-methyltransferase (MMT). MMT and HMT constitute the SMM cycle that allows interconversion of Met and SAM (grey lines).
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2.2 The metabolism of Met and SAM

Met belongs to the aspartate family of amino acids, which includes lysine, threonine and isoleucine. Plants can synthesize Met de novo from cysteine (Cys) and the aspartate-derived O-phosphohomoserine (OPHS) via three enzymatic steps (Figure 2.1). The carbon skeleton of Met is derived from OPHS and the sulphur is received from Cys – the terminal metabolite of sulphur assimilation. The first two enzymes involved in Met synthesis, cystathionine-γ-synthase (CGS; EC 4.2.99.9) and cystathionine-β-lyase (CBL; EC 4.4.1.8), catalyze the trans-sulphuration, i.e. the transfer of sulphur from Cys to Hcy via cystathionine as an intermediate. CGS is the first enzyme that is specific to Met synthesis. It catalyzes the irreversible formation of the thioether cystathionine from Cys and OPHS (Ravanel et al., 1995, 1998). Cystathionine is subsequently cleaved to form Hcy in an irreversible reaction catalyzed by CBL. The third enzyme, methionine synthase (MS; EC 2.1.1.13), catalyzes the methylation of Hcy to form Met. CGS has been characterized in detail from various plant species such as Arabidopsis thaliana, wheat (Triticum aestivum L.) and potato (Solanum tuberosum L.). It is a pyridoxal phosphate (PLP)-dependent enzyme that is encoded by a single gene or few genes. The enzyme has been detected exclusively in plastids (Kreft et al., 1994; Ravanel et al., 1995; Hesse et al., 1999; Riedel et al., 1999). CBL is a PLP-dependent enzyme. One of the two isoforms of CBL of spinach is cytosolic, whereas the second one is localized to the plastids. The plastidic isoform catalyzes the β-cleavage of cystathionine while the cytosolic isoform preferably catalyzes the β-cleavage of cystine, indicating that the plastidic isoform might catalyze the reaction involved in de novo Met biosynthesis (Droux et al., 1995). All MS enzymes characterized in higher plants to date belong to the family of cobalamin-independent MS. Analysis of MS from Catharanthus roseus heterologously overexpressed in Escherichia coli revealed that the enzyme preferably accepted the triglutamate derivative of methyltetrahydrofolate (methyl-5,6,7,8-tetrahydropteroylglutamate; CH3–H4PteGlu3) as methyl group donor (Eckermann et al., 2000). Most plant MS enzymes are reported to be located in the cytosol (Eichel et al., 1995; Zeh et al., 2002). Thus, export of Hcy from the chloroplast is required to complete Met synthesis. In Arabidopsis, however, different MS isoforms are located in the cytosol and in the chloroplast (Ravanel et al., 2004). In the photosynthetic protozoan Euglena gracilis, three isoforms of cobalamin-dependent MS enzymes were reported in addition to a cytosolic cobalamin-independent MS. These are located in plastids, mitochondria and the cytosol (Isegawa et al., 1994). Based on these findings, plastids are autonomous for Met synthesis, possibly even exporting Met to the cytosol. Aside from their role in de novo Met synthesis, MS are involved in the regeneration of SAM from Hcy via the activated methyl cycle in the cytosol. The main function of the cytosolic isoforms could thus be the recycling of SAM rather than the de novo synthesis of Met (Ravanel et al., 2004).

In animals, Met can be reconverted to Cys via the reverse transsulphuration pathway that is catalyzed by cystathionine-β-synthase and cystathionine-γ-lyase. In plants, no direct evidence exists for a reverse transsulphuration pathway, although the respective enzyme activities have been reported in Astragalus pectinatus (Halaseh et al., 1977). However, the existence of an alternative route, possibly via methanethiol, has also been considered. Wheat, pumpkin (Cucurbita pepo L.) and tobacco (Nicotiana tabacum L.) were reported to emit methanethiol in the field or in response to excess sulphur (Schmidt et al., 1985; Boerjan et al., 1994; Saini et al., 1995). Methionine-γ-lyase (MGL) catalyzes the formation of methanethiol from Met with the release of ammonia and α-ketobutyrate. Recently, an MGL from Arabidopsis was characterized (Goyer et al., 2007). Like CGS and CBL, MGL belongs to the γ-superfamily of PLP-dependent proteins and has previously been characterized in bacteria and protozoans (Christen & Mehta, 2001). Insertional knockout mutagenesis of MGL in Arabidopsis resulted in an increase of Met and SMM levels of about ninefold and sevenfold, respectively, in leaves of mgl plants grown on low sulphate. Furthermore, radiotracer experiments revealed that the Met to Cys conversion was significantly reduced, indicating that MGL indeed was involved in the Met to Cys route. How methanethiol is further metabolized to Cys remains unclear. For C. roseus (L.), Schwenn et al. (1983) proposed an S-methyl exchange between methanethiol and Hcy that would release H2S, which subsequently could be assimilated into Cys. Another possible pathway would involve metabolism of methanethiol via methanesulphonate, sulphonate and sulphide as was reported for the bacterium Pseudomonas putida (Vermeij & Kertesz, 1999). However, no evidence that one or the other pathway exists in plants has been provided, and the mechanism of methanethiol metabolism remains to be elucidated.

Quantitative analysis of Met metabolism in Lemna paucicostata revealed that only about 20% of Met is incorporated into proteins with the remaining 80% activated to SAM (Giovanelli et al., 1985). Thus, the major fate of Met is its conversion to SAM. In general, Met levels are reported to be very low in plants. SAM is formed from Met by the transfer of an adenosyl group from ATP, catalyzed by cytosolic SAM synthetases, also known as methionine adenosyltransferases (SAMS; EC 2.5.1.6). In Lemna, about 90% of the SAM is utilized in SAM-dependent transmethylation reactions. The remaining 10% is channelled into the biosynthesis of ethylene, polyamines and nicotianamine, or is involved in the backconversion of SAM to Met via SMM (Giovanelli et al., 1985). These latter reactions, as well as the corresponding recycling pathways, take place in the cytosol (Yang & Hoffman, 1984; Ravanel et al., 1998; Ranocha et al., 2001; Zeh et al., 2002). Hence, SAM synthesis and recycling occur exclusively in the cytosol. Protein synthesis and SAM-dependent reactions, for example transmethylation, occur in the cytosol, in mitochondria and in plastids, and SAM is required for transmethylation reactions in the Golgi apparatus (Ibar & Orellana, 2007). By contrast, Hcy and Met syntheses occur only in plastids. Thus, transport of Met, SAM and possibly Hcy across membranes is required. The by-product of SAM-dependent transmethylation reactions – SAH – is a competitive inhibitor of methyltransferases. It has to be exported from mitochondria, chloroplasts and the Golgi to the cytosol in order to be metabolized (Ravanel et al., 2004). Thus, localized Met and SAM levels depend not only on the rate of de novo Met synthesis but also on their transport and resulting spatial distribution within the cell. The genes and enzymes involved in the biosynthesis of Met and SAM are well characterized in plants, but very little information is available on proteins that affect their spatial distribution. Recently, a plant family of SAM transporters was characterized in Arabidopsis and Nicotiana benthamiana L. (Ferro et al., 2002; Bouvier et al., 2006; Palmieri et al., 2006). The Arabidopsis family consists of two isoforms: SAMC1 (SAM CARRIER 1), also referred to as SAMT1 (SAM TRANSPORTER 1), and SAMC2 (SAM CARRIER 2), which belong to the mitochondrial carrier protein family. For SAMC1, a dual localization to the mitochondria and plastids was predicted based on bioinformatic analyses. While green fluorecent-fused SAMC1 was targeted to mitochondria, green fluorecence protein fused to the 80 N-terminal amino acids of SAMC1 localized to chloroplasts, and proteomic studies identified SAMC1 as a component of the chloroplast envelope (Ferro et al., 2002; Bouvier et al., 2006; Palmieri et al., 2006). Direct transport assays indicated that SAMC1 functions as an antiporter that catalyzes the uptake of SAM in exchange for SAH. Furthermore, as SAM serves not only as methyl group donor in organelles but also as substrate for many other reactions, a possible function of SAMC1 as a SAM uniporter has been proposed (Ravanel et al., 2004; Bouvier et al., 2006; Palmieri et al., 2006). Arabidopsis samt1 (samc1)-knockout plants and SAMT1 (SAMC1) gene-silenced N. benthamiana plants were severely reduced in growth. In Arabidopsis samt1, the level of SAM in plastids was reduced to 20% of wild-type levels and the content of plastidic prenyl lipids, such as chlorophyll and plastoquinone-9, was significantly decreased, possibly due to undermethylation. Since the levels of SAM are decreased but not completely absent in plastids of samt1, it can be concluded that SAMC2 might also function as a SAM transporter as well (Bouvier et al., 2006). Hence, transport of SAH and SAM could be mediated by the SAMC family of transporters. Transport of Met is believed to involve proton-coupled symport via a general amino acid transporter (Ravanel et al., 1998). Knowledge on how Hcy is transported across the membrane is lacking, and the transporters involved in the export of Hcy from the plastids have yet to be identified.

2.3 Regulation of de novo Met synthesis

Met synthesis is regulated mainly by CGS, which catalyzes the first step specific to Met synthesis (Amir, 2010). The enzymes acting downstream of CGS are considered not to be rate limiting. In transgenic potato and Arabidopsis that overexpressed CBL, Met levels were not elevated, although CBL transcripts, protein accumulation and enzyme activity were all increased. Feeding with cystathionine increased Met levels in wild-type and CBL-overexpressing potato plants, indicating that the synthesis of cystathionine was rate limiting (Gakière et al., 2000; Maimann et al., 2001). In accordance with this observation, overexpression of MS in potato plants did not alter Met levels significantly (Nikiforova et al., 2002). The synthesis of cystathionine is strongly influenced by the availability of OPHS, which represents a branch point between Met and Thr synthesis. Threonine synthase (TS; EC 4.2.3.1), a PLP-dependent enzyme, catalyzes threonine synthesis from OPHS releasing inorganic phosphate as a by-product. Like CGS, TS is located only in plastids (Wallsgrove et al., 1983; Curien et al., 1998; Laber et al., 1999). CGS competes with TS for OPHS, their common substrate. The rate of Met synthesis is thus controlled not only by CGS, but also by TS. The regulation of de novo Met synthesis has been extensively studied in, for example Arabidopsis, tomato (Solanum lycopersicum L.), potato and Lemna. The downstream Met metabolite SAM is believed to play a pivotal role in the regulation of TS, which mainly occurs at the level of enzyme activity. Crystal structure analysis of Arabidopsis TS revealed that SAM acts as an allosteric activator of TS, triggering reorganization of the active-site loop and thus allowing the displacement of PLP to its active conformation (Mas-Droux et al., 2006). Hence, accumulation of SAM stimulates TS activity, thus reducing Met de novo synthesis by channelling more OPHS towards Thr synthesis. In some plants, such as Arabidopsis, Lemna and tomato, CGS is sensitive to degradation by SAM at the transcriptional and post-transcriptional level. In these plants, SAM inhibits Met synthesis in a direct feedback manner.

In vitro analysis of TS and CGS activity in Arabidopsis suggested that TS has an up to 500-fold higher affinity for OPHS than CGS when SAM is present, indicating that Thr synthesis might be favoured over Met synthesis in planta as well (Curien et al., 1998; Ravanel et al., 1998). Consistent with this is the finding that repression of CGS in Arabidopsis resulted in reduced Met levels and a comparatively weak accumulation of Thr compared to wild type, while impaired TS activity in the mto2-1 mutant led to high levels of Met and a severe reduction of soluble Thr (Bartlem et al., 2000; Gakière et al., 2002). In mto2-1, reduction of soluble Thr and the increase of Met and SAM were regulated in a spatial and temporal manner (Bartlem et al., 2000). In young rosette leaves, the level of soluble Thr was reduced to about 6% of wild type while Met and SAM accumulated 22-fold and 3-fold, respectively. At older leaf developmental stages, Thr levels ranged between 30% and 50% of those found in wild type and Met accumulated to a much lesser amount when compared with young leaves. In tissues with the highest Met accumulation, CGS transcripts and CGS protein decreased to about 40% of wild-type levels (Bartlem et al., 2000). Similarly, constitutive overexpression of CGS resulted in an 8- to 22-fold accumulation of both SMM and Met (Kim et al., 2002). Again, Met accumulation was not evenly distributed within the plant but differed in a temporal and spatial manner. In seedlings and in flowers, siliques, and roots, the level of Met increased whereas no differences were detected in mature leaves. In tissues characterized by high Met accumulation, a reduction in the level of CGS protein was also observed (Kim et al., 2002). In Lemna, a reduction of CGS activity to 15% of control levels was reported after feeding with Met (Thompson et al., 1982). In contrast, no reduction of CGS was observed in the Arabidopsis mto3 mutant, although Met accumulated 244-fold over wild type. The mto3 mutant was impaired in the gene encoding SAM synthetase3, SAMS3, and the level of SAM was reduced by approximately 35%. Hence, it was concluded that accumulation of SAM, and not Met, was necessary to promote degradation of CGS (Shen et al., 2002). Suzuki et al. (2001) demonstrated that the first exon of CGS is necessary and sufficient for SAM-dependent down-regulation of CGS in Arabidopsis. SAM induces a temporal translation elongation arrest followed by the degradation of CGS mRNA (Haraguchi et al., 2008). At least two regulatory elements are required. In the first element, the N-terminal MTO1 box – a stretch of 11 amino acids – is encoded by the first exon of AtCGS and acts as cis-element (Ominato et al., 2002). In the Arabidopsis mto1-1 mutant, a single amino acid substitution within the MTO1 box results in CGS expression that is insensitive to SAM. As a consequence, CGS is overexpressed and soluble Met accumulates (Inaba et al., 1994; Chiba et al., 1999; Onouchi et al., 2004, 2005). In contrast, transgenic potato plants expressing antisense TS accumulated Met up to 239-fold compared to wild type and the level of Thr was reduced to approximately 45% of wild-type levels, but no reduction in CGS transcript levels was reported despite the fact that potato CGS possesses a highly conserved MTO1 box (Zeh et al., 2001). Hence, the MTO1 box alone is not sufficient to promote degradation of CGS. Recently, a second (90 nucleotides (nt)) regulatory element located within the first exon of the CGS transcript has been described in Arabidopsis (Hacham et al., 2006). Further, two forms of CGS transcript are found in Arabidopsis: (1) the full-length CGS transcript and (2) a CGS transcript that contains an internal deletion of 87 or 90 nt of the second regulatory domain. Immunoblot analyses indicate that both transcripts are translated resulting in proteins of 53 and 50 kDa, respectively. As the region is not flanked by any known consensus intron/exon boundary sequences, it is proposed that the shorter transcript is not a result of alternative splicing but might be formed when full-length mRNA is translated and associates with ribosomes. Overexpression of the deleted form in tobacco indicates that it is insensitive to high levels of Met/SAM. Hence, the deleted form of CGS could enable the continued synthesis of Met irrespective of the Met/SAM level. The transcript level of the full-length form is more abundant than that of the deleted form. While full-length and deleted transcripts are expressed differentially in Arabidopsis leaves, stems, flowers and roots, the ratio between the forms is almost constant. On the other hand, the ratio between large and small CGS protein was higher in shoot organs than in roots pointing to a regulation at the post-translational level. It is conceivable that the ratio between the two protein variants could determine the rate of Met synthesis in different organs (Hacham et al., 2006).

