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Chapterr  5 

Generall  Discussion 

Innatee immunit y in plants and mammals 
Plantss can protect themselves against a wide range pathogenic organism by a 
primaryy line of passive defenses that among others involves preformed antimicrobial 
compounds,, the cell wall, and waxy surface layers (Thordal-Christensen, 2003). 
Whenn a pathogen can overcome this primary line of defense, in most cases the plant 
cann rely on the innate immune response, that forms the second line of defense. This 
defensee response might either be triggered by recognition of general elicitors, such 
ass chitin, glucan, proteins and glycoproteins present in fungal cell walls, bacterial 
lipopolysacharidee (LPS) and flagellin (Gomez-Gomez and Boiler, 2002; Erbs and 
Newman,, 2003; Montesano et al., 2003), or more specific elicitors called avirulence 
(Avr)) proteins (discussed below). The general elicitors are common at the species 
levell  or even at higher order levels, such as the genus level. Therefore, defense 
triggeredd by detection of these general elicitors provides a broad spectrum innate 
immunity,, that is referred to as induced basal defense responses. These basal 
defensess together with the first lines of passive defense make plants resistant to most 
pathogenss and is often referred to as non-host resistance. Despite this effective 
immunee system, various strains or specialized races of different pathogenic species 
havee evolved mechanisms to evade or even suppress the basal defense response 
(Abramovitchh and Martin, 2004). These resistance braking strains or races are 
thoughtt to have driven the evolution of plant resistance (R) genes, that form the 
basiss of the so-called race-specific resistance. This type of resistance follows the 
gene-for-genee concept; the plant is only resistant when complementary pairs of 
pathogen-encodedd Avr- and plant encoded R genes are present in the interaction 
(Flor,, 1942, 1971). Only if both are present, resistance does occur. Many of these 
Avrr proteins act on a susceptible plant as virulence factors aiding in colonization of 
thee plant (Bonas and Lahaye, 2002; Collmer et al., 2002; Abramovitch et ah, 2003; 
Hauckk et al., 2003; van den Burg et al., 2003). Due to the dual role, avirulence and 
virulence,, that one protein can play nowadays they are commonly referred to as 
effectorr proteins. 

Thee R genes, mediating recognition of these proteins, can be grouped into 
differentt classes (Nimchuk et al., 2003). The largest class comprises the nucleotide 
bindingg site-leucine rich repeat (NBS-LRR) proteins, that are predicted to be 
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cytosolicallyy localized. This group can be divided into two subclasses according to 
theirr N-terminal domain, which has either the propensity to form coiled coils or 
consistsconsists of a Toll and Interleukin-1 Receptor (TIR) domain (Pan et al.. 2000). The 
LRRR domain generally provides recognitional specificity (Ellis et al., 2000), 
howeverr regions outside this domain have also been described as a specificity 
determinantss (Luck et al., 2000). The central nucleotide binding site was predicted 
basedd on the detection of two nucleotide triphosphate (NTP)-binding motifs that are 
highlyy conserved in the P-loop containing NTPases; the P-loop (or Walker A) and 
Walkerr B motifs (Walker et al., 1982; Saraste et al., 1990; Traut, 1994; Vetter and 
Wittinghofer,, 1999). The central nucleotide binding site is part of a more extended 
regionn of homology which is called the NB-ARC, for Nucleotide Binding adapter 
sharedd by Apaf-1, R proteins and CED4, or AP-ATPase domain (van der Biezen and 
Jones,, 1998; Aravind et al., 1999). In this thesis (Chapter 2), data is presented that 
providess evidence for the NB-ARC as a functional ATPase module in the R proteins 
1-22 and Mi-1 (Tameling et al., 2002). 1-2 confers resistance to the fungus Fusarium 
oxysporumoxysporum (Simons et al., 1998) and Mi-1 confers resistance to three unrelated 
pathogenn species; root-knot nematodes, Meloidogyne incognita, M. javanica, and M. 
arenaria,arenaria, the potato aphid, Macrosiphium euphorbiae, and the whitefly, Bemisia 
tabacitabaci (Milligan et al., 1998; Rossi et al., 1998; Vos et al., 1998; Nombela et al.. 
2003).. Because the NTPase domains of other P-loop containing NTPases are 
generallyy involved in nucleotide-mediated conformational changes important for the 
regulationn of their activity (Vetter and Wittinghofer, 1999), it is easy to recognize 
thatt the NB-ARC domain in R proteins is the central player in the regulation of their 
activityy in plant defense. So, elucidation of the mechanism of the NB-ARC domain 
whichh allows to regulate the output of R proteins in defense signaling would provide 
aa big step forwards in our understanding how R proteins function. Therefore, this 
discussionn focusses mainly on this domain. Several features of the NB-ARC domain 
inn R proteins are compared with their mammalian counterparts that either contain an 
NB-ARCC domain or a highly homologous NACHT domain. Furthermore, these 
domainss are compared with related ATPases that have been subjected to extensive 
biochemicall  characterization. These comparisons provide clues about how the 
ATPasee module in the NB-ARC domain might operate to regulate the activity of R 
proteins,, what factors regulate the NB-ARC domain and how this domain regulates 
thee effector part of R proteins. 

