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Chapterr 1
Generall Introduction

Mostt plants are resistant to most plant pathogens (Dangl and Jones, 2001). This
generall property is often based on so called 'non-host' resistance. Non-host
resistancee can be divided into passive and active defense mechanisms. Examples of
passivee defenses are the surface wax layer, pre-formed cell walls, antimicrobial
enzymes,, and toxic secondary metabolites. Pathogens that break through these first
liness of defense encounter the plant active defense responses, which can be seen as
thee plant's innate immune system. This second line of defense is often triggered by
'generall elicitors' (e.g. pathogen associated molecules or specific fragments from
thee plant cell wall that are released by cell-wall degrading enzymes) that are
releasedd when the microbe tries to invade the plant. During evolution, pathogens
specializedd and acquired the ability to overcome the general non-host resistance by
thee development of specific virulence factors. These virulence factors enable them
too either evade or suppress general plant defenses (Thordal-Christensen, 2003;
Nurnbergerr et al., 2004). These virulent strains evolve often at the race- or strainlevel.. As counter strategy plants evolved resistance (R) genes that form the basis of
aa 2nd layer of active defense responses; the race-specific resistance. This type of
resistancee is often plant cultivar-specific, because the responsible R gene is only
presentt in certain cultivars. When a race-specific virulence factor is recognized by
ann R protein, this factor is considered an avirulence (Avr) factor, because its
recognitionn results in avirulence of the pathogen. This type of resistance was first
describedd by {Flor, 1942, 1971) and was the basis for his gene-for-gene concept. He
proposedd that a plant is only resistant when matching pairs of pathogen-encoded
Avr-Avr- and plant-encoded R genes are present in the interaction. The defense
responsess that are triggered by activation of/f-genes are very complex, but in many
casess a localized and rapid programmed cell-death response is observed; the
hypersensitivee response (HR). However, besides the HR many other responses take
place,, such as the production of antimicrobial secondary metabolites, callose
depositionn at the site of infection etc. (Hammond-Kosack and Jones, 1996; Heath,
2000;; Shirasu and Schulze-Lefert, 2000).
Inn the early nineties the first R genes were cloned (Martin-GB et al., 1993;
Bentt et al., 1994; Jones et al., 1994; Mindrinos et al., 1994; Whitham et al., 1994)
andd to date more than 40 have been isolated from various plant species
77
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(Martinn et al., 2003). These R genes can be grouped based on the domain
architecturee of the encoded proteins (Nimchuk et al., 2003). By far the largest group
off /?-genes consists of the nucleotide binding site-leucine rich repeat (NBS-LRR)
group.. This group can be subdivided into two classes according to their N-terminal
domain,, which can either form coiled-coil motifs or consists of a Toll and
Interleukin-11 Receptor (TIR) domain (Pan et al., 2000). The N-terminal domain of
thesee proteins is regarded as the effector domain that might interact with
downstreamm signaling components. The C-terminal LRR domain is thought to
providee recognitional specificity (Ellis et al., 2000), although regions outside the
LRRR domain can also act as specificity determinants (Luck et al., 2000). The central
domainn was predicted to form a nucleotide binding site, since specific motifs are
presentt that are common for the P-loop containing nucleotide triphosphate
hydrolasess (NTPases); the P-loop and Walker B (also called Kinase 2) motif
(Walkerr et al., 1982; Saraste et al., 1990; Traut. 1994; Vetter and Wittinghofer,
1999).. This NBS was later discovered to be part of a more extended region of
homology,, which is called the NB-ARC (Nucleotide Binding adapter shared by
Apaf-1,, R proteins and CED4) or AP-ATPase domain (van der Biezen and Jones,
1998;; Aravind et al., 1999). This domain is closely related to the NACHT (NAIP,
C1ITA,, HET-E, TP-1) domain found in the majority of the animal nucleotidebindingg and oligomerization domain (NOD) proteins that are involved in innate
immunityy and apoptosis (Koonin and Aravind, 2000; Inohara et al., 2001). The
namee NOD, was chosen because several of these proteins mediated oligomerization
viaa the NACHT domain upon nucleotide binding. Plant R proteins (NBS-LRR) were
alsoo considered as members of the NOD family (Inohara et al., 2001), however
currentlyy there is no experimental data showing oligomerization of R proteins. The
mammaliann NOD proteins have, in addition to the conserved central NOD domain,
aa similar tri-partite modular domain structure as plant R proteins suggesting a
relatedd origin, also because their involvement in related cellular processes.
Thee above described /?-genes confer dominant resistance to a wide range of
pathogenicpathogenic organisms such as viruses, bacteria, fungi, nematodes and insects. In this
thesis,, the main focus lies on the NBS-LRR protein 1-2 of tomato that confers
resistancee to the soil-borne pathogenic fungus Fusarium oxysporum f. sp.
tycopersicitycopersici race 2, (Simons et al., 1998). This fungus infects the roots of tomato
eitherr via direct penetration or via wounds. In susceptible plants it is then able to
colonizee the vascular tissue of the xylem thereby causing wilting of the plant and
hencee its name Fusarium wilt disease. In resistant plants, 1-2 mediates recognition of
F.F. oxysporum f. sp. fycopersici race 2 early in the infection process, which is
believedd to both speed up and increase the extent of the basal defense responses
therebyy blocking further spread of the pathogen. 1-2 is specifically expressed in the
vascularr tissue and in a ring of cells lining the base of lateral root formation (Mes et
al.,, 2000). Lateral root formation causes wounds that are potential penetration sites
88
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forr the fungus. The observed 1-2 expression at these sites colocalizes with the
positionn of the fungus in the plant.
AA second tomato tf-gene of the NBS-LRR class that has my interest is MiI.I. This gene confers resistance to three different types of pathogens; root-knot
nematodess {Meloidogywe incognita, M. javanica, and M. arenaria). potato aphids
(Macrosiphum(Macrosiphum euphorbiae) and white flies (Bemsia ta£ac/)(Milligan et ah, 1998;
Rossii et ah, 1998; Vos et al., 1998; Nombela et al., 2003). In Mi-l containing
tomatoo plants a localized region of dead cells is formed within a few days around
thee anterior of the invading nematode when it tries to feed on the plant (Dropkin,
1969).. This event is probably the result of an HR arid prevents further proliferation
off the nematode. Very little is known about the nature of the resistance mechanism
too potato aphids and white flies and it is not kn<nvn whether an HR is involved.

Outlinee of the thesis
Ass described above, /ï-genes of the NBS-LRR class encode proteins with a
predictedd nucelotide binding site. The presenceof the consensus sequences of the Ploopp (GX4GKT/S) and the Walker B (xxxxD, where x is mostly a hydrophobic
residue)) motifs in the encoded R proteins suggests that these proteins potentially
belongg to the P-loop containing NTPases. NTPases of this class are involved in
eitherr ATP or GTP binding (Vetter and Wittinghofer, 1999). The aim of my
researchh was to establish whether the predicted NBS can indeed bind and hydrolyze
nucleotides.. To test this, truncated forms of the 1-2 and Mi-1 protein were produced
in,, and purified from, E.coii. The recombinant R proteins were used for in vitro
nucleotidee binding assays. The data presented in Chapter 2 provides evidence that
thee NBS of these two R proteins specifically binds ATP and are able to hydrolyze it
too ADP. To investigate the role of the NBS for R protein function (Chapter 3)
specificc mutations were made in this domain. Two independent mutations resulted
inn a constitutively active protein that induces an elicitor-independent HR upon
transientt expression in leaves of Nicotlana benlhamiana. Both mutations were
predictedd to be located in the NTPase fold close to the bound nucleotide.
Biochemicall analysis revealed that these mutant proteins are impaired in ATP
hydrolysis,, but not in ATP binding. The specific reduction in ATPase activity of the
1-22 mutants causes a shift to the ATP-bourid state, which is considered to be
responsiblee for the observed constitutive activity of the proteins. Based on my
resultss (Chapter 3) and those described in the literature, I propose a model in which
thee NB-ARC domain functions as a molecular switch. The switch is controlled by
pathogenn perception and recognition results in a different conformation (on/off) of
thee NB-ARC domain which is reflected in its nucleotide binding state. The
99
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conformationall state of this domain is transferred to the putative N-terminal effector
domainn that subsequently triggers downstream signaling cascades.
Forr Mi-1 also two independent mutations were identified in the NTPase
domainn that result in a constitutively active protein. One of them is synthenic: to one
off the constitutively active 1-2 mutants, indicating functional conservation of this
residue.. The putative role of these two residues in the ATPase activity of!Mi-l is
discussedd in Chapter 4. In the last chapter (Chapter 5), I discuss the role of ATPbindingg and hydrolysis of R proteins in a wider perspective. Herein 1 compare
specificc features of plant R- to the human NOD proteins and speculate aboiut their
functionn in regulation of innate immunity for these organisms.
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Chapterr 2
Thee Tomato R gene Products 1-2
andd Mi-1 Are Functional ATP Binding Proteins
withh ATPase Avtivity
Wladimirr I.L. Tameling, Sandra D.J. Elzinga, Patricia S. Darmin, Jack H.
Vossen,, Frank L.W. Takken, Michel A. Haring and Ben J.C. Cornelissen
Publishedd in The Plant Cell, Vol 14, 2929-2939 (2002).