2.4 Regulation of the SAM pool

The majority of soluble Met is activated to SAM, which in fact is the second most abundant co-factor after ATP in prokaryotes and eukaryotes (Cantoni, 1975). In Lemna, and presumably also in other plants, most of the SAM not only is utilized in transmethylation reactions but also serves as a substrate for the biosynthesis of ethylene, polyamines and nicotianamine (Giovanelli et al., 1985). The by-products of these reactions – SAH and MTA – are recycled to Met and subsequently to SAM via the activated methyl cycle and the Met cycle, respectively (Figure 2.2). Thus, transmethylation and biosynthetic reactions can occur without net consumption of SAM. Hence, despite its utilization in numerous reactions, SAM is assumed not to be a limiting resource in plant cells, but only limited information is available regarding the steady state levels and fluxes of SAM in plant tissues. Calculation of SAM levels in vegetative shoot tissues of Arabidopsis and in flowers of snapdragon (Antirrhinum majus L.) range between 10 and 39 nmol/g fresh weight (Moffatt et al., 2002; Negre et al., 2003; Bürstenbinder et al., 2007), although tissue-specific differences or changes in SAM steady state levels during plant metabolism have not been described to date.

The ATP-dependent formation of SAM from Met is catalyzed by cytosolic SAMS. Evidence for a correlation of SAMS activity and SAM levels has come from experiments on pea (Pisum sativum L.) and Australian tobacco (Nicotiana Suaveolens). In pea seedlings, treatment with gibberellic acid resulted in a stimulation of SAMS activity of about 2- to 2.5-fold. At the same time, SAM accumulated 2.4-fold over control levels (Mathur & Sachar, 1991). Recently, both SAM levels and SAMS expression were shown to fluctuate rhythmically during the day/night cycle in flowers of N. suaveolens, but with a shifted phase. The level of SAM peaked before noon with a concentration of approximately 50 nmol/g fresh weight and reached its minimum of approximately 10 nmol/g fresh weight in late afternoon and during the night. In contrast, the transcript level of SAMS peaked in late afternoon/early night when SAM levels were low, and was lowest in the early morning. High SAMS transcript levels coincided with high emission of volatile organic compounds (VOCs) from N. suaveolens flowers and high transcript levels of NsBSMT, an SAM-dependent carboxyl methyltransferase involved in VOC biosynthesis. Furthermore, mRNA levels of MS that is involved in Met recycling via the activated methyl cycle were induced in parallel with SAMS transcripts. Hence, VOC emission and the expression of NsBSMT, SAMS and MS were highest at night when SAM levels were lowest (Effmert et al., 2005, 2008; Roeder et al., 2009). It is possible that the use of SAM for methylation and subsequent recycling of SAH via the activated methyl cycle was increased resulting in decreased steady state levels of SAM. Thus, coordinated regulation of SAM synthesis and SAM recycling with SAM metabolizing reactions might be needed to prevent depletion of SAM.

SAMS, the enzyme catalyzing SAM synthesis, is encoded by small gene families with four SAMS genes known from Arabidopsis (Giovanelli et al., 1985; Espartero et al., 1994, Van Breusegem et al., 1994). Although considered a housekeeping enzyme, at least some of the gene members are differentially expressed (Peleman et al., 1989; Boerjan et al., 1994). Tissue-specific expression of SAMS genes was, for example reported in Arabidopsis and Pinus contorta where high expression was observed in roots and stems, or in N. suaveolens where the highest SAMS expression was reported in petal lobes and stems with only weak expression in roots and leaves (Peleman et al., 1989; Lindroth et al., 2001; Kim et al., 2002; Roeder et al., 2009). Salt stress was reported to induce SAMS expression in the halophyte Atriplex nummularia L. and in tomato. In leaves of A. nummularia, SAMS transcripts were up-regulated in parallel with the synthesis of glycine betaine, a compatible osmolyte that is believed to play a role in the response to salt stress (Tabuchi et al., 2005). In tomato, induction of SAMS expression was observed in lignified tissues, also in response to salt stress (Sánchez-Aguayo et al., 2004). The synthesis of lignin and glycine betaine both require SAM-dependent transmethylation; hence, induction of SAMS expression has been observed when high rates of SAM-dependent transmethylation occur, indicating that the rate of SAM synthesis is adjusted to match the demand for SAM.

2.4.1 Regulation of SAMS genes by ethylene and of SAMS enzyme activity by protein-S-nitrosylation

Actinidia chinensis L. is a climacteric fruit closely related to kiwifruit (Actinidia deliciosa L.). Exogenously applied ethylene induced expression of ACS and of three SAMS genes in Actinidia fruit, indicating that ethylene coordinately feedback-activated ethylene and SAM syntheses (Whittaker et al., 1997). An increase in SAMS3 expression was further observed concomitant with elevated ACS and ACO transcripts and the peak of endogenous ethylene production during the climacteric. Similarly, in unpollinated ovaries from pea, the expression of SAMS1 was induced in response to treatment with ethylene (Gómez-Gómez & Carrasco, 1998), whereas inhibition of ethylene synthesis by treatment with aminoethoxyvinylglycine (AVG) resulted in a delay of senescence and prevention of SAMS expression (Gómez-Gómez & Carrasco, 1996).

Relationship analysis of plant SAMS indicates that SAMS isoforms cluster into two main groups, referred to as type I and type II that differ in characteristic amino acids. Analysis of type I and type II SAMS enzymes from C. roseus L. revealed no significant differences in the enzyme properties of both isoforms (Schröder et al., 1997). However, it was proposed that the variable amino acid substituents could confer specificity to the different isoforms, possibly by mediating protein–protein interactions, for example with SAM-consuming enzymes. Recently, a possible mechanism for the post-translational regulation of SAMS enzymes by protein-S-nitrosylation was reported (Lindermayr et al., 2006). Analysis of recombinant SAM synthetases from Arabidopsis revealed that only SAMS1, but not SAMS2 or SAMS3, was inhibited by the covalent attachment of NO to the thiol group of a Cys residue (Lindermayr et al., 2006). Nitrosylation occurred at the Cys114 residue of SAMS1 that is absent in SAMS2 and SAMS3. Further support for the specificity of different isoforms comes from mutant analysis. Reduced SAMS activity in the Arabidopsis mto3 mutant, which is impaired in SAMS3, resulted in an accumulation of Met, a reduction of SAMS activity and levels of SAM by 30% and 35%, respectively, and a reduction in the content of lignin to 22% of the wild-type level. Overexpression of SAMS2 in the mto3 background did not complement the mto3 phenotype, indicating that these two isoforms are not redundant. Aside from altered metabolite levels, plants were morphologically indistinguishable from wild type (Shen et al., 2002). In contrast, tobacco (N. tabacum L.) plants that overexpressed Arabidopsis SAMS1 displayed severe growth defects, as did plants with co-suppressed SAMS1 expression (Boerjan et al., 1994). Plants with the highest increase in SAMS activity or the highest degree of co-suppression displayed the most severe growth defects. For example, in plants co-suppressed for SAMS, the level of free Met was increased to 400-fold and emission of methanethiol and dimethyl disulphide was reported (Boerjan et al., 1994). SAM levels were not determined in these plants but as the SAMS activity correlated with the degree of phenotypical abnormalities, it was possible that changes in the level of SAM might have caused the observed growth defects. On the other hand, reduction of the SAM level by 35% in mto3 did not affect plant growth. It remains to be clarified whether any differences in spatial distribution of SAM account for these differences in phenotypes. However, the findings do indicate that some SAMS isoforms have functions that are not essential for plant development but that a tight regulation of overall SAM levels is crucial for plant development.

2.5 The activated methyl cycle

SAM-dependent transmethylation is involved in numerous cellular processes including the synthesis of lignin, pectin, phospholipids, glycine betaine and choline. Methylation serves to increase the volatility of various compounds such as methyl jasmonate, methyl salicylate or VOCs (Pare & Tumlinson, 1999; Seo et al., 2001; Effmert et al., 2005). Furthermore, methylation is involved in the modification of RNA, and gene expression is largely affected by the methylation of histones and DNA. Recently, genome-wide analyses in Arabidopsis demonstrated that over one-third of the expressed genes are methylated within their transcribed regions (Zhang et al., 2006). In comparison to other methyl group donors such as folate and its derivatives, the sulphur-bound methyl group of SAM is estimated to be 1,000-fold more reactive (Cantoni, 1975). SAM-dependent methyltransferases (MT; EC 2.1.1.) comprise a large group of enzymes with around 120 subclasses that are classified based on the atom targeted for methylation (N, O, S, C) and on their substrate specificity. MTs share only little sequence identity but many have a highly conserved structural fold in the SAM-binding N-terminal region 
(Martin & McMillan, 20022003). Isoforms of MT are reported to be located in the cytosol, mitochondria, plastids and in the Golgi apparatus (Ravanel et al., 2004; Ibar & Orellana, 2007). Many MTs have been shown to have a high degree of substrate specificity. However, at least some MTs accept a broader variety of substrates in vitro (Frick et al., 2001). The transfer of the sulphur-bound methyl group from SAM to an acceptor molecule releases SAH as a by-product, which is a strong competitive inhibitor of MTs (Poulton, 1981). The ratio of SAM:SAH concentrations, referred to as methyl index, thus determines MT activity with different MTs being differentially sensitive to changes in the methyl index (Cantoni, 1977; Cantoni et al., 1979). Consequently, removal of SAH is required to sustain MT activity.

Metabolism of SAH involves the hydrolysis of SAH to adenosine (Ado) and Hcy and the subsequent recovery of Met from Hcy via the activated methyl cycle. In plants, the breakdown of SAH to Hcy and Ado is catalyzed by SAH hydrolase (SAHH, EC 3.3.1.1) in a reversible reaction favouring SAH synthesis. Continuous removal of Hcy and Ado is, therefore, required to drive SAH breakdown. Ado was shown to inhibit SAHH activity in vitro and thus had to be removed to avoid feedback inhibition (Poulton & Butt, 1975; Moffatt et al., 2002). In plants, Ado is metabolized mainly through ATP-dependent phosphorylation, catalyzed by adenosine kinase (ADK, EC 2.7.1.20), while Ado nucleosidase (EC 3.2.2.7) and Ado deaminase (ADA, EC 3.5.4.4) activities are very low or undetectable (Edwards, 1996; Dancer et al., 1997; Auer, 1999; Moffatt et al., 2002). Hcy is converted to Met either by MS, with a derivative of folate as methyl group donor, or by SMM:Hcy-S-methyltransferase (HMT, EC 2.1.1.10), with SMM or SAM as methyl group donor. Both enzymes are not only specific to the methyl cycle but also involved in Met synthesis de novo and Met recycling via the SMM cycle.

SAHH is encoded by a single or few genes (Rocha et al., 2005; Rzewuski et al., 2007; Li et al., 2008). Arabidopsis SAHH1 and SAHH2 are differentially expressed in a largely non-overlapping pattern with SAHH1 transcripts being more abundant (Rocha et al., 2005; Li et al., 2008). Knockout of SAHH1 in the hog1-4 and hog1-5 (homology-dependent gene silencing) mutants resulted in zygotic embryo lethality. sahh1-1 plants with reduced SAHH1 expression displayed pleiotropic growth defects with reduced root and shoot growth, delayed flowering, a decrease in the SAM:SAH ratio and hypomethylated DNA (Li et al., 2008). SAHH2 could not compensate for SAHH1 in the SAHH1-knockout and -knockdown plants, indicating that the two isoforms are not redundant. Insertional mutagenesis of SAHH2 did not affect plant growth or development (Rocha et al., 2005), but down-regulation of both SAHH1 and SAHH2 in dsAtSAHH2 RNAi plants resulted in more severe growth inhibition than in sahh1-1. Reduced SAHH activity also decreased pectin methyl esterification and possibly other transmethylation reactions. Tobacco plants expressing antisense SAHH have also been reported to display phenotypic abnormalities and undermethylation of DNA (Tanaka et al., 1997).

In Arabidopsis, ADK is encoded by two genes. Heterologously overexpressed ADK1 and ADK2 metabolize Ado in vitro and also accept the cytokinin [9R]iP (9-β-D-ribofuranosyl-isopentyladenosine) as a substrate. Hence, a possible additional role for ADK in the conversion of cytokinin bases and ribosides to their nucleotides has been proposed as a key mechanism to regulate the level of active cytokinins. However, as the affinity of ADK towards cytokinins is ten times lower than towards Ado, it is not clear as to how much ADK contributes to cytokinin conversion in vivo (Moffatt et al., 2000). The chemical properties of the two isoforms differ in their pH optimum and maximal velocity, and ADK2 is sensitive to substrate inhibition by Ado whereas ADK1 is not. ADK1 and ADK2 are differentially expressed with ADK1 being more abundant in all tissues analyzed. Down-regulation of ADK resulted in similar phenotypic abnormalities as down-regulation of SAHH. While plants that had more than 50% residual ADK activity displayed a wild-type-like phenotype, further reduction resulted in growth defects that were correlated with the degree of ADK down-regulation. However, even in plants with less than 20% ADK activity, SAM levels were reduced less than twofold. SAH levels, on the other hand, were increased up to 40-fold when compared with wild-type levels, indicating that removal of Ado by ADK contributes to the control of intracellular SAM levels only to a minor degree.

A coordinated regulation of SAHH and ADK occurs when high rates of transmethylation are evident, probably to avoid inhibition of MT activity by SAH and Ado. Activities of MS and SAMS, which are involved in Met recycling via the activated methyl cycle, are induced in parallel with SAHH and ADK (Edwards, 1996; Weretilnyk et al., 2001; Tabuchi et al., 2005). In Arabidopsis, SAHH and ADK transcripts are coordinately regulated and protein levels and enzyme activities reflect transcript levels in most tissues analyzed, indicating that regulation occurs mainly at the transcriptional level (Pereira et al., 2007).