Whyy looking outside the plant Kingdom? 
AA defense response that is commonly associated with the activation of R proteins is 
thee hypersensitive response (HR) (Heath, 2000; Shirasu and Schulze-Lefert, 2000). 
Thiss is a form of programmed cell death that shares similarities with a specific form 
off  programmed cell death in animals that is called apoptosis. An important regulator 
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inn human apoptosis is Apaf-l. Just as R proteins, it contains a central NB-ARC 
domainn that is N-terminally flanked by an effector- and C-terminally by a repeat-
domainn (WD-40 repeats). It has been shown that nucleotide binding by the NB-ARC 
domainn is of functional importance (Jiang and Wang, 2000). The authors show that 
uponn dATP/ATP and cytochrome c binding the apoptosome is formed, which is able 
too activate the caspase cascade leading to apoptosis. The NB-ARC domain is 
essentiall  for this process, as it is directly involved in nucleotide induced 
oligomerizationn (Hu et al., 1998; Srinivasula et al., 1998). The discoveries about the 
mechanismm of the NB-ARC domain and the way how it is regulated in Apaf-l have 
given,, and undoubtedly will give more, clues about how the NB-ARC domain in R 
proteinss might work (discussed in this chapter). Soon after the identification of 
Apaf-ll  many proteins were identified that have a similar tripartite structure. The 
centrall  domain of these proteins, called the NACHT (NAIP, CIITA, HET-E, JP-1) 
domain,, was found to be closely related to the NB-ARC domain. Therefore, they are 
consideredd as a sister group of the NB-ARC protein family (Koonin and Aravind, 
2000).. Later, the NACHT and NB-ARC proteins were assembled as one big family 
calledd NOD (Nucleotide-Binding Oligomerization Domain) proteins (Inohara and 
Nunez,, 2001). The name NOD was given because all members contained a predicted 
NBSS and several were shown to homo-oligomerize. Inohara and colleagues also 
includedd R proteins in the NOD protein family, however, because to date no 
oligomerizationn is reported for any R protein I consider the R proteins as a separate 
groupp in this overview. Apart from the proteins Apaf-l and Ced-4 (functional Apaf-
11 homologue of C. elegam) that contain an NB-ARC domain, practically all NODs 
containn a NACHT domain. The proteins that contain the NACHT domain have, 
similarr to R proteins, a C-terminal LRR domain, and therefore knowledge on these 
proteinss could help to understand the mechanism of R protein function. 

Nodii  and Nod2 are two mammalian NACHT-containing NOD proteins 
that,, like R proteins, are involved in innate immunity (Inohara and Nunez, 2001). 
Theyy are considered as intracellular receptors able to recognize peptidoglycan 
(PGN)) fragments of bacterial cell walls (Girardin et al., 2003b; Girardin et al., 
2003a).. Activation of these receptors probably involves nucleotide induced 
oligomerization.. PGN perception by Nod2 was thought to be the trigger of the 
immunee response (Chamaillard et al., 2003), however recently it was found that 
Nod22 in mice is a negative regulator of cell surface Toll-like receptor 2 (TLR2) and 
thatt activation of Nod2 does not promote the immune response, but instead 
suppressess it (Watanabe et al., 2004). Another NOD protein that is involved in 
innatee immunity in mammals is Pypafl (also referred to as NALP3 or Cryopyrin), 
howeverr to date no receptor function could be asigned for this protein (Dowds et al., 
2004).. In this overview parallels but also differences between the NODs and R 
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proteinss present in the distinct kingdoms will be drawn that help us revealing the 
secretss of R protein function. 

Thee central domain as central player  in regulation of innate immunit y 

Thatt the central domain in NOD and R proteins is of functional importance can be 
concludedd from the many mutational analyses performed with various NOD and R 
proteinss proteins (Chinnaiyan et al., 1997; Seshagiri and Miller, 1997; Chaudhary et 
ah,, 1998; Hu et al., 1998; Yang et al., 1998; Harton et al., 1999; lmai et al., 1999; 
Inoharaa et al., 1999; Dinesh-Kumar et al., 2000; Tao et al., 2000; Linhoff et al., 
2001;; Ogura et al., 2001; Tornero et al., 2002). The functionality of the NBS in 
nucleotidee binding was not only shown for the R proteins 1-2 and Mi-1 (as described 
inn this thesis), but also for the NOD proteins Apaf-1, Ced-4 and CIITA (Harton et 
al.,, 1999; Zou-H et al., 1999; Jiang and Wang, 2000; Seiffert et al., 2002). However 
thee main question is; how does nucleotide binding and hydrolysis regulate the 
activityy of these proteins? To answer this question, biochemical characterization of 
thee NB-ARC and NACHT domains is indispensable. This characterization can be 
complementedd very well with structure-function analysis and by comparing both the 
primaryy and secondary structure of these domains with that of crystallized NTPase 
domainss of related P-loop containing NTPases which might hint at conserved 
mechanisticc modes of action. 