Abstract t
Mostt plant disease resistance (/?) genes known today encode proteins with a central
nucleotidee binding site (NBS) and a C-terminal leucine-rich repeat (LRR) domain.
Thee NBS contains three ATP/GTP-binding motifs known as the kinase-la or Ploop,, kinase-2 and kinase-3a motifs. In this paper we show that the NBS of R
proteinss forms a functional nucleotide binding pocket. The N-terminal halves of two
tomatoo R proteins, notably 1-2 conferring resistance to Fusarium oxysporum and
Mi-11 conferring resistance to root-knot nematodes and potato aphids, were produced
ass GST-fusions in E. coll. In a filter binding assay, purified 1-2 was found to bind
ATPP rather than other nucleoside triphosphates. ATP binding appeared to be fully
dependentt on the presence of a divalent cation. A mutant 1-2 protein containing a
mutationn in the P-loop showed a strongly reduced ATP binding capacity. Thin layer
chromatographyy revealed that both 1-2 and Mi-1 exerted ATPase-activity. Based on
thee strong conservation of NBS domains in R proteins of the NBS-LRR class, we
proposee that they all are capable of binding and hydrolyzing ATP.
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Introduction n
Plantss have to defend themselves against a wide range of pathogenic organisms.
Onee way to achieve this is through recognition of "non-self components. The
plant'ss ability to recognize different races of the same pathogen involves the
presencee of race-specific resistance genes (R genes). This R gene mediated
resistancee can be considered as the innate immunity of the plant (Fluhr, 2001) and is
achievedd by triggering a whole array of defense responses (Dangl and Jones, 2001).
Howw R proteins trigger the signal transduction pathway(s) leading to plant defense
iss not yet understood. The largest class of R genes encodes proteins that have a
variablee N-terminus, a conserved central domain predicted to function as a
nucleotidee binding site (NBS), and a variable number of leucine-rich repeats (LRR)
att the C-terminus. This group of R proteins is often referred to as the NBS-LRR
class.. The C-terminal LRR domain is shared by many other proteins in which it
functionss as a region for protein-protein interactions and peptide-ligand binding
(Jones(Jones and Jones, 1997). The LRR domain of R proteins might contribute to the
recognitionn of diverse pathogen derived ligands.
Thee NBS contains three peptide motifs that are critical for nucleotide
bindingg in many ATP/GTP binding proteins (Traut, 1994). In these proteins all three
motifss function in the interaction with the nucleotide. The first is the kinase-la
motif,, also known as the P-loop or Walker's A motif. It forms a glycine-rich flexible
loopp containing an invariant lysine residue involved in binding the phosphates of the
nucleotidee (Traut, 1994; Saraste et al., 1990; Walker et al., 1982). Mutation of this
residuee frequently results in decreased nucleotide binding capacity (Hishida et al.,
19999 and references therein). The kinase-2 or Walker's B motif has an invariant
aspartatee that coordinates the divalent metal ion required for phospho-transfer
reactionss (e.g. Mg2+ of Mg-ATP). A third, less conserved motif is the kinase-3a
motiff involved in binding the purine base or the pentose of the nucleotide (Traut,
1994).. Mutational analyses of the R genes N, RPS2 and RPM1 have shown that at
leastt the predicted P-loop and kinase-2 motifs are indispensable for their biological
functionn (Dinesh-Kumar et al., 2000; Tao et al., 2000; Tornero et al., 2002).
However,, the question remains whether the putative nucleotide binding site of R
proteinss really does form a functional nucleotide binding pocket.
Regulationn in signaling processes often occurs by binding and hydrolysis of
aa nucleotide triphosphate. Classical examples of signal transduction proteins that
cann bind and hydrolyze nucleotides are the members of the GTPase superfamily.
Thesee proteins function as molecular switches in signaling pathways involved in
veryy diverse cellular processes (reviewed in Bourne et al., 1990; Macara et al.,
1996).. Apaf-1 is an example of a protein that binds adenine nucleotides for
regulatoryy purposes in signaling, and plays a critical role in the induction of
apoptosiss in mammals (Zou et al., 1997). It contains a C-terminal domain with WD14 4

AA TP binding and hydrolysis by R proteins
400 repeats (WDR) and a central NBS. In the presence of cytochrome c, binding of
ATPP or dATP to the NBS leads to formation of a multimolecular aggregate, called
apoptosomee (Saleh et al., 1999; Jiang and Wang, 2000). CED-4 is a functional
homologuee of Apaf-1 in the nematode C. elegans and fulfills a similar role in
apoptosis.. Although it has been shown that CED-4 is able to bind ATP it is not clear
whetherr binding triggers apoptosome formation like it does with Apaf-1 (Seiffert et
al.,, 2002). However, as mutations in the nucleotide binding motifs lead to loss-offunction,, nucleotide binding to CED-4 is important for initiation of apoptosis as
welll (Chinnaiyan et al., 1997; Yang et al., 1998).
Thee NBS region of Apaf-1 is highly similar to the nucleotide binding
domainn of CED-4 and, strikingly, also to the NBS region of many plant R proteins.
Thee region of homology does not only comprise the three motifs involved in
nucleotidee binding but also additional motifs (van der Biezen and Jones, 1998;
Aravindd et al., 1999). This extended region of homology is referred to as the NBARCC domain. The strong conservation of this domain suggests similarity of
function.. As a first step to investigate this we addressed the questions whether the
NBSS of R proteins represents a genuine nucleotide binding pocket and whether
boundd nucleotides can be hydrolyzed. For this purpose NBS-containing parts of the
tomatoo R genes 1-2 and Mi-1 were cloned into an expression vector to produce
recombinantt proteins in E. coll. 1-2 confers resistance against race 2 isolates of the
soill born pathogenic fungus Fusarium oxysporum f. sp. lycopersici {Simons et al.,
1998)) and Mi-1 confers resistance to both the root-knot nematode Meloidogyne
incognitaincognita and the potato aphid Macrosiphum euphorbiae (Milligan et al., 1998;
Rossii et al., 1998; Vos et al., 1998). Purification of recombinant R proteins from E.
co/ico/i allowed us to examine nucleotide binding capacity and ATPase activity in vitro.

Results s
Productionn of 1-2 in E.coli
Basedd on amino acid sequence homology, the 1-2 protein can potentially bind
nucleotides.. To investigate its nucleotide binding capacity we set out to purify 1-2.
Inn tomato 1-2 is predominantly expressed at low levels in xylem parenchyma cells.
Besidee 1-2 itself several homologues are expressed as well in these plants {Mes et
al.,, 2000). Therefore, wild-type plants are inappropriate as source for purification of
endogenouss 1-2. Attempts to constitutively express tagged 1-2 under the control of
thee CaM35S promoter in transgenic tomato were unsuccessful since plants showing
highh 1-2 expression levels were never obtained (data not shown). Likewise,
constitutivee and inducible expression of tagged 1-2 in a tomato cell suspension did
nott result in the production of detectable levels of 1-2 either (data not shown).
Therefore,, we chose to produce recombinant 1-2 protein in heterologous expression
15 5
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Figuree 1. Schematic representation of 1-2 and Mi-1 recombinant proteins used in this study.
(A)) For expression in E. coli. full-length 1-2 (amino acids 1-1266) and the N-terminal part of 1-2 (amino
acidss 1-519) were N-lenninally fused to GST (I-2F and 1-2N respectively). I-2N K:ü K contains a
substitutionn of Lys-207 to Arg in the P-loop. (B) Mi-( 161-900): part of Mi-1 containing the NB-ARC. Ntcnninallyy fused to GST. (C) Comparison of P-loop regions of R proteins and apoptosis related proteins
discussedd in the text. Numbers between brackets indicate the positions in the full length proteins of the
firstt residue shown in the alignment.