2.6 The S-methylmethionine cycle

The Met derivative SMM is synthesized from Met and SAM in an irreversible reaction specific to plants (Figure 2.2). SAM:Met S-methyltransferase (MMT, EC 2.1.1.12) catalyzes the transfer of a methyl group from SAM to Met, releasing SMM and SAH as products. SAH is recycled to Met via the activated methyl cycle. Transfer of the methyl group from SMM to Hcy releases two molecules of Met, an irreversible reaction catalyzed by SMM:HMT. MMT and HMT together constitute the SMM cycle, which consumes one molecule of ATP in each round. While MMT is a plant-specific enzyme, HMT activity is also present in bacteria, yeast and animals, thus allowing catabolism of plant-derived SMM (Ranocha et al., 2000). Proposed functions of SMM include a role as a storage form of Met or as plant-specific methyl group donor (Mudd & Datko, 1990). However, no conclusive evidence for the latter function exists to date. In many marine algae and in some plants from the Compositae and Gramineae families such as Wollastonia biflora (L.) and Spartina alterniflora L., SMM serves as a substrate for the biosynthesis of dimethylsulphoniopropionate (DMSP), which acts as an osmoprotectant, or can be further degraded to dimethyl sulphide that is emitted (Ney & Freytag, 1972; Kocsis et al., 1998; Malin, 1996; Rhodes et al., 1997; Scherb et al., 2009). SMM can be translocated via the phloem from leaves to seeds where it can be reconverted to Met (Bourgis et al., 1999). Radiotracer analyses demonstrate that SMM is a component of the phloem sap from many plants, such as wheat (T. aestivum), Arabidopsis, maize (Zea mays L.), W. biflora, and cucumber (Cucumis sativus L.), accounting for up to 70% of the total 35S exuded, with the highest levels found in wheat and the lowest levels exuded from lupin. In wheat, SMM concentrations in the phloem were 1.5-fold higher than glutathione, indicating that SMM is a major sulphur-transport form (Bourgis et al., 1999). Spatial and temporal separation of MMT and HMT could facilitate SMM synthesis in one tissue and reconversion to Met in another tissue. Simultaneous expression of MMT and HMT, on the other hand, is proposed to be involved in the regulation of SAM and possibly Met levels as it allows formation of Met from SAM (Mudd & Datko, 1990).

Isotope tracer studies in the DMSP-synthesizing plants – W. biflora (L.) and S. alterniflora L. – showed that the flux of methyl groups towards SMM was high, while only a little flux from SMM to Hcy was observed, indicating that DMSP synthesis was a major sink for SMM (Hanson et al., 1994; Kocsis et al., 1998). However, most plants do not synthesize DMSP and the flux through the SMM cycle might, therefore, serve other reactions. Analysis of HMT and MMT activity in seeds and germinating seedlings from wheat indicated that both enzymes are active in all tissues analyzed. However, the relative activities varied between different tissues. In dry seeds, HMT activity was tenfold higher than MMT activity. After the onset of germination, MMT activity increased and peaked in parallel with protease activity (Allamong & Abrahamson, 1977). These findings indicate that Met released after the proteolysis of storage proteins is converted to SMM, which then possibly is translocated via the phloem. In tissues that express higher HMT levels, SMM can subsequently be reconverted to Met. Tissue-specific differences in MMT activity and protein levels were also found in barley (Hordeum vulgare L.) seedlings with the highest MMT activity and protein levels in the shoot and scutellum and in the whole grain. In contrast, only weak activity was detected in the endosperm and aleurone layer (Pimenta et al., 1998). In Arabidopsis and maize, MMT is encoded by a single gene whereas three and four genes encode for HMT (Bourgis et al., 1999). In Arabidopsis, HMT and MMT genes were differentially expressed but MMT was co-expressed with at least one HMT in all tissues analyzed. Furthermore, HMT and MMT enzyme activities were detected in all tissues analyzed with HMT activity being two- to fivefold higher than that of MMT (Ranocha et al., 2001). Hence, the complete SMM cycle is present in all tissues, and it is proposed that a major function of the SMM cycle is to remove excess SAM. In other eukaryotes, SAM inhibits SAMS and methylenetetrahydrofolate reductase, which recovers the folate derivative involved in Hcy methylation, thus preventing accumulation of SAM. Plants, however, lack these regulatory mechanisms and so reverse synthesis of Met from SAM via the SMM cycle could be a means to prevent accumulation of SAM and therefore avoid possible inhibitory effects of SAM on, for example Met de novo synthesis (Schröder et al., 1997; Roje et al., 1999). In accordance with this hypothesis, radiotracer kinetic measurements in Arabidopsis showed that half of the SAM produced is consumed by the SMM cycle (Ranocha et al., 2001).

Evidence for a role of the SMM cycle in SAM homeostasis comes from mutant analysis. Insertional mutagenesis of the single MMT in Arabidopsis and maize disrupts the SMM cycle. Knockout plants were phenotypically similar to wild type, but the SAM level was significantly increased by 15% and SAH was reduced (Tagmount et al., 2002; Kocsis et al., 2003). Seed Met levels, on the other hand, were not altered (Kocsis et al., 2003). Knockdown of HMT2 in Arabidopsis, on the other hand, resulted in increased seed Met content (Lee et al., 2008). In hmt2 plants, HMT activity was significantly reduced in rosette leaves, flowers and siliques, but not in seeds. Consistent with this is the finding that SMM levels in hmt2-2 plants were increased between 2- and >700-fold in cauline leaves, stems, flowers, siliques, and seeds of the mutant, whereas Met levels were more or less unaltered except in seeds. Furthermore, increased SMM concentrations in the phloem of hmt2 were demonstrated through aphid feeding experiments. It was concluded that SMM transport from vegetative tissues limits Met biosynthesis in wild-type seeds. Consistent with this hypothesis, exogenously applied SMM increased wild-type seed Met content threefold. However, in the hmt2-1/mmt-3 double mutant, seed Met content was not altered significantly when compared with wild type, indicating that SMM was a non-essential transport form of sulphur that could be replaced by other transport forms such as glutathione or sulphate.

HMT has been characterized biochemically from Arabidopsis and from broccoli (Brassica oleracea L.) (Ranocha et al., 2000; Lyi et al., 2007). Phylogenetic analyses suggested that HMT comprises two subfamilies with AtHMT1 belonging to a branch distinct from AtHMT2 and AtHMT3. All Arabidopsis isoforms, as well as the broccoli homologues BoHMT1 and BoSMT, possessed HMT activity in vitro (Ranocha et al., 2000, 2001; Lyi et al., 2005, 2007). In addition, BoSMT also contained selenocysteine Se-methyltransferase activity, indicating that the two subfamilies of HMT might serve distinct functions in planta (Lyi et al., 2005, 2007). The isoforms differed in their enzymatic properties such as Km, Vmax, substrate specificity, and sensitivity to inhibition by Met. While AtHMT1 and BoHMT1 were inhibited by physiological levels of Met in vitro, no inhibition of AtHMT2, AtHMT3 and BoSMT by Met was observed. Hence, inhibition of HMT by Met might be a mechanism to control the flux through the SMM cycle and possibly channel more SMM into phloem transport. Consistent with this hypothesis is that HMT isolated from seeds of jack bean (Canavalia ensiformis L.) and pea, which contain up to 40-fold higher Met levels than other organs, were Met-insensitive (Abrahamson & Shapiro, 1965; Dodd & Cossins, 1970; Ranocha et al., 2000). AtHMT1 also differs from other AtHMT isoforms in substrate specificity. Aside from Hcy, AtHMT1 accepted Cys as substrate and could thus be involved in S-methylcysteine synthesis in the Brassicaceae. Arabidopsis HMT accepted SMM and SAM as methyl group donors but strongly preferred SMM. However, all isoforms were sufficient to restore the growth on SAM of a yeast mutant lacking MS and HMT, indicating that SAM could serve as methyl group donor in vivo as well (Ranocha et al., 2000, 2001). SAM can exist in two diastereomeric forms, the physiological (S,S)diastereomer and the (R,S)diastereomer that is formed through spontaneous non-enzymatic racemization of (S,S)SAM. Vinci and Clarke (2007) reported that HMT from Arabidopsis seeds preferably accepted the (R,S)diastereomer as co-substrate, indicating that HMT could be involved in the metabolism of the physiologically inactive diastereomer. However, the data are somewhat contradictory as Ranocha et al. (2001) reported a strong preference for the (S,S)diastereomer for all Arabidopsis HMT isoforms. Hence, HMT isoforms could be involved in the metabolism of (R,S)SAM or could bypass the SMM intermediate by direct transfer of a methyl group from SAM to Hcy. However, none of these two possibilities have been proven yet.

2.7 The methionine or Yang cycle

The third pathway involved in SAM recycling is the Met or Yang cycle, which replenishes the aminobutyrate moiety that is utilized when ethylene, defined polyamines, or nicotianamine are synthesized (Figure 2.3). The plant metal chelator nicotianamine is synthesized by the condensation of three aminobutyrate moieties of SAM that is catalyzed by nicotianamine synthase (NAS; EC 2.5.1.43). In graminaceous plants, nicotianamine serves as the precursor for the mugineic acid family of phytosiderophores. Phytosiderophores are iron chelators that are excreted to the rhizosphere to facilitate iron uptake under iron-limiting conditions (Hell & Stephan, 2003; Takahashi et al., 2003). In polyamine biosynthesis, SAM is decarboxylated by SAM decarboxylases (SAMDC; EC 4.1.1.50), and the resulting aminopropyl moiety of decarboxylated SAM (dSAM) is transferred to either putrescine via spermidine synthase (SPDS; EC 2.5.1.16) or to spermidine via spermine synthase (SPMS; EC 2.5.1.22), resulting in the formation of the most common polyamines: spermidine and spermine. Other polyamines that are synthesized by way of aminopropyl group transfer from dSAM are the less common polyamines thermospermine, norspermine and norspermidine (Rodriguez-Garay et al., 1989; Kakehi et al., 2008). Ethylene is synthesized from SAM with ACC as an intermediate. The first enzyme specific to ethylene synthesis, ACS (EC 4.4.1.14), catalyzes the formation of ACC from SAM. As a by-product of all these reactions, MTA is released, which is recycled to Met via the Met cycle, also known as Yang cycle in plants. In each round of the Met cycle, the aminobutyrate group of Met is replenished from the ribose moiety of ATP.


Figure 2.3 The methionine (Met) or Yang cycle. S-adenosylmethionine (SAM) serves as substrate for the biosynthesis of ethylene, polyamines and nicotianamine. 5′-Methylthioadenosine (MTA) is released as a by-product in these pathways and is subsequently recycled to Met via the Met cycle. MTA nucleosidase (MTN) catalyzes the depurination of MTA, releasing adenine (Ade) and 5′-methylthioribose (MTR). MTR is phosphorylated by MTR kinase (MTK) to yield MTR-1-phosphate (MTR-P). MTR-P undergoes enzymatic isomerization and dehydration/enolation/dephosphorylation to acireductone. Ni-bound acireductone dioxygenase (Ni-ARD) catalyzes the formation of methylthiopropionate, formate and carbon monoxide in an off-pathway reaction. Fe-ARD catalyzes the Met cycle reaction, i.e. the formation of 2-keto-4-methylthiobutyrate (KMTB) and concomitant release of formate. Transamination of KMTB produces Met that can be activated to SAM by SAM synthetase (SAMS). Ethylene is synthesized from SAM via 1-aminocyclopropane-1-carboxylate (ACC) as intermediate. ACC synthase (ACS) catalyzes the first committed step of ethylene synthesis. Nicotianamine (NA) synthase (NAS) catalyzes the synthesis of NA from three molecules of SAM with the release of three molecules of MTA. For polyamine biosynthesis, SAM is first decarboxylated by SAM decarboxylases (SAMDC) to yield decarboxylated SAM (dSAM). The aminopropyl moiety of dSAM is transferred to either putrescine via spermidine synthase (SPDS) or to spermidine via spermine synthase (SPMS) resulting in the formation of the most common polyamines, spermidine and spermine.
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The Met cycle exists in bacteria, Archaea, animals and plants. In plants, the main steps of the Met cycle were biochemically described in the 1970s and some of the enzymes involved were characterized (Figure 2.3; Wang et al., 1982; Yang & Hoffmann, 1984). MTA is metabolized by MTA nucleosidase (MTN; EC 3.2.2.16) in plants and most bacteria. MTN catalyzes the depurination of MTA, releasing 5′-methylthioribose (MTR) and adenine (Ade) (Guranowski et al., 1981, Cornell et al., 1996). Ade phosphoribosyltransferase (APT or APRT; EC 2.4.2.7) catalyzes the formation of AMP from Ade and phosphoribosyl pyrophosphate. MTR kinase (MTK; EC 2.7.1.100) phosphorylates MTR at the C1 hydroxyl group of the ribose moiety yielding 5′-methylthioribose-1-phosphate (MTR-P). In animals, MTR-P is formed through phosphorolytic cleavage of MTA, catalyzed in one reaction by MTA phosphorylase (MTAP; EC 2.4.2.28) (Schlenk, 1983). Enzymatic activities of an isomerase and a dehydratase/enolase/phosphatase are subsequently required to convert MTR-P to acireductone. Acireductone dioxygenase (ARD; EC 1.13.11.54) catalyzes the formation of the immediate Met precursor 2-keto-4-methylthiobutyrate (KMTB) from acireductone and dioxygen. KMTB is finally transaminated to yield Met, catalyzed by a transaminase. While genes and enzymes for MTN, 
MTK, isomerase, dehydratase/enolase-phosphatase and ARD were identified and subsequently characterized in plants, no Met cycle-specific transaminase has so far been identified unequivocally (Pommering et al., 2011).