NB-ARCC and NACH T domain show structura l similarit y with the 

AAA ++ ATPases 

Too be able to analyze the biochemical characteristics of the NB-ARC and NACHT 
domainn it is very helpful to compare its primary and secondary structure with related 
P-loopp containing NTPases. Therefore, an alignment of selected NB-ARC and 
NACHTT domain proteins which included R proteins and NODs was made (Albrecht 
ctt al., 2003; Tameling et al., 2004; Figure 1A-B). In this alignment not only the 
conservationn of the primary- but also of the predicted secondary structure was 
apparentt (Figure 1A and B). This conservation allows modeling of the NBS 
(Albrechtt et al., 2003; Tameling et al., 2004; Figure 2). The best modeling template 
appearedd to be the crystallographically determined ATPase domain structure of the 
celll  division control protein Cdc6 (PDB identifier lfnnA; Liu et al., 2000). Another 
possiblee template with a very similar structure, despite low sequence identity, is the 
vasolin-containingg protein VCP, also known as membrane fusion ATPase p97 (PDB 
identifierr le32A; Zhang et al., 2000). The more distantly related structure of the 
beta-subunitt of the F,-ATPase (PDB identifier lbmfF) was included because the role 
off  its functionally relevant amino acids has been investigated in detail in contrast to 
thee Cdc6 and VCP proteins. Cdc6 and VCP are members of the large group of 
AAA ++ ATPases (Neuwald et al., 1999; Iyer et al., 2004). The conserved AAA+ 
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modulee consists of two domains. The first module comprises the NTPase core 
structuree found in all P-loop containing NTPases, and the second is an helical 
domainn flanking the NTPase core. The conserved NTPase core is also known as the 
'classical'' mononucleotide fold or ancestral core (Vetter and Wittinghofer, 1999). 
Thiss core consists of a parallel pleated p-sheet flanked by a-helices. Several folds 
cann be defined based on the topology of the p-strands in this core structure. 
Sequencee and structure comparisons suggested that the primary diversification event 
inn evolution of the P-loop NTPase fold resulted in two principal classes. The first of 
these,, the KG (Kinase-GTPase) division included kinases and GTPases that share a 
numberr of structural similarities, such as the adjacent placement of the P-loop and 
Walkerr B strands. The other class, the ASCE division (for additional strand, 
catalyticc E), is characterized by an additional strand in the core sheet, which is 
locatedd between the P-loop strand and the Walker B strand. The ASCE group can be 
subdividedd into different classes of which the AAA+ is one. The core parallel sheet 
off  this class assumes a 5-1-4-3-2 topology, where strand 1 and 3, respectively, are 
associatedd with the P-loop and Walker B motifs (Figure 3). This core differs from 
mostt other NTPases in the ASCE division, in lacking additional strands to the 
"right""  of strand 2. Another unique feature is that the AAA+ proteins possess an 
additionall  conserved N-terminal helix to the P-loop (Iyer et al., 2004). The predicted 
appearancee of these 5 strands is highly conserved in the NOD and R proteins, and so 
doess the appearance of the predicted helix preceding the P-loop (Figure 1). This is 
alsoo confirmed by (Iyer et al., 2004) who indicate that the NB-ARC and NACHT 
proteinss might constitute a major higher order assemblage within the ASCE division 
togetherr with the AAA+ ATPases. 

Thee second domain of the AAA+ module is comprised by a bundle of 
helicall  segments C-terminal to p-strand 5 of the core NTPase domain. This domain 
showss substantially greater sequence variation. Several helices are predicted after 
strandd 5 in the core structure of the NOD and R proteins, however these align less 
welll  with the template NTPases and are therefore omitted from the sequence 
alignmentt (Figure IB). This subdomain is called the NAD, for NACHT/NB-ARC 
Associatedd Domain extension and also contains more sequence variation then the 
NTPasee core. In mammalian NOD proteins 3 NADs (NAD1-3) could be identified 
(Albrechtt et al., 2003), while in R proteins the LRR domain starts after NAD2. 
Despitee the relative low conservation in the second domain of the AAA+ module, it 
doess contribute to the binding of the nucleotide. In addition, this domain contains 
thee conserved sensor 2 motif (Liu et al., 2000; Ogura and Wilkinson, 2001), a motif 
commonlyy found in the third helix of the helical extension. This motif harbours a 
polarr residue (often an arginine) whose function is to 'sense' the presence of the y-
phosphatee and relay this information through conformational changes to remote sites 
off  the protein. The Arg residue is likely to control movement of domain II relative to 
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domainn I of the AAA+ module (Ogura and Wilkinson, 2001). However, nor such an 
argininee motif nor any other conserved Arg could be detected in the third helix of 
NAD11 or even the whole NAD of the NOD and R proteins (Albrecht et al., 2003). It 
mightt well be that another conserved residue in the NAD fulfil s a similar function. 
X-rayy crystallography of the NB-ARC or NACHT domain would help to identify 
suchh a sensor motif. 

Inn the core NTPase fold of the AAA+ ATPases, a more conserved sensor 
motiff  is present, known as sensor 1, which fulfil s the same function as sensor 2 
(Neuwaldd et al., 1999; Geourjon et al., 2001; Ogura and Wilkinson, 2001; Caruthers 
andd McïCay, 2002; Lupas and Martin, 2002). The sensor 1 motif is associated with 
strandd 4 in the parallel p-sheet and it is a common feature of the ASCE division 
(Iyerr et al., 2004). The sensor 1 motif of Cdc6 (lfnnA) and VCP (le32A) aligns 
withh a highly conserved region in the NOD and R proteins (Figure 1A) that was 
previouslyy referred to as the kinase 3a motif (Traut, 1994; van der Biezen and Jones, 
1998).. The highly conserved arginine might correspond to the proposed sensor-1 
residuess of Cdc6 and p97, His-167 and Asn-348 respectively (Liu et al., 2000; 
Zhangg et al., 2000). The functional importance of this region in NOD and R proteins 
wass shown by mutational analysis (Figure 1A and 2; Yang et al., 1998; Tao et al., 
2000;; Tornero et al., 2002), but its predicted role as a y-phosphate sensor awaits to 
bee explored. 