systems.. In S. cerevisiae full-length 1-2 protein could be produced (data not shown),
butt expression levels were insufficient for purification. This prompted us to switch
too a bacterial expression system. Full-length 1-2 coding sequence was cloned into
expressionn vector pGEX-KG as a translational fusion with glutathione S-transferase
(GST),, and transformed into E. coli strain BL21 (referred to as I-2F; Figure 1A).
Transformantss were grown and protein production was induced as described under
"Methods".. Total lysates of E.coli expressing either I-2F or GST only were
analyzedd by SDS-PAGE. No obvious differences in the protein patterns of
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Figuree 2. Production and purification of GST/I-2 fusion proteins.
I-2F.. I-2N and 1-2 NK207R were produced as GST-fusion proteins in E. coli and purified as described under
"Methods".. (A) Total protein of IPTG-induced I', coli lysates containing I-2F (lane 1. 5 and 9), vectoronlyy control (lane 2. 6 and 10). I-2N (lane 3, 7. and 11) and l-2NK:,rR (lane 4. 8. 12) on a SDS
polyacrylamidcc gel stained with Coomassie brilliant blue (left panel) or visualized by immuno-blotting
withh cither anti-GST (middle panel) or anti-l-2 (right panel). (B) Purified and refolded fractions of I-2N
(lanee I. 3 and 5) and I-2NK207R (lane 2. 4 and 6) on a SDS polyacrylamidc gel stained with Coomassie
brilliantt blue (left panel) or visualized by immuno-blotting with either anti-GST (middle panel) or anti-I-2
(rightt panel).

thee two lysates were observed, except for the GST band in the empty vector control
(Figuree 2A, lanes 1 and 2). Upon immuno-staining with anti-GST (Figure 2A, lanes
55 and 6) hardly any full-length fusion protein of 172 kDa could be detected. In order
too rule out the possibility that the GST-tag was (posttranslationally) removed from
thee recombinant I-2F protein, blots were probed as well with antibodies raised
againstt a synthetic peptide corresponding to amino acids 137 - 145 of 1-2. The lack
off cross-reactivity of these antibodies with endogenous E. coli proteins (Figure 2A,
17 7
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lanee 10) indicates that the antibodies are specific for 1-2. Immuno-staining with both
thee GST and 1-2 specific antibodies (Figure 2A, lane 5 and 9) detected
predominantlyy polypeptides that were smaller than full-length 1-2 product,
suggestingg instability of the full-length product or premature translation termination.
Next,, the 1-2 sequence encoding amino acids 1-519, containing the entire
NB-ARCC domain (referred to as I-2N; FigurelA), was cloned into pGEX-KG and
expressedd in E. coli. A strong accumulation of a fusion protein of the predicted
molecularr weight of 88 kDa was observed upon induction by IPTG (Figure 2A, lane
3).. In a control lysate a protein of this size was absent (Figure 2A, lane 2). Immunoblott analysis of the lysates with either anti-GST (Figure 2A, lane 7) or anti-I-2
(Figuree 2A, lane 11) confirmed that the 88kDa protein band represents the I-2/GSTfusionn product.
AA third construct was made encoding the same GST fusion except for a
substitutionn of the lysine residue at position 207 for an arginine residue (referred to
ass I-2NK207R; Figure 1A). This lysine residue is located in the P-loop motif (Figure
1C)) and substitution of this residue usually results in loss-of-function. The mutant I2NK207RR protein accumulated in a similar fashion as the wild type I-2N protein in
E.coliE.coli (Figure 2A, lane 4, 8 and 12).
Bothh fusion proteins were found to accumulate in inclusion bodies.
Thereforee an inclusion bodies purification method was applied in which the
aggregatess were washed several times with a buffer containing 1% Triton X-100.
Finally,, inclusion bodies were solubilized at room temperature in buffer containing
8MM urea. The denaturant was removed by stepwise dialysis in the presence of 20%
glycerol,glycerol, promoting refolding of I-2N and I-2NK207R. Figure 2B shows the samples
afterr purification and refolding of I-2N (lane 1, 3 and 5) and I-2NK207R (lane 2, 4 and
6)) on a stained SDS polyacrylamide gel (left panel) or visualized by immunostainingg with either anti-GST (middle panel) or anti-I-2 (right panel). As can be
observed,, smaller fusion-protein-derived polypeptides were co-purified. The
bandingg patterns of immuno-reactive proteins were similar in samples derived from
E.E. coli expressing wild type and mutant 1-2 constructs.
1-22 contains a functional nucleotide binding pocket
AA filter-binding assay was developed using refolded I-2N and I-2N "
to
investigatee the nucleotide binding activity of 1-2. Proteins were incubated on ice in
thee presence of [a32P]ATP. After 15 minutes the incubation mixtures were spotted
ontoo PVDF filters, washed extensively with ice-cold buffer, and subsequently the
radioactivityy retained on the filters by 1-2 was measured. Figure 3 shows that wild
typee protein I-2N retained radioactivity on filters, suggesting that the protein binds
ATP.. In contrast, protein I-2NK207R containing the P-loop mutation hardly retained
radioactivityy (3% of I-2N). This result strongly suggests that 1-2 contains a
functionall NTP-binding pocket able to bind ATP. The low amount of radioactivity
18 8
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retainedd by I-2N "'
bindingg (see below).

reflects a residual binding capacity rather than aspecific
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Figuree 3. Binding of ATP to 1-2N and I-2NK:r,7R.
I-2NN and l-2NK:o7K (1.5 ,uM) wore incubated with 0.1 uM [a ,2 P]ATP (4.4 x 105 cpmpmol). The
radioactivityy bound to the proteins was measured in a filter binding assay as described under "Methods".

Thee binding assays described above were performed in buffer containing
500 mM NaCl and 5 mM MgCl2 at pH 7.5. Changing the NaCl concentration in a
rangee between 20 and 95 mM did not drastically affect ATP binding (Figure 4A),
norr did changing the pH in the range 5.5 - 8.5 (Figure 4B). Because of the presence
off a kinase-2 motif in the NBS of 1-2, nucleotide binding is expected to be
dependentt on the presence of divalent cations. ATP binding was indeed found to be
affectedd by the Mg^-concentration. Omitting Mg2 from the incubation mixture
reducedd ATP binding to background levels (Figure 4C). With increasing Mg2'
concentrationss an increase in binding activity was observed, reaching a maximum at
approximatelyy 5 mM (Figure 4C). Mg2' could be replaced by other divalent cations
likee Mn2+ or Ca2' (Figure 4D). In the presence of Mn2' ATP binding was
approximatelyy four times higher relative to the binding in the presence of Mg 2 \
whilee binding was reduced about two-fold in the presence of Ca2+ (Figure 4D). This
showss that the presence of a divalent cation is absolutely required for nucleotide
bindingg of 1-2, as has been found for other ATP binding proteins (Traut, 1994).
1-22 specifically binds to adenosine nucleotides
Too determine whether 1-2 shows specificity in nucleotide binding, competition
experimentss were performed. First, [a32P]ATP was mixed with increasing amounts
off a cold competitor NTP. Figure 5A shows that ATP competed much more
effectivelyy for [a32P]ATP binding than GTP. CTP and UTP. Quantitation of the
signall revealed that in the presence of 10 uM ATP binding of [a32P]ATP was more
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Figuree 4. Influence of ion concentrations and pll on ATP binding of I-2N.
[a ,: P]ATPP binding was measured in a filter binding assay as described under
. In (A-C) the
maximall amount of [ct32P]ATP bound was set to 1. (A) I uM I-2N was incubated with 0.07 [xM
[a32P]ATPP ( 6.3 x 10' cpmpmol) in the standard reaction mixture except for a variable NaCI
concentration.. (B) 1.5 uM I-2N was incubated with 0.1 U.M [a32P]ATP (4.3 x I05 cpm/pmol) in the
standardd reaction mixture except for a variable pll. (C) 0.8 JJM I-2N was incubated with 0.2 uM
[a ï: P]ATPP (2.1 x 105 cpmpmol) in the standard reaction mixture except for a variable MgCl2
concentrationn and the absence of DTY and F.DTA. (D) 0.8 uM I-2N was incubated with 0.2 uM
[a3:P]ATPP (2.1 x 105 cpmpmol) in the standard reaction mixture except for a variable concentration of
eitherr MgCl2 MnCl.- or CaCk Maximal amount of [a !: P]ATP bound in presence of MgCl2 was set to 1.