Plant MTN was initially purified and characterized from lupin (Lupinus luteus L.) and tomato extracts (Guranowski et al., 1981; Kushad et al., 1985; Wasternack et al., 1985). More recently, corresponding genes have been identified in Arabidopsis and rice (Oryza sativa L.) and their enzyme products have been characterized biochemically (Rzewuski et al., 2007; Siu et al., 2008, 2011). MTN is encoded by two genes in Arabidopsis, AtMTN1 and AtMTN2, and by one gene in rice, OsMTN. Recombinant AtMTN1 and AtMTN2 both possess MTN activity in vitro. In addition to MTA, the Arabidopsis isoforms accept a wide array of substrates with 5′-substitutions on the nucleoside but differ in their enzymatic properties and substrate specificity. AtMTN1 has a ninefold higher catalytic rate constant when compared with AtMTN2 and a fourfold higher efficiency for MTA (Siu et al., 2008). AtMTN2 also accepts substrates with bulkier 5′-substitutions, such as SAH, which is metabolized with 14% of the activity obtained with MTA. AtMTN1, on the other hand, displayed narrower substrate specificity and, in common with MTN purified from lupin seeds, did not hydrolyze SAH (Guranowski et al., 1981; Siu et al., 2008). Both AtMTN isoforms were shown to associate as dimers in solution (Siu et al., 2008; Park et al., 2009). Recently, crystal structure analyses of dimeric AtMTN1 revealed that AtMTN1 could bind SAH but evidently not in a catalytically competent manner (Siu et al., 2011). Like AtMTN2, OsMTN accepts a wide array of substrates with 5′-substitutions and metabolized SAH with 16% of the activity obtained with MTA (Rzewuski et al., 2007). A dual function of MTN in the metabolism of MTA and SAH has been previously reported for bacterial enzymes (Della Ragione et al., 1985). In bacteria, hydrolysis of SAH depends on the enzymatic activity of MTA/SAH nucleosidase (MTAN), while plants, in contrast, possess SAHH that metabolizes SAH (Guranowski & Pawelkiewicz, 1977; Stepkowski et al., 2005). Although AtMTN2 and OsMTN can metabolize SAH in vitro, this function is most likely not relevant in planta as SAH levels in plants are normally much lower than the SAH concentration used for in vitro enzyme assays (Moffatt et al., 2002). Also, the affinity of plant MTN towards SAH is significantly lower in comparison to bacterial MTAN (Siu et al., 2008). MTAN from E. coli, for instance metabolized SAH as substrate with 40% of the efficiency of MTA as substrate (Della Ragione et al., 1985). Furthermore, knockout of SAHH1 in the Arabidopsis (hog1-4 and hog1-5) mutants resulted in zygotic embryo lethality. Although microarray data indicated that AtMTN2 was expressed throughout the plant, AtMTN2 activity did not rescue SAHH1 depletion. SAH nucleosidase activity of MTN could be a relic of the enzymatic activity of a common precursor protein from which bacterial MTAN and plant MTN evolved.

AtMTN1 transcripts are about ten times more abundant than AtMTN2 transcripts and AtMTN1 has a higher affinity towards MTA, indicating that AtMTN1 contributes more to overall MTN activity than AtMTN2. Recently, Oh et al. (2008) reported on a possible mechanism for the regulation of AtMTN1 activity at the protein level. The Ca2+-bound form of calcineurin B-like 3 (CBL3) was demonstrated to inhibit AtMTN1 activity in vitro. Furthermore, it was shown that AtMTN1 directly interacted with Ca2+-bound CBL3 in vivo and in vitro. CBL3 belongs to a family of calcium sensors that mediate a calcium signal through interaction with their corresponding protein kinases (CBL-interacting protein kinase, CIPK) (reviewed in Batistic & Kudla, 2004). Hence, CBL3-AtMTN1 interaction might be indicative of Met cycle regulation and thus possibly regulation of ethylene or polyamine synthesis by a Ca2+ signal. However, it remains to be shown if CBL3 is involved in MTN regulation in vivo.

The second enzyme specific to the Met cycle, MTK, has been partially purified from lupin and tomato (Guranowski, 1983; Kushad et al., 1985). Corresponding genes were identified in plants based on sequence similarity to bacterial MTK from Klebsiella pneumoniae (Sauter et al., 2004). Analysis in silico of EST databases indicated that MTK is encoded by single copy genes in Arabidopsis, tomato, potato, wheat, maize and N. benthamiana and by two genes in rice, OsMTK1 and OsMTK2. Rice MTK genes are localized in tandem and have highly conserved intron sequences. The two MTK proteins share 95% identity, indicating that the second gene might have evolved only recently through gene duplication. Ectopically overexpressed OsMTK1 was shown to possess MTK activity. The enzyme kinetics indicated cooperative behaviour of the enzyme, which is most common in multimeric proteins. In accordance with this finding, bacterial and plant MTK are thought to associate as dimer in vivo (Guranowski, 1983; Cornell et al., 1996; Ku et al., 2004).

ARD was initially identified in the prokaryote Klebsiella oxytoca (Dai et al., 1999). More recently, plant homologues were described in rice and Arabidopsis (Lin et al., 2005; Sauter et al., 2005; Bürstenbinder et al., 2007). ARD is a metalloenzyme of the cupin family of proteins. The protein is particularly noteworthy as the enzyme can acquire two distinct activities towards its substrate depending on the metal co-factor bound to the active centre. The Fe2+-bound holoprotein Fe-ARD (also termed ARD′; EC 1.13.11.54) catalyzes the Met cycle reaction resulting in the formation of the immediate Met precursor KMTB. The Ni2+-bound holoprotein Ni-ARD (also termed ARD; EC 1.13.11.53) cataylzes an off-pathway reaction releasing methylthiopropionate, formate and carbon monoxide (Dai et al., 1999, 2001). Both enzyme activities were shown to take place in vivo in Klebsiella (Wray & Abeles, 1993). The binding of Fe2+ and Ni2+ appears to depend on identical amino acid residues. Mutations in conserved acidic residues outside the metal-binding site were demonstrated to affect metal incorporation. It was proposed that these mutations possibly affect the interaction of ARD with metallochaperones, which might be involved in the formation of the holoprotein, or result in loss of the metal co-factor to stronger chelators (Chai et al., 2008). In rice, ARD is encoded by two genes, OsARD1 and OsARD2, and in common with ARD from Klebsiella, recombinant OsARD1 was shown to bind Fe2+ and Ni2+ in vitro with a preference for Fe2+, indicating that the Met cycle reaction was favoured in plants. The activity of Fe-OsARD was significantly lower than that reported for Klebsiella Fe-ARD. Human and bacterial Fe-ARD and Ni-ARD enzymes have been shown to be monomeric, whereas Fe-OsARD1 and Ni-OsARD form a trimer and a multimer, respectively, in vitro (Pochapsky et al., 2002; Sauter et al., 2005). Whether oligomerization occurs in vivo, and possibly might be involved in the regulation of ARD activity, remains to be determined.

2.7.1 The Yang cycle in relation to polyamine and nicotianamine biosynthesis

There is only limited information available to date regarding the flux of SAM through the Met cycle, and on its impact on intracellular SAM levels. In Lemna, only 6% of the internal Met is recycled via the Met cycle. As Lemna produces only low amounts of ethylene, most of the SAM is presumably utilized for polyamine synthesis (Giovanelli et al., 1985). It can be assumed that higher flux rates might occur during high and prolonged ethylene or phytosiderophore synthesis. Knockout of the Met cycle in the Arabidopsis mtk mutant that carries an insertional mutation in the single MTK gene did not affect growth and development of plants grown on sulphur-sufficient media or on soil. Hence, it can be assumed that Met recycling via the Met cycle is a non-essential function in Arabidopsis and that Met can be provided by the primary Met biosynthetic pathway (Sauter et al., 2004). Under sulphur-limiting conditions, however, SAM levels in mtk are reduced compared to wild type, indicating that Met recycling via the Met cycle is important when de novo Met synthesis is limited (Bürstenbinder et al., 2007).

Aside from a function in sustaining SAM levels, the Met cycle serves to metabolize MTA. MTA was described as an inhibitor of the ethylene and polyamine biosynthetic enzymes ACS and SPDS in plants (Hyodo & Tanaka, 1986; Miyazaki & Yang, 1987b; Graser & Hartmann, 2000). Similarly, MTA was demonstrated to inhibit SPDS and SPMS in mammalian cells (Avila et al., 2004). Thus, efficient removal of MTA might be a necessity for continued synthesis of ethylene and poylamines, and possibly nicotianamine. In accordance with this hypothesis, MTA was shown to be rapidly hydrolyzed in apple and rice tissues (Adams & Yang, 1977; Guranowski et al., 1981; Rzewuski et al., 2007). In Arabidopsis, knock down of MTN activity to approximately 20% of wild-type levels in mtn1-1 resulted in MTA and SAM/dSAM accumulation and in growth inhibition of seedlings and roots of plants when grown on MTA as a sulphur source (Bürstenbinder et al., 2010). While neither ethylene production nor nicotianamine levels were affected in mtn1-1 seedlings, reduced MTA metabolism altered putrescine and spermine levels. Complete knockout of MTN activity in the mtn1-1/mtn2-1 double mutant led to infertility (Bürstenbinder et al., 2010). Hence, while the Yang cycle is not essential, metabolism of MTA is. It remains to be explored if Met cycle intermediates other than MTA affect SAM-consuming and MTA-producing reactions and consequently plant development. Screens in barley (H. vulgare L.) and rice exposed to iron-limiting conditions identified MTK, MTN and ARD as well as genes related to phytosiderophore synthesis, thus establishing a link between nicotianamine synthesis and the Yang cycle in these plants (Yamaguchi et al., 1999; Kobayashi et al., 2005). Taken together, the Yang cycle serves to recycle Met but may have an equally important role in the metabolism of MTA to prevent feedback inhibition of polyamine and nicotianamine biosynthetic pathways.

2.7.2 Regulation of the Yang cycle in relation to ethylene synthesis

From early on, it was proposed that the Yang cycle served to sustain ethylene synthesis without depleting Met and SAM pools (Wang et al., 1982; Miyazaki & Yang, 1987b). Ethylene is synthesized at basal levels in virtually all plant tissues throughout plant development, but ethylene synthesis is induced in response to developmental and environmental stimuli. For instance, naturally high and prolonged ethylene synthesis occurs during climacteric fruit ripening, or in response to submergence in semi-aquatic plants (see further chapters in this volume). The ethylene produced during climacteric fruit ripening can exceed the basal levels of ethylene synthesis by up to 1,000-fold, and ethylene synthesis during fruit ripening can last for weeks or even months (Miyazaki & Yang, 1987a). However, only limited information is available regarding SAM fluxes during phases of elevated ethylene synthesis. No changes in SAM levels were observed when the conversion of SAM to ACC was inhibited by AVG in mung bean (Vigna radiata), or when ACC formation was stimulated in mung bean or tobacco (Yu & Yang, 1979; De Laat & Van Loon, 1982). High rates of SAM-dependent transmethylation during VOC synthesis, on the other hand, were shown to be correlated with decreased SAM levels in flowers of N. suaveolens. However, SAM levels were not affected in flowers of N. suaveolens during the burst of ethylene synthesis that occurs during flower senescence. In these senescing flowers, ethylene synthesis reached 45 nL/g fresh weight. For comparison, tomato produces up to 300 nL ethylene per gram fresh weight during fruit ripening (Llop-Tous et al., 2000; Roeder et al., 2009). It is thus conceivable that ethylene synthesis in N. suaveolens occurred at rates that were too low to affect SAM levels.

Met levels were shown to increase in parallel with ethylene production in submerged rice plants and during climacteric fruit ripening in tomato (Katz et al., 2006; Rzewuski et al., 2007). In tomato, the level of free Met peaked at ripening stages when the highest amounts of ethylene were produced. In tomato fruit, increased Met levels were correlated with increased CGS mRNA levels during the burst in ethylene synthesis. In the never-ripe (nr) tomato mutant, ethylene sensitivity is reduced. CGS expression levels were lower in fruits of the nr mutant than in wild type, indicating that ethylene activated CGS expression and hence de novo Met synthesis in a positive feedback manner (Alba et al., 2005). In accordance with this finding, treatment of mature green tomato fruit with the ethylene-releasing compound ethephon induced CGS expression (Katz et al., 2006). Exogenously supplied Met increased ethylene synthesis in the pericarp of mature green fruit, indicating that Met is a limiting metabolite for ethylene synthesis. In conclusion, the data available suggest a dual mechanism by which plants provide Met in sufficient amounts as a substrate for ethylene synthesis. De novo Met synthesis may be increased, while at the same time Met is efficiently recycled via the Met cycle, especially when ethylene is produced at high rates (Katz et al., 2006).

Stored apple fruits produce ethylene for months without access to an external sulphur source and hence without the ability for de novo Met synthesis. In these fruits, the internal Met pool was only sufficient to sustain ethylene production for a few hours, and it was, therefore, proposed that ethylene synthesis depended mainly on Met recycling via the Met cycle (Baur & Yang, 1972). A requirement for Met recycling during prolonged elevated ethylene synthesis was studied in Arabidopsis making use of the mtk/eto3 double mutant (Bürstenbinder et al., 2007). mtk plants are impaired in Met recycling due to the knockout of the single MTK gene (MTK catalyzes phosphorylation of MTR in the Met cycle) while eto3 seedlings display high ethylene synthesis rates due to a point mutation in the ACS9 protein (Woeste et al., 1999; Chae et al., 2003). The mutation results in stabilization of ACS9 and hence increased ethylene synthesis. In mtk/eto3 seedlings, ethylene synthesis is reduced by more than 50% as compared to eto3 seedlings, indicating that continuous synthesis of ethylene at high rates depends on a functional Met cycle. However, ethylene synthesis in mtk/eto3 is still approximately 20-fold higher than the rates of ethylene produced in wild-type seedlings, indicating that the Met cycle is not essential to sustain basal ethylene production.

Plants can adjust the Met recycling capacity through regulation of Met cycle enzymes to match the demand for SAM that is consumed in the ethylene biosynthetic pathway. Avocado fruit sustained high MTN and MTK activities over a period of 8 months during fruit storage. MTN activity was five times higher during the highest ethylene synthesis when compared with that at the peak of polyamine synthesis, indicating that regulation of Met cycle capacity might be essential for prolonged high ethylene synthesis in avocado in common with Arabidopsis (Kushad et al., 1988). Similarly, MTK activity was up-regulated concomitant with the burst in ethylene production during tomato fruit ripening (Kushad et al., 1985). In tomato, by contrast, MTN activity was highest in immature fruit, which produced only basal levels of ethylene but higher amounts of polyamines, and displayed a minor peak at the breaker stage when more ethylene was produced (Kushad et al., 1985; Saftner & Baldi, 1990).

It is not known if regulation of Met cycle enzymes occurs at the transcriptional or post-transcriptional level. In tomato or avocado, the expression of MTK and MTN genes is not analyzed. What has become clear, however, is that Met cycle enzymes are not necessarily regulated in a coordinated manner. In submerged rice plants, expression of OsMTK is not increased in the growth region of the internode that produces high ethylene, whereas expression of MTN and ARD genes increased in parallel with ethylene synthesis (Sauter et al., 2004, 2005; Rzewuski et al., 2007). OsMTN enzyme activity increased in parallel with transcript levels suggesting regulation of MTN activity mainly at the transcript level. Treatment of rice internodes with the ethylene-releasing compound ethephon or with the natural ethylene precursor ACC induced neither OsMTN expression nor MTN activity, indicating that OsMTN was not controlled by ethylene. OsARD1 expression, on the other hand, was transiently and strongly induced by ethylene in the rice internode. Up-regulation of OsARD1 as an immediate-early response to ethylene is an interesting phenomenon as ARD catalyzes a branch point in the Met cycle. However, up-regulation of ARD genes by ethylene is not a general feature of plants as none of the Arabidopsis homologues were induced by ethylene (Bürstenbinder et al., 2007).