Figuree 1. Structure-based multiple sequence alignment of'the NB-ARC and NACHT domain 
Structure-basedd multiple sequence alignment of the NBS subdomain (A) and NB-ARC/NACHT 
associatedd domain extension (B) of NB-ARC and NACHT domain proteins including the PDB structures 
IthnA.. lc32A, lbmfF (the PDB structures arc omitted from the NAD alignment). The DSSP secondary 
structuree and the corresponding predictions by the PSIPRED server are depicted in the upper and lower 
partt of each alignment row {cc-helices are represented by curled lines, fi-strands by horizontal arrows). 
Thee alignment columns with strictly conserved residues are highlighted in dark gray boxes, those in 
whichh more than 60% of the residues are physico-chemically equivalent arc shown in light gray boxes. 
Mutationss in R proteins and disease-associated mutations in Nod2 and Pypafl are denoted. The residues 
importantt in ATP binding and/or hydrolysis as well as sensor 1 residues are also annotated. The 
subdomainss NAD I and NAD2 are separated by a conserved proline. NAD3 of the NACHT domain is 
omittedd from the alignment, because R proteins lack this subdomain. 
aa constitutively activating mutation. 
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Oligomericc assemblies are a recurrent feature of electron micrographs of 
AAA++ protein complexes, and hexamers are observed in crystals of three AAA+ 
proteinss (Ogura and Wilkinson, 2001). Such quaternary structure has also been 
observedd consistently in several members of other groups of the ASCE division, 
suggestingg that it is an ancestral feature of this clade (Iyer et al., 2004). These 
oligomerss show cooperative ATP hydrolysis involving an arginine finger which is a 
definingg feature in the AAA+ class. This is a conserved arginine. located at the C-
terminuss of the helix upstream of (3-strand 5 of the core NTPase structure, directed 

http://ISnilllil.il


(icncral(icncral Discussion 

towardss the ATP-containing active site of the adjacent subunit in the ring (Iyer et al., 
2004).. No arginine finger in the NOD and R proteins could be detected at the C-
terminuss of the predicted helix upstream of P-strand 5 in the core structure. Besides 
thee Arg in the proposed sensor 1 motif no other Arg residues are conserved. Possibly 
otherr residues in a distinct part of the NB-ARC/NACHT domain fulfil the same 
functionn as the "arginine finger', in the AAA+ proteins. Likewise, in the DnaA and 
Orc/Cdc66 families the arginine finger is displaced relative to its position in most 
otherr AAA+ ATPascs (Iyer et al., 2004). Cdc6, however, is able to hydrolyze ATP 
ass a monomeric protein, indicating that an arginine finger from another Cdc6 
subunitt is not required for its hydrolysis activity (Ogura and Wilkinson, 2001). 
Whetherr a residue acting in a similar way as an arginine finger could play a role in 
hydrolysis,, potentially occurring after oligomerization of NOD- and maybe R 
proteins,, is still an open question but must be considered as a realistic possibility. It 
couldd also be that R proteins are different from NOD proteins in that they function 
ass monomeric proteins just as Cdc6. Since oligomerization has never been shown 
forr R proteins to date. 

02I9D(N] ] 
|<i3"l)-S|KPMI I 

ii :-rK|Ki'MJ"i] 

Figuree 2. 3D model of the NBS subdomain thai forms the core ATPase structure 
Structurall model of the NBS subdomain domain of 1-2 (based on the template lfnnA). Alpha-helices are 
coloredd in red and beta-strands in blue. ADP is shown in colored stick representation and magnesium ion 
(Mg)) as a blue sphere. Strands and helices are numbered according to the order in which they occur in the 
multiplee sequence alignment. The locations of mutations in R proteins and the NACHT proteins Nod2 
andd Pypafl are annotated in yellow and by solid text boxes. The residues important in ATP binding 
and/orr hydrolysis as well as sensor I residues are also annotated. 
** constitutively activating mutation. 
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Figuree 3. Topology diagram of the AAA+ ATPase eore structure of Cdc6. 

p-strandss are shown as arrows with the arrowhead on the C-terminal side and numbered 1 through 5. a-
helicess are shown as rectangles. The core fold consists of a central p-sheet with a 5-1-4-3-2 topology 
flankedd by a-helices. The black arrow head marks the N-terminus of the ATPase domain. The a-helices 
aree while when above the plane of the p-sheet and grey when below. The p-strands I and 3 contain the P-
loopp (GXiGK[S.T]) and the Walker B (xxxxD-D/E) motif, respectively and are coloured grey. The P-
loopp is shown as a thick black line. Except for the two helices after P-strand 2. all characteristics arc 
conservedd in the core ATPase folds of the AAA I class, which makes this topology diagram 
representativee for all AAA->- ATPases and in addition for all NB-ARC and NACHT proteins. 

Thee most conserved motifs of the core NTPase fold in the P-loop 
containingg NTPases are the P-loop and Walker B motif. The P-loop has the general 
consensuss sequence GX4GKT/S, in which the invariant lysine residue binds the 13-
andd y-phosphates. The Walker B motif is somewhat less conserved and contains an 
invariantt aspartate important for coordination of the Mg"' ion essential for 
hydrolysis.. Mostly, this coordination is indirect via a water molecule. The 
importancee of both motifs can be appreciated from Figure 1A and 2, since many 
mutationss in these motifs lead to a loss-of-function. Just as for AAA+ proteins like 
Cdc66 (lfnnA; Liu et al., 2000). ABC transporters and helicases, the consensus of the 
Walkerr B sequence in R proteins can be written as xxxxD-D/E (where x is mostly a 
hydrophobicc residue). The second acidic residue in this consensus has been 
proposedd as a general catalytic base in ATP hydrolysis in these proteins (Muneyuki 
ett al., 2000). This residue would activate a water molecule next to the y-phosphate, 
thuss promoting an inline nucleophilic attack on this phosphate. In various studies 
thiss residue was indeed found to be specifically important for hydrolysis (Herbig et 
al... 1999; Orelle et al., 2003; and references reviewed in Geourjon et al., 2001). An 
acidicc residue at this position is missing in the NOD proteins containing a NACHT 
domain,, however a highly conserved aspartate located two residues downstream of 
thee Walker B motif could have the same function (Figure 1A and 2). Indications for 
thiss are presented below. The similarities with AAA+ ATPases provide a good 
starting-pointt as they can form the basis to formulate several work hypotheses that 
couldd help to characterize the biochemical features of both the NB-ARC and 
NACHTT domain. 
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NB-ARCC as a molecular  switch 