thann 90%, whereas binding was hardly reduced in the presence of 10 uM CTP, GTP
orr UTP. These experiments demonstrate a clear binding specificity of the 1-2 protein
forr ATP in vitro. When [a32P]ATP was mixed with increasing amounts of A DP.
dATPP or dADP, strong competition in binding was observed in all cases. At 10 uM
thesee nucleotides reduce binding of [a32P]ATP to I2-N with 70-90% whereas the
presencee of GTP at the same concentration hardly had an effect (Figure 5B). This
demonstratess that 1-2 does not only have affinity for ATP. but also for ADP, dATP
andd dADP.
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Figuree 5.1-2N specifically binds adenine nucleotides.
2.55 uM I-2N was incubated with 0.06 uM [a"':P]ATP (7.7 x 10" cpmpmol) as described under
"Methods".. [a'~P]ATP was premixed with various amounts of the indicated cold nucleotides. (A)
Reactionss were vacuum filtrated using a slotblot apparatus and a PVDF sheet. Radioactivity was
visualizedd by phospho-imaging. (B) The amount of [cr':P]ATP bound to I-2N was measured in a filter
bindingg assay as described under "Methods".

Too quantify the affinity of the nucleotide binding pocket of 1-2 for ATP we
performedd a filter-binding assay with I-2N and increasing amounts of [aJ"P]ATP.
Afterr plotting the amount of ATP bound against the ATP concentration, a clear
saturationn curve was obtained (Figure 6). From these data a /Rvalue of 2.2 uM was
calculatedd using a Scatchard plot.
1-22 exerts ATPase activity
Too test whether 1-2 is capable of hydrolyzing ATP, I-2N and I-2NK207R were
incubatedd with [ct32P]ATP at room temperature. Samples were taken at different
timee points and analyzed by thin layer chromatography (TLC) to separate
[a32P]ADPP and [a32P]AMP from [a32P]ATP. The autoradiogram of the TLC
(Figuree 7A) shows that in the presence of I2-N the amount of [a32P]ADP increases
inn time at the cost of the amount of [a32P]ATP. In the absence of 1-2 protein no
[a ,2 P]ADPP was generated. In the presence of I-2NK207R ATP hydrolysis occurs to a
lesserr extent (30% of wild type). From these results we conclude that the ADP
formedd in the reaction with the wild type 1-2 protein is due to specific hydrolysis of
ATPP by I-2N . The detection of ATPase activity of I-2NK207R suggests that the
mutatedd NBS still has residual binding activity (Figure 3).
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Figuree 6. A.'., measurement of the I-2N-ATP complex.
1.55 u.Vl I-2N was incubated with increasing amounts ot'[u' : P]ATP (3.4 x 103 - 1.8 x I05 cpm/pmol) in the
standardd reaction mixture. Radioactivity of [cr:PJATP bound to I-2N was measured as described under
"Methods".. The Kjv/as calculated using a Scatchard plot.

ATPasee activity of another NBS-LRR protein, Mi-1
Too investigate whether in analogy with 1-2 other R proteins of the NBS-LRR class
havee ATPase activity as well, we examined another tomato R protein with a
structuree similar to 1-2, notably Mi-1 (Figure IB). A translational GST-fusion
constructt encoding the complete NB-ARC domain of Mi-1 was used for protein
productionn in E. coli (referred to as Mi-( 161-900): Figure IB). The fusion protein
wass purified from inclusion bodies and refolded using the same procedures as
appliedd for 1-2. Refolded Mi-( 161-900) was used in the ATPase assay with
[a ,: P]ATP.. Figure 7B shows that, like 1-2, Mi-lis a functional ATPase.

Discussion n
Mostt R genes known today encode proteins with a central region containing peptide
motifss typical for the nucleotide binding site (NBS) found in many ATP/GTP
bindingg proteins. In this paper we show for the first time that the putative NBS of
twoo of these R proteins, notably 1-2 and Mi-1. are able to bind ATP and exert
ATPasee activity. Based on the conservation of the NBS domain in other functional
RR proteins of the NBS-LRR class (Meyers et al.. 1999: Pan et al.. 2000) it is very
likelyy that ATP binding and ATPase activity are general features of this group of

22 2

AA TP binding and hydrolysis by R proleins

<-AMP P

##

#

<- A D P
<- ATP

<-- origin
wtt mut. -

wt mut. -

wt mut.

wtt mul. -

10 0

wt mut. -

30 0

600 (min.)

3 00 -,

00

J

00

'

f

i

T

i

1

f

10

20

30

40

50

60

70

Timee (min.)

BB
00
00
100

20

30

40

<- ADP
<- ATP

60 (min.)

Figuree 7. I-2 and Mi-I exhibit ATPase activity.
1.99 \iM I-2N (wt) and l-2NK:""K (mut.) together with a buffer control (A), and 1.5 u.M Mi-( 161-900) (B).
weree incubated with 5.0 uM [a'"P]ATP (4.4 x 104 cpm/pmol). Reactions were subjected to TLC to detect
thee production of [a'"P]ADP with autoradiography and quantitated by phosphoimaging as described
underr "Methods"'.

