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Summary y 

Innatee immunity can be activated by intracellular receptors such as Nodi and Nod2 
inn mammals and Resistance (R) proteins in plants. These receptors have similar 
structuress consisting of an effector, a nucleotide binding (NB) and a receptor 
domain.. To investigate how nucleotide binding activates these proteins, the tomato 
RR protein 1-2 was used as model. Two mutants were constructed that confer 
pathogen-independentt induction of defense. 3D modeling of the NB domain 
revealedd that the mutations are syntenic to those in constitutively active forms of 
Nodii  and Pypafl, both are associated with autosomal-dominant auto inflammatory 
diseasess in humans. The 1-2 mutations impair ATPase activity without affecting 
ATPP binding, suggesting that the ATP bound state triggers defense signaling. In 
addition,, the ADP and ATP bound state were found to have different conformations. 
Basedd on these data, we propose that the NB domain, in 1-2 and likely in related 
plantt and mammalian proteins, functions as a molecular switch whose state (on/off) 
iss controlled by nucleotide binding. 
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Introductio n n 

Inn order to survive, multicellular organisms had to evolve ways to defend 
themselvess against pathogens. This has lead to the evolution of passive and active 
immunee responses of which the latter can be divided in adaptive and innate 
immunity.. While the adaptive system is only found in vertebrates, innate immunity 
seemss to be more ancient and is found in a wide variety of organisms, ranging from 
plants,, nematodes and flies to humans. For induction of the innate immune response, 
thee host first has to perceive the attacking pathogen. In animals and plants, this is 
mediatedd by specialized host-cell receptors; in animals these are represented by the 
Patternn Recognition Receptors (PRRs) (Inohara and Nunez, 2003) and in plants by 
thee Resistance (R) proteins (Dangl and Jones, 2001). The PRRs recognize pathogen 
associatedd molecular patterns (PAMPs), which are often highly conserved between 
microorganismss of the same class, thus allowing the host to recognize a wide variety 
off  pathogens using a limited set of receptors. The majority of PRRs, such as the 
TOLL-Hkee receptors, mediate extracellular perception of pathogens. However, a 
numberr of receptors have been identified recently that are likely to mediate 
intracellularr pathogen perception. These include two members (Nod 1 and Nod2) of 
thee more than 20 known human, so-called NOD (Nucleolide-binding and 
Oligomerizationn Domain) proteins (Inohara and Nunez, 2003). Structurally NOD 
proteinss resemble a large group of cytosolic R proteins in plants that mediate 
recognitionn of specific elicitors, which are produced and translocated into the host 
celll  by pathogens. So far, for over 40 plant R proteins a function in innate immunity 
hass already been proven (Martin et al., 2003) 

Thee plant and animal cytoplasmic receptors for innate pathogen recognition 
havee a conserved tri-modular structure (Inohara and Nunez, 2003). They contain a 
variablee amino-terminal domain, thought to be involved in effector binding. In 
plants,, this domain often consists of a coiled-coiled (CC) motif or a domain having 
homologyy to the Toll/interleukin-1 receptor (T1R) (Pan et al., 2000). The 
mammaliann proteins may contain different N-terminal domains, such as a caspase 
recruitmentt domain (CARD) or a pyrin homology domain (PYD) (Inohara and 
Nunez,, 2001). Both mammalian and plant receptors carry a leucine-rich repeat 
domainn (LRR) at their carboxy terminus that is likely to be involved in ligand 
bindingg (Ellis et al., 2000; Girardin et al., 2003). The most conserved domain is 
locatedd in the centre and is referred to as the NOD domain (Inohara and Nunez, 
2003). . 

Thee NOD domain in R proteins is often referred to as the NB-ARC domain 
(Nucleotidee Binding adaptor shared by Apaf-1, R proteins and CED4), The 
homologyy with the apoptosis regulating NOD proteins, Apaf-1 and CED-4, extends 
beyondd the nucleotide binding site (NBS) (van der Biezen and Jones, 1998; Aravind 
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ett al., 1999). In most of the mammalian NOD-LRR proteins, the analogous domain 
iss called the NACHT (NAIP, CI1TA, HET-E, T_P-1) domain (Koonin and Aravind, 
2000).. The NB-ARC and NACHT domains are highly related (Leipe et al., 2004) 
Basedd on multiple sequence alignments and secondary structure predictions, both 
aree predicted to adopt a similar structure. The C-terminus of this domain is 
predominantlyy of helical structure, while the N-terminal part (NBS) is predicted to 
adoptt a core a/|3 fold that most closely matches the NTPase domain of the 
crystallizedd AAA+ ATPase Cdc6 of P. aerophilum (Albrecht et al., 2003b). This 
corecore structure is composed of a central pleated P-sheet flanked by oc-hetices, which 
iss largely preserved in P-loop containing NTPases (Vetter and Wittinghofer, 1999). 
Thee NBS of these proteins contains a well-conserved P-loop (also called Walker A 
motif)) and a Walker B motif, which is common for ATP/GTP binding proteins 
(Walkerr et al., 1982; Saraste et al., 1990; Traut, 1994). Mutational analysis of R 
proteinss underscore the importance of a functional NBS, as mutations in this domain 
oftenn abolish R protein function (Dinesh-Kumar et al., 2000; Tao et al., 2000; 
Torneroo et al., 2002). Similarly, mutations in the NBS of various mammalian NOD 
proteinss have also been shown to affect their function (Chinnaiyan et al., 1997; 
Seshagirii  and Miller, 1997; Chaudhary et al., 1998; Hu et al., 1998; Yang et al., 
1998;Hartonetal„„  1999; Imai et al., 1999; Inoharaet al., 1999; Linhoffet al., 2001; 
Oguraa et al., 2001), pointing to an important role of the NBS in these proteins as 
well. . 

Onee of the most extensively analyzed NOD domains is that of Apaf-1, a 
proteinn involved in the regulation of apoptosis. This protein is negatively regulated 
byy its carboxy-terminal repeat domain that associates with its NB-ARC domain. 
Bindingg of cytochrome c to the repeat domain disrupts this association (Adrain et 
al.,, 1999), allowing the NBS to bind nucleotides (Jiang and Wang, 2000). This event 
iss thought to trigger a conformational change allowing Apaf-1 to oligomerize and 
subsequentlyy activate the caspase cascade leading to apoptosis (Acehan et al., 2002; 
Adamss and Cory, 2002). Negative regulation by the carboxy-terminal repeat domain 
mightt be a conserved mechanism within the group of mammalian NOD proteins, 
sincee various mutant forms that lack the carboxy-terminal repeat domain are 
constitutivelyy active (Hu et al., 1998; Srinivasula et al, 1998; Bertin et al., 1999; 
Inoharaa et al., 1999; Ogura et al., 2001; Poyet et al., 2001; Dowds et al., 2003). 
Moreover,, a structure-function analysis of Nod2 suggests that residues in the LRR 
andd NOD domain interact. This interaction is thought to be required to keep the 
proteinn in an inactive conformation in absence of the elicitor (Tanabe et al., 2004). A 
similarr negative regulatory mechanism has been proposed for the R protein Mi-1 
(Hwangg et al., 2000) as well as for Rx, for which it has been shown that the intra-
molecularr interaction between the NB-ARC and LRR domain is disrupted upon 
exposuree to the elicitor (PVX coat protein) {Moffett et al., 2002). Furthermore, the 
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factt that several mutations of constitutively active mutants map within the LRR 
domainn and the C-terminal part of the NOD domain of both mammalian and plant 
NODD proteins supports the idea that negative regulation through intramolecular 
interactionss is a general theme among these proteins (Bendahmane et al., 2002; 
Shiranoo et al. 2002; Chamaillard et al., 2003; Hwang and Williamson, 2003: Zhang 
ett al., 2003; de la Fuente van Bentem et al., 2004; Dowds et al., 2004; Tanabe et al., 
2004).. However, besides a negative regulatory role, the LRR domain in R proteins 
alsoo has a clear positive regulatory function, since removal of this domain results in 
ann inactive rather than a constitutively active protein {Moffett et al,, 2002). In 
addition,, many mutations in the LRR of a constitutively active chimeric Mi protein 
resultt in loss-of-function (Hwang and Williamson, 2003). 

Thiss extensive body of data suggests that R and NOD proteins share a very 
similarr mode of action. To investigate the role of nucleotide binding in the activation 
off  NOD proteins, we studied the NBS of plant R proteins as a model system. 
Previously,, we have shown for two different R proteins (1-2 and Mi-1) that their 
NB-ARCC domains are functional ATPase modules; they specifically bind and 
hydrolyzee ATP in vitro (Tameling et al., 2002). Here, we describe further mutational 
analysiss of the NB-ARC domain of the 1-2 protein that confers resistance to the 
fungall  pathogen Fusarium oxysporum (Ori et al., 1997; Simons et al., 1998). Two 
mutantss were found to trigger elicitor independent activation of plant defense. These 
mutantsmutants are affected in ATPase activity, not in ATP binding. Structure-based 
sequencee alignments together with modeling studies revealed that these mutations 
mapp at similar positions in the NTPase fold as in constitutively active mutant forms 
off  the human NOD proteins, Nodi and Pypafl. These mutant forms had been 
identifiedd in patients with autoinflammatory disorders, which indicates the 
importancee and functional correspondence of these residues. Yeast two-hybrid 
experiments,, using proteins that interact with the N-terminus of 1-2, indicate that 1-2 
cann adopt different conformations depending on the nucleotide bound. Based on 
thesee results, we propose a model in which the NB-ARC functions as a molecular 
switchh that is able to regulate downstream defense signaling through changes in its 
nucleotidee binding state. 