2.8 Conclusions

It can be concluded that constant supply of Met during phases of high and prolonged ethylene synthesis is maintained through increased de novo Met synthesis and through Met recycling via the Met cycle. The Met recycling capacity is adjusted to match the demand for SAM and also to ensure efficient metabolism of MTA. This is achieved through regulation of particular Met cycle enzymes at either the transcriptional and/or protein level. While ethylene was demonstrated to directly regulate some of the genes and enzymes of the Met cycle and Met biosynthetic pathway, in many cases the factors involved in the regulation are not yet identified (Figure 2.4). What has become clear in rice is that Met cycle genes and enzymes are not necessarily regulated in a coordinated fashion. This is in contrast to the genes and enzymes involved in the activated methyl cycle. A thorough analysis of Met cycle regulation at the gene, protein and enzyme activity levels is, however, still lacking for any plant tissue with naturally high ethylene production. Climacteric fruit ripening would be a suitable system for such an in-depth study. Future work will also have to be aimed at identifying the transcription factors and possibly post-translational mechanisms that regulate Met recycling and SAM producing capacities in relation to ethylene synthesis. Finally, a mechanism that has evolved in one plant species to optimize and adapt Met/SAM with ethylene production may not be found in all plants due to specific demands of plants growing in particular environments, or the unique metabolic requirements of species-specific developmental programmes. Finally, extensive research is still needed to unravel the diversity of regulatory networks and regulatory mechanisms between ethylene and other Met-consuming biosynthetic pathways and Met recycling.


Figure 2.4 Regulation of de novo methionine (Met) synthesis and of the Met cycle by ethylene occurs in a species-specific manner and can occur at diverse levels. High rates of ethylene synthesis depend on constant supply of Met, which is maintained through de novo Met synthesis and Met recycling via the Met/Yang cycle. Ethylene can promote SAMS, CGS and ARD expression. 5′-Methylthioadenosine (MTA) nucleosidase (MTN) and 5′-methylthioribose (MTR) kinase (MTK) enzyme activities can be up-regulated in parallel with ethylene synthesis. MTA acts as an inhibitor of 1-aminocyclopropane-1-carboxylate (ACC) synthase (ACS) and metabolism of MTA may be a crucial task of the Met cycle. The model summarizes results obtained from various plants that do not necessarily co-exist in any plant and may not be found in all plants.

[image: nc02f004.eps]


Acknowledgement

Support by the Deutsche Forschungsgemeinschaft for research on Yang cycle regulation is gratefully acknowledged.

References

Abrahamson, L. and Shapiro, S.K. (1965) The biosynthesis of methionine: partial purification and properties of homocysteine methyltransferase of jack bean meal. Archives of Biochemistry and Biophysics 109, 376–382.

Adams, D.O. and Yang, S.F. (1977) Methionine metabolism in apple tissue: implication of S-adenosylmethionine as an intermediate in the conversion of methionine to ethylene. Plant Physiology 60, 892–896.

Alba, R., Payton, P., Fei, Z., et al. (2005) Transcriptome and selected metabolite analyses reveal multiple points of ethylene control during tomato fruit development. Plant Cell 17, 2954–2965.

Allamong, B.D. and Abrahamson, L. (1977) Methyltransferase activity in dry and germinating wheat seedlings. Botanical Gazette 138, 46–51.

Amir, R. (2010) Current understanding of the factors regulating methionine content in vegetative tissues of higher plants. Amino Acids 39, 917–931.

Auer, C. (1999) The Arabidopsis mutation cym changes cytokinin metabolism, adenosine nucleosidase activity and plant phenotype. Biologia Plantarum 42, 3.

Avila, M.A., Garcia-Trevijano, E.R., Lu, S.C., et al. (2004) Methylthioadenosine. International Journal of Biochemistry and Cell Biology 36, 2125–2130.

Bartlem, D., Lambein, I., Okamoto, T., et al. (2000) Mutation in the threonine synthase gene results in an over-accumulation of soluble methionine in Arabidopsis. Plant Physiology 123, 101–110.

Batistic, O. and Kudla, J. (2004) Integration and channeling of calcium signaling through the CBL calcium sensor/CIPK protein kinase network. Planta 219, 915–924.

Baur, A.H. and Yang, S.F. (1972) Methionine metabolism in apple tissue in relation to ethylene biosynthesis. Phytochemistry 11, 3207–3214.

Boerjan, W., Bauw, G., Van Montagu, M., et al. (1994) Distinct phenotypes generated by overexpression and suppression of S-adenosyl-L-methionine synthetase reveal developmental patterns of gene silencing in tobacco. Plant Cell 6, 1401–1414.

Bourgis, F., Roje, S., Nuccio M.L., et al. (1999) S-methylmethionine plays a major role in phloem sulfur transport and is synthesized by a novel type of methyltransferase. Plant Cell 11, 1485–1498.

Bouvier, F., Linka, N., Isner, J.C., et al. (2006) Arabidopsis SAMT1 defines a plastid transporter regulating plastid biogenesis and plant development. Plant Cell 18, 3088–3105.

Bürstenbinder, K., Rzewuski, G., Wirtz, M., et al. (2007) The role of methionine recycling for ethylene synthesis in Arabidopsis. Plant Journal 49, 238--249.

Bürstenbinder, K., Waduwara, I., Schoor, S., et al. (2010) Inhibition of 5′-methylthioadenosine metabolism in the Yang cycle alters polyamine levels, and impairs seedling growth and reproduction in Arabidopsis. Plant Journal 62, 977--988.

Cantoni, G.L. (1975) Biological methylation: selected aspects. Annual Review of Biochemistry 44, 435–451.

Cantoni, G.L. (1977) S-adenosylmethionine: present status and future perspectives. The Biochemistry of Adenosylmethionine. Columbia University Press, New York, pp. 557–577.

Cantoni, G.L., Richards, H.H. and Chiang, P.K. (1979) Inhibitors of S-adenosylhomocysteine hydrolase and their role in the regulation of biological methylation. In: Usdin, E., Borchardt, R.T. and Creveling, E.R. (eds.) Transmethylation. Elsevier, New York, pp. 155–164.

Chae, H.S., Faure, F. and Kieber, J.J. (2003) The eto1, eto2, and eto3 mutations and cytokinin treatment increase ethylene biosynthesis in Arabidopsis by increasing the stability of ACS Protein. Plant Cell 15, 545–559.

Chai, S.C., Ju, T., Dang, M., et al. (2008) Characterization of metal binding in the active sites of acireductone dioxygenase isoforms from Klebsiella ATCC 8724. Biochemistry 47, 2428–2438.

Chiba, Y., Ishikawa, M., Kijima, F., et al. (1999) Evidence for autoregulation of cystathionine gamma-synthase mRNA stability in Arabidopsis. Science 286, 1371–1374.

Christen, P. & Mehta, P.K. (2001) From cofactor to enzymes. The molecular evolution of pyridoxal-5′-phosphate-dependent enzymes. Chemical Record 1, 436–447.

Cornell, K.A., Winter, R.W., Tower, P.A., et al. (1996) Affinity purification of 5-methylthioribose kinase and 5-methylthioadenosine/S-adenosylhomocysteine nucleosidase from Klebsiella pneumoniae. Biochemical Journal 317, 285–290.

Curien, G., Job, D., Douce R., et al. (1998) Allosteric activation of Arabidopsis threonine synthase by S-adenosylmethionine. Biochemistry 37, 13212-13221.

Dai, Y., Pochapsky, T.C. and Abeles, R.H. (2001) Mechanistic studies of two dioxygenases in the methionine salvage pathway of Klebsiella pneumoniae. Biochemistry 40, 6379–6387.

Dai Y., Wensink, P.C. and Abeles, R.H. (1999) One protein, two enzymes. Journal of Biological Chemistry 274, 1193–1195.

Dancer, J.E., Hughes, R.G. and Lindell, S.D. (1997) Adenosine-5′-phosphate deaminase: a novel herbicide target. Plant Physiology 114, 119–129.

De Laat, A.M.M. and Van Loon, L.C. (1982) Regulation of ethylene biosynthesis in virus-infected tobacco leaves. II. Time course of levels of intermediates and in vivo conversion rates. Plant Physiology 69, 240–245.

Della Ragione, F., Porcelli, M., Cartenì-Farina, M., et al. (1985) Escherichia coli S-adenosylhomocysteine/5′-methylthioadenosine nucleosidase. Biochemical Journal 232, 335–341.

Dodd, W.A. and Cossins, E.A. (1970) Homocysteine-dependent transmethylases catalyzing the synthesis of methionine in germinating pea seeds. Biochimica et Biophysica Acta 201, 461–470.

Droux, M., Ravanel, S. and Douce, R. (1995) Methionine biosynthesis in higher plants II. Purification and characterisation of cystathionine β-lyase from spinach chloroplasts. Archives of Biochemistry and Biophysics 316, 585–595.

Eckermann, C., Eichel, J. and Schröder, J. (2000) Plant methionine synthase: new insights into properties and expression. Biological Chemistry 381, 695–703.

Edwards, R. (1996) S-adenosyl-L-methionine metabolism in alfalfa cell cultures following treatment with fungal elicitors. Phytochemistry 43, 1163–1169.

Effmert, U., Dinse, C. and Piechulla, B. (2008) Influence of green leaf herbivory by Manduca sexta on floral volatile emission by Nicotiana suaveolens. Plant Physiology 146, 1996–2007.

Effmert, U., Saschenbrecker, S., Ross, J., et al. (2005) Floral benzenoid carboxyl methyltransferases: from in vitro to in planta function. Phytochemistry 66, 1211–1230.

Eichel, J., González, J.C., Hotze, M., et al. (1995) Vitamin-B12-independent methionine synthase from a higher plant (Catharanthus roseus). Molecular characterization, regulation, heterologous expression, and enzyme properties. European Journal of Biochemistry 230, 1053–1058.

Espartero, J., Pintor-Toro, J.A. and Pardo, J.M. (1994) Differential accumulation of S-adenosylmethionine synthetase transcripts in response to salt stress. Plant Molecular Biology 25, 217–227.

Ferro, M., Salvi, D., Riviere-Rolland, H., et al. (2002) Integral membrane proteins of the chloroplast envelope: identification and subcellular localization of new transporters. Proceedings of the National Academy of Science USA 99, 11487–11492.

Frick, S., Ounaroon, A. and Kutchan, T.M. (2001) Combinatorial biochemistry in plants: the case of O-methyltransferases. Phytochemistry 56, 1–4.

Gakière, B., Ravanel, S., Droux, M., et al. (2000) Mechanisms to account for maintenance of the soluble methionine pool in transgenic Arabidopsis plants expressing antisense cystathionine gamma-synthase cDNA. Comptes Rendus de l’Académie des Sciences - Series III - Sciences de la Vie 323, 841–851.

Gakière, B., Denis, L., Droux, M., et al. (2002) Over-expression of cystathionine γ-synthase in Arabidopsis thaliana leads to increased levels of methionine and S-methylmethionine. Plant Physiology and Biochemistry 40, 119–126.

Giovanelli, J., Mudd, S.H. and Datko, A.H. (1985) Quantitative analysis of pathways of methionine metabolism and their regulation in Lemna. Plant Physiology 78, 555–560.

Gómez-Gómez, L. and Carrasco, P. (1996) Hormonal regulation of S-adenosylmethionine synthase transcripts in pea ovaries. Plant Molecular Biology 30, 821–832.

Gómez-Gómez, L. and Carrasco, P. (1998) Differential expression of the S-adenosyl-L-methionine synthase genes during pea development. Plant Physiology 117, 397–405.

Goyer, A., Collakova, E., Shachar-Hill, Y., et al. (2007) Functional characterization of a methionine γ-lyase in Arabidopsis and its implication in an alternative to the reverse trans-sulfuration pathway. Plant and Cell Physiology 48, 232–242.

Graser, G. and Hartmann, T. (2000) Biosynthesis of spermidine, a direct precursor of pyrrolizidine alkaloids in root cultures of Senecio vulgaris L. Planta 211, 239–245.

Guranowski, A. (1983) Plant 5-methylthioribose kinase: properties of the partially purified enzyme from yellow lupin (Lupinus luteus L.) seeds. Plant Physiology 71, 932–935.

Guranowski, A., Chiang, P.K. and Cantoni, G.L. (1981) 5′-Methylthioadenosine nucleosidase: purification and characterization of the enzyme from Lupinus luteus seeds. European Journal of Biochemistry 114, 293–299.

Guranowski, A. and Pawelkiewicz, J. (1977) Adenosylhomocysteinase from yellow lupin seeds. Purification and properties. European Journal of Biochemistry 80, 517–523.

Hacham, Y., Schuster, G. and Amir, R. (2006) An in vivo internal deletion in the N-terminus region of Arabidopsis cystathionine gamma-synthase results in CGS expression that is insensitive to methionine. Plant Journal 45, 955–967.

Halaseh, A., Nigam, S.N. and McConnell, W.B. (1977) Biosynthesis and metabolism of cystathionine in Astragalus pectinatus. Biochimica et Biophysica Acta 496, 272–277.

Hanson, A.D., Rivoal, J., Paquet, L., et al. (1994) Biosynthesis of 3-dimethylsulfoniopropionate in Wollastonia biflora (L.) DC. Evidence that S-methylmethionine is an intermediate. Plant Physiology 105, 103–110.

Haraguchi, Y., Kadokura, Y., Nakamoto, M., et al. (2008) Ribosome stacking defines CGS1 mRNA degradation sites during nascent peptide-mediated translation arrest. Plant and Cell Physiology 49, 314–323.

Hell, R. and Stephan, U.W. (2003) Iron uptake, trafficking and homeostasis in plants. Planta 216, 541–551.

Hesse, H., Basner, A., Willmitzer, L., et al. (1999) Cloning and characterisation of a cDNA (accession no. AF082892) encoding a second cystathionine γ-synthase in potato (Solanum tuberosum L.). Plant Physiology 121, 1057.

Hyodo, H. and Tanaka, K. (1986) Inhibition of 1-aminocyclopropane-1-carboxylic acid synthase activity by polyamines, their related compounds and metabolites of S-adenosylmethionine. Plant and Cell Physiology 27, 391–398.

Ibar, C. and Orellana, A. (2007) The import of S-adenosylmethionine into the Golgi apparatus is required for the methylation of homogalacturonan. Plant Physiology 145, 504–512.

Inaba, K., Fujiwara, T., Hayashi, H., et al. (1994) Isolation of an Arabidopsis thaliana mutant, mto1, that overaccumulates soluble methionine (temporal and spatial patterns of soluble methionine accumulation). Plant Physiology 104, 881–887.

Isegawa, Y., Watanabe, F., Kitaoka, S., et al. (1994) Subcellular distribution of cobalamin-dependent methionine synthase in Euglena gracilis Z. Phytochemistry 35, 59–61.

Kakehi, J., Kuwashiro, Y., Niitsu, M., et al. (2008) Thermospermine is required for stem elongation in Arabidopsis thaliana. Plant and Cell Physiology 49, 1342–1349.