proteins.. Mutational analysis of the R genes N, RPS2, RPM1 have shown that the
predictedd P-loop (Figure 1C) and kinase-2 motifs are essential for their function in
plantt defense signaling (Dinesh-Kumar et al., 2000: Tao et al.. 2000; Tornero et al.,
2002).. Here we have shown that substitution of the invariant lysine in the P-loop
motiff of 1-2 (Figure 1C) strongly reduce both ATP binding and hydrolysis. Since
suchh an effect has been reported for many other nucleotide binding proteins
containingg a P-loop motif (Rivas et al.. 1997: Mizushima et al.. 1998: Hishida et al..
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1999),, it is very likely that substitution of this residue in RPS2 and N resulted in
loss-of-functionn alleles due to reduced nucleotide binding capacity. Whether the Ploopp mutation (K207R) in 1-2 will result in a loss of biological function is not
known. .
Meyerss and coworkers (1999) analyzed the NBS of 14 known R proteins
andd more than 400 homologues. They noted that the so-called G-4 region, that is
characteristicc of the GTPase superfamily. was absent in all sequences. They
thereforee suggested that R proteins would bind ATP rather than GTP. Our analysis
off the nucleotide preference of recombinant 1-2 shows that [or "P] ATP binding can
indeedd be efficiently competed by ATP, but not by GTP or other nucleoside
triphosphatess (Figure 5A). This confirms the hypothesis that R proteins are ATP
bindingg proteins. With most ATP/GTP binding proteins, the omission of divalent
cationss from the reaction does not only abolish hydrolysis, but results in a decreased
nucleotidee binding capacity as well (Hishida et al., 1999; Rombel et al., 1999),
Moreover,, Mn ' can substitute for Mg~ in the function of several ATPases. In some
casess it even caused an increase in ATPase activity in comparison with Mg~'
(Koronakis(Koronakis et al., 1993). We observed a similar behavior of recombinant 1-2: both
bindingg (Figure 4C) and ATPase activity (data not shown) are dependent on
divalentt cations. Also, Mn2* can substitute for Mg2+ in the ATP binding assay
(Figuree 4D) giving rise to approximately a four-fold increase in ATP binding
capacity.. However, since in the cytosol the Mg2( concentration is much higher than
thatt of Mn~' it is likely that Ï-2 binds MgATP in vivo.
Thee ATP binding capacity of the NBS of 1-2 is shared with the
homologouss NBS of Apaf-1 and CED-4 (Jiang and Wang, 2000; Seiffert et al.,
2002).. However, there are differences in nucleotide affinity. Apaf-1 has a five-fold
higherr affinity for dATP than for ATP (Jiang and Wang, 2000). Although 1-2 has
affinityy for dATP, it is slightly lower than for ATP (Figure 5B). CED-4 also has a
lowerr affinity for dATP, but the difference in this case is approximately 100-fold
(Seiffertt et al., 2002). Also, Apaf-1 has absolutely no affinity for dADP, the
hydrolysiss product of dATP, whereas 1-2 does have affinity for ADP and even for
dADPP (Figure 5B). In this aspect 1-2 behaves more similar to CED-4, since the latter
hass affinity for ADP as well, although approximately 100-fold less than for ATP.
Despitee these differences it is clear that they all are nucleotide binding proteins with
adeninee specificity.
Significantly,, we show that 1-2 and Mi-1 are not only capable of ATP
bindingg but also of hydrolyzing the bound nucleotide (Figure 7A-B). If Apaf-1
containss nucleotidase activity at all, it is very low. Alternatively, nucleotidase
activityy may be stimulated by a factor that has a similar function as GTPase
activatingg proteins (GAPs) have in signaling mediated by small GTPases. It is not
knownn whether CED-4 exerts ATPase activity.
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Thee region of homology in the central parts of Apaf-1, CED-4 and Rproteinss of the NBS-LRR class is not confined to the NBS, but extends C-terminally
andd is referred to as the NB-ARC domain (Aravind et ah, 1999; van der Biezen and
Jones,, 1998). The potential of Apaf-1 to self associate resides in its NB-ARC
domainn (Hu et al., 1998). Binding of the C-terminal repeat (WDR) domain to this
regionn prevents spontaneous self association, thereby negatively regulating the
functionn of Apaf-1 (Hu et al, 1998; Hu et al., 1999). In the presence of cytochrome
c,, binding of ATP or dATP results in a conformational change promoting homooligomerizationn and subsequent apoptosome formation. It is tempting to speculate
thatt the C-tenninal repeat (LRR) domain of R proteins can also bind the NB-ARC
domainn keeping the protein in an inactive state. Upon activation by binding of ATP
andd possibly other factors, R proteins may recruit additional proteins and/or self
associatee to form a signalosome, similar to the apoptosome in the case of Apaf-1. In
thiss context it is interesting to note that for Rx, an NBS-LRR protein of potato
conferringg resistance to potato virus X (PVX), it was recently shown that coexpressionn of the NBS containing N-terminal part of the protein and the LRR
domainn results in a elicitor dependent hypersensitive response in a transient
expressionn assay (Moffett et al., 2002). In addition, the two parts of Rx physically
interactt in co-immunoprecipitation experiments (Moffett et al., 2002). Since coexpressionn of the PVX elicitor resulted in disruption of this interaction, this event
mightt be the initial trigger that activates Rx. Similar to Apaf-1, the NB-ARC/LRR
interactionn of Rx does not depend on the integrity of the P-loop motif However,
besidess all these similarities there are also important differences between Apaf-1
andd Rx. A truncation mutant of Apaf-1 lacking the WDR domain is constitutively
active,, whereas a mutant of Rx lacking the LRR domain is not. Results of Jiang and
Wangg (2000) with Apaf-1 imply a model in which the cytochrome c mediated
increasee of the nucleotide binding affinity is actually caused by the disruption of the
NB-ARC/WDRR interaction. In analogy with this model, the PVX elicitor could
changee the nucleotide binding capacity of Rx by disruption of the NB-ARC/LRR
interactionn leading to activation of the R protein. If the mechanism of repression by
thee C-terminal repeats is the same in both Apaf-1 and R proteins, it would be very
interestingg to investigate whether full-length 1-2 has a lower affinity for ATP than I2N,, and whether affinity could be stimulated by other factors like cytochrome c in
thee case of Apaf-1.
Afterr cloning of a large number of R genes in the last decade, the challenge
noww lies in elucidation of their function in defense signaling. Our demonstration that
thee NBS domains of these proteins can bind and hydrolyze ATP is an important step
inn this direction. Combination of a biochemical approach as described in this study
withh genetic approaches will allow further dissection of the role of these proteins in
signall transduction and will provide new insights into the mechanisms involved in
plantt disease resistance.
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Methods s
E.E. coli expression constructs
Ann Ncol-Xhol genomic fragment containing the coding region of 1-2 and ].1 kb downstream sequences
(Mesctt al.. 2000) was ligated into pGEX-KG (Guan and Dixon. 1991) digested with Ncol and Xlwl. The
resultingg plasmid codes for full-length 1-2 N-terminally fused to GST (I-2F). A Ncol-Ndel (blunt)
genomicc fragment containing part of the coding region of/-.? (Mes ct al., 2000) was ligated into pACT2
vectorr (Clonteeh Laboratories Inc., USA) digested with Nco\-Smal. The 1-2 fragment was then transferred
too pGEX-KG as an Nco\-Xho\ fragment. This plasmid encodes amino acids 1-519 of [-2. N-terminally
fusedd to GST(!-2N). A plasmid encoding I-2Nk2'1R was created by substituting the Lys-207 codon (AAG)
inn the P-loop motif with an Arg codon (AGG). This was done by site-specific mutagenesis using overlap
extensionn (Higuchi et al., 1988) with 1-2N as a template. To this end two vector primers flanking the 1-2
sequencee and the following mismatch primers were used:
5'-GGCGGCCAGGGCAGGACAACACTTGCTAAAG-3' '
5"-AAGTGll TGTCCTGCCCTGGC-3'
Thee final PCR fragment was digested with Ncol and Xhol and ligated into pGEX-KG. The entire 1-2
sequencee and the mutation were verified by DNA sequencing. Plasmid pKG6210 containing the Mi-1
genee was obtained from Keygene. the Netherlands. A Nco\-Bsm\ fragment of the Mi-1 coding sequence
(Voss et ai.. 1998) was isolated from this plasmid and ligated into the pAS2-l vector (Clonteeh
Laboratoriess Inc., USA) digested with Ncol and Smal. The Mi-1 part was then transferred as a Mscl-Sall
fragmentt into pGEX-KG digested with Smul and Sail. The resulting plasmid encodes amino acids 1619000 of Mi-1. N-terminally fused to GST and is referred to as Mi-{ 161-900).

Isolationn of GST-fusion proteins from E, coli
Expressionn vectors were transformed into E. coli strain Bl21(de3). Precultures were grown overnight at
377 °C in LB medium. 10 ml of these precultures were used to inoculate 100 ml fresh LB medium at 37 °C.
Afterr growing the culture to a density of OD^oo 0.8-1.0 expression was induced with 1 mM IPTG for 4
hourss at 37 °C. A sample was taken and the pelleted cells were boiled in Laemni buffer for SDS-PAGE
followedd by Coomassie Brilliant Blue staining, or immuno-staining with anti-GST monoclonal antibodies
(Clonteehh Laboratories Inc., USA) or anti-I-2 (synthetic peptide) antiserum. The cells of the culture were
harvestedd and resuspended in buffer A (50 mM Tris, pH 7.5, 100 mM NaCl and 5 mM EDTA) and treated
forr 40 minutes with 1 mg/ml lysozyme on ice. Cells were collected and resuspended in buffer B (50 mM
Tris,, pH 7.5, 100 mM NaCl; 5 mM EDTA and 1% Triton X-100) and subsequently frozen at -20 "C. The
celll suspensions were thawed at RT and sonicated using a sonicator (MSE) with a 3 mm diameter probe.
Thee insoluble part of the lysates containing the inclusion bodies was collected and washed in two
sequentiall steps with buffer C (50 mM Tris, pH 8.0; 100 mM NaCl. 5 mM EDTA; and 1% Triton X-100)
andd buffer A. respectively. Finally, the inclusion bodies were solubilized in buffer D (50 mM Tris-CI, pH
9.0;; 100 mM NaCl; 1 mM EDTA; 1 mM DTT and 8 M urea).

Renaturationn of GST-fusion proteins
Renaturationn of the solubilized inclusion bodies was based on the method described in (Nguyen ct al.,
1996)) with some modifications. The solubilized inclusion bodies fractions in buffer D were dialyzcd
stepwisee against renaturation buffer (50 mM Tris.CI pH 9.0. 100 mM NaCl. 1 mM EDTA and 1.5 mM
DTT)) containing 20% glycerol and, respectively. 6 M, 4 M, 2 M and 0 M urea at 4 "C. This was followed
byy dialysis against renaturation buffer containing 10% glycerol and. finally, against storage buffer (50
mMM Tris.CI pH 7.5; 50 mM NaCl: 0.1 mM EDTA; 1.5 mM DTT and 10 % glycerol). Renatured fractions
weree centrifuged for 45 min at 41.000 x g. Supernatants were aliquotcd and stored at -80 "C until use.
Proteinn concentration of each sample was determined by the Bradford method using bovine serum
albuminn as a standard (Bradford, 1976). Samples were analyzed by SDS-PAGE followed by Coomassie
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Brilliantt Blue staining, or lmmuno-staining with anti-GST monoclonal antibodies or anti-1-2 (synthetic
peptide)) antiserum.