Results s 

Pointt  mutations in the NB-ARC domain of 1-2 result in constitutive 
activationn of innate immunity 
Thee NB-ARC domain of R proteins from the NBS-LRR class contains several 
conservedd motifs including the P-loop (also called Walker A or Kinase la motif), 
thee RNBS-A, the Walker B (Kinase 2), the RNBS-D and the MHD motif (van der 
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Biezenn and Jones, 1998; Meyers et al., 1999; Pan et al., 2000; Meyers et al., 
2003)(Figuree 1A). A single amino acid substitution (D460V) in the MHD motif of 
Rx,, a potato NBS-LRR protein involved in resistance against potato virus X 
(Bendahmanee et al., 2002), results in an elicitor independent hypersensitive response 
(HR),, a specific form of programmed cell death, when transiently expressed in 
leavess of N. benthamiana (Bendahmane et al., 2002). The analogous substitution in 
1-22 (D495V) gives also rise to a constitutive induction of defense responses (Figure 
11 B-C). Since no cell death phenotype was observed when SGT1 was silenced prior 
too the expression of j-2D4m\ it was concluded that the mutant protein induces a 
legitimatee HR <de la Fuente van Bentem et al., 2004). To see if single amino acid 
substitutionss in other conserved motifs in the NB-ARC domain of 1-2 also lead to an 
elicitorr independent HR, six additional substitutions were tested (Table 1). 
Substitutionss K207R and T208S (P-loop motif), D282C (Walker B motif) and 
D434VV (RNBS-D motif) did not lead to an HR at the macroscopic level (Figure IF 
andd data not shown), nor did D607E, a substitution in the conserved LDL motif in 
thee third LRR (Warren et al., 1998; Meyers et al., 2003; de la Fuente van Bentem et 
al.,, 2004). In contrast, the I-2S233F (RNBS-A motif) and i-2[m3E (Walker B motif) 
mutantss did generate an elicitor independent HR (Table I; Figure 1D-E). However, 
comparedd to I-2D495V\ the onset of cell death was delayed in I-2S233F and l-2imiE by 2 
andd 3 days, respectively. 

Tablee 1 Motifs targeted for mutation and their effect in a 
transientt expression assay. 

Substitution n 

K207R R 
T208S S 
S233F F 
D282C C 
D283E E 
D434V V 
D495V V 
D607E E 

motif f 

P-loop p 
P-loop p 
RNBS-A A 
Walkerr B 
Walkerr B 
RNBS-D D 
MHD D 
LDL L 

HR! ! 

--
--
+ + 
--
+ + 

--
+ + 
_ _ 

aHR,, hypersensitive response in ,V. benthamiana leaves 
uponn agroinfiltration. HR was scored 9 days after infiltration. 

Thee K207R mutation targets the invariant lysine present in the P-loop 
(Tablee 1) and was shown before to be essential for nucleotide binding and R protein 
functionn (Dinesh-Kumar et al., 2000; Tao et al., 2000; Tameling et al., 2002; 
Torneroo et al., 2002). To test whether an intact P-loop is required for the 
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developmentt of an HR. double mutants were generated in which the K207R 
substitutionn in the P-loop was combined with either one of the three substitutions 
thatt led to a constitutive HR phenotype. Like the l-'f207R mutant, all three double 
mutantsmutants ^j.2K207R/D495V, t_2

K207m233F and [.f207™283*)  failed to induce an HR when 
transientlyy expressed in N. benthamiana (Figure IF-I), indicating that the ability of 
thee constitutively active mutants to generate an HR is dependent on a functional P-
loop. . 

P-loopp RNBS-D 

Figuree I. Induction of the hypersensitive response (I IR) by 1-2 depends on an intact P-loop. 
(A)) Schematic representation of the tri-partite modular strueture of 1-2. which consists ('fan N-terminal 
coiled-coill  (CC), a central NB-ARC (Nucleotide Binding adaptor shared by Apaf-1. R proteins and 
CED4)) and a C-terminal leueine-rich repeat domain (LRR). In the indicated motifs specific amino acids 
weree subjected to mutational analysis to identity constitutivel) active (elicitor independent) proteins. 
Numberss indicate amino acid positions. 
(B-I)) Transient expression of wild type and mutant forms of 1-2 in V. benthamiana leaves via 
agroinfiltration.. Constitute el\ active mutants / -J" . 1-2* and 1-2° m (C-E) induce a cell death 
responsee thai is abolished when combined with the K207R mutation in the P-loop (G-l). In panels B and 
11 the response to wild type and to 1-2 containing only the P-loop mutation are depicted, respectively. 
II  ea\ es were photographed 9 da\ s after infiltration. 
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Constitutiv ee activating mutations map close to the nucleotide in a 3D 

structura ll  model of the NBS 

Basedd on the conserved P-loop and Walker B motifs in the N-terminal part of the 
NB-ARCC domain, this region was predicted to constitute the conserved core 
structuree of the nucleotide binding fold (Traut, 1994; van der Biezen and Jones, 
1998;; Meyers et al., 1999). Previously, we have shown that this domain represents a 
functionall  ATPase domain (Tameling et al., 2002). To reveal the relative position of 
Ser-2333 and Asp-283 in the three dimensional structure, the closely related NB-ARC 
andd NACHT domains of plant and human proteins were assembled into a structure-
basedd multiple sequence alignment. 

Thee inclusion of both plant and human proteins allowed us to ameliorate 
ourr previous alignment of human NACHT and NB-ARC domain proteins (Albrecht 
ett al., 2003b) and corroborated the close evolutionary relationship of both domains. 
Basedd on structure prediction results from the Biolnfo.PL meta-server and the 
associatedd 3D-Jury evaluation, including secondary structure predictions, the best 
modelingg template for the NBS subdomain of 1-2 (Figure 2A) appears to be the 
crystallographicallyy determined ATPase domain structure of the cell division control 
proteinn Cdcó (PDB identifier IfnnA) (Liu et al., 2000). This template structure has 
alsoo been used to model the NACHT domain proteins Nod2 and Pypafl (Albrecht et 
al.,, 2003b), which shows that NB-ARC and NACHT domains share very similar 
structures.. Another possible template with a very similar structure despite low 
sequencesequence identity would be the vasolin-containing protein VCP, also known as 
membranee fusion ATPase p97 (PDB identifier le32A) (Zhang et al., 2000). In 
addition,, the more distantly related structure of the beta-subunit of the FpATPase 
(PDBB identifier lbmfF) was included into the multiple sequence alignment because 
thee role of its functionally relevant amino acids has been investigated in detail in 
manyy studies. Based on the alignment with Cdc6 a 3D model of the NBS domain 
structuree of 1-2 bound to ADP could be constructed (Figure 2B). Positions of the 1-2 
mutationss (K207R, S233F and D283E) are marked yellow and show that these three 
residuess cluster together and lie close to the phosphates of the nucleotide, suggesting 
thatt these residues could be involved in ATP binding and/or hydrolysis. 

Thee as yet uncharacterized C-terminal part of the NB-ARC/NACHT 
domains,, following the predicted NTPase fold, was shown to comprise two helical 
subdomainss and will be referred to as NACHT/NB-ARC-associated domain 
extensionn 1 and 2 (NAD1-2; Appendix Figure 1). This region is more difficult to 
alignn than the NBS, because of a lower degree of similarity. However, similar 
secondaryy structure predictions allowed an improvement of the alignment in 
particularr regions and indicate an evolutionary relationship of the NADs as well. In 
thee NAD of the human proteins, 3 helical subdomains (NAD 1-3) were defined 
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(Albrechtt et al., 2003b), however an equivalent of the NAD3 subdomain was not 
identifiedd in the NB-ARC domain of the selected R proteins ( Appendix Figure 1). 

Twoo constitutively active 1-2 mutants are affected in their  ATPase 
activit y y 
Thee finding that both the S233F and the D283E mutation appear to lie close to the 
phosphatess of the nucleotide in the predicted 3D model of the NBS of 1-2 (Figure 
2B)) prompted us to analyze the effect of these mutations on the intrinsic ATP 
bindingg and ATPase activity of the mutant proteins. To this end, we produced wild-
typee protein (positive control, I-2N), and mutant proteins (I-2NS233F and I-2ND2R3f";) in 
E.E. coli. Since full-length 1-2 is very unstable in E. coli and yields are dramatically 
low,, truncated forms were produced that contain the CC and NBS domain but lack 
thee C-terminal LRR domain (Tameling et al., 2002). Equal purity and similar yields 
weree obtained for wild type and mutants (data not shown). Purified proteins were 
incubatedd at 25°C with different concentrations of [a3:P]ATP, and samples were 
takenn at different time points to measure the conversion of [a32P]ATP into 
[a32P]ADPP in time. [a32P]ATP and [a32P]ADP were resolved by thin layer 
chromatographyy (TLC) (Methods). The conversion rate at each [oc32P]ATP 
concentrationn was used to calculate the maximal initial hydrolysis rate (vmax) using 
Lineweaver-Burkk plots. This vmtiX represents the maximal initial velocity of 
hydrolysiss and reflects the situation wherein I-2N is saturated with ATP. The vmax of 
wild-typee I-2N was calculated to be 6.2 pmol ATP hydrolyzed min' |ig~' protein 
(Figuree 3A). The vmiiX values of I-2NS233F and I-2ND283E (Figure 3A), were found to 
bee 4.5 and 5 fold lower, respectively, indicating that the mutants are impaired in 
theirr steady-state ATPase activity. 