Katz, Y.S., Galili, G. and Amir, R. (2006) Regulatory role of cystathionine-gamma-synthase and de novo synthesis of methionine in ethylene production during tomato fruit ripening. Plant Molecular Biology 61, 255–268.

Kim, J., Lee, M., Chalam, R., et al. (2002) Constitutive overexpression of cystathionine gamma-synthase in Arabidopsis leads to accumulation of soluble methionine and S-methylmethionine. Plant Physiology 128, 95–107.

Kobayashi, M., Suzuki, H., Inoue, R.N., et al. (2005) Expression of iron-acquisition-related genes in iron-deficient rice is co-ordinately induced by partially conserved iron-deficient-responsive elements. Journal of Experimental Botany 56, 1305–1316.

Kocsis, M.G., Nolte, K.D., Rhodes, D. et al. (1998) Dimethylsulfoniopropionate biosynthesis in Spartina alterniflora. Evidence that S-methylmethionine and dimethylsulfoniopropylamine are intermediates. Plant Physiology 117, 273–281.

Kocsis, M.G., Ranocha, P., Gage, D.A., et al. (2003) Insertional inactivation of the methionine S-methyltransferase gene eliminates the S-methylmethionine cycle and increases the methylation ratio. Plant Physiology 131, 1808–1815.

Kreft, B.D., Townsend, A., Pohlenz, H.D., et al. (1994) Purification and properties of cystathionine [gamma]-synthase from wheat (Triticum aestivum L.). Plant Physiology 104, 1215–1220.

Ku, S.Y., Yip, P., Cornell, K.A., et al. (2004) Crystallization and preliminary X-ray analysis of 5′-methylthioribose kinase from Bacillus subtilis and Arabidopsis thaliana. Acta Crystallographica Section D Biological Crystallography 60, 116–119.

Kushad, M.M., Richardson, D.G. and Ferro, A.J. (1985) 5′-methylthio-adenosine nucleosidase and 5′-methylthioribose kinase activities and ethylene production during tomato fruit development and ripening. Plant Physiology 79, 525–529.

Kushad, M.M., Yelenosky, G. and Knight, R. (1988) Interrelationship of polyamine and ethylene biosynthesis during avocado fruit development and ripening. Plant Physiology 87, 463–467.

Laber, B., Maurer, W., Hanke, C., et al. (1999) Characterization of recombinant Arabidopsis thaliana threonine synthase. European Journal of Biochemistry 263, 212–221.

Lee, M., Huang, T., Toro-Ramos, T., et al. (2008) Reduced activity of Arabidopsis thaliana HMT2, a methionine biosynthetic enzyme, increases seed methionine content. Plant Journal 54, 310–320.

Li, C.H., Yu, N., Jiang, S.M., et al. (2008) Down-regulation of S-adenosyl-L-homocysteine hydrolase reveals a role of cytokinin in promoting transmethylation reactions. Planta 228, 125–136.

Lin, T., He, X., Yang, L., et al. (2005) Identification and characterization of a novel water-deficit-suppressed gene OsARD encoding an aci-reductone-dioxygenase-like protein in rice. Gene 360, 27–34.

Lindermayr, C., Saalbach, G., Bahnweg, G., et al. (2006) Differential inhibition of Arabidopsis methionine adenosyltransferases by protein S-nitrosylation. Journal of Biological Chemistry 281, 4285–4291.

Lindroth, A.M., Saarikoski, P., Flygh, G., et al. (2001) Two S-adenosylmethionine synthetase-encoding genes differentially expressed during adventitious root development in Pinus contorta. Plant Molecular Biology 46, 335–346.

Llop-Tous, I., Barry, C.S. and Grierson, D. (2000) Regulation of ethylene biosynthesis in response to pollination in tomato flowers. Plant Physiology 123, 971–978.

Lyi, S.M., Heller, L.I., Rutzke, M., et al. (2005) Molecular and biochemical characterization of the selenocysteine Se-methyltransferase gene and Se-methylselenocysteine synthesis in broccoli. Plant Physiology 138, 409–420.

Lyi, S.M., Zhou, X., Kochian, L.V., et al. (2007) Biochemical and molecular characterization of the homocysteine S-methyltransferase from broccoli (Brassica oleracea var. italica). Phytochemistry 68, 1112–1119.

Maimann, S., Hoefgen, R. and Hesse, H. (2001) Enhanced cystathionine beta-lyase activity in transgenic potato plants does not force metabolite flow towards methionine. Planta 214, 163–170.

Malin, G. (1996) The role of DMSP and DMS in the global sulfur cycle and climate regulation. In: Kiene, R.P., et al. (eds) Biological Environmental Chemistry of DMSP and Related Sulfonium Compounds, Plenum Press, New York, 177–190.

Martin, J.L. and McMillan, F.M. (2002) SAM (dependent) I AM: the S-adenosylmethionine-dependent methyltransferase fold. Current Opinion in Structural Biology 12, 783–793. Erratum in: Current Opinion in Structural Biology 2003 13, 142.

Mas-Droux, C., Biou, V. and Dumas, R. (2006) Allosteric threonine synthase. Reorganization of the pyridoxal phosphate site upon asymmetric activation through S-adenosylmethionine binding to a novel site. Journal of Biological Chemistry 281, 5188–5196.

Mathur, M. and Sachar, R.C. (1991) Phytohormonal regulation of S-adenosylmethionine synthetase and S-adenosylmethionine levels in dwarf pea epicotyls. FEBS Letters 287, 113–117.

Miyazaki, J.H. and Yang, S.F. (1987a) The methionine salvage pathway in relation to ethylene and polyamine biosynthesis. Physiologia Plantarum 69, 366–370.

Miyazaki, J.H. and Yang, S.F. (1987b) Inhibition of the methionine cycle enzymes. Phytochemistry 26, 2655–2660.

Moffatt, B.A., Stevens, Y.Y., Allen, M.S., et al. (2002) Adenosine kinase deficiency is associated with developmental abnormalities and reduced transmethylation. Plant Physiology 128, 812–821.

Moffatt, B.A., Wang, L., Allen, M., et al. (2000) Adenosine kinase of Arabidopsis thaliana: kinetic properties and gene expression. Plant Physiology 124, 1775–1785.

Mori, S. and Nishizawa, K. (1987) Methionine as a dominant precursor of phytosiderophores in Graminaceae plants. Plant and Cell Physiology 28, 1081–1092.

Mudd, S.H. and Datko, A.H. (1990) The S-methylmethionine cycle in Lemna paucicostata. Plant Physiology 93, 623–630.

Negre, F., Kish, C.M., Boatright, J., et al. (2003) Regulation of methylbenzoate emission after pollination in snapdragon and petunia flowers. Plant Cell 15, 2992–3006.

Ney, K.H. and Freytag, W. (1972) Dimethyl sulfide as an essential component of asparagus flavor. Volatile components of boiled asparagus. Zeitschrift für Lebensmittel Untersuchung und Forschung 149, 154–155.

Nikiforova, V., Kempa, S., Zeh, M., et al. (2002) Engineering of cysteine and methionine biosynthesis in potato. Amino Acids 22, 259–278.

Oh, S.I., Park, J., Yoon, S., et al. (2008) The Arabidopsis calcium sensor calcineurin B like 3 inhibits the 5′-methylthioadenosine nucleosidase in a calcium-dependent manner. Plant Physiology 148, 1883–1896.

Ominato, K., Akita, H., Suzuki, A., et al. (2002) Identification of a short highly conserved amino acid sequence as the functional region required for posttranscriptional autoregulation of the cystathionine gamma-synthase gene in Arabidopsis. Journal of Biological Chemistry 277, 36380–36386.

Onouchi, H., Lambein, I., Sakurai, R., et al. (2004) Autoregulation of the gene for cystathionine gamma-synthase in Arabidopsis: post-transcriptional regulation induced by S-adenosylmethionine. Biochemical Society Transactions 32, 597–600.

Onouchi, H., Nagami, Y., Haraguchi, Y., et al. (2005) Nascent peptide-mediated translation elongation arrest coupled with mRNA degradation in the CGS1 gene of Arabidopsis. Genes and Development 19, 1799–1810.

Palmieri, L., Arrigoni, R., Blanco, E., et al. (2006) Molecular identification of an Arabidopsis S-adenosylmethionine transporter. Analysis of organ distribution, bacterial expression, reconstitution into liposomes, and functional characterization. Plant Physiology 142, 855–865.

Pare, P.W. and Tumlinson, J.H. (1999) Plant volatiles as a defense against insect herbivores. Plant Physiology 121, 325–332.

Park, E.Y., Choi, W.S., Oh, S.I., et al. (2009) Biochemical and structural characterization of 5′-methylthioadenosine nucleosidases from Arabidopsis thaliana. Biochemical and Biophysical Research Communications 381, 619–624.

Peleman, J., Saito, K., Cottyn, B., et al. (1989) Structure and expression analyses of the S-adenosylmethionine synthetase gene family in Arabidopsis thaliana. Gene 84, 359–369.

Pereira, L.A., Todorova, M., Cai, X., et al. (2007) Methyl recycling activities are co-ordinately regulated during plant development. Journal of Experimental Botany 58, 1083–1098.

Pimenta, M.J., Kaneta, T., Larondelle, Y., et al. (1998) S-adenosyl-L-methionine:L-methionine S-methyltransferase from germinating barley. Purification and localization. Plant Physiology 118, 431–438.

Pochapsky, T.C., Pochapsky, S.S., Ju, T., et al. (2002) Modeling and experiment yields the structure of acireductone dioxygenase from Klebsiella pneumoniae. Nature Structural Biology 9, 966–972.

Pommerrenig, B., Feussner, K., Zierer, W., et al. (2011) Phloem-specific expression of Yang cycle genes and identification of novel Yang cycle enzymes in Plantago and Arabidopsis. Plant Cell 23, 1904--1919.

Poulton, J.E. (1981) Transmethylation and demethylation reactions in the metabolism of secondary plant products. In: Conn, E.E. (ed.) The Biochemistry of Plants, vol. 7. Academic Press Inc., New York, pp. 667–723.

Poulton, J.E. and Butt, V.S. (1975) Purification and properties of S-adenosyl-L-methionine: caffeic acid O-methyltransferase from leaves of spinach beet (Beta vulgaris L.). Biochimica et Biophysica Acta 403, 301–314.

Ranocha, P., Bourgis, F., Ziemak, M.J., et al. (2000) Characterization and functional expression of cDNAs encoding methionine-sensitive and -insensitive homocysteine S-methyltransferases from Arabidopsis. Journal of Biological Chemistry 275, 15962–15968.

Ranocha, P., McNeil, S.D., Ziemak, M.J., et al. (2001) The S-methylmethionine cycle in angiosperms: ubiquity, antiquity and activity. Plant Journal 25, 575–584.

Ravanel, S., Block, M.A., Rippert, P., et al. (2004) Methionine metabolism in plants: chloroplasts are autonomous for de novo methionine synthesis and can import S-adenosylmethionine from the cytosol. Journal of Biological Chemistry 279, 22548–22557.

Ravanel, S., Gakière, B., Job, D., et al. (1998) The specific features of methionine biosynthesis and metabolism in plants. Proceedings of the National Academy of Science USA 95, 7805–7812.

Ravanel, S., Ruffet, M.L. and Douce, R. (1995) Purification and properties of cystathionine beta-lyase from Arabidopsis thaliana overexpressed in Escherichia coli. Plant Molecular Biology 29, 875–882.

Rhodes, D., Gage, D.A., Cooper, A.J.L., et al. (1997) S-Methylmethionine conversion to dimethylsulfoniopropionate: evidence for an unusual transamination reaction. Plant Physiology 115, 1541–1548.

Riedel, K., Mangelsdorf, C., Streber, W., et al. (1999) Cloning and characterization of cystathionine γ-synthase from Solanum tuberosum L. Plant Biology 1, 638–644.

Rocha, P.S., Sheikh, M., Melchiorre, R., et al. (2005) The Arabidopsis HOMOLOGY-DEPENDENT GENE SILENCING1 gene codes for an S-adenosyl-L-homocysteine hydrolase required for DNA methylation-dependent gene silencing. Plant Cell 17, 404–417.

Rodriguez-Garay, B., Phillips, G.C. and Kuehn, G.D. (1989) Detection of norspermidine and norspermine in Medicago sativa L. (alfalfa). Plant Physiology 89, 525–529.

Roeder, S., Dreschler, K., Wirtz, M., et al. (2009) SAM levels, gene expression of SAM synthetase, methionine synthase and ACC oxidase, and ethylene emission from N. suaveolens flowers. Plant Molecular Biology 70, 535–546.

Roje, S., Wang, H., McNeil, S.D., et al. (1999) Isolation, characterization, and functional expression of cDNAs encoding NADH-dependent methylenetetrahydrofolate reductase from higher plants. Journal of Biological Chemistry 274, 36089–36096.

Rzewuski, G., Cornell, K.A., Rooney, L., et al. (2007) OsMTN encodes a 5′-methylthioadenosine nucleosidase that is up-regulated during submergence-induced ethylene synthesis in rice (Oryza sativa L.). Journal of Experimental Botany 58, 1505–1514.

Saftner, R.A. and Baldi, B.G. (1990) Polyamine levels and tomato fruit development: possible interaction with ethylene. Plant Physiology 92, 547–550.

Saini, H.S., Attieh, J.M. and Hanson, A.D. (1995) Biosynthesis of halomethanes and methanethiol by higher plants via a novel methyltransferase reaction. Plant and Cell Environment 18, 1027–1033.

Sánchez-Aguayo, I., Rodríguez-Galán, J.M., García R., et al. (2004) Salt stress enhances xylem development and expression of S-adenosyl-L-methionine synthase in lignifying tissues of tomato plants. Planta 220, 278–285.

Sauter, M., Cornell, K.A., Beszteri, S., et al. (2004) Functional analysis of methylthioribose kinase genes in plants. Plant Physiology 136, 4061–4071.

Sauter, M., Lorbiecke, R., OuYang, B., et al. (2005) The immediate-early ethylene response gene OsARD1 encodes an acireductone dioxygenase involved in recycling of the ethylene precursor S-adenosylmethionine. Plant Journal 44, 718–729.

Scherb, J., Kreissl, J., Haupt, S., et al. (2009) Quantitation of S-methylmethionine in raw vegetables and green malt by a stable isotope dilution assay using LC-MS/MS: comparison with dimethyl sulfide formation after heat treatment. Journal of Agricultural and Food Chemistry 57, 9091–9096.

Schlenk, F. (1983) Methylthioadenosine. Advances in Enzymology and Related Areas of Molecular Biology 54, 195–265.

Schmidt, A., Rennenberg, H. and Filner, L.G. (1985) Formation of methanethiol from methionine by leaf tissue. Phytochemistry 24, 1181–1185.