Analysiss of mutants that contain substitutions in the core NTPase structure have 
contributedd tremendously to the understanding of the NTPases reaction mechanism 
off many NTPases. Therefore mutants with substitutions in the NB-ARC domain of 
thee R protein 1-2 were analyzed for a phenotype and altered biochemical 
characteristics.. Substitution of the second Asp of the Walker B motif for an Glu 
(D283E)) in 1-2 (Figure 1A and 2) leads to an impaired ATPase activity without 
reducingg ATP binding (chapter 3; Tameling et al., 2004). This is in agreement with 
thee above proposed role for this residue as a catalytic base. Strikingly, this mutation, 
nott only in 1-2 but also in Mi-1, leads to a constitutively active protein in vivo, since 
transientt expression of the mutants in N. benthamiana triggered an elicitor-
independentt HR (chapter 4; Tameling et al., 2004). 

Inn human Cdc6, mutation of the second acidic residue after the invariant 
Aspp of the Walker B motif has been shown to result in a defective ATP hydrolysis 
activityy without reducing the ATP binding activity, just as for the I-2D 83E mutant. 
Cdc66 is involved in pre-replicative complex (pre-RC) formation that is required for 
DNAA replication. This protein has been proposed to operate as an ATPase switch; at 
thee ATP-state it recruits all the pre-RC proteins and after initiation of replication, 
ATPP hydrolysis induces the dissociation of Cdc6 from the complex, preventing re-
replication.. A P-loop mutant form of HuCdc6 is unable to initiate DNA replication 
becausee it can not bind ATP, however the Cdc6 mutant with the Asp substitution 
describedd above can initiate replication but fails to complete DNA synthesis. A 
similarr mutation in the yeast Cdc6 homologue causes lethality. It has been suggested 
thatt the inability to hydrolyze bound ATP leads to a constitutively active protein that 
willl interfere with the proper regulation of DNA replication (reviewed in Lee and 
Bell,, 2000). This hypothesis is in agreement with our observations that the D283E 
mutationn in 1-2 leads to impaired hydrolysis activity without a reduced ATP binding 
resultingg in a constitutively active protein. This analogy suggests that the NB-ARC 
domainn in R proteins could also function as a molecular switch. 

Beforee going into more detail on the aspects of the NB-ARC as a molecular 
switch,, a 2nd 1-2 mutant will be introduced that is also impaired in its ATPase 
activity,, and not in ATP binding. This mutant contains a substitution (S233F) in the 
RNBS-AA motif (Figure 1A and 2; further discussed below) which also results in a 
constitutivelyy active proteins in vivo. Yeast- two-hybrid experiments, that were used 
too monitor the conformation of the N-terminus of 1-2, suggested that both the S233F 
andd the D283E mutation induce a shift in the conformational state of the protein. 
Thee specific reduction in hydrolysis activity without a reduction of ATP binding 
affinityy causes an equilibrium shift in the ATPase cycle from the ADP to the ATP 
state,, resulting in accumulation of ATP bound 1-2 molecules. The correlation 
betweenn the accumulation of the ATP state with the observations that the D283E 
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andd S233F mutants are constitutivcly active in vivo suggests that the ATP state of I-
22 represents the active form. Additional support comes from yeast two-hybrid 
experimentss that suggest a different conformation of the N-terminus of the ADP and 
ATPP state of 1-2. Together these data imply that the NB-ARC domain indeed acts as 
aa molecular switch able to regulate the conformation of the N-terminus and thereby 
initiationn of defense signaling (Tameling et aL 2004). 