Thee same Lineweaver-Burk plots were used to calculate the km values 
representingg the ATP concentration required for the half-maximal hydrolysis rate. 
Forr wild-type I-2N a km of 2 u.M was found (Figure 3B), which is identical to the 
previouslyy reported kj (dissociation constant) for nucleotide binding that was 
determinedd by using a filter-binding assay (Tameling et al., 2002). independently 
purifiedd I-2N preparations gave comparable km and vmax values. Similar km and kd 

valuesvalues indicate that the reaction obeys standard Michaelis-Menten kinetics. 
Accordingg to these kinetics, the k,„  corresponds to the concentration required for 
half-maximall  substrate binding (expressed as the kd), provided that hydrolysis is 
muchh slower than substrate association and dissociation. Therefore, we reasoned that 
kkmm values can be used as a measure to determine ATP binding affinities of all I-2N 
preparations.. The km values for I-2NS233[ and I-2ND2S3t were found to be slightly 
lowerr (1.3 and 1.8 jaM, respectively) than that of wild-type (Figure 3B), indicating 
thatt their affinities for ATP are at least as high as wild-type I-2N. 
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Figuree 2. Structure-based multiple sequence alignment of the NBS and structural model of this 
subdomainn in 1-2. 
(A)) Structure-based multiple sequence alignment of the NBS subdomain of NB-ARC and NACHT 
domainn proteins including the PDB structures lfnnA. le32A, lbmfF. The DSSP secondary structure and 
thee corresponding predictions by the PS1PRHD server are depicted in the upper and lower part of each 
alignmentt row (a helices are represented by curled lines. [3 strands by horizontal arrows). Alignment 
columnss with identical residues are highlighted in dark gray boxes, those in which more than 60°/o of the 
residuess are physico-chcmically conserved are shown in light gray boxes. Mutations in 1-2 and disease-
associatedd mutations in Nod2 and Pypafl are denoted. Residues important in ATP binding and or 
hydrolysiss as well as the putative nucleotide sensor-1 residues arc also annotated. 

(B)) Structural 3D model of the NBS domain of 1-2 (based on the template lfnnA). a Helices are colored 
inn red and p strands in blue, the locations of mutations are annotated in yellow and are shown as sticks 
togetherr with the bound ADP and magnesium ion (Mg). Strands and helices are numbered according to 
thee order in which they occur in the multiple sequence alignment. 

Thee constitutively active mutants show an accumulation of the ATP 
state. . 
AA basic ATPase cycle consists of the following steps: ATP binding, ATP hydrolysis, 
andd dissociation of P< and ADP from the enzyme. The binding affinity for ATP was 
foundd to be similar for wild-type and the constitutively active 1-2 mutants (see 
above).. The finding that the two constitutively active 1-2 mutants have reduced 
ATPasee activity (v,„av) but normal nucleotide binding affinity (k,„)  therefore implies 
thatt the reaction equilibrium has shifted to the ATP state of 1-2. To examine this 
furtherr we determined the ratio between ATP and ADP that is bound to I-2N in a 
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Figuree 3. Quantification of the hydrolysis rate (v„„„) and affinity (k,„)  of 1-2N and its mutants for ATP. 
Purifiedd I-2N and mutant forms of this protein (S233F and D283E) were incubated with different 
concentrationss of [a32P]ATP. Conversion of ATP to ADP was measured in an ATPase assay and 
quantified.. The conversion rates at each ATP concentration were plotted in a Lineweaver-Burk graph and 
usedd to determine the v„„„ (pmol min"' ug') (A) and k„,  (uM)) (B). All reactions were done at least in 
duplo.. The vmax and km value of I-2N presented is the mean based on the outcome with two independently 
purifiedd protein preparations. These figures show that the S233F and D283E mutants are impaired in 
hydrolysiss without reduction of ATP binding affinity. 

steady-statee situation. The I-2N proteins, either wild-type or [-2N23 F, were 
incubatedd on ice with 2uM of [cr~P]ATP. The samples were then spotted onto a 
polyvinylidenee fluoride membrane and after washing the nucleotides bound to the 
proteinss were extracted and [a ~P]ATP and [a "P]ADP were separated using TLC 
(Figuree 4). As expected, the amount of bound ADP was strongly reduced in the 1-
2NN hydrolysis mutant compared to the wild type I-2N (average reduction of 
70%).. This reduction in the amount of bound ADP shows that the mutant is indeed 
affectedd in its ability to hydrolyze ATP to ADP. Comparison of the I-2ND2><">H mutant 
withh I-2N showed similar results (data not shown). The reduction in the amount of 
ADPP bound would indicate a shift in the ADP/ATP ratio in these mutants. To our 
surprise,, however, we were unable to detect such a shift, as for both I-2N and I-
2NN only small amounts of ATP were found (Figure 4). Since similar trace 
amountss of ATP were found in the no-protein controls, the ATP that is detected on 
thee TLC is probably due to non-specific binding of ATP to the membrane. A 
plausiblee explanation for the preferential detection of ADP in the extracts would be 
thee instability of the I-2N»ATP complex preventing its retention on the filter during 
thee washing procedure. To measure solely ATP binding we used a non-hydrolysable 
ATPP analog, as such a nucleotide cannot be converted to produce the stable ADP-
complex.. To test whether the non-hydrolysable ATP-y-S could be used for this 
purpose,, we first performed a competition filter-binding experiment wherein wild-
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Figuree 4. Thin layer chromatogram (TLC) of nucleotides bound to I-2N in a filler binding assay. 
[u'"P]ATPP was incubated in quadruple either without protein (no prof..), with I-2N or with the 1-2NS2331 

mutant.. The nucleotides retained on the filters were extracted and separated by TLC. Radioactivity of 
[aa "P]ATP and [a'"P]ADP was visualized by phosphor imaging (A) and quantified (B). The prevalent 
nucleotidee bound by I-2N or I-2Ns:iiF is ADP. M = marker of [a32P] labeled ATP and ADP. 

typee I-2N was added to a mix of [a ~P] ATP with increasing amounts of either ATP 
orr its non-hydrolysable analog ATP-y-S. The latter compound appeared to be able to 
competee with [a"'"P]ATP for binding with similar efficiency as normal ATP (Figure 
5A),, indicating that I-2N has comparable affinities for both nucleotides. Next. ATP-
Y-[35S]]  was used as substrate in a standard filter-binding assay. After washing, no 
specificc radioactivity could be measured on the filters (data not shown), confirming 
thee idea that, in contrast to the I-2N*ADP complex, the l-2N»ATP complex is 
unstablee and unable to survive the washing procedure. The filterbinding assay is 
thereforee not suited to directly determine the ADP/ATP ratio of wild-type I-2N and 
itss mutants. 
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Figuree 5. Determination of the stability of the I-2\'«ADP complex. 
Inn filter binding assays, radioactivity bound to wild-type I-2N was quantified and expressed as relative 
countss per minute (cpm). (A) In a competition experiment. [a32P]ATP was premixed with an increasing 
amountt of either cold ATP or ATP-y-S. This graph shows that both nucleotides compete equally well for 
binding.. (B) Determination of k0g. I-2N was incubated with [a "P]ATP (for 15 minutes) and after addition 
off  an excess of cold ATP samples were taken at different time points. From this graph, the half-life of the 
l-2'ADPP complex was estimated to be around 30 minutes. (C) The same competition experiment as in B. 
butt using [ct°P]ADP and an excess of cold ADP. This graph shows that ATP hydrolysis is not required to 
obtainn a stable I-2N«ADP complex. (D) The formation of the stable I-2N'ADP complex depends on Mg:". 
I-2NN was incubated with [a°P]ADP in presence or absence of MgCl:. and radioactivity bound to the 
proteinn was quantified. 

Thee relative ease at which the I-2N«ADP complex can be detected suggests 
aa high stability. When premixed with [a32P]ATP. both ATP and ADP are able to 
competee for the binding of [a,_P]ATP to I-2N with similar efficiencies (Tameling ct 
al... 2002). Together with the inability to detect either the l-2N*ATP complex or the 
I-2N»ATP-y-SS complex, this suggests that ATP hydrolysis induces an increased 
affinityy of I-2N to the hydrolysis product. ADP. likely as a consequence of a 
conformationall  change. Furthermore, the instability of the I-2«ATP complex and the 
approximatelyy 70% reduction in the amount of ADP bound to the S233F mutant. 
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togetherr suggest that in the hydrolysis mutant the equilibrium has shifted from the I-
2-ADPP to the I-2*ATP state. Based on this reduction and the reduction in v„ titx (4.5x), 
wee calculated that the S233F mutation causes a shift in the ratio between the 1-
2-ADPP and the 1-2'ATP states from 67 vs. 33%, in the wild type I-2N, to 20 vs. 80 
%% in the S233F mutant (see appendix). A similar shift was found for the D283E 
mutationn (data not shown). 

Nucleotidee binding induces a conformational change in vitro 

Too measure the stability of the I-2N»ADP complex, a filter binding experiment was 
performedd in which I-2N was incubated on ice with [a32P]ATP. After 15 minutes, 
ann excess of cold ATP was added and the mixture was further incubated for different 
periodss of time. The relative amount of radioactivity retained on the filter 
([a12P]ADP)) was plotted against the incubation time (Figure 5B). From the results, 
thee time after which 50% of the radioactivity had dissociated from the I-2N*ADP 
complexx was calculated to be around 30 minutes (th: = 30 min.). This extraordinary 
longg tin corresponds to a dissociation rate constant {Kofl) of 2.310 2 min"1 (Kftff• = ln2 / 
ti/2)ti/2) for I-2N«ADP. In combination with the previously determined kd of 2 uM 
(Tamelingg et al., 2002) for I-2N, this would result in an improbably low association 
ratee constant (k„„;  kon= k0ff/ kd). We therefore propose a reaction scheme in which 1-2 
cann occur in two different conformations that have different ADP binding affinities. 
Inn this scheme the rates of association and dissociation of the initial ATP/ADP 
bindingg to I-2N are much higher than the observed dissociation rate of ADP from 
thee stable I-2N*ADP complex. This suggests that hydrolysis of ATP by I-2N induces 
aa conformational change of the NB pocket resulting in a stable 1-2N»ADP complex. 