Schröder, G., Eichel, J., Breinig, S., et al. (1997) Three differentially expressed S-adenosylmethionine synthetases from Catharanthus roseus: molecular and functional characterization. Plant Molecular Biology 33, 211–222.

Schwenn, J.D., Schriek, U. and Kiltz, H.H. (1983) Dissimilation of methionine in cell suspension cultures from Catharanthus roseus L. Planta 158, 540–549.

Seo, H.S., Song, J.T., Cheong, J.J., et al. (2001) Jasmonic acid carboxyl methyltransferase: a key enzyme for jasmonate-regulated plant responses. Proceedings of the National Academy of Science USA 98, 4788–4793.

Shen, B., Li, C. and Tarczynski, M.C. (2002) High free-methionine and decreased lignin content result from a mutation in the Arabidopsis S-adenosyl-L-methionine synthetase 3 gene. Plant Journal 29, 371–380.

Siu, K.K.W., Asmus, K., Zhang, A.N., et al. (2011) Mechanism of substrate specificity in 5′-methylthioadenosine/S-adenosylhomocysteine nucleosidases. Journal of Structural Biology 173, 86–98.

Siu, K.K.W., Lee, J.E., Sufrin, J.R., et al. (2008) Molecular determinants of substrate specificity in plant 5′-methylthioadenosine nucleosidase. Journal of Molecular Biology 378, 112–128.

Stepkowski, T., Brzezinski, K., Legocki, A.B., et al. (2005) Bayesian phylogenetic analysis reveals two-domain topology of S-adenosylhomocysteine hydrolase protein sequences. Molecular Phylogenetics and Evolution 43, 15–28.

Suzuki, A., Shirata, Y., Ishida, H., et al. (2001) The first exon coding region of cystathionine-γ-synthase gene is necessary and sufficient for downregulation of its own mRNA accumulation in transgenic Arabidopsis thaliana. Plant and Cell Physiology 42, 1174–1180.

Tabuchi, T., Kawaguchi, Y., Azuma, T., et al. (2005) Similar regulation patterns of choline monooxygenase, phosphoethanolamine N-methyltransferase and S-adenosyl-L-methionine synthetase in leaves of the halophyte Atriplex nummularia L. Plant and Cell Physiology 46, 505–513.

Tagmount, A., Berken, A. and Terry, N. (2002) An essential role of S-adenosyl-L-methionine:L-methionine S-methyltransferase in selenium volatilization by plants. Methylation of selenomethionine to selenium-methyl-L-selenium-methionine, the precursor of volatile selenium. Plant Physiology 130, 847–856.

Takahashi M., Terada Y., Nakai I., et al. (2003) Role of nicotianamine in the intracellular delivery of metals and plant reproductive development. Plant Cell 15, 1263–1280.

Tanaka, H., Masuta, C., Uehara, K., et al. (1997) Morphological changes and hypomethylation of DNA in transgenic tobacco expressing antisense RNA of the S-adenosyl-L-homocysteine hydrolase gene. Plant Molecular Biology 35, 981–986.

Thompson, G.A., Datko, A.H., Mudd, S.H., et al. (1982) Methionine biosynthesis in Lemna. Studies on the regulation of cystathionine γ-synthase, O-phosphohomoserine sulphhydrolase, and O-acetylserine sulphhydrolase. Plant Physiology 69, 1077–1083.

Van Breusegem, F., Dekeyser, R., Gielen, J., et al. (1994) Characterization of a S-adenosylmethionine synthase gene in rice. Plant Physiology 105, 1463–1464.

Vermeij, P. and Kertesz, M.A. (1999) Pathways of assimilative sulfur metabolism in Pseudomonas putida. Journal of Baceriology 181, 5833–5837.

Vinci, C.R. and Clarke, S.G. (2007) Recognition of age-damaged (R,S)AdoMet by two methyltransferases in the yeast Saccharomyces cerevisiae. Journal of Biological Chemistry 282, 8604–8612.

Wallsgrove, R.M., Lea, P.J. and Miflin, B.J. (1983) Intracellular localization of aspartate kinase and the enzymes of threonine and methionine biosynthesis in green leaves. Plant Physiology 71, 780–784.

Wang, S.Y., Adams, D.O. and Lieberman, M. (1982) Recycling of 5′-methylthioadenosine-ribose carbon atoms into methionine in tomato tissue in higher plants. Plant Physiology 70, 117–121.

Wasternack, C., Guranowski, A., Glund, K., et al. (1985) Subcellular localization of some purine-metabolizing enzymes in tomato (Lycopesicon esculentum) cells grown in suspension. Journal of Plant Physiology 120, 19–28.

Weretilnyk, E.A., Alexander, K.J., Drebenstedt, M., et al. (2001) Maintaining methylation activities during salt stress. The involvement of adenosine kinase. Plant Physiology 125, 856–865.

Whittaker, D.J., Smith, G.S. and Gardner, R.C. (1997) Expression of ethylene biosynthetic genes in Actinidia chinensis fruit. Plant Molecular Biology 34, 45–55.

Woeste, K.E., Ye, C. and Kieber, J.J. (1999) Two Arabidopsis mutants that overproduce ethylene are affected in the posttranscriptional regulation of 1-aminocyclopropane-1-carboxylic acid synthase. Plant Physiology 119, 521–529.

Wray, J.W. and Abeles, R.H. (1993) A bacterial enzyme that catalyzes formation of carbon monoxide. Journal of Biological Chemistry 268, 21466–21469.

Yamaguchi, H., Nakanishi, H., Nishizawa, N.K., et al. (1999) Induction of the IDI1 gene in Fe-deficient barley roots: a gene encoding a putative enzyme that catalyses the methionine salvage pathway for phytosiderophore production. Soil Science and Plant Nutrition 46, 1–6.

Yang, S.F. and Hoffman, N.E. (1984) Ethylene biosynthesis and its regulation in higher plants. Annual Review of Plant Physiology 35, 155–189.

Yu, Y.B. and Yang, S.F. (1979) Auxin-induced ethylene production and its inhibition by aminoethoxyvinylglycine and cobalt ion. Plant Physiology 64, 1074–1077.

Zeh, M., Casazza, A.P., Kreft, O., et al. (2001) Antisense inhibition of threonine synthase leads to high methionine content in transgenic potato plants. Plant Physiology 127, 792–802.

Zeh, M., Leggewie, G., Hoefgen, R., et al. (2002) Cloning and characterization of a cDNA encoding a cobalamin-independent methionine synthase from potato (Solanum tuberosum L.). Plant Molecular Biology 48, 255–265.

Zhang, X., Yazaki, J., Sundaresan, A., et al. (2006) Genome-wide high-resolution mapping and functional analysis of DNA methylation in Arabidopsis. Cell 126, 1189–1201.






End of sample




    To search for additional titles please go to 

    
    http://search.overdrive.com.   


OEBPS/images/nffirsg001.jpg
WWILEY-BLACKWELL

A John Wiley & Sons, Ltd., Publication





OEBPS/images/plt002.jpg
. 6 88

Type-t ™ T
Type-2 "~ I
Tvee:s T "

+ COPK phosphorylation site
* MAPK phosphorylation site
19 TOE domain

W Catalytic domain





OEBPS/images/plt001.jpg





OEBPS/images/nc03f002.jpg
Tyee-1 T~ |
Type-2 17—
Type-3 17 I

* CDPK phosphorylation site

* MAPK phosphorylation site
TOE domain

W Catalytic domain





OEBPS/images/plt004.jpg
State 1 State 2 State 3

Air Ethylene bond Ethylene bond
transmitter on transmitter on transmitter oft
N N N NN

p 8 [
e = Il = ER membrane
S A
C'E °'° '®
Key
Cufl)ion M Transmitter off required region
- cinyens

@ Tansmiter o required region

| cunyenyiene-ining pocet






OEBPS/images/plt003.jpg
Wounding, stress___, mapKs/
and pathogens. oK

\70.70.70.  Degraded by
T i aeone

Type-1 ACS proteins

Stable

Type -2 ACS proteins

Degraded by 265 proteasome






OEBPS/images/nc04f001.jpg
Asp
His | OH,
NP R
Fel

His 7 | NoH,
OH

dehydroascorbate

H,C = CH,
2 H,0, HCN, CO,

[
Acc ‘ =
o
~ N
P ‘ N
H,
)
>< K
ascorbate





OEBPS/images/plt006.jpg
(a) WT ctr1 ein2 (b)

air

ethylene






OEBPS/images/nc03f003.jpg
Type-1ACS proteins

Wounding, stress MAPKE/
and pathogens. oPK
PO, PO, PO, Degraded by
PO oo

Stable

Type-2 ACS proteins

T
X eto2, eto3

coPK? Cytokinin """
anslnommlds

|Im

_s-

Stable sm

4

Degraded by 265 proteasome






OEBPS/images/plt005.jpg
AR CHy

Ethylene
receptors

MAPKKK

NRAMP If Inhibit ethylene
metal responses
ransporter

factors

ERF
anscription
factors

Il
";st:f,f;ﬁ ‘Synthesis





OEBPS/images/nc05f001.jpg
;Downstream __ Ethylene
components . responses

Ethylene ——Receptors CTR1





OEBPS/images/plt008.jpg
prrjelasnme
pro‘easome
2

Protein

Cytosol
.
/Nucleus





OEBPS/images/nc04f002.jpg
Asp
Hisn | O ACC +
Fet 0,

] UHZ\
& OH
(Ascorbate) o A]sp
5 Srl®
SN Fe
Asp o o Pe 1 \N

i Silad Ane b
active) 7 | N
OH oy H,C=CH,
I
oc\\o CO, HCN

Ascorbate)

Yo
H* (ACCO or
o o

|






OEBPS/images/plt007.jpg
Ethylene O

N
ER
Cytoplasm
ETR1
?
C
CTR1 ' PA?
14-3-3?
? | MAPKK?
Ethylene Ethylene
responses responses

OFF ON





OEBPS/images/nc05f003.jpg
State 1 State 2 State 3

A Ethylene bond Ethyleno bond
transmitter on ransmitter on ransmitter oft
N - NN ERlumen
R R
= ER membrane
Cytosol
G B G t&
Koy
Cufhion M Transmitter of required region
- iyien
@ Transmiter on requied region
| cutyenyine binding pocket






OEBPS/images/9781118223116_epub_title.jpg
ANNUAL PLANT REVIEWS
VOLUME 44

The Plant Hormone Ethylene

Edited by
Michael T. McManus

Institute of Molecular Biosciences
Massey University
New Zealand

Annual

Plant

Reviews

$WILEY-BLACKWELL

it Woiomiciaan ks it






OEBPS/images/nc05f002.jpg
AERS1
AETR1
PpETR6
PpETR3
PPETR1
PpETR7
OSERS2
OSERS1

PPETRS
E— 2 Y

OSETR4
E OSETR2
OSETR3

PpETR2

AMEINA
AERS2
METR2

s

SsSLR1212





OEBPS/images/plt009.jpg
oM

ERF1
il
i
7 |5pom,1h
L} m20ppm. 2
5
o5 4
3
2
1
o
col mkko

1M






OEBPS/images/nc01f001.jpg
| sAmsynthetase | [ AcCsynthase | [ ACCoxidase |
Met SAM ACC Ethylene

Methionine Sadenosyl methionine Laminocyclopropane
for s-AdoMet) Larbonylcacd

Ethylene production has been inhibited genetically in transgenic plants by:

« silencing ACC synthase (ACS) using sense, antisense
lencing ACC oxidase (ACO) | or RNAi gene constructs
« depleting endogenous ACC by overexpressing a bacterial ACC deaminase

Inactivating fruit ripening regulator genes:

* RIN (controls ACS2)
« HB1 (controls ACO1)






OEBPS/images/nc06f001.jpg
WT ctr1 ein2

ethylene






OEBPS/images/nc01f002.jpg
— Ethylenebindsto | * Multiple receptors

Endopiasic retieaum ¥ [
other membranes?

receptors

« Multiple ERF transcription factors.

* Many genes regulated by the signalling
network

« Additional receptor-interacting
proteins

* Multiple CTRs?

nucleus

N
ERF transcription
factors

New genes expressed
Abscission, flowering, senescence,

ripening, responses to pathogens and

abiotic stress, etc.






OEBPS/images/nc05f004.jpg
AR

@ =t RTED
— TH TR == A | i
e

Etyions )

receptors. ETR2 s

o D)
Naavp = It ayino

metl rerowe responses
wansportr

EINSEIL Synthesis
i @

factors

ERF
vanscription
factors

!

- ——





OEBPS/images/nc01f003.jpg





OEBPS/images/nc02f001.jpg
Aspartate
£ ysine
Homoserine

Plastid

s
OPHS ——Threonine

oy cas i

* Cystathionine  Isoleucine
Jost

Hey

50,2 50,

Mitochondria

|
Methanethiol 1\, Hoy¢—— saH
v ms), s ’T
MaNly! ,






OEBPS/images/nc06f002.jpg
EINY/ _, erpq — Ethylene

CaHy — Receptors —» CTR1 —| EIN2 — % response





OEBPS/images/nc02f002.jpg
- ATP -
Met PP+P, )/ fene
H,PleGIu3 - Polyamines
CH,—H,PteGlu3 i MMT
ms SMM sam”
Hey
Acceptor
PRR— . Acceptor-CHy

SAHH
SAH
ADP v-}{nx

AMP H0





OEBPS/images/nc02f003.jpg
Transaminase
p—
Methyithiopropionate Fe-ARD)y V1> Met

ATP
PP+ P,
Ni-ARD SAMS
Formate

co SAMDC _~ SAM yas
Nicotianamine

Formate

Acireductone

dSAM
Putrescine ACC
Dehydratase/ SPDS
acs S
Enolase/ Spermidine Ethylene
Phosphatase SPMS. 4
Spermine MTA
Isomerase)
MTR-P A/Q""
'?-Y_. MTR

Ade
app | MTK
ATP





OEBPS/images/nc02f004.jpg





OEBPS/images/nc03f001.jpg
Methionine

e I
o ey
]
. s
Arginine Lt
avginine S-adenosylmethionine
Lzl b - (AdoMet SAM) ney
Agmatine  omithine 3 T
j s | e e "iaminocyclopropane-
] 1-carboxylic acid (ACC)

. Grgado
N-carbamoylputrescine——  Putrescine

T T———
spermidine swmbitor
Methithiosdencsine mihese Ethylene

Sado Secaonpated
CHys-ad Spermidine
N CH,CH, CH, NN CH, O, CHy oy v o,y
i
andado

Methyithioadenosine
CHySAdo

Spermine

N, C N €1, CH,CH,CH,NH i, G, G, N,





OEBPS/images/plt011a.jpg
@
Differentiation zone
Elongation zone
Meristematic zone
PIN2
AUXt E
Ethyine — > AS Root cap

[ Lateral oot cap.
Bl Epidermis





OEBPS/images/ecidile.jpg





OEBPS/images/plt010.jpg





OEBPS/images/nacute.jpg
n





OEBPS/images/plt012a.jpg
10-uM ACC






OEBPS/images/plt011b.jpg





OEBPS/images/nc06f004.jpg
AICTR1
RCTR1
f——PtcTRY
LeCTR3
CsCTR1
——LeCTR4.
L—— LecTR1
4 ————— OsCTR1

i
E] ZnCTRY

0OsCTRz
—w: SECTRI
L ocme

o— ATAG24480
OsCTR3

10 Atg18160
E— N i
% [ AT5G11850

OSEDR1
AEDR1

L i
RhCTR2

Raf-1





OEBPS/images/plt013.jpg
Hormonal signals

Old leaf

llllllllllllll

Senescence






OEBPS/images/nc06f003.jpg
oN box]

—

1
—

Kinas domain

Regulatory domain





OEBPS/images/plt012b.jpg
(b) Ethylene

| |

|
[
¥ vy

Higher auxin levels Localized auxin influx Localized auxin efflux
Auxin gradient

e

Differental elongation
hook curvature

v

Enhanced curvalure





OEBPS/images/nc07f001.jpg
Protein
kinases?

