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Chapterr  1 

Generall  Introductio n 

Mostt plants are resistant to most plant pathogens (Dangl and Jones, 2001). This 
generall  property is often based on so called 'non-host' resistance. Non-host 
resistancee can be divided into passive and active defense mechanisms. Examples of 
passivee defenses are the surface wax layer, pre-formed cell walls, antimicrobial 
enzymes,, and toxic secondary metabolites. Pathogens that break through these first 
liness of defense encounter the plant active defense responses, which can be seen as 
thee plant's innate immune system. This second line of defense is often triggered by 
'generall  elicitors' (e.g. pathogen associated molecules or specific fragments from 
thee plant cell wall that are released by cell-wall degrading enzymes) that are 
releasedd when the microbe tries to invade the plant. During evolution, pathogens 
specializedd and acquired the ability to overcome the general non-host resistance by 
thee development of specific virulence factors. These virulence factors enable them 
too either evade or suppress general plant defenses (Thordal-Christensen, 2003; 
Nurnbergerr et al., 2004). These virulent strains evolve often at the race- or strain-
level.. As counter strategy plants evolved resistance (R) genes that form the basis of 
aa 2nd layer of active defense responses; the race-specific resistance. This type of 
resistancee is often plant cultivar-specific, because the responsible R gene is only 
presentt in certain cultivars. When a race-specific virulence factor is recognized by 
ann R protein, this factor is considered an avirulence (Avr) factor, because its 
recognitionn results in avirulence of the pathogen. This type of resistance was first 
describedd by {Flor, 1942, 1971) and was the basis for his gene-for-gene concept. He 
proposedd that a plant is only resistant when matching pairs of pathogen-encoded 
Avr-Avr- and plant-encoded R genes are present in the interaction. The defense 
responsess that are triggered by activation of/f-genes are very complex, but in many 
casess a localized and rapid programmed cell-death response is observed; the 
hypersensitivee response (HR). However, besides the HR many other responses take 
place,, such as the production of antimicrobial secondary metabolites, callose 
depositionn at the site of infection etc. (Hammond-Kosack and Jones, 1996; Heath, 
2000;; Shirasu and Schulze-Lefert, 2000). 

Inn the early nineties the first R genes were cloned (Martin-GB et al., 1993; 
Bentt et al., 1994; Jones et al., 1994; Mindrinos et al., 1994; Whitham et al., 1994) 
andd to date more than 40 have been isolated from various plant species 
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(Martinn et al., 2003). These R genes can be grouped based on the domain 
architecturee of the encoded proteins (Nimchuk et al., 2003). By far the largest group 
off  /?-genes consists of the nucleotide binding site-leucine rich repeat (NBS-LRR) 
group.. This group can be subdivided into two classes according to their N-terminal 
domain,, which can either form coiled-coil motifs or consists of a Toll and 
Interleukin-11 Receptor (TIR) domain (Pan et al., 2000). The N-terminal domain of 
thesee proteins is regarded as the effector domain that might interact with 
downstreamm signaling components. The C-terminal LRR domain is thought to 
providee recognitional specificity (Ellis et al., 2000), although regions outside the 
LRRR domain can also act as specificity determinants (Luck et al., 2000). The central 
domainn was predicted to form a nucleotide binding site, since specific motifs are 
presentt that are common for the P-loop containing nucleotide triphosphate 
hydrolasess (NTPases); the P-loop and Walker B (also called Kinase 2) motif 
(Walkerr et al., 1982; Saraste et al., 1990; Traut. 1994; Vetter and Wittinghofer, 
1999).. This NBS was later discovered to be part of a more extended region of 
homology,, which is called the NB-ARC (Nucleotide Binding adapter shared by 
Apaf-1,, R proteins and CED4) or AP-ATPase domain (van der Biezen and Jones, 
1998;; Aravind et al., 1999). This domain is closely related to the NACHT (NAIP, 
C1ITA,, HET-E, TP-1) domain found in the majority of the animal nucleotide-
bindingg and oligomerization domain (NOD) proteins that are involved in innate 
immunityy and apoptosis (Koonin and Aravind, 2000; Inohara et al., 2001). The 
namee NOD, was chosen because several of these proteins mediated oligomerization 
viaa the NACHT domain upon nucleotide binding. Plant R proteins (NBS-LRR) were 
alsoo considered as members of the NOD family (Inohara et al., 2001), however 
currentlyy there is no experimental data showing oligomerization of R proteins. The 
mammaliann NOD proteins have, in addition to the conserved central NOD domain, 
aa similar tri-partite modular domain structure as plant R proteins suggesting a 
relatedd origin, also because their involvement in related cellular processes. 