Too test whether ATP hydrolysis per se is required for the formation of such 
aa stable I-2N»ADP complex, a filter binding assay was done in which I-2N was 
incubatedd with either [a32P]ADP or [a32P]ATP. In both cases, we found similar 
amountss of ADP retained by I-2N, showing that ADP binding is sufficient for 
formationn of the I-2N»ADP complex (data not shown). To examine whether the 
stabilityy of this I-2N-ADP complex is the same as of the one formed after ATP 
hydrolysis,, we repeated the filter binding experiment as described above using 
[a32P]ADPP and cold ADP instead of cold ATP as competitor. From this experiment, 
wee calculated that the t{n for ADP dissociation was around 34 minutes (Figure 5C). 
Thiss value is similar to the 30 minutes found with [ct3:P]ATP (Figure 5B), 
confirmingg that ATP hydrolysis is not required for the formation of a stable I-
2N-ADPP complex. Interestingly, when Mg2' was omitted from the reaction mixture, 
noo radioactivity was retained on the filters (Figure 5D), which indicates that Mg"" is 
nott only required for hydrolysis (Tameling et al., 2002), but also for the formation of 
thee stable I-2N»ADP complex, and possibly for initial ADP binding. Comparison of 
thee rate of hydrolysis (for calculation see appendix), expressed as the molecular 
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activityy (0.3 min '), with the observed ADP dissociation constant (k0g) of 0.5 min 
showss that they are at the same order of magnitude. Therefore dissociation from the 
I-2N-ADPP complex is very likely to be the rate limiting step in the ATPase cycle. 

Switchingg between different 1-2 conformations results in distinct 
interactionn patterns in yeast 
Thee results obtained so far suggest that the NB pocket of 1-2 can adopt at least two 
differentt conformations in the ATPase cycle: one as a stable complex with ADP and 
anotherr as an unstable complex with ATP. For the mutants I-2N " and I-2N * , a 
specificc reduction of their ATPase activity was shown (Figure 3A) leading to a 2.5 
foldd increase, from 33 to 80%, in the level of ATP bound molecules {see above). 
Thee finding that these mutants show an HR phenotype upon transient expression in 
N.N. benthamiana, indicates that the ATP state triggers defense signaling, likely by 
alteringg the conformation of the effector domain. In order to find evidence for 
different,, nucleotide-associated conformations in vivo, the yeast two-hybrid assay 
wass used. We reasoned that differences in conformation could result in different 
interactionn patterns with other proteins. We identified interacting proteins that could 
bee used for this purpose in a yeast two-hybrid screen of a Fusariu m-tomato 
interactionn cDNA library, with the N-terminal 872 amino acids of 1-2 as bait 
(methods).. Using this part, which encompasses the CC, NB-ARC domain and the 
firstfirst 13 LRRs three interacting proteins were identified. The first clone contained an 
insertt of 502 base pairs (Genbank accession number AY 150042), encoding 89 
aminoo acids identical to the C-terminus of a putative protein encoded by the 
Genbankk sequence BK000692. This protein shows strong homology with kinesin 
lightt chain (KLC) proteins of Arabidopsis thaliana and various animal species. This 
interactingg protein will be further referred to as Klc-I2I (for further details, see 
appendix).. The second clone contained a cDNA insert of 1078 base pairs (Genbank 
accessionn number AY 15043) encoding a sequence of 213 amino acids that 
representss the C-terminal coiled coils of the Formin Homology 2 (FH2) domain 
foundd in formin homologs (Xu et al., 2004). This interactor will be referred to as 
Formin-I2II  (for further details see appendix). The third interacting clone contained 
ann insert of 731 base pairs (Genbank accession number AY 150044). It encodes 98 
aminoo acids identical to the C-terminal tetratricopeptide repeat (TPR) of a predicted 
proteinn encoded by the Genbank sequence BK000691. This predicted protein was 
foundd to be homologous to the human protein translin-associated factor X (TRAX) 
(Aokii  et al., 1997; Chennathukuzhi et al., 2001; Chennathukuzhi et al., 2003). 
Hence,, this clone is named Trax-I2I (for further details see appendix). 

Too more accurately map the 1-2 domain responsible for the interactions 
withh the three identified clones, two deletion constructs of 1-2 were tested as bait. 
Thee first bait consisted of both the CC and NB-ARC domain (I-2N), which is the 
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l-'i«uree 6. Ycast-two-hybrid interaction of 1-2 variants with Tra.x-I2I and Klc-121. 
Interactionn characteristics of"l-2N (A) and an extended I-2N protein containing the first four LRRs (I-
2N+)) (B) with Trax-121 and Klc-121 were analysed by the yeast-two-hybrid method. The test for 
activationn of the ADE2 marker is shown, but the other two markers {HISS, LacZ) gave identical results. 
Numberss indicate amino acid positions in 1-2. + indicates activation of the three selectable markers. - is 
noo activation of these markers. 

samee part as used for the biochemical analyses. The second bait consisted of the CC-
domainn only (I-2CC). The two constructs did not interact with Trax-121, but did 
interactt with Klc-121 (Figure 6A and data not shown) and Formin (data not shown), 
indicatingg that Klc-121 and Formin-121 interact with the CC domain of 1-2. while 
trax-1211 might bind to the LRRs. The latter is not the case as is shown later. Because 
bothh Klc-121 and Formin-121 showed the same interaction patterns, only the 
interactionss of Klc-121 and Trax-121 with the 1-2 mutants were analyzed in detail. 

Withh these two interactors, Trax-121 and Klc-121. we tested whether the 
mutationss in the NB domain of 1-2 (S233F. D2X3L and K207R) affected the 
outcomee of the yeast two-hybrid assay compared to the wild-type. Interestingly. I-
2NN " showed an interaction pattern that was different from wild-type I-2N. The 
mutantt could not bind to Klc-121. but, in contrast to the wild-type I-2N. it could 
interactt with Trax-121 (Figure 6A). The surprising gain of Trax-121 interaction 
indicatess that Trax-121 is capable of binding to 1-2K without the requirement of 
LRRs.. Both I-2NS2 3F and 1-2ND: ,,: showed an interaction pattern identical to that of 
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wild-typee I-2N (Figure 6A). Besides I-2N, an extended 1-2 bait was used that in 
additionn to the CC and NB-ARC domain also contains the first 4 LRRs of the LRR 
domainn (I-2N+). Extensions of the I-2N bait with the first 4 LRRs leads to an 
interactionn pattern opposite to that of wild-type I-2N, and identical to that found for 
I2NIC207RR ( F i g u re 6 B ) w h e n t he e f f e ct o f t he individual S233F and D283E 

mutationss in these extended baits (I-2N+S233F and I-2N+D283E) were tested we 
observedd a unique interaction pattern that was different from both wild-type I-2N+ 
andd I-2N+K207R (Figure 6B). Unlike wild-type I-2N+, I-2N+S233F and I-2N+D2K3E both 
weree able to interact with Klc-I2I. The interaction with Trax-I2I on the other hand 
wass unchanged. These data indicate that not only the K207R, S233F and D283E 
mutations,, but also the extension of I-2N with the first four LRRs is able to change 
thee conformation of 1-2 at the N-terminal CC domain as this domain interacts with 
Klc-I2I .. Apparently 1-2 can occur in different conformations, a Klc-I2I and a Trax-
1211 binding state, and the equilibrium between these states is influenced by 1) the 
ratee of hydrolysis and 2) presence of the LRR. Since for marker activation in the 
yeastt two-hybrid a specific threshold level has to be exceeded, lack of marker 
activationn does not mean that a specific state is absent. Based on our calculations 
bothh the ATP and ADP state of the wild-type and 1-2 mutants should be present in 
yeast,, however in different equilibria. Because the S233F and D283E mutations 
weree shown to cause a shift in the equilibrium towards the ATP state in vitro, the 
Klc-I2II  binding conformation likely represents the ATP state, while the Trax-121 
bindingg conformation corresponds to the ADP and possibly the empty state. Since 
extensionn of 1-2N with 4 LRRs shifts the equilibrium towards the Trax-121 binding 
conformationn the LRR might stabilize the ADP bound state. In summary, the 
presentedd data support a model in which the N-terminus of 1-2 can adopt different 
conformationss depending on the nucleotide bound. 

Discussion n 

Too study the molecular mechanism by which NOD proteins are activated the R 
proteinn 1-2 was used as a model. Previously, we have shown that the NB-ARC 
domainn of 1-2 is a functional ATPase module (Tameling et al., 2002). Here we show 
thatt two individual point mutations (S233F and D283E ) in the NB-ARC domain 
resultt in a constitutively active protein. Both mutants were found to be affected in 
ATPP hydrolysis, but not binding. In the double mutants, in whom these mutations 
weree combined with the P-loop mutation (K207R), the constitutive activity of 1-2 in 
JV.. benthamiana caused by the S233F and D283E mutations was abolished (Figure 
1HH and I). Based on these data, we propose that the ATP state is the active or "on" 
statee that triggers defense signaling, while the ADP state represents the "off state. 
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Too get insight in how the mutations described above affect ATP hydrolysis an 
alignmentt of the NB-ARC domain of various NOD proteins was assembled. The 
NB-ARCC domain can be divided into two parts; the C-terminal part which is 
predictedd to form a helical subdomain, which is called the NAD (NACHT/NB-ARC 
associatedd domain extension) (Albrecht et a!., 2003b) (Appendix Figure 1) and the 
N-terminaff  part which is predicted to form a 3D structure that consists of a parallel (3 
sheett flanked by a helices (Albrecht et al., 2003b) (Figure 2A and B) corresponding 
too the core structure of the P-loop containing NTPases (Vetter and Wittinghofer, 
1999).. The 3D model of the nucleotide-binding fold of 1-2 predicts that the 
mutationss leading to constitutive activity, S233F and D283E, lie in or close to the 
nucleotidee in the catalytic site (Figure 2B). As can be observed in Figure 2A, the 
S233FF substitutes a serine that is part of a conserved region referred to as the RNBS-
AA motif (Meyers et al., 1999; Pan et al., 2000). This mutation maps next to 
mutationss associated with autoinflammatory disease in the NACHT domain of Nod2 
(R334W/Q)) and Pypafl (R260W). These latter mutations have been shown to cause 
constitutivee activation as well (Chamaillard et al., 2003; Dowds et al., 2004; Tanabe 
ett al, 2004). Similar mutations in the p subunit of the F,-ATPase (EI81 and R182, 
PDBB structure lbmf, chain F) were also shown to affect ATP hydrolysis (Senior et 
al.,, 2002). 