ATPP binding assays
Thee binding of [cr "P]ATP to purified I-2N and I-2NKJ) R was measured in a filter-binding assay based on
thee method described in Rombel et al. (1999). The proteins were incubated with [cr ; P]ATP at
concentrationss ranging from 1 uM to 2.5 ^M. The standard reaction mixture contained 50 niM Tris.CT pH
7.5:50mMNaC1;O.II rnM EDTA. 1.5 mM DTT, 5 mM MgCl2, 10% glycerol. 0.06-0.2 uM [a ,: PlATP (3
xx 10' to 8 x 10 cpm/pmol) and 1.5 (iM protein. The mixture was incubated on ice for 15 to 20 min and
thenn vacuum filtrated through PVDF membranes (Immobilon P; 0.45 uM pore size; 2.5 cm diameter filers
weree prepared as specified by the manufacturer {Millipore)) using a vacuum filtration manifold
(Millipore).. Filters were immediately washed with ice cold buffer containing the same components as the
correspondingg reaction mixture except for the nucleotides. Filters were dried and radioactivity was cither
countedd by liquid scintillation counting or by phosphoimaging (Storm, Molecular Dynamics. USA),
Backgroundd corrections were performed with the values from reaction mixtures to which no protein was
added.. Because MnCl2 can only be tested in buffers without DTT. this component was omitted from the
reactionn mixture in the assays where the divalent cation concentration was varied. For this reason also the
storagee buffer of the protein was substituted with the same buffer without DTT and EDTA using
Sephadex™™ G-25 columns (Amersham Pharmacia Biotech, USA). Protein concentration was measured
afterwardss using the Bradford method. The pH was varied by adding Tris-MES of various pH values to
thee reactions resulting in a final concentration of 50 mM Tris-MES ranging from pH 5 to 8.5, Binding
assaysassays with cold competitor nucleotides were performed in the presence of 8 mM MgCl2. [a "P]ATP was
mixedd with the cold nucleotides prior to adding them to the reactions. Affinity of 1-2N for ATP was
measuredd by incubation with increasing amounts of [cr : P]ATP (0 - 128 uM; 3 x 10' - 2 x 10J cpm/pmol).
Thee Kd was calculated using a Scatchard plot.

ATPasee assay
Reactionn mixtures containing 50 mM Tris.Cl pH 7.5, 50 mM NaCl. 0.1 mM EDTA. 1.5 mM DTT, 10 mM
MgCl2,, 10% glycerol. 5 uM [a12P]ATP (4 x 104 cpm/pmol) and different concentrations of the proteins
too be tested (1.5 - 1.9 uM) were incubated at RT. Aliquots (2 pi) were taken at the indicated times and
immediatelyy frozen at -20 "C. Samples were applied to Silica 60 TLC plates (0.25 x 200 x 200 mm;
Merck,,
Darmstadt, Germany) and developed
in isobutyl alcohol/isoamyl
alcohol/2ethoxyethanol/ammonia/H200 (9:6:18:9:15) (Yegutkin and Burnstock. 1998). Radioactive nucleotides
weree visualized by autoradiography using X-ray films (Fuji Photo Film). Unlabeled standards were
locatedd by UV absorption on TLC plates with Silica Gel F254 (0.25 x 50 x 200 mm; Merck. Darmstadt.
Germany). .
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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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Introduction 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 intramolecularr 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
34 4

NB-ARCNB-ARC domain as molecular

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
it was concluded that the mutant protein induces a
too the expression of j-2D4m\
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! !
--++
-++

-++
__

a

HR,, 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_2K207m233F 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 Ploop. .
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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Constitutivee activating mutations map close to the nucleotide in a 3D
structurall 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 structurebasedd 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
activity 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 wildtypee 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 diseaseassociatedd 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 12NN
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 I2NN
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 ADPcomplex.. 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-2N s: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. ATPY-[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.
43 3
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togetherr suggest that in the hydrolysis mutant the equilibrium has shifted from the I2-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 12-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 I2N-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 (I2N+)) (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 CCdomainn 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. I2NN " 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
I2N IC207RR ( F i g u r e 6 B )
w h e n t h e e f f e c t o f t h e 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 Trax1211 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 RNBSAA 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 xxxxDD/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 Trax1211 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 I2N+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
willl 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 I2N-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 NBARCC 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
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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'-CAAATCCTTCAAAAACGCAATACCA);; for D282C, (5n-TCCTTATTGTTTTGTGTGATGTGTGGA and 5'-TCCACACATCACACAAAACAATAAGGA);; for D283E. <5'-TCCTTATTGTTTTGGATGAAGTGTGGA and 5-TCCACACTTCATCCAAAACAATAAGGA);; for D343V. (5'-TTCCTAAAGTTTATCCATTTAGGAA and
55 '-TTCCTAAATGGATAAACTTTAGGAA); for D607E, (S'-TCAGATTTTTGGAGATTTCTCGGACAA 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 pGEXK.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 III 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 pAS211 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 I22 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.
Agroinfiltration 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.

Multiplee 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 stateof-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 recomputedd 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-2N s : 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-2N s: " 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.
[rx3ZP]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-limiting 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" min 1 . 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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Chapterr 4
Mutationss in the NTPase fold of Mi-1 lead to a
constitutivelyy active protein upon expression
inn Nicotiana benthamiana
Wladimirr I.L. Tameling, Frank L.W. Takken, and Ben J.C. Cornelissen

