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Summary y 

Byy far the most plant resistance (R) proteins involved in resistance to specific plant 
pathogenss belong to the nucleotide bindings site-leucine rich repeat (NBS-LRR) 
class.. Since cloning of the first R gene from this class, it was already predicted that 
thee NBS might be involved in nucleotide binding. In Chapter 2 of this thesis, 
evidencee for the functionality of the NBS in nucleotide binding is provided for two 
RR proteins, 1-2 and Mi. Nucleotide binding experiments with 1-2 showed that its 
NBSS specifically binds ATP rather than other NTPs (CTP, GTP or UTP). Besides 
ATPP binding, both 1-2 and Mi were also shown to exert ATPase activity, which 
couldd be a general feature for R proteins because of the high level of sequence 
conservationn of the NBS in these proteins. The NBS is part of a larger region of 
homologyy called the NB-ARC (Nucleotide Blinding adapter shared by Apaf-1, R 
proteinss and CED4) or AP-ATPase domain. This domain is closely related to the 
NACHTT (NAIP, CIITA, HET-E, TP-1) domain found in the majority of nucleotide-
bindingg and oligomerization domain (NOD) proteins. Structure-based sequence 
alignmentt and structural 3D modeling of selected R proteins and human NOD 
proteinss showed that the predicted secondary structure of the N-terminal part of the 
NB-ARCC and NACHT domain matches very well with the experimentally 
determinedd secondary structure of the core nucleotide triphosphate hydrolase 
(NTPase)) fold (domain I) of the crystalized AAA + ATPase protein, Cdc6 (Chapter 
3).. The C-terminal part of the NB-ARC and NACHT domain was predicted to 
predominantlyy comprise a-helices, just like domain II of Cdc6 which also forms a 
partt of the active site (AAA+ module). However, the homology with the template 
structuress was to low to align this region correctly. Because clear primary and 
secondaryy sequence conservation exists in this region we have called this region the 
NB-ARC/NACHTT associated domain extension (NAD) (Chapter 3). 

Inn the NTPase fold of 1-2, two mutations were identified that result in a 
constitutivelyy active protein. Transient expression of such a protein in Nicotiana 
benthamianabenthamiana results in an elicitor independent cell death phenotype (Chapter 3). 
Thiss is a form of programmed cell death, also known as the hypersensitive response 
(HR),, that is often associated with the activation of R proteins. The first mutation is 
locatedd in the RNBS-A motif that is predicted to be situated at the end of the second 
(i-strandd in the core structure of the NBS. The second mutation maps at the end of 
thee third p-strand where it is part of the Walker B motif Purification from E. coli of 
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thee mutant proteins, lacking the LRR domain, enabled us to analyze their 
biochemicall  characteristics in vitro. It appeared that these mutants are specifically 
impairedd in ATP hydrolysis, but not binding. Analysis of the ratio between the ATP-
andd ADP state suggested that the reduction in hydrolysis leads to an accumulation of 
thee ATP state. Based on these data, it is proposed that this accumulation is 
responsiblee for the constitutive activity of the mutant proteins. Moreover, it implies 
thatt the ATP state of 1-2 is the active conformation that triggers defense signaling. 
Yeast-two-hybridd experiments with truncated forms of 1-2 (either without the LRR 
domainn or containing the first four LRRs) indicated that these mutations affect the 
interactionn pattern with two of the N-terminal 1-2 interactors. These interactors had 
beenn isolated in a cDNA-library screen using 1-2 as bait. The altered interaction 
patternn indicates a conformational change of the N-terminus, that is apparently 
controlledd by the nucleotide state of the NBS. Furthermore, it was evident that the 
presencee of the four LLRs also influenced the conformation of the N-terminus. 
Basedd on these findings, a model is proposed in which the NB-ARC domain 
operatess as a molecular switch (Chapter 3). Its nucleotide binding state controls the 
confonnationn of the N-terminus and thereby the ability to induce the defense 
response.. This model is elaborated on the model proposed by P. Moffett and co-
workerss (Moffett et al., 2002), the latter being based on the observed intra-molecular 
interactionss in Rx. Our more refined model can function as a good framework to 
investigatee how R proteins function in plant disease resistance and might even be 
extrapolatedd to orthologs (NOD proteins) found in the animal kingdom. 

Too validate and generalize the work-hypo thesis presented above, another R 
proteinn was subjected to mutational analysis. The prediction was that upon transient 
expressionn of an R protein that is disturbed in ATP hydrolysis HR would be 
triggered.. As model we used the Mi-1 gene from tomato that confers resistance to 
roott knot nematodes, aphids and whiteflies. Based on sequence alignment and the 
3DD model of the core nucleotide binding fold of 1-2, presented in Chapter 3, we 
selectedd two specific residues for mutagenesis that are predicted to affect ATP 
hydrolysiss and not binding (Chapter 4). One of those is analogous to the mutation in 
thee Walker B motif of 1-2, which in this R protein, apart from constitutive activity, 
resultss in impaired ATP hydrolysis without a reduction in ATP binding. The second 
mutationn substitutes a P-loop residue that is highly conserved in the P-loop 
containingg nucleotide triphosphate hydrolases (NTPases). Since this residue is 
knownn to be involved in the coordination of the Mg~ ion required for hydrolysis, it 
iss expected that this mutation will also specifically impair ATP hydrolysis. So, 
similarr as for the 1-2 mutants, it is predicted that these mutations in Mi-1 lead to 
accumulationn of the ATP state, thereby exceeding a threshold level required for 
inductionn of the HR. Transient expression of these two mutant proteins in Nicotiana 
benthamianabenthamiana did indeed trigger an HR in absence of the elicitor (Chapter 4), 
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indicatingg that our work-hypothesis might be extended to other R proteins than 1-2 
andd suggests that the function of the NB-ARC domain as a molecular switch could 
bee a general feature of R proteins. 

Thee conservation in domain structure of R proteins and human NOD 
proteinss points to a conserved mode of action. A glimpse of this common 
mechanismm is beginning to unveil now. Only the future can tell to what extent this 
commonalityy goes. Therefore, much more need to be discovered about these 
proteins. . 
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