Thee D283E mutation in 1-2 targets the second aspartate of the Walker B 
(Kinasee 2) motif that in R proteins, as well as in AAA+ proteins like Cdc6 (lfnnA) 
(Liuu et al., 2000), in ABC transporters and in helicases, has the consensus xxxxD-
D/EE (where x is mostly a hydrophobic residue). The second acidic residue has been 
proposedd as a general catalytic base in ATP hydrolysis (Muneyuki et al., 2000). In 
variouss studies, this residue was indeed found to be important for hydrolysis (Herbig 
ett al., 1999; Orelle et al., 2003; and references in Geourjon et al., 2001). Since the 
D283EE mutation in 1-2 disturbs hydrolysis, this residue might also be the catalytic 
basee in R proteins. Interestingly, an acidic residue at this position in not conserved 
withinn the related NACHT family. Instead, there is a highly conserved aspartate 
locatedd two residues downstream of the Walker B motif. This aspartate might have 
thee same function as Asp-283 since the D303N mutation in Pypafl (Figure 2A) also 
givess rise to a constitutively active protein (Dowds et al., 2004). In summary, the 
S233FF and D283E mutations target residues in regions that not only in 1-2, but also 
inn other NOD proteins, are crucial for protein function and are likely to be involved 
inn ATP hydrolysis. 

Ourr in vitro experiments indicate that the ADP state rather than the empty 
statee represents the "off state, as the former one is very stable. In contrast, the ATP 
state,, or "on" state, is unstable as we were unable to detect binding by I-2N to this 
moleculee or to the non-hydrolysable ATP analog ATP-y-S in filter binding assays. 
Apparently,, ADP binding triggers a conformational change of the NB domain that 
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stronglyy increases the affinity for this nucleotide. In the cell, this change will rely on 
hydrolysiss of ATP, as this is the prevalent nucleotide. However, because direct ADP 
bindingg could also induce this conformational change hydrolysis is not required per 
se.se. Furthermore, the dissociation of ADP from the ADP complex likely represents 
thee rate-limiting step in the ATPase cycle because the dissociation rate (k(^) is in the 
samee order of magnitude as the molecular activity (0.3 min"1 versus 0.5 min') at 
roomm temperature (25°C). 

Thee idea that the "on" and ""off' states represent different conformations of 
1-22 is supported by yeast two-hybrid data (Figure 6). Three 1-2 interacting proteins 
weree isolated, Klc-I2I and Formin-I2I that interact with the CC domain, and Trax-
1211 interacting with the CC-NB-ARC domain. The first and last interactors were 
usedd to monitor changes in 1-2 conformation induced by mutations in the NBS. 
Fromm Figure 6 it is apparent that the ATP hydrolysis mutants (l-2N+S233h and I-
2N+D2S3E)) have a different interaction pattern than the correspondingwild-type or the 
ATPP binding mutant (K207R). Interestingly, this different interaction pattern 
correlatess with the equilibrium shift from the ADP to the ATP bound state caused by 
thesee mutations. The ability to bind Klc-I2I reflects the "on" or ATP state, while the 
abilityy to bind Trax-I2I corresponds to the "off or ADP state (and possibly also the 
emptyy state as the K207R mutants also bind to this interactor). Because the ATPase 
cyclee is dynamic, both the ADP and ATP state will be present in a certain 
equilibrium.. Only when the amount of a specific state exceeds a certain threshold it 
wil ll  be able to activate the yeast-two-hybrid markers. Wild type I-2N only activates 
thee markers in combination with Klc-I2I and not with Trax-I2I, indicating that the I-
2N-ADPP level does not exceed the presumed threshold. Interestingly, the extension 
off  I-2N with four LRRs (I-2N+) conversed the interaction pattern, likely by shifting 
thee equilibrium to the ADP state. Unfortunately, we could not calculate the 
ATP/ADPP ratio for the I-2N+ proteins, as we could for I-2N, because we were 
unablee to produce sufficient amounts I-2N+ in E. coli for biochemical analysis, to 
confirmm this shift. Taken together, the yeast two hybrid data indicate that the ATP 
andd ADP state have distinct conformations of their N-termini (at least involving the 
CCC domain) and that the LRRs stabilize the ADP or "off state. The LRR domain 
couldd therefore be regarded as a negative regulatory module. 

Itt has been shown before for several members of the NB-ARC and NACHT 
familyy that an LRR domain can exert a negative regulatory function (Hu et al., 1998; 
Srinivasulaa et al., 1998; Bertin et al., 1999; Inohara et al., 1999; Hwang et al., 2000; 
Oguraa et al., 2001; Poyet et al., 2001; Bendahmane et al., 2002; Moffett et al., 2002; 
Dowdss et al., 2003; Tanabe et al., 2004). Extensive analysis of Nod2 showed that 
thee first LRRs interact with the C-terminus of its NOD domain, keeping the protein 
inactivee in absence of the elicitor (Tanabe et al., 2004). For Apaf-1, negative 
regulationn is based on the interaction between the WD40 repeat domain with the 
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NB-ARCC domain. This interaction likely inhibits dATP or ATP binding, since 
additionn of cytochrome c disrupts this interaction (Adrain et al., 1999) and 
significantlyy increases nucleotide binding activity in vitro (Jiang and Wang, 2000). 
Thee function of the LRR domain in R proteins could be similar to the WD40 repeat 
domainn since expression of the elicitor (the PVX coat protein) of Rx has been shown 
too disrupt the interaction of the LRR with the NB-ARC domain (Moffett et al., 
2002).. The disruption of the interaction of a repeat domain with the NB-ARC 
domainn upon signal perception might be a conserved mechanism in the NACHT and 
NB-ARCC family. 

Basedd on our data and a model for the molecular mechanism of the R 
proteinn Rx (Moffett et al., 2002), we propose a refined model for R protein 
activationn (Figure 7). In this model the NB-ARC domain acts as a molecular switch 
whosee state is regulated by the type of the bound nucleotide, analogous to what was 
foundd for many G-proteins (Sprang, 1997). In our model the NB-ARC is tightly 
boundd to ADP in the "off state. Switching of the NB-ARC domain from the "off 
too the "on" state is triggered by elicitor recognition. How elicitor recognition is 
achievedd is poorly understood, but it is clear that the LRR domain plays an 
importantt role (Ellis et al., 2000). We hypothesize that the intra-molecular 
interactionss that occur in Rx also apply for 1-2. In the resting state, when the NB-
ARCC is in the "off conformation, the N-terminal CC and C-terminal LRR domain 
associatee with the central NB-ARC domain. The NB-ARC domain tightly binds 
ADP,, and this state is stabilized by the interaction with the LRR domain. Upon 
elicitorr recognition the LRR dissociates, relieving the negative regulatory function 
exertedd by the LRR domain. This event results in a conformational change of the 
nucleotidee binding pocket that causes a strong reduction in affinity for ADP (step 1) 
allowingg rapid dissociation of ADP (step 2) required for the subsequent binding of 
ATPP (step 3). ATP binding induces a conformational change (which requires an 
intactt P-loop) that disrupts the interaction of the NB-ARC with the CC domain. This 
mightt be the key event for activation of the defense signaling pathway(s). 
Hydrolysiss of the bound ATP by the intrinsic ATPase activity (step 4) returns the 
proteinn to its resting ("off ) state completing the ATPase cycle. The regulation or 
intereferencee (by mutations) of the reaction speed at different steps in the ATPase 
cyclee determines the relative amounts of I-2'ADP and I-2*ATP. When the latter 
statee exceeds a certain threshold defense signaling will be initiated. Evidence that, in 
absencee of the elicitor, the ATPase cycle also does run in vivo is the observation that 
theree is a certain degree of constitutive activity of /?-genc pathways in plants in 
absencee of the elicitor (reviewed in Nimchuck et al., 2003). 