Summary y
Thee nucleotide-binding-site leucine-rich-repeat (NBS-LRR) class forms the largest
groupp of R proteins. The central NBS is part of a more extended region of homology
knownn as the NB-ARC domain, which was shown to exert ATPase activity in the R
proteins,, 1-2 and Mi-1 (Tameling et al., 2002; chapter 2). In chapter 3 and in
(Tamelingg et al., 2004) a mutational study with 1-2 is described, wherein mutants
weree obtained that are specifically inhibited in their ATPase activity resulting in a
constitutivelyy active protein. Based on these data, we have proposed a model in
whichh the central NB-ARC domain is considered as a molecular switch that
regulatess defense activation. The different states of this switch are controlled by the
nucleotidee binding state. In this model the ATP state reflects the active conformation
whereass the ADP state is the resting state of the protein. Here we describe the
mutagenesiss of two conserved residues in the NB-ARC domain of Mi-1. Based on
3DD modeling of 1-2 with other P-loop containing NTPases these Mi-1 residues are
predictedd to be involved in ATP hydrolysis. Hence the mutant proteins are expected
too be affected in hydrolysis and therefore prolonged in the ATP state leading to
constitutivee activity. Expression of the two Mi-1 mutants was found to result in
constitutivelyy active proteins suggesting that these mutations arc indeed reduced
specificallyy in their hydrolysis activity. These findings indicate that the switch
functionn of the NB-ARC domain is a general feature of R proteins. The implications
off these findings are discussed.
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Introduction n
Too cope with health threatening pathogens, plants are armed with a battery of
diseasee resistance (R) genes that encode proteins able to mediate recognition of the
invadingg pathogen and subsequent activation of defense responses. The arsenal of
weaponss that the plant uses to conquer the invader is versatile (Dangl and Jones,
2001).. A common weapon is the hypersensitive response (HR), which is a type of
programmedd cell death specifically initiated around the site of infection (Heath,
2000;; Shirasu and Schulze-Lefert, 2000).
RR proteins can be grouped into different classes according to their domain
architecturee (Dangl and Jones, 2001). The extracellular members are characterized
byy the presence of an extracellular leucine-rich repeat (LRR) domain that is linked to
aa transmembrane motif (e.g. Cf-4, Vc and Xa21) (Nimchuk et al., 2003). Of the
cytoplasmicc R proteins, the largest group belongs to the class of nucleotide binding
sitee (NBS)-LRR proteins. This group can be subdivided into two classes based on
theirr N-terminal domain; this is either a predicted coiled-coil <CC) domain, or a
regionn that shares homology with the cytosolic domain of Drosophila TOLL and
mammaliann IL-1 receptor (TIR domain) (Pan et al., 2000). The C-terminal LRR of
thesee proteins is implicated in pathogen perception and seems to be the most
importantt domain for recognitional specificity (Ellis et al., 2000). The presence of
thee central NBS was predicted on basis of the presence of two motifs common for Ploopp containing NTPases. Based on sequence analysis of the central domain of the R
proteinss (Meyers et al„ 1999) predicted that if these proteins were able to bind
nucleotides,, they would bind ATP rather then GTP. Later, experimental data
confirmedd this prediction and showed that the NBS of the R proteins 1-2 and Mi-1
aree indeed able to specifically bind and hydrolyze ATP (Tameling et al., 2002;
chapterr 2). The first motif in the NBS is the P-loop (also Walker A or Kinase la)
withh the consensus sequence GX4GKT/S and the second is the Walker B (also
Kinasee 2) (Walker et al., 1982; Saraste et al., 1990; Traut, 1994). The P-loop
containss an invariant Lys that is involved in binding of the phosphate groups of the
nucleotide,, whereas the hydroxyl group of Thr or Ser is generally involved in
coordinationn of the Mg : ion, which is essential for hydrolysis of the nucleotide
(Smithh and Rayment, 1996; Caruthers and McKay, 2002; Datta et al., 2003).
Mutationn of this lysine in 1-2 was found to reduce the ability to bind ATP forty fold
(Tamelingg et al., 2002; chapter 2). The Walker B motif contains an invariant Asp
whichh is also involved in coordination of the Mg2' ion, albeit indirectly via a
bridgingg water molecule (Walkeretal., 1982; Saraste et al., 1990; Traut, 1994).
Thee structure of the NBS has been predicted as an NTPase fold, consisting
off a parallel p-sheet flanked by a-helices, with a topology that very much resembles
thatt of the AAA+ ATPases (Tameling et al.. 2004; chapter 3). The NBS is part of
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thee larger NB-ARC (Nucleotide Binding adapter shared by Apaf-1, R proteins and
CED4)) domain {van der Biezen and Jones, 1998; Aravind et al., 1999). The NBARCC domain is very closely related to the NACHT domain found in NOD proteins
(Kooninn and Aravind, 2000; Leipe et al., 2004). The C-terminal part of the NBARC/NACHTT domains was defined as a NB-ARC/NACHT associated domain
extensionn (NAD) and is predicted to comprise several helical subdomains (Albrecht
ett al., 2003; Tameling et al, 2004; chapter 3).
Thee AAA+ NTPases form a group that is part of the ASCE division
(additionall strand, catalytic E), which is characterized by an additional strand in the
coree sheet located between the P-loop strand and the Walker-B strand (Iyer et al.,
20044 and references therein). The Walker B motif typically assumes the form
xxxxD-D/EE (x is mostly a hydrophobic residue) which is shared with other groups of
thee ASCE division {e.g. ABC transporters and SF1/2 helicases). The second acidic
residuee is mainly an Asp in the NB-ARC family. Mutation of this Asp in the R
proteinn 1-2, was shown to impair ATPase activity without a significant reduction in
ATPP binding. In addition, this mutant was found to be constitutively active when
expressedd in leaves of N. benthamiana (Tameling et al., 2004; chapter 3). Another
constitutivelyy active 1-2 mutant (I-2S2Bh) that contains a substitution in the RNBS-A
motif,, was also found to be solely affected in ATP hydrolysis. These data indicate
thatt ATP binding to 1-2 is likely to be important for initiation of the HR. According
too the model presented in chapter 3 and in (Tameling et al., 2004), a conformational
changee occurs upon pathogen perception by an R protein resulting in a lower affinity
forr ADP. This results in ADP dissociation and subsequent ATP binding, resulting in
2ndd conformational change. In this state the protein is able to trigger downstream
defensee signaling resulting in induction of the HR. Therefore, a mutation in an R
proteinn that specifically inhibits ATP hydrolysis, and not ATP binding, is expected
too cause an equilibrium shift to the ATP bound state and hence is predicted to
constitutivelyy trigger the HR.
Too test the universality of this hypothesis for NBS-LRR R proteins, the
tomatoo Mi-1 protein was used as a test case. Mi-1 confers resistance to root-knot
nematodess (Mehidogyne incognita, M. javanica, and M. arenaria), potato aphids
{Macrosiphum{Macrosiphum euphorbiae) and white flies (Bemisia tabaci) (Milligan et al., 1998;
Rossii et al., 1998; Vos et al., 1998; Nombela et al., 2003). The Mi-1 protein was
shownn to be able to bind and hydrolyze ATP (Tameling et al., 2002; chapter 2).
Variouss mutations in Mi-1 are known that result in a constitutively active protein
ablee to trigger elicitor independent HR upon expression in N. benthamiana. These
mutationss are either chimeras between Mi-1 and its ortholog, or a point mutation in
thee LRR (Hwang et al„ 2000; Hwang and Williamson, 2003). None of these
mutationss are in the NB-ARC domain suggesting that these do not affect nucleotide
bindingg directly, but rather indirectly by affecting regulatory domains present in the
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protein.. To make specific ATP hydrolysis mutants, conserved residues
NTPasee fold of Mi-1 were substituted. These residues were selected based
mutagenesiss data of 1-2 (Tameling et al., 2004; chapter 3) and that of other
containingg ATPases (discussed in this chapter). The results of the Mi-1
analysiss are described here.

in the
on the
P-loop
mutant

Results s
Previously,, we have described a series of 1-2 mutants that were analysed for
constitutivee activity in N. henthamiana (Tameling et al., 2004; chapter 3). The
analogouss mutations of two of these 1-2 mutants (T208S en D283E), were
introducedd in Mi-1 (T557S and D630E). The Mi-1T557S mutation is a substitution in
thee P-loop of the highly conserved Thr for a Scr. The second mutation, Mi-lDf>30h,
targetss the highly conserved Asp, that resides C-terminal to the invariant Asp of the
Walkerr B motif These two mutants and wild-type Mi-1, were expressed in N.
henthamianahenthamiana using agroinfiltration. Unlike wild-type Mi-1 (Figure 1A), Mi-1 T " 7S
andd Mi-lDMOh induced an elicitor independent HR (Figure IB and C). HR became
visiblee around 7 days after infiltration (Table 1), but was more pronounced after 10
days.. As an additional negative control for HR induction wild-type 1-2 (Figure ID)
wass infiltrated, and as positive control i_2n283t (Figure 1E) was used. Interestingly,
thee onset of HR for I-2D2*3E is around one day faster than for the corresponding Mil W 3 n tt mutant (Table 1).

Tablee 1. Motifs targeted for mutation and effect of the mutants in a transient expression assay.

Ml-11 (wt)
Mi-1 T ^ 7S S
Mi-l D63or r
1-22 (wt)
,_2D2N3F F

RxIMft0V V
Cf4/Avr4 4

motiff targeted

HRa

onset HRb (days)

P-loop p
Walkerr B

++
++

7
7

Walkerr B
MHD D
MHD D

++
++
++
++

6
3
1
1

"MR.. Hypersensitive response in ,V. henthamiana was scored 10 days after infiltration.
h
onsett HR, onset was scored at the time when lesions became easily visable at the upperside of the leaves.
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Figuree 1. Transient expression of Mi-1 mutants triggers an elicitor independent HR.
Proteinss were transiently expressed by the agroinfiltration method in A', bethamiana leaves. Expression of
Mi-1,, Mi-1T557S, and Mi-l""1'" (A-C. respectively), was driven by the Mi-1 promoter. 1-2. l-2" : s l ', [_2D49SV
andd Rx""""1 (D-G, respectively), were expressed under the control of the CaMV 35S promoter. Cf4 and
Avr44 were co-expressed both under the control of the CaMV 35S promoter (H). Leaves were
photographedd 10 days after infiltration.

Ass comparison for the speed of HR induction, mutant forms of 1-2 and Rx
thatt contained an Asp to Val substitution in the conserved MHD motif at the Cterminuss of the NB-ARC domain, were analysed (Bendahmane et al., 2002; de la
Fuentee van Bentem et al.. 2004). The HR triggered by [_2D495V and RxD460V was
strongerr than that induced by the other 1-2 and Mi-1 mutants (Figure 1F-G and Table
1)) since it was already visible 3 or 1 day after infiltration, respectively. A similar
rapidd response could be initiated by co-expression of the Cf-4 R protein from tomato
withh its elicitor Avr4 from Cladosporiumfulvum (Figure 1H).

Discussion n
TwoTwo mutations that were predicted to affect ATP hydrolysis, and not binding, were
madee in Mi-1. Expression of these mutants (Mi-1 r> 7S and Mi-l 06 0E) resulted in an
elicitorr independent HR. The analogous D283E mutation in 1-2 does also confer
elicitorr independent IIR. while the T208S mutation does not (Figure IE; Tameling
ett al.. 2004; chapter 3). The latter is surprising as this Thr residue is almost invariant
inn R proteins and is therefore predicted to have a conserved function. The P-loop
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consenuss sequence is GX4GKT/S, where the hydroxy! group of the Thr or Ser
providess two or more ligands to the Mg2' ion (Smith and Rayment, 1996; Via et al.,
2000;; Caruthers and McKay, 2002; Datta et al., 2003). The Thr or Ser does often
alsoo hydrogen bond with the invariant Asp of the Walker B motif that is also
involvedd in coordination of Mg *, albeit mostly indirect via a Mg^-binding water.
Althoughh both Thr and Ser can be found at the eight position in the P-loop
consensuss sequence, substitution from one into the other does apparently lead to
enoughh disturbance in the NB fold of Mi-1 to cause constitutive activity.
Thatt l-21208S is not constitutively active, could have various reasons, such
as;; A) the serine can functionally replace the threonine and therefore hydrolysis is
nott affected as severely as in Mi-1 or B) the mutation does not only affect hydrolysis
butt also binding and hence the protein will be inactive C) the threshold required for
thee initiation of HR mediated by 1-2 is higher than that for Mi-1, or D) a too low
expressionn level of the 1-2 mutants. To test the first two possibilities the nucleotide
bindingg kinetics of l-2T20KS should be measured. These data could also indicate
whetherr possibility C could apply. It is unlikely that the differences are due to
differentt expression levels of Mi-1 versus 1-2. Expression of Mi-1 was driven by the
endogenouss Mi-1 promoter, whereas expression of the 1-2 constructs was driven by
thee strong CaMV 35S promoter. As expression of the other constitutively active 1-2
mutantsmutants (I-2D495V and I-2D2*3E) from the CaMV promoter resulted in an HR, protein
expressionn levels should not be limiting. Furthermore, since the CaMV promoter is
relativelyy strong, it is expected that expression of 1-2 will be at least as high as that
off Mi-1. Unfortunately, we were unable to detect 1-2 or Mi-1 in planta, so we cannot
comparee the protein levels directly to exclude the last possibility.
Thee mutation in Mi-1D630H targets the second Asp of the Walker B motif
(xxxxD-D/E).. The second acidic residue in this consensus has been proposed as a
generall catalytic base in ATP hydrolysis (Muneyuki et al., 2000) and we therefore
suggestedd that the second Asp is the catalytic base causing the in-line nucleophillic
attackk on the y-phosphate of ATP (Tameling et al., 2004; chapter 3). For the
constitutivelyy active I-2D283t mutant, that contains the analogous mutation to D630E,
wee demonstrated that it is specifically affected in its ability to hydrolyse ATP
(Tamelingg et al., 2004; chapter 3). This results in a shift in the equilibrium of the
ATPasee cycle toward the ATP state of the protein. This state is predicted to be the
signalingg competent state that triggers induction of the HR (Tameling et al., 2004;
chapterr 3). Since Mi-l l)630t also induces an elicitor independent HR, together with
thee high conservation of this second Asp in R proteins, this suggests that it exerts its
effectt due to the same mechanism.
Anotherr interesting observation is that expression of l-2D4'ilr,v induces the
mostt rapid HR, in comparison with l-2D2S3E, Mi-1D630H, and Mi-IT5?7S (Figure 1), but
alsoo I-2S23?F (data not shown). The D495V mutation is located in the highly
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conservedd MHD-motif at the C-terminal end of the NB-ARC domain. The same
mutationn in Rx does also result in an elicitor independent HR (RxD46(A) (Figure 1G;
(Bendahmanee et ah, 2002). In Rx, this region has been shown to be involved in
intra-molecularr interaction with the LRR domain (Moffett et al., 2002). This domain
hass been proposed to act as a negative regulator of R protein activity, as specific
mutationss in the LRR of Rx and Mi-1 do result in constitutively active proteins
(Bendahmanee et al., 2002; Hwang and Williamson, 2003). This observation is
similarr to what was found for several human NOD proteins (Inohara and Nunez,
2003).. In contrast with the human NOD proteins, the LRR in plants seem to have a
positivee regulatory function as well. Firstly, because many mutations in the LRR in
aa constitutively active chimeric Mi-1 protein lead to loss-of-function (Hwang and
Williamson,, 2003) and secondly, because the D460V mutation in the NB-ARC
domainn of Rx causes constitutive activity only in the presence of the LRR, either
whenn provided in cis or in trans (Bendahmane et al., 2002; Moffett et al., 2002). The
MDH-motiff could well be involved in the negative regulation via interaction with
thee LRR domain. The Asp to Val mutation in this motif could therefore interfere
withh this repressor function. In our model, we propose that the LRR exerts this
repressorr function by stabilizing the resting ADP state of the R protein and thereby
preventingg activation upon ATP binding (Tameling et al., 2004; chapter 3).
Inn our model we also propose that the positive regulatory function of the
LRRR domain lies in its ability to further decrease ADP binding upon elicitor
perceptionn (Tameling et al., 2004; chapter 3). This could be the reason why an
Rx(D460V)) mutant lacking the LRR domain does not lead to constitutive activity
(Moffettt et al., 2002). Such a mutant will be blocked in the stable ADP state since
onlyy in the presence of the positive regulatory domain in the LRR ADP binding can
bee destabilized. Destabilization is required to allow rapid nucleotide exchange
leadingg to constitutive activity. So the mutation in full length Rx, RxD460V, and the
analogouss mutation in I-2D4<,5V, might both lift the negative- and induce the positiveregulatoryy function of the LRR domain causing an increased amount of protein in
thee active ATP state. The extent to which the ATP state accumulates in case of I2D4',5VV is predicted to be higher compared to that in case of the i_2D2R3E mutant,
simplyy because the HR triggered by the former mutant is faster than by the latter
(seee above). The D283E mutation was shown to specifically impair ATPase activity
withoutt a reduction in ATP binding and is therefore unlikely to affect the regulatory
functionss of the LRR domain. So, the difference in severity of the HR between that
inducedd by i-2D4g5V and ]_2D2l!3L might therefore be explained by the possibility that
thee hydrolysis mutant is still subjected to negative regulation of the LRR domain.
Thee same applies for the I-2S2Bh mutant that has the same biochemical
characteristicss as the I-2D2"H mutant, and for the MMT557S and Mi-1D610H mutants,
becausee these Mi-1 mutants are predicted to be disturbed in their ATPase activity in

73 3

ChapterChapter 4

aa similar way as the 1-2 hydrolysis mutants. This hypothesis is supported by
observationss with Nod2, a human NOD protein. The constitutively active Nod2
(R334W/Q)) mutants (Chamaillard et ah, 2003) are predicted to be affected in their
ATPasee activity without reduction of ATP binding as well, because the mutated
residuee was shown to situate directly next to Ser-233 of 1-2 in a structure-based
sequencee alignment and a structural 3D model (Tameling et al., 2004; chapter 3).
Evidencee that this mutant is also still under a certain level of repression by the LRR
domainn was provided by (Tanabe et al., 2004). They showed that these
constitutivelyy active mutants could be further activated by addition of the elicitor,
unlikee other constitutively active mutants that contained mutations outside the
NTPasee fold. Just as with R proteins, elicitor perception by Nod2 is thought to lift
thee repressor function of the LRR domain. In conclusion, we propose that all
mutantss that cause constitutive activity by an reduced ATPase activity, without a
disturbedd ATP binding, might still be under negative regulation exerted by the LRR.
Too test this hypothesis double mutants should be constructed in which the mutations
inn the NTPase fold of Mi-1 and 1-2 are combined with the Asp to Val mutation in
thee MHD-motif, as the latter mutation is expected to lift the repression mediated by
thee LRR domain. The timing and severity of the expected HR should be quantified
andd compared with those of the single mutants. We predict that if repression of the
LRRR is abolished in these double mutants, the HR phenotype will be stronger than
thatt of the single mutants.
Whetherr the T557S and D630E mutations in Mi-1 indeed result in impaired
ATPP hydrolysis activity