AA negative regulatory system constituted by the LRR domain and NAD 
Too be able to answer the question -what regulates the switch function of the NB-
ARCC domain- the NAD must be taken to a closer look. As described above, the 
NADD could be analogous to domain II of the AAA+ module, but because of very 
loww sequence similarity it does not align with the template NTPases. It is largely a 
helicall structure and contains several conserved regions (Figure IB; van der Biezen 
andd Jones, 1998; Aravind et al., 1999; Koonin and Aravind, 2000). The NAD of the 
RR protein Rx was suggested to be involved in the observed intra-molecular 
interactionn between the N-terminal CC-NBS part and the LRR domain (Moffett et 
al.,, 2002). The observation that expression of Rx with the avirulence protein (PVX 
coatt protein) leads to both dissociation of this interaction and activation of the 
defensee response suggests that this interaction is part of a negative regulatory system 
thatt must keep the protein in check when the pathogen is absent. Intra-molecular 
interactionss were also suggested for R protein Mi-1, (Hwang et al., 2000; Hwang 
andd Williamson, 2003). Furthermore, several mutations in the NAD of Rx, 1-2 and 
SSI44 (Figure IB) and a mutation between the NAD and the LRR domain in SNC1 
weree found to result in a constitutively HR phenotype. A similar phenotype was 
causedd by several independent mutations in the LRR of Mi-1 and Rx (Bendahmane 
ett al., 2002; Shirano et al., 2002; Hwang and Williamson, 2003; Zhang et al., 2003; 
dee la Fuente van Bentem et al., 2004). Together these data clearly indicate that these 
regionss contribute to a negative regulatory system. Similar observations were done 
withh the NOD protein, Nod2. In this protein systematic mutational analysis revealed 
functionall interactions between residues in the C-terminal part of the NAD (NAD3; 
Albrechtt et al., 2003) and the proximal 2 LRRs (Tanabe et al., 2004). Furthermore, 
thee analysis of deletion mutants showed that the first four LRRs together with the C-
terminall part of NAD3 comprise an inhibitory domain that keeps the protein inactive 
inn absence of the elicitor (PGN), similarly as proposed for R proteins. For Nod2, this 
wass further confirmed by the identification of several mutations in this region 
leadingg to constitutive activity, of which some of them had the same result when 
introducedd in Nod 1. In addition with older data that deletion of the C-terminal repeat 
domainn of several NOD proteins results in a constitutively active phenotype 
(Inoharaa and Nunez, 2003) implies that the negative regulatory module of the LRRs 
inn conjunction with the NAD is a common theme for both NOD and R proteins. 
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However,, there are also clear differences in this regulatory system between 
NODD and R proteins, because besides the negative regulatory role, the LRR domain 
inn R proteins also appears to have a positive function. This is illustrated by the 
observationn that the RxD460V mutant, that contains a mutation in the conserved 
MHD-motiff at the C-terminus of the NAD, leads to an elicitor independent HR in N. 
benthamianabenthamiana (Bendahmane et al., 2002). This is even the case when the CC-
NBS134^^ and LRR parts are expressed as separate polypeptides. However, in 
absencee of the LRR no HR was observed, indicating that the LRR has a positive role 
(Moffettt et al., 2002). Similar results were obtained with the Mi-1 protein. A 
constitutivelyy active chimera between the functional Mi-1 protein and its non
functionall ortholog was shown to lose its ability to initiate an HR by numerous 
mutationss in the LRR (Hwang et al., 2003). Both results suggest that the LRR is 
requiredd after ligand perception to triggering the protein and activate the defense 
response.. Another characteristic different from the NOD proteins is that R proteins 
lackk the NAD3 subdomain, since after the NAD2 almost immediately the LRR 
domainn starts (chapter 3; Tameling et al., 2004). As described above, the NAD3, in 
conjunctionn with the proximal 4 LRRs of Nod2, form a negative regulatory system. 
AA highly conserved motif in the NAD3 of the NOD proteins seems to play an 
importantt role in this system (Tanabe et al., 2004). Because the NAD3 is absent in R 
proteinss an alternative negative regulatory mechanism could have been evolved 
separatelyy involving other residues located in NAD1 or 2. Good candidates are the 
MHD-motif,, and residues within and close to the RNBS-D motif, because mutation 
off the Asp in the MHD-motif of Rx and 1-2 and within and close to the RNBS-D 
motiff of Rx result in constitutive activity (Bendahmane et al., 2002; de la Fuente van 
Bentemm et al., 2004). Apart from these differences between R and NOD proteins, a 
correspondingg feature might be that the proximal LRRs to the NB-ARC domain are 
involvedd in this negative regulatory mechanism, just like in Nod2. Despite the fact 
thatt a high degree of sequence variation exists between the LRR domains of 
individuall R proteins (Ellis et al., 2000), a conserved motif, LDL, mostly in the third 
LRR,, is present (Warren et al., 1998; Meyers et al., 2003). This motif is also a good 
candidatee to be involved in negative regulation, because mutation of the Asp to Glu 
inn Rx results in constitutive activity (Bendahmane et al., 2002). In the LRR domain 
off Nod2 a clear separation is observed between the LRRs that are involved in the 
negativee regulation and those implicated in ligand binding (Tanabe et al., 2004). A 
similarr organization has been observed for the R protein Mi-1, where the region 
importantt for the negative regulatory function is also distinct from that important for 
elicitorr recognition (Hwang et al., 2003). A mutation just downstream of the LDL-
motiff within LRR3 of RPS5 was shown to suppress RPS5 function, but also the 
functionn of several other NBS-LRR proteins (Warren et al., 1998). This and data of 
(Banerjeee et al., 2001) indicate that shared host factors, binding to the LRR domain, 
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couldd be involved in the positive regulatory role that the LRR has in activation of R 
proteins. . 

Inn conclusion the NAD in conjunction with the proximal LRRs seems to 
constitutee a regulatory system by which the activity of NOD and R proteins can be 
controlled.. When the LRR domain recognizes the elicitor (either direct or indirect) 
thiss information is transduced to the NAD domain by a conformational change. This 
conformationall change activates the protein, probably by changing the nucleotide 
bindingg state of the nucleotide binding pocket as was previously proposed in a 
modell by (Moffett et al., 2002). 

Modell  describing how the NB-ARC switch modulates R protein activity 
Howw does the putative switch function of the NB-ARC work, and what could be the 
functionn of the LRR in regulating it? Based on the data presented in this thesis and 
thee model of (Moffett et al., 2002), we have proposed a more refined model that can 
bee considered as a good framework to answer these questions (chapter 3; Tameling 
ett al., 2004)(Figure 4). As mentioned above wc hypothesize that the NB-ARC 
domainn acts as a molecular switch, whose conformation is controlled by its 
nucleotidee binding state, analogously to that found for many G-proteins (Sprang, 
1997).. From nucleotide binding experiments it was deduced that in the "off state 
thee NB-ARC is tightly bound to ADP (chapter 3; Tameling et al., 2004). Upon 
triggeringg of the R protein by a 'specific' elicitor (step 1), the conformation of the 
NTPasee fold changes, resulting in a strongly decreased affinity for ADP allowing 
exchangee for ATP (step 2). ATP binding triggers the transition to the "on" stale 
(stepp 3). In that state the conformational change in the NTPase fold is relayed to the 
N-tenninus,, allowing the protein to activate defense signaling pathway(s). 
Hydrolysiss of the bound ATP by the intrinsic ATPase activity renders the NB-ARC 
backk to the "off1 position (step 4). Below, this speculative model is explained into 
moree detail. 