Thee predicted 1-2 conformations in our model are in agreement with the 
interactionn patterns obtained in the yeast two-hybrid experiments. The Mon" or ATP 

50 0 



NB-ARCNB-ARC domain as molecular switch 

4 4 

Pi i 

ATP P 

j.j. active ("on") 
state e 

T T 
ATP P 

3 3 

resting g 
("oft")) state 

elicitor r 

mm
M M 

destabilized d 
ADP-bmding g 

$B-r— $B-r— 
T T 

emptyy state ADP P 

2 2 

Figuree 7. Model of the NB-ARC domain functioning as a molecular switch in the regulation of R protein 
mediatedd 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 
signaling,, leading to induction of defense responses. (4) Hydrolysis of the bound ATP by the intrinsic 
ATPasee activity returns the protein to its resting state. 

state,, in which the CC domain dissociates from the NB-ARC domain, is predicted to 
interactt with Klc-I2I as the CC domain alone is sufficient for Klc-I2I binding. In the 
otherr 1-2 conformations, in which the CC domain is bound to the NB-ARC domain, 
itt is not available for Klc-121 binding however, in this conformation 1-2 can interact 
withh Trax-121. Apparently, Trax-I2I requires a more "closed" 1-2 conformation to be 
ablee to interact. With the ATP hydrolysis mutants the equilibrium shifts to the ATP 
(Klc-1211 binding) state, while with the ATP binding mutant (K207R). or upon 
additionn of part of the LRR domain (I-2N+), the equilibrium shifts to the empty or 
ADPP (Trax-121 interacting state) state, respectively. 

Inn our model, the LRR has a negative regulatory function by stabilizing the 
ADPP state. Upon dissociation of the LRR a rapid exchange of ADP for ATP occurs, 
suchh an exchange is only possible when the affinity of the NTPase fold for ADP is 
reduced.. In vitro, however, the I-2N form lacking the LRR domain has a high 
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insteadd of a low affinity for ADP. This suggests that the LRR domain has besides a 
negativee also a positive regulatory function. In this function it is able to allosterically 
influencee the nucleotide binding pocket allowing reduction in ADP affinity, which 
causess rapid nucleotide exchange. This observation fits well with the finding that R 
proteins,, in contrast to the human NOD proteins in which only a negative regulatory 
functionn is present in the repeat domain, deletion of the LRR does not result in 
constitutivee activity (Moffett et al., 2002 and Vossen unpublished). It also fits with 
thee finding that the elicitor-independent HR triggered by a constitutively active Mi 
chimeraa could be abolished by numerous independent mutations in the LRR domain 
(Hwangg and Williamson, 2003). The negative regulation exerted by the 1-2 LRRs is 
insufficientt to block the HR response induced by the constitutive activating S233F 
andd D283E mutations in the full-length protein. However, negative regulation by the 
LRRR might explain the delay in HR timing between these mutations and the D495V 
mutationn in the MHD motif. It is tempting to speculate that the MHD motif is 
involvedd in the negative regulation exerted by the LRR domain and that the D495V 
mutationn disrupts this repression, resulting in a rapid induction of defense signaling. 
Iff  this is true, double mutants (S233F or D283E combined with D495V) should give 
risee to a faster HR upon transient expression than the single mutants. 

Howw the active ATP state of 1-2 triggers downstream signaling is not 
known.. NOD proteins often rely on oligomerization for function (Chaudhary et al., 
1998;; Hu et al., 1998; Srinivasula et al., 1998; Yang et al., 1998; Imai et al., 1999; 
lnoharaa et al., 1999; Inohara et al., 2000; Damiano et al., 2001; Linhoff et al., 2001; 
Oguraa et al., 2001; Poyet et al., 2001; Dowds et al., 2003; Dowds et al., 2004), 
whichh is mediated by the NOD module and is dependent on an intact P-loop. 
Oligomerizationn is thought to bring binding partners of the N-terminal effector 
domainss into close proximity, thereby allowing trans-activation of these proteins, 
whichh in turn triggers downstream signaling. It still remains elusive whether the 
samee mechanism also applies to R proteins, since to date there are no reports 
describingg oligomerization of R proteins. Attempts to show 1-2 multimers in the 
yeastt two-hybrid system were unsuccessful (data not shown). 

Thee model presented here may function as a framework for further 
explorationn of the role of NTP binding and hydrolysis by the NB-ARC/NACHT 
domainn of NOD proteins in the activation of signal transduction cascades, and more 
specificallyy in R protein mediated defense signaling in plants. Additional, more 
direct,, observations of changes in protein conformation are required to firmly 
establishh how the nucleotide state controls the conformation and thereby the activity 
off  the protein. Furthermore, it will be interesting to find out how exactly the switch 
functionn of the NB-ARC domain is regulated by the repeat domain and possible 
otherr factors. Such other factors could influence the rate of hydrolysis and 
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nucleotidee exchange similar to what was found for G-proteins (Sprang, 1997). Also 
thee mechanism by which an elicitor is perceived by an R protein and how it triggers 
downstreamm signaling requires more research. 

Methods s 

Constructs s 
Mutationss were introduced by overlap extension PCR {Higuchi et al., 1988) using 1-2 as template. For 
eachh mutation two flanking primers and the following set mismatch primers were used: 
forr T208S (5'-CCAGGGCAAGTCTACACTTGC and 5'-GCAAGTGTAGACTTGCCCTGG); for 
S233F,, (5'-TGGTATTGCGTTTTTGAAGGATTTGA and 5'-CAAATCCTTCAAAAACGCAAT-
ACCA);; for D282C, (5n-TCCTTATTGTTTTGTGTGATGTGTGGA and 5'-TCCACACATCACA-
CAAAACAATAAGGA) ;; for D283E. <5'-TCCTTATTGTTTTGGATGAAGTGTGGA and 5-TCC-
ACACTTCATCCAAAACAATAAGGA) ;; for D343V. (5'-TTCCTAAAGTTTATCCATTTAGGAA and 
55 '-TTCCTAAATGGATAAACTTTAGGAA) ; for D607E, (S'-TCAGATTTTTGGAGATTTCTCGG-
ACAA and 5-TGTCCGAGAAATCTCCAAAAATCTGA). All mutations were confirmed by sequence 
analysis.. Except for the D607E product, all fragments were digested with Ncol and Tthl 1II to replace the 
correspondingg fragment in the yeast-lwo-hybrid bait vector pAS2-l (CLONTECH Laboratories, Palo 
Alto.. CA, USA) containing I-2N (1-519) (described in de la Fuente van Bentem et al., 2004; herein 
referredd to as CC-NB-ARC). Restriction fragments containing the mutation were excised from these 
vectorss with Sail and BamHI or BamHI and Aatll (for D434V) to replace the corresponding fragments in 
thee pGreen IK. derived binary vector encoding 1-2F (1-1266) (WP42). In this vector the gene is under 
controll  of the CaMV 35S promoter and a nopaline synthase (NOS) transcription terminator (WP42). 
WP422 and the binary vector harboring 1-2FW''5V (WP45) are described in (de la Fuente van Bentem et al., 
2004).. The Sall-BamHI fragments containing the sequences coding for the S233F and D283E mutations 
weree used to replace the corresponding fragments in 1-2 present in the E, coli expression vector pGEX-
K.GG (Tameling et al., 2002). In this manuscript we have also described the construction of pGEX-KG 
containingg the I-2NK207R mutant fused to GST. The PCR fragment encompassing the D607E mutation was 
digestedd with Tthl II I and PstI and used to replace the corresponding fragment in pBlcuscript containing 
I-2FF (WP36) (de la Fuente van Bentem et al., 2004). A fragment containing the D607E mutation, 
obtainedd by digestion of this vector with Tthl 111 and Aatll, was used to replace the corresponding 
fragmentt in WP42, creating the binary vector that contained l-2f^m'F\ To construct the binary vector that 
containss f_2f*:"7RM'/-i\ the Sall-BamHI fragment containing the K207R mutation was isolated from the 
pGEX-KGG construct containing I-2N*~:"7R, and used to replace the corresponding fragment in WP45. From 
thiss pGEX-KG construct also a Ncol-Xhol fragment was excised to clone l-2NK2"7R into pAS2-l that was 
digestedd with Ncol and Sail. The product was used as a template for overlap extension PCR, as described 
above,, to gain DNA fragments containing a second mutation coding for either S233F or D283E. These 
fragmentss were digested with Sail and BamHI and used to replace the corresponding fragment in WP42. 
Thiss resulted in pGreen 1K containing the double mutants; /_2f*-w"JJ,r and /-2F*2"7RD:*-<E. The pAS2-l 
vectorss expressing I-2N+ (1-643). I-2N+K:i,7ft, |-2N+S1"F, I-2N+D2!<-,! were created by digesting the pAS2-

11 vectors expressing the corresponding full length proteins with Pstl to release a fragment resulting in 
deletionn of LRR5-29. The bait construct for the two-hybrid library screen was constructed by subcloning 
thee Ncol-SacI fragment of 1-2 into the pAS2-l vector, resulting in the bait 1-2(1-872). The yeast-two* 
hybridd bait vector encoding I-2CC (1-168) was obtained by subcloning the NcoI-EcoRV fragment from I-
22 intopAS2-l. For the 1-2 CI (I-526) bait, a cosmid containing this homolog (cosmid A29 (Simons et al., 
1998))) was used as template to amplify the encoding region using specific primers (5'CAGATTTGAG-
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CCATGGAGATTGGG and 5'-GGGCCGACATTGTTCCAACATATG). The PCR fragment was cloned 
intoo the pAS2-1 vector and checked for sequence errors by sequence analysis. 