Thee above described /?-genes confer dominant resistance to a wide range of 
pathogenicpathogenic organisms such as viruses, bacteria, fungi, nematodes and insects. In this 
thesis,, the main focus lies on the NBS-LRR protein 1-2 of tomato that confers 
resistancee to the soil-borne pathogenic fungus Fusarium oxysporum f. sp. 
tycopersicitycopersici race 2, (Simons et al., 1998). This fungus infects the roots of tomato 
eitherr via direct penetration or via wounds. In susceptible plants it is then able to 
colonizee the vascular tissue of the xylem thereby causing wilting of the plant and 
hencee its name Fusarium wilt disease. In resistant plants, 1-2 mediates recognition of 
F.F. oxysporum f. sp. fycopersici race 2 early in the infection process, which is 
believedd to both speed up and increase the extent of the basal defense responses 
therebyy blocking further spread of the pathogen. 1-2 is specifically expressed in the 
vascularr tissue and in a ring of cells lining the base of lateral root formation (Mes et 
al.,, 2000). Lateral root formation causes wounds that are potential penetration sites 
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forr the fungus. The observed 1-2 expression at these sites colocalizes with the 
positionn of the fungus in the plant. 

AA second tomato tf-gene of the NBS-LRR class that has my interest is Mi-
I.I. This gene confers resistance to three different types of pathogens; root-knot 
nematodess {Meloidogywe incognita, M. javanica, and M. arenaria). potato aphids 
(Macrosiphum(Macrosiphum euphorbiae) and white flies (Bemsia ta£ac/)(Milligan et ah, 1998; 
Rossii  et ah, 1998; Vos et al., 1998; Nombela et al., 2003). In Mi-l containing 
tomatoo plants a localized region of dead cells is formed within a few days around 
thee anterior of the invading nematode when it tries to feed on the plant (Dropkin, 
1969).. This event is probably the result of an HR arid prevents further proliferation 
off  the nematode. Very littl e is known about the nature of the resistance mechanism 
too potato aphids and white flies and it is not kn<nvn whether an HR is involved. 

Outlin ee of the thesis 

Ass described above, /ï-genes of the NBS-LRR class encode proteins with a 
predictedd nucelotide binding site. The presenceof the consensus sequences of the P-
loopp (GX4GKT/S) and the Walker B (xxxxD, where x is mostly a hydrophobic 
residue)) motifs in the encoded R proteins suggests that these proteins potentially 
belongg to the P-loop containing NTPases. NTPases of this class are involved in 
eitherr ATP or GTP binding (Vetter and Wittinghofer, 1999). The aim of my 
researchh was to establish whether the predicted NBS can indeed bind and hydrolyze 
nucleotides.. To test this, truncated forms of the 1-2 and Mi-1 protein were produced 
in,, and purified from, E.coii. The recombinant R proteins were used for in vitro 
nucleotidee binding assays. The data presented in Chapter 2 provides evidence that 
thee NBS of these two R proteins specifically binds ATP and are able to hydrolyze it 
too ADP. To investigate the role of the NBS for R protein function (Chapter 3) 
specificc mutations were made in this domain. Two independent mutations resulted 
inn a constitutively active protein that induces an elicitor-independent HR upon 
transientt expression in leaves of Nicotlana benlhamiana. Both mutations were 
predictedd to be located in the NTPase fold close to the bound nucleotide. 
Biochemicall  analysis revealed that these mutant proteins are impaired in ATP 
hydrolysis,, but not in ATP binding. The specific reduction in ATPase activity of the 
1-22 mutants causes a shift to the ATP-bourid state, which is considered to be 
responsiblee for the observed constitutive activity of the proteins. Based on my 
resultss (Chapter 3) and those described in the literature, I propose a model in which 
thee NB-ARC domain functions as a molecular switch. The switch is controlled by 
pathogenn perception and recognition results in a different conformation (on/off) of 
thee NB-ARC domain which is reflected in its nucleotide binding state. The 
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conformationall  state of this domain is transferred to the putative N-terminal effector 
domainn that subsequently triggers downstream signaling cascades. 

Forr Mi-1 also two independent mutations were identified in the NTPase 
domainn that result in a constitutively active protein. One of them is synthenic: to one 
off  the constitutively active 1-2 mutants, indicating functional conservation of this 
residue.. The putative role of these two residues in the ATPase activity of!Mi- l is 
discussedd in Chapter 4. In the last chapter (Chapter 5), I discuss the role of ATP-
bindingg and hydrolysis of R proteins in a wider perspective. Herein 1 compare 
specificc features of plant R- to the human NOD proteins and speculate aboiut their 
functionn in regulation of innate immunity for these organisms. 
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