Inn the resting ("off') state, when the NB-ARC is bound to ADP, intra
molecularr interactions are thought to keep the protein inactive, however ready to fire 
ass soon as the elicitor is recognized. The repressor function of the LRR in 
conjunctionn with the C-terminal part of the NAD is considered as the key to keep the 
proteinn in check (as discussed above). ADP bound at the active site makes that the 
NTPasee fold assumes a conformation that is able to bind the CC domain. Binding of 
thee CC domain could prevent recruitment and/or release of signaling components 
thatt otherwise could initiate defense signaling. The inhibitory role of the LRR by 
bindingg to the NAD might operate by an allosteric effect on the NTPase fold thereby 
stabilizingg ADP-binding; either directly by residues of the LRR domain or indirectly 
byy that of the NAD contacting the active site and/or the bound nucleotide. The last 
optionn could be possible in case the NAD works similar to domain II of the AAA-̂  
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Figuree 4. Model: The NB-ARC domain as a molecular switch in the regulation of R protein mediated 

signaling. . 
Inn the resting ("off') state the CC and LRR domains are bound to the NB-ARC domain. The NB-ARC 
tightlyy binds ADP and this interaction is stabilized by the LRR domain. (1) Upon elicitor recognition the 
LRR-NB-ARCC interaction is disturbed resulting in reduced affinity for ADP. (2) This reduced affinity 
resultss in rapid dissociation of ADP. (3) The free state binds ATP that triggers a conformational change 
resultingg in disruption of the CC-NB-ARC interaction. This active ("on") state is competent to activate 
signalingg leading to induction of defense responses. (4) Hydrolysis of the bound ATP by the intrinsic 
ATPasee activity returns the protein to its resting state. 

modulee where several residues in this domain bind the nucleotide (Ogura and 
Wilkinson.. 2001). The recognition of the 'specific' elicitor (cither direct or indirect) 
providess a conformational change of the LRR triggering dissociation from the NAD 
(stepp 1). This dissociation changes the conformation of the NTPase fold resulting in 
aa decreased ADP binding affinity, by again an allosteric effect that is either directly 
orr indirectly mediated by the LRR (as described above). This would allow exchange 
off ADP for ATP (step 2 and 3). Evidence for such a mechanism was found for the 
NODD protein, Apaf-1. The negative regulatory function in this protein is constituted 
byy the C-terminal WD40 repeat domain that, just as the LRR domain of Rx, binds to 
thee NB-ARC domain. In that conformation (when the repeat domain is bound to 
NB-ARCC domain) the protein has a low affinity for dATP/ATP (Jiang and Wang, 
2000).. Upon binding of the WD40 repeat domain to cytochrome c. which can be 
consideredd as the elicitor. the repeat domain dissociates from the NB-ARC domain 
(Adrainn et al.. 1999) causing an significant increase in nucleotide binding activity 
(Jianszz and Wang. 2000). The WD40 repeat domain might have an allosteric effect 
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onn the NTPasc fold just as proposed above for the LRR domain. In case of Rx the 
intra-molecularr interaction between the CC and the NBS-LRR regions is abolished 
uponn activation by elicitor exposure (Moffett et al., 2002) and that the conformation 
off the CC domain of 1-2 seems to be influenced by the nucleotide state (Tameling et 
al.,, 2004). How could the conformation of the CC domain be influenced by ATP-
binding?? A suggestion would be that the CC domain contacts a flexible switch 
regionn in the NTPase fold that is subjected to conformational changes controlled by 
thee nucleotide state, similar to the switch regions in G-proteins (Sprang, 1997). A 
goodd candidate for such a region would be that around the predicted sensor-1 motif 
(Figuree 1A and 2). However, a flexible region that is somehow in contact with the 
sensorr 1 region is also possible as interaction surface. To reset the R protein to the 
restingg state, the bound ATP is hydrolyzed to ADP by the intrinsic ATPase activity. 
Thee GTPase activity of many G-proteins is regulated by GTPase activating factors 
(GAFs)) to regulate the activity of the protein (Sprang, 1997). In the case of the dnaA 
protein,, which is involved in DNA replication, hydrolysis of the bound ATP only 
takess place upon correct loading of the DNA polymerase and the p sliding clamp 
andd thus can be considered as an ATPase activating factor. The timing of hydrolysis 
off dnaA is very important, because otherwise re-replication can take place (Lee and 
Bell,, 2000). It would be very interesting to investigate whether such a strict timing 
off ATP hydrolysis is required for the activity of NOD and R proteins as well, and if 
so,, what factor(s) might be involved in regulating this. 

Thee road ahead is empty,...miles of the unknown,... 
Thee presented model provides a good framework to analyze the function of the NB-
ARCC domain in R proteins. Many questions are left unanswered and finding an 
answerr to them is a challenge for the near future. More direct techniques are 
requiredd to firmly establish if nucleotide-mediated conformational changes indeed 
takee place upon activation of R proteins. Furthermore, an interesting question is 
whetherr the intra-molecular interactions observed with Rx are a general 
characteristicc of R proteins. It is also important to find out whether these interactions 
aree direct or depend on additional host factors. The hypothesis that the LRR 
stabilizess the inactive ADP state of the NB-ARC needs an experimental basis, 
howeverr these experiments will be difficult to perform as they require a preparation 
off full length R protein which is difficult to produce (Tameling et al., 2002). 

Inn addition to the above described constitutively active mutations in various 
NBS-LRRR proteins also many loss-of-function mutations in the NTPase and NAD 
domainss are described (Figure 1A-B and 2). Several of these were identified in 
directedd mutagenesis screens (Dinesh-Kumar et al.. 2000; Tao et al„ 2000), others in 
EMSS screens (Axtell et al., 2001; Tornero et al., 2002) and the remainders from 

94 4 



GeneralGeneral Discussion 

naturallyy occurred mutations (Mindrinos et al., 1994; Grant et al., 1995; Salmeron et 
al.,, 1996). These mutants are interesting to investigate not only in ATP binding and 
ATPasee assays, but also in interaction studies where the different parts of the protein 
aree expressed separately (as described with Rx). Some of the targeted residues are 
expectedd to be important for ATP binding and/or hydrolysis while others will be 
involvedd in mediating conformational changes depending on the nucleotide state. 
Somee of them could fulfil a role as putative interaction surfaces for interacting 
proteinss or for intra-molecular interactions with other domains. They might even be 
importantt for in trans interaction with domains of its partners in a putativee oligomer. 
Anotherr possibility is that the residues are pure structurally involved to maintain the 
integrityy of the protein. Such mutations in the NTPase fold could easily result in 
impairedd ATP binding and hence result in loss-of-function. So this collection of 
mutantss forms a rich source of mutations that can be tested in variety of different 
experimentss to elucidate the function of the targeted residues, which will 
undoubtedlyy keep us busy for a while. So, still a long way to go before we get to 
knoww how R proteins exactly work, but to analyze the mechanistic effect of all these 
loss-of-functionn and constitutively active mutants would result in big steps in the 
understandingg about this large group of proteins and will reveal more and more 
miless of the unknown. 

Structurall  and phenotypic analogies of R proteins with human NOD 
proteins s 
Basedd on the structure based sequence alignment of the core NTPase fold of NOD 
andd R proteins some interesting analogies were discovered. As described above, the 
S233FF mutation is impaired in ATP-hydrolysis. Ser-233 is located in the RNBS-A 
motiff that is specific for R proteins, although the variants in the TIR-NBS-LRR and 
thee CC-NBS-LRR classes are significantly diverse (Pan et al., 2000). The substituted 
Serr is reasonably conserved in the latter class, but seems to be absent in the former. 
Howeverr other residues likely have taken over this function. The same applies for 
thiss region in the NOD proteins, since there is no clear sign of a conserved Ser in the 
correspondingg region (Figure 1A). The S233F mutation aligns next to the Arg 
residuess of Nod2 and Pypafl (Figure 1A and 2) that were found to be mutated in 
patientss that suffered from several autosomal-dominant autoinflammatory diseases. 
Thesee diseases involve spontaneous inflammation without apparent trigger or 
autoimmunee etiology. R260W in Pypafl is the most common mutation that has been 
associatedd with familial cold urticaria and articular syndrome (FCU/FACS) and 
Mucklee wells syndrome (MWS) (Neven et al., 2004). The first syndrome 
correspondss to the mildest phenotype of the mutation. However, the R260L/P 
mutationss were found in patients that expressed a more severe disease, called 
chronicc infantile neurologic cutaneous and articular syndrome/neonatal-onset 
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multisystemm inflammatory disease (CINCA/NOMID) (Neven et al., 2004). These 
mutationss structurally correspond to the R334W/Q mutations in Nod2 that have 
beenn implicated with Blau syndrome (BS) (Albrecht et al., 2003; Neven et al., 
2004).. A striking observation was that the R260W and the R334W/Q mutations 
weree both shown to result in constitutively active proteins, just like the S233F 
mutationn in 1-2 (Dowds et al., 2004; Tameling et al., 2004; Tanabe et al., 2004). All 
thesee residues map in a predicted loop region after strand 2 in the core parallel 13-
sheett (FigurelA and 2). Another remarkable finding was that mutation of the first 
followingg acidic residue after the invariant Asp of the Walker B motif in Pypafl 
(D303N),, which maps at a similar position as Asp-283 in 1-2 (Figure 1A and 2), 
doess also lead to disease (CINCA/NOMID) by causing constitutive activity (Dowds 
ett al., 2004). As hypothesized above, this Asp-303 could, just as Asp-283 in 1-2, 
functionn as a catalytic base required for hydrolysis. In summary, this indicates that 
thee constitutive activity of these mutant forms of Pypafl and Nod2 are caused by a 
specificallyy affected NTPase activity just as in the corresponding 1-2 mutants. 
Severall other mutations in the NTPase fold of Pypafl are associated with the above 
mentionedd diseases. Almost all mutations are located on one side of the predicted 
corecore structure that also contained the active site. They were mostly found in the 
loopss following the strands in the central p sheet (Albrecht et al., 2003; Neven et al., 
2004).. Because all these diseases are autosomal-dominant it is expected that all 
thesee mutations lead to constitutive activity. It would be very interesting to analyze 
thee effect of all these mutations on the NTPase activity and to see whether similar 
mutationss in other NOD proteins and R proteins will have the same effect. This 
wouldd contribute to a better understanding how the NTPase domain regulates the 
activityy of these proteins. 

Lookin gg further  in the crystal ball 
Thatt the NB-ARC domain has a central regulatory role in R proteins is clear, but the 
manyy details about its mechanism still awaits to be explored. To unveil how 
nucleotidee binding and hydrolysis, or even nucleotide dissociation, can lead to the 
proposedd conformational changes at the N-terminus it would be helpful if the 3D 
structuree of at least the NB-ARC domain is solved by X-ray crystallography. 
Hopefullyy it will not take too long before it becomes available, because that will 
contributee tremendously to our understanding how the NB-ARC 
domainn might switch defense 'on' and 'off. 
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