Agroinfiltratio n n 
Alll  binary vector (pGrccn IK derived) constructs were transformed to A. lumefacien.s GV3101 and 
agroinfiltrationn was performed as described in (Van der Hoorn et al., 2000).The cells were spun down and 
rcsuspendedd to an ODW(, of 2. X. benihamiana plants used for infiltration were 3-4 weeks old. 
Multipl ee sequence alignment and structural modeling 
Proteinn sequences were retrieved from the UniProt (Apwciler et at., 2004) database and protein domain 
architecturess from the Pfam (Bateman et al.. 2004) and SCOP (Andrceva et al., 2004) databases. The 
UniPrott accession numbers and synonymous names of the protein sequences are as follows: 1-2. 
Q9XET3:: Mi-1. 081137; Rx, Q9XGF5: Prf, Q96485; Rpi-blbl/RGA2, Q7XBQ9; RPM1, Q39214; 
RPS2,, Q42484; N. Q40392; L6, Q40253; PYPAF1/CIASI/CRYOPYRIN/NALP3, Q96P20; 
NOD1/CARD4,, Q9Y23; NOD2/CARD15/IBDL Q9HC29: PYPAF2/NALP2/NBS1/PAN1. Q9NX02; 
PYPAF3/NALP7/NOD12.. Q8WX94: PYPAF4/NALP4/PAN2. Q96MN2; PYPAF5/NALP6/PAN3, 
P59044;; PYPAF6/NALP11/NODI7. P59045: PYPAF7/MONARCH-1/NALP12/PAN6, P59046; 
PYPAF8/MATER/NALP5,, P59047; DEFCAP/CARD7/NALPI/NAC, Q9COO0; CLAN/CARD12/IPAF, 
Q9NPP4;; CI1TA/MHC2TA, P33076. 

Proteinn structures were obtained from the PDB database (Bourne el al., 2004). The secondary 
structuree assignments of PDB structures were taken from the DSSP database (Kabsch and Sander, 1983). 
AA single capital letter appended to the actual PDB identifier denotes the chosen structure chain. The state-
of-the-artt online server PS1PRED (McGuffin et a!., 2000) predicted the secondary structure of NB-ARC 
andd NACHT domain proteins. Because of recent improvements of the PSIPRED method, we also re-
computedd the secondary structure of NACHT domain proteins discussed in our previous studies (Albrecht 
ett al., 2003b; Albrecht et al.. 2003a). 

Thee structure-based multiple sequence alignment of NB-ARC and NACHT domain proteins 
(Figuree 2A) was assembled using pre-computed Pfam domain alignments and T-COFFEE (Poirot et al., 
2003).. We also improved them manually by minor adjustments based on structure prediction results and 
pairwisee superpositions of all PDB structures. The respective superpositions were computed by the 
programm CE (Shindyalov and Bourne, 1998). For the alignment construction, we used the sequences of 
thee NB-ARC domain proteins 1-2, Mi-1. Rx, Rpi-blbl. Prf. RPS2. RPM1. L6, N, Apafl, CED-4 and the 
NACHTT domain proteins PYPAFl-8. DEFCAP. CLAN, CIITA, NODI/2. However, most of the latter 
NACHTT domain proteins are omitted in Figure 2A and Appendix Figure 1 solely to reduce the picture 
size. . 

Furthermore,, we investigated the results of all state-of-the-art fold recognition methods 
availablee via the online meta-scrvcr Biolnfo.PL (Bujnicki et al.7 2001), which contacts a dozen other 
state-of-the-artt prediction servers (whose names are listed on the web site http://Bioinfo.PL/Meta/). The 
associatedd 3D-Jury system allows for the comparison and evaluation of the predicted 3D models in a 
consensuss view (Ginalski and Rychlewski, 2003). To obtain a 3D model of the NBS domain structure of 
E-2,, we extracted the sequence-structure alignment of 1-2 to 1 fnnA from the multiple sequence alignment 
off  NB-ARC and NACHT domain proteins (Figure 2A) and submitted it to the 3D modeling server 
WHATT IF (Rodriguez et al.. 1998). The sequence alignments depicted in the figures were prepared in the 
SEAVIEWW editor (Galtier et al., 1996) and illustrated by the web service ESPript (Gouet et al.. 2003). 
Thee protein structure images were drawn in the Accelrys Discovery Studio ViewerLight. 

Purificationn of GST-fusion proteins from E. coli 
1-2N.. I-2NK2("R, l-2Ns :w, I-2Ns:-v,F were expressed as GST-fusions from the pGEX-KG derived contructs 
inn E. coli. Expression, purification and renaturation was performed as described previously (Tameling et 
al... 2002). Protein concentration was determined by the Bradford method using bovine serum albumin as 
aa standard. 
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ATPasee assay 
ATPasee assays were performed as described previously (Tameling et al.. 2002). To define the i;u, and km 

att 25°C either 42 or 118 ng active I-2N. I^N* 2"7* . i-2Ns:"F and I-2N[):s,E were incubated with three 
differentt [tri:!P]ATP concentrations (0.6, 2 and 8 uM with specific activities of 7.4 x 10\ 2.2 x 10*  and 5.6 
xx 104 cpm/pmol, respectively) in a reaction volume of 16 ul. Samples were taken 0. 10, 20 and 40 
minutess after starting the reaction. The amount of [a3:P]ADP and [cr:P]ATP in each sample was 
quantifiedd from the TLC plate by using phosphoimaging (Storm, Molecular Dynamics). Data points were 
plottedd and the hydrolysis speed (v in pmol min"1) for each reaction was determined by linear curve 
fitting.fitting. The speed values were used, for each protein preparation, to create Lincweaver-Burk plots from 
whichh the vfflu, (pmol ATP hydrolyzed min'1 ug'1 active protein) and km (uM) values could be extracted. 

[rx 3ZP]ADPP production using hexokinase 
[a32P]ADPP was produced by 5 minute incubation at 25 °C of [a32P]ATP with 2U of hexokinase (Sigma 
Aldrich)) in a reaction volume of 120 uï that contained 20 mM Tris.Cl pH 8.0; 100 mM NaCl; 5 mM 
MgCL;; 100 mM glucose. To remove the hexokinase, the reaction was loaded on a micrococon YM-10 
filterr unit (Miilipore), centrifuged for 30 mm at 13,000 rpm in a microcentrifuge and subsequently 
washedd with 100 u! water. The flow-through was collected and the preparation was heated for 2 minutes 
att 100°C. No hexokinase activity could be detected in this final preparation. Full conversion to 
[a12P]ADPP was confirmed by TLC and its concentration was quantified using liquid scintillation 
counting. . 

Filterbindingg assays 
Filter-bindingg assays were performed according to (Tameling et at.. 2002), except that the reaction 
mixturess contained 10 mM MgCk 

NucleotideNucleotide extraction from/titers 

1-2NN (0.31 ug active protein in 60 ul) or buffer only were incubated with 2 uM [a32P]ATP (5.8 x 104 

cpm/pmol)) on ice and used in a filter binding assay. Glycerol was omitted from the washing buffer, which 
didd not affect ATP binding characteristics. Deoxynucleotides were extracted from the filters by soaking 
themm for 1 hour in 700 ul 60% methanol (method adapted from (Palmer and Cox, 1994)) After 
incubation,, 550 |il of the extracts were transferred to clean eppendorf tubes and the liquid was evaporated 
usingg dry flowing air. Pellets were dissolved in 10 ul water, of which 6 ul was used for TLC similar as 
wass described for the ATPase assay (Tameling et al., 2002). fa,2P]ATP and [ct32P]ADP separated on the 
TLCC plate were visualized by autoradiography using X-ray films (Fuji Photo Film) and the amount of 
radioactivityy was quantified by using phosphoimaging (Storm, Molecular Dynamics), 

CompetitionCompetition filter-binding expertment 

1-2NN (0.24 jig active protein) was incubated for 15 minutes on ice with 0.15 (JM [a^PJATP (5.8 x 10? 

cpm/pmol)) and increasing amounts of either cold ATP or ATP-y-S (Fermentas and Roche) in 55 ul 
standardd filterbinding reactions. 50 ul of the reactions were spotted on the PVDF (Miilipore) membranes. 

NucleotideNucleotide dissociation experiments 

I-2NN (0.18 ug active protein) was incubated on ice with 2 uM [a"P] ATP (6.8 x 104- 1.1 x 105cpm/pmol) 

inn 35 ul reaction mixtures. After 15 minutes 20 ul reaction buffer containing 2.5 mM cold ATP was 

addedd (to dilute free [a3:!P|ATP). These mixtures were incubated for different time periods prior to 
spottingg on to the membranes. For the ADP dissociation, the same experiment was performed except that 
22 uM [cr'PJADP (2.65 x \0A cpm/pmol) and cold ADP were used. 
Becausee of the apparent high stability of the I-2N*ADP complex, it was possible to measure the absolute 
amountt of [a?2P]ADP bound to I-2N. This was done in triplo at the concentration required for half-
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maxima]]  binding (2 uM). The amount at saturation was calculated to deduce the amount of active protein 
inn the preparation. 

MgCl:MgCl: dependency of ADP-binding 

1-2NN (0.29 ug active protein) was incubated on ice with 0.2 uM [a'"P]ADP (7.6 x 10 cpmpmol) in 55 ul 
off  either standard reaction mixtures, or mixtures without extra added MgCL and presence of 10 mM 

EDTAA (to chelate MgCL (0.1 mM) carried over from the L«,:P]ADP preparation). 

Yeast-two-hybridd assays and -library screen 
Thee ycast-two-hybrid assay and library screen were performed as described before (de la Fuente van 
Bentemm et a]., 2004). The 1-2(1-872) was used as bait to screen a \orm\.a-Fusariwn interaction cDNA 
libraryy and 7.10*  yeast transfomiants were tested for growth on MM -IIWL plates. After two days of 
growthh at 30"C, the plates were replica-plated to MM -AWL and MM -HWL selective plates, and to MM 
-WLL plates. The original plate was subjected to a X-gal staining procedure (Duttweilcr, 19%) for 
detectionn of the Lac'/, marker. A second scries of selective plates (MM -AWL. MM -HWL and MM -WL) 
wass made from the first MM -WL replicate. After 5 days of growth at 30UC. the growth on the second 
seriess of selective plates was determined. After the false positives were discarded, the cDNA of the three 
1-22 interactors were sequenced. From yeast-two-hybrid assays, only growth on the MM -AWL is shown 
becausee this is the most stringent two-hybrid marker (James et al.. 1996). The interactions of Kle-121 with 
1-2NN +• and accompanying mutants were assayed at 25°C instead of 30°C. The plates were scanned after 1 
weekk of incubation, except for the interactions between Trax-121 and I-2N mutants, these plates were 
scannedd after 28 hours. 
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Appendix x 

Characterisationn of the yeast-two-hybrid interactors identified with the 

1-2(1-872)) bait. 
Thee clone encoding K.lc-121 contained a cDNA insert of 502 basepairs (AY150042) 
thatt is identical to the 3' end of the tentative consensus sequence TCI 00653 present 
inn the tomato TIGR-EST database. Comparative analysis of AY 150042 and 
TC1006533 suggests that the consensus sequence contains a sequence error that 
resultss in a frame-shift in the predicted protein. The corrected sequence has been 
submittedd to GenBank (BK000692) and encodes a protein of 425 amino acids. The 
1-22 interacting clone encodes the C-terminal 89 amino acids of this protein. 
BK0006922 contains eight stretches of amino acids that fit  the TPR consensus 
sequence.. Throughout the protein, homology was found to kinesin light chain (KLC) 
proteinss of Arabidopsis thaliana and various animal species. The tomato EST 
databasee predicts two Klc isoforms (cLEC6N17 and TC100653), while the 
ArabidopsisArabidopsis genome encodes four isoforms. 

Thee clone encoding Formin-I2I contained a cDNA insert of 1078 basepairs 
(AY15043).. No identical sequence was found in the public databases. The insert 
encodess a protein of 213 amino acids that represent the C-terminal coiled coils of a 
Forminn Homology 2 (FH2) domain found in formin homologs (Xu et al., 2004). An 
FH22 is found only in the C-terminus of Formin and Formin-like proteins. The 
closestt homolog from Arabidopsis (AAIC68741) is 60% identical at the protein 
level.. AAK68741 contains besides the FH2 domain two Formin Homology 1 (FH1) 
domains.. In Formins, FH1 domains are always combined with a FH2 domain. 
Characteristicc to the Arabidopsis and many other plant formins is the presence of a 
signall  peptide and a transmembrane domain (Cvrckova, 2000). The TIGR EST 
databasee predicts the presence of two additional formins in tomato (TC9104692, 
TC103845).. The Arabidopsis genome potentially encodes twelve formins. 

Thee cDNA clone encoding Trax-121 contained an insert of 731 basepairs 
(AYY 150044). The cDNA sequence has identity to two groups of non-overlapping 
ESTss in the TIGR tomato database (TCI03214 and cLeD25B15), suggesting that 
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Appendixx Figure 1. Structure-based multiple sequence alignment of the NACHT/NB-ARC-associated 
extensionn (NAD). 
Thee secondary structure predictions by the PSIPRED server are depicted in the upper and lower part of 
eachh alignment row (a helices arc represented by curled lines, (o strands by horizontal arrows). The 
alignmentt columns in which more than 60% of the residues are physico-chemically equivalent are shown 
inn light gray boxes. NAD I and NAD2 are separated by a conserved proline. The solid text label denotes 
thee mutations of the conserved aspartate in 1-2 and Rx. which lead to constitutive activity. 

bothh are derived from the same gene. Compilation of the TIGR EST sequences and 
AYY 150044, resulted in a consensus sequence of 1313 basepairs (deposited under 
accessionn number BK000691) that encodes a predicted protein of 278 amino acids. 
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AY1500444 encodes the C-terminal 98 amino acids of this protein. In the N-terminus 
off  BK000691, a potential nuclear localisation signal was found, followed by a 
coiled-coill  motif. Furthermore, homology was found with a human protein called 
translinn associated factor X (TRAX), which forms a complex with the testis brain 
RNA-bindingg protein TB-RBP/translin that also interacts with the kinesin KIF 17b 
(Aokii  et al., 1997; Chennathukuzhi et al., 2001; Chennathukuzhi et al., 2003). 

Calculationn of the relative levels of I-2»ATP and I-2«ADP in a steady 
state. . 
Thee kj of I-2N for both ATP and ADP was found to be 2 |iM (Tameling et al., 
2002).. Incubation with both nucleotides results in formation of a stable I-2N»ADP 
complexx by a relative slow conformational change. This complex can be formed 
eitherr direct by binding to ADP or indirect through ATP hydrolysis by the intrinsic 
ATPasee activity of 1-2. In contrast to the I-2N*ADP complex, the I-2N*ATP 
complexx could not be detected in the filter-binding assay. Incubation with 2 JJ.M 
[a32P]ADPP in the filter-binding assay results in a 1.5 times higher amount of ADP 
detectedd compared to incubation with the same concentration of [a'~P]ATP. 
Therefore,, under saturating ATP concentrations as found inside living cells, 33% of 
thee protein will be present in an I-2N*ATP and 67% in an I-2N»ADP complex. 

Thee ATPase reaction of I-2N can be described as follows: 

I-2NN + ATP <-> I-2N-ATP -> I-2N-ADP + P, <-> I-2N + ADP 

Becausee the catalysis of ATP and the dissociation of ADP from the stable I-2N"ADP 
complexx are by far the slowest steps of the ATPase reaction, the following rate 
constantss determine the ratio between I-2N»ATP and I-2N»ADP in a steady state 
situation: : 

KulKul Kff-ADP 
I-2N-ATPP - • I-2N-ADP - • I-2N + ADP 

Wheree kca, is the hydrolysis rate constant (catalysis) and k<lff_ADf>  is the dissociate rate 
constantt of ADP from the stable I-2N*ADP complex. For I-2N the reaction velocity 
iss limited by the 2nd step in this scheme. Because the overall reaction rate was 
determinedd as 0.5 min"1, this means that the kt)ffADf>  for I-2N is 0.5 min'1. With these 
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numberss the ratios between 1-2N*ATP and I-2N'ADP in a steady state can be 
calculatedd because they are determined by these reaction constants. The kfl/!_A/}P and 
thee kL.a, can be deduced from the following equation, wrhere for simplicity relative 
numberss are used for the concentrations: 

kktaltal.. [I-2N-ATP] - kllfHDP . [I-2N-ADP] 
k,k,aa,,.. [33] - 0.5 . [67] 

kkLtllLtll  = 1.0 min"1 

Thee ratio between the ATP- and ADP complex was determined for the I-2NS233f 

mutantt using filter-binding assays with [a "P]ATP (three independent experiments; 
Figuree 5 of manuscript and data not shown). On average the amount of bound ADP 
wass 3.3 times lower then that for I-2N. In a steady state, the levels of I-2NS233r»ATP 
andd I-2NS233K-ADP would then account for 80% versus 20% (67% / 3.3), 
respectively.. Assuming that the koJfADF is not affected by the mutation, the kcal could 
bee calculated: 

k,k,olol.. [I-2NS233F -ATP] = kofHDP . [I-2NS233F 'ADP] 
K.K.ulul.. [80] = 0.5 . [20] 

kcaikcai = 8.0 min"1 

Fromm these equations, the difference in the overall reaction rate can be deduced. 
Becausee the level of I-2NS233K-ADP is 3.3 times lower then that of I-2N-ADP, the 
overalll  reaction wrould also be 3.3 times lower. From the ATPase-assays, a reduction 
off  4.5 fold for I-2NS233F compared to I-2N was measured. This figure is close to the 
calculatedd reduction of 3.3 times. This difference can be accounted for either 
becausee they were determined in different types of experiments or by a slight change 
inn the kaff_ADP caused by the mutation. 

Dissociationn of the 1-2N*ADP complex is likely the rate-limitin g step in 

thee ATPase cycle 
Thee basic ATPase cycle consists of: ATP binding, ATP hydrolysis, and dissociation 
off  Pj and ADP from the enzyme. The initial binding affinity of the empty pocket to 
eitherr ATP or ADP is similar (discussed in Results). However, in vivo, 1-2 will 
predominantlyy bind ATP since this nucleotide is present at much higher 
concentrationss compared to ADP. If the observed stable I-2N'ADP complex 
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representss an intermediate form in the ATPase cycle, one could imagine that the 
overalll  hydrolysis rate is limited by the dissociation of ADP from the stable 
complex.. This would imply that the ADP dissociation constant (k(!(f) is of the same 
orderr of magnitude as the rate of hydrolysis. The average k„ f-t value of ADP from the 
complexx at 0°C amounts to 2.3 • 10" min1. Theoretically, the k,ltt increases 
approximatelyy 3 fold (Q10 ~ 3) with every increment of temperature by 10°C (Dixon 
andd Webb, 1964). Hence at 25 °C the koff of ADP from the complex should be 0.3 
min"1.. To allow a comparison of the maximal hydrolysis rate with the kl)Jh the former 
shouldd be expressed in a unit that indicates the molecular activity of the enzyme 
(ATPP hydrolyzed min'1 mof' enzyme). To this end, the number of occupied sites 
underr saturating conditions was determined by calculating the absolute average 
amountt of bound nucleotide at an [a ~P]ADP concentration of 2 uM in three 
independentt filter-binding assays (data not shown). This is the concentration at 
whichh half-maximal binding occurs. From this amount the total number of active 
sitess (in pmol) in the preparation could be calculated (maxima! binding). With this 
amountt it was possible to convert the v„ lllx value (6.2 pmol ATP hydrolyzed min"1 ug" 
11 protein (Figure 4A of manuscript) into the molecular activity which amounts to 0.5 
moll ATP hydrolyzed min ' mol"1 protein. This is close to the average A^-value (0.3 
min"1)) and indicates that dissociation of the I-2N»ADP complex is likely to be the 
rate-limitingg step in the ATPase cycle under in vitro conditions. 
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