Cytosol
. EBF '\
/Nucleu





OEBPS/images/plt015.jpg
wcsam \SR





OEBPS/images/nc06f005.jpg
Ethylene O

N
ER

Cytoplasm

PP2A
subunit? ?
J i @ PA?
14-3-3?
? | MAPKK?
Ethylene Ethylene
responses responses

OFF ON





OEBPS/images/plt014.jpg
G

S

Hyaloperonospora Botrytis cinerea Pseudomonas syringae
arabidopsidis
biotroph necrotroph hemi-biotroph






OEBPS/images/nc07f003.jpg





OEBPS/images/plt017.jpg





OEBPS/images/nc07f002.jpg
ouM

ERF1
9
s
7 W5ppm,1h
6 120 ppm, 21
5
osum 4
3
2
1
o
Col mkko

TuM






OEBPS/images/plt016.jpg





OEBPS/images/nc08f001.jpg
Light
Cold (stratification)

\/

ABA |——GA

N/

/ Ethylene «—
A /'

ROS,

radicle protrusion





OEBPS/images/nc07f004.jpg
M EIN3+Sucrose
SID2p m EIN3-Sucrose
W BL+Sucrose

W BL-Sucrose

EBSp

. T T —
[ 2 4 6
Fold activation (fLUC/UBQ10rLUC)





OEBPS/images/nc08f003.jpg
Enzymatic €T production

Non-enzymatic ET production

High embryo sensitivity to ET

‘Germination “sensu stricto™ Radicle protrusion  Growth





OEBPS/images/nc08f002.jpg
L-arginine ————i SAM

|

Polyamines
NOS-like ‘cc
/’> J ACO
Ethylene
N +ACC
~ W
ROS

Ethylene

transduction

pathway:

ETR1, ETR2, ERS1

ERFL

|

Ethylene-mediated germination

CTR1






OEBPS/images/plt018.jpg
Necrotrophic pathogen Biotrophic pathogen
Insect herbivore

= BN
% v

Repressor
ey —






OEBPS/images/table04002.gif
‘MR § F @ LEE'SE 0 AnBwandads sy [udonep Lq uonmumLaep S,

asepixo 50 o aepxoaues--suec ooy

(z002) wpion pue sux Tom b et ze w ot n iy peasg

0002) nueow pue SondBunedss  71Fol S8 sosel s
(0002) e pue Buoo, Sopdbwmed; [Fre si 5 966 anss o1 9AOD 2
(§660) WpoDpw opung 7 5 BwieN £06 £ sz any wdedeg
(s660) wol pwe woa-eiop 2 Bunexd '0ss. % o % svl u wueueg
Ges)o0bunmg oy unedoos  vEel  wN o e 10w  opy
Ga6) 0 ondna e d Bujerd ¢ 1oy o se o sl Lo Y oddy
©z661) 10 ® 24 1 B 555 N et se ol Lo wujoridy
Sunmpu Wi (o 6w/ (W L 3ovasas  pros wojost 2amos

e opads (ov) ssow






OEBPS/images/table03001.gif
‘aujuwads WS aulpiwiads ‘gds ‘supsannd Ing

S661 "isukzdey

Qds WW 1°0 18 3UON

Ywos
193/ ajop0st03 DLDUY

1861 ‘21uns WdS 0 QdS W 01~ | 18 aARBaN sje1ad oruoosaposL
0661 ‘0i2660y 3 ozeuLRy NS 0 QdS 1A 1 18 aATISOd 525 3] 10 Jea) Arewiud Ueagfos
1861 ‘3MNS  AdS 10 AdS ‘INd AW 01 18 aneBan aualpa PRINPUFVYI (paeiona) s1020dAy ueaghos
ep a1 ur auaify
1861 "1010 winegpdy NIS/QIdS I § 18 AAIRBIN PaINPUI-V) PI2® IMae-E-310pul So51p Jea) Ueaq o1l
2002 10 ds
€661 [0 12 INW §°0 40 INd W 01 1 JO NS 10
BUCA “L66L “/010 JWeiY  QdS I SZ'0 0 TN I | 12 SUON Uoney wnen 21y a1dc apoum
8861 "Wewoy 5 3y IS W 0L puE | 12 aAR6aN A (2 1y g
2861 1012 Suy-uag NS AW 0L-1 12 aAIRBON  S2inmieiadua) Uoeqnoul 1R os1p wj aiddy
1861 0 32 wneqpdy  WdS ‘QdS ‘INd AW 01-1 ¥ aAIRBIN s5p Wy ajddy
6861 ‘013660Y § 0ZeUUad  WdS ‘AdS W | PUB §Z°0 18 3ANISOd W61 g uf 03] 0220q0
Wep o Ul auakp
PaINPUK(IDV) PIoe AXOGIE
1861 ‘10 12 wineqpdy W 0L pue | 12 anieEaN Lauedoxdopooue: | ©91p Jea] 032001
dudiapey aaiebau /aapsod uoppuod wed Jued queig

‘2ualhy1a 4 139332 FuwLA|0d






OEBPS/images/nc09f001a.jpg
Differentiation zone

Elongation zone

Meristematic zone

PIN2
AUX1

Ethylene —> AS. Rootcap.

[ tateral root cap
W Epidermis





OEBPS/images/table12001.gif
Act Name. Publication Detection
22 €8P famly

Aicizes w21 Dong & i, 2010 '
ATICS910  Raba12 ° 12
ASCI0  RabseL Sonetal, 2010 T2
ATic16750 : i
ATICOIE  omss e tl, 2008 2
ATIC19210 i 3
AiCSoeto  ews Fumoto et 2000 3
ATIC71520 i 3
MG omwr - 3
AC7soR0 w24 Un etal, 2008 3
ABCI0 a2 Hinz et of, 2010 3
ADCISHO  Rapas/eRes Vang et 2004 3
ADCIE770  RAba3/Bp Sitner & Sngh, 1997 2
ADGSoje0  ERFII/CE Nakano st 2006 3
AcIs0 e Lorenzo etal, 2003 3
ATSCOT0  DRes2 Schamm et ., 2007 3
ATSCS1190 B 3
AsCens o Aukeman & Sal, 2003 2
b famiy

ATSGO260  OBESITGAS Xim & Deaney, 2002 1
ATSCes20  TAr Despres o o, 3003 12
ATCS1o60  8zbos Vang et a, 2009 i
ATIC77920 z 12
AC7%0  szpas Welimeier o, 2009 b4
ACIo%0  ABi4 Xang et l, 2002 2
ADCSiG20  szbas ‘ 3
AiC3670 Gl Smylowsk etal, 2010 2
MsCasis0 sz berilo etal, 2010 B
ccanT famiy

ATGI000. N R '
ATSCOSSTO  NEYAID B i
ATCI020  NEYAS B i
ADCOSG0 NPV i
ACTS0  NCvMmZC 12
ACS0  NEYOMASE i
ATiCOsS0  HTAS B 2
ACoR0 i - 3
MsCoigdo  HIAl Vietal, 2006 3
c2.c200F famiy

ATIC9570 B 2
AsCiee  cor Fomara et l, 2009 i
c2C2.Co1ke famiy

e

ga—





OEBPS/images/table09001.gif
Species Stimulation Inhibition References

Pisum sativum Neljubow, 1901

Arabidopsis x Kieber et al, 1993, Rodrigues-Pousada
et al, 1993, Smalle et al, 1997,
Millenaar et al, 2005

Tobacco Pierik et al,, 2004

Rumex palustris Rijnders et al, 1997

Oryza sativa Métraux & Kende, 1983;
Van Der Straeten et al, 2001

Poa sp. Fiorani et al, 2002

Triticum aestivam

Suge et al, 1997






OEBPS/images/nc09f002.jpg
Control

13 )77

H, Cytokinin EBL No BR No GA






OEBPS/images/table12003.gif
AGI Name Publication Detection
ATAG27410  ANACO72/RD26  Fulta et al, 2004 12
ATSG39610  ANACOS2/ORE!  Kim et al, 2009 12
ATSG18270  ANACOB7 - 12
ATIG29035  ANACDSS - 12
ATIGO4060  ANACO4G - 1
ATSG22290  ANACOSS Smyczynsk et al, 2006; Ui et al, 2010 1
AT2G33480  ANACOAT Z 12
AT2G43000  ANACOA2 - 1
ATSG3790  ANAC102 Chiistianson et o, 2009 12
ATSGI3180 ANACOB3VNI2  Yamaguchiet al, 2010 12
ATIG77450  ANACDS2 Nakano et al, 2006 1
ATIGO1720  ANACOOZ/ATAFI W et al, 2009; Lu et al, 2007 12
ATSG64530  ANACIOA/XND1  Zhao et dl, 2008 12
ATIGS2890  ANACOIS Jensen et al, 2010; Buetal, 2008 1.2
ATIGS2880  ANACOIS Kunieda et dl, 2008 12
AT3GO4070  ANACOA7 - 12
ATIG34180  ANACOIG - 1
ATSGE1430  ANAC100 - 12
ATIG02220  ANACO3 - 1
ATIGES490 ANACO29/NAP  Guo & Gan, 2006 12
ATAG3SS80  NTLO Yoon et al, 2008 1
ATIGI0500  ANACOS3 - 1
ATIGS6010  ANACO21 - 2
ATIGOTG00  ANACO44 - 2
ATIGA4350  ANACOST - 2
ATIGA9530  ANACDE2 Seo etal, 2010 2
ATSGO4410  ANACO7S Morshita et a, 2008 2
ATSG14000  ANACOB4 - 2
ATSG24590  ANACOST Ren et al, 2005 2
GRAS family

AT2G29060  GRAS12 - 1
ATIGS0600  SCLS - 2
ATIG14920 GAl Wikson et al, 1992 2
ATSGS2510  SCLE - 2
ATSGS5450  SCLT - 2
TCP family

ATIGO21S0  TCPI3 - 1
ARE family

ATSG62000  ARF2 Ells et al, 2005 1
WRKY family

ATIGE2300  WRKY6 Robatzek & Somssich, 2002 12
ATIGI3960  WRKY4 Lai etal, 2008 1
ATIGO1970  WRKY4S - 12
ATSGO7100  WRKY26 - 12
ATSG13080 WRKY7S Devaiah et al. 2007a 12





OEBPS/images/nc09f001b.jpg





OEBPS/images/table12002.gif
acl Name

C2C2.GATA family
ATIG2117S ZMLl - 2
ATIG2050  GATAD - 2
ATICSIE10  BMES L etal, 2005 2
ATSGE6120  GATAS - 2
HSF family

ATAG36990  HSFA Kumar et al, 2009 1
ATAGIESS)  HSFAIA Scarpeci et ol 2008 1
ATSC62020  HSFE2A Kanchiswamy et al, 2010 2
HB family

ATSG25220  KNAT3 Serikawa et o, 1997 12
ATIC61890  HB12 Sonetal, 2010 1
ATICO1470 B - 12
ATIGAG680  HET Hiellstrom et o, 2003 12
ATSGA1410  BELY Nooden & Penny, 2001 1
ATZG3S940  BLHI - 12
ATIG23380  KNATE Dean et al, 2004 2
ATIC7S410  BLH3 - 2
ATZG22430  HE6 Soderman et al, 1996 2
ATSCG06%0  REV Talbert et al, 1995 2
bHLH family

ATIGO2340  BHLHZGHFRI  Homitschek et al, 2009 1
ATIC32640  MYCZ/INI Lorenzo et al, 2004 2
ATZG28160  BHLH2S/FITI Colangelo & Guerinot, 2004 2
ATIG4GS10 A Uetal, 2007 2
ATAGI4410  bHLHI04 - 2
ATSGS4680 1IR3 Rampey et l, 2006 2
MY family

ATZG47I0  MYB2 Abe et al, 2003 12
ATIC23250  MYBIS Ding et a, 2009 2
ATAG3990  MYB32 Preston efal, 2004 12
ATAG37260  MYB73 - 2
ATIGSGSS0  MYB7S/PAPI Teng et al, 2005 1
ATSGE7300  MYB44 Jung et a, 2010 2
ATSC04760 - 1
ATICOS1S0  MYBI3 - 1
ATIGAE000  MYBIT2 Mandaokar & Browse, 2009 1
ATIC66390  MYBSO/PAP2 Borevitz et al, 2000 1
MYB-related family

ATIG49950  TREI - 2
ATSG47390 - 2
NAC family

ATIGISSIO  ANACOSE Kunleda et o, 2008

1
AT3G15500  ANACOSS Bu et al.. 2008 12





OEBPS/images/nc09f003b.jpg
(b) Ethylene

(re AUXT ) LAX3 PIN3 ) PINa PIN7

| [
| (I
| (I
| [
| (|
| [

i i i Uonakad kil Loookoad ik bk

Auxin gradient

i

Differential elongation
hook curvature

<

Enhanced curvalins





OEBPS/images/ueqn04001.gif
ACC + Ascorbate + Oy — CH; + HCN + CO; 4+ Dehydroascorbate





OEBPS/images/nc09f003a.jpg
10-uM ACC






OEBPS/images/table12004.gif
acl Name Publication

ATIG6600  WRKY63/ABO3  Ren etal, 2010
ATZG23320  WRKYIS

ATZG21570  WRKYIZ Journot.Catalino et a, 2006
ATZG30250  WRKY2S Lietal, 2007

ATZG30590  WRKY21 -

ATZG38470  WRKYS3 Jiang s Deyholos, 2009

ATZGA07S0  WRKYS4 Kalde et al, 2003
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AT3C46080 - 2
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Source: Data are extracted from (1) Buchanan-Wollaston et al. 2005 and (2) Guo et a. 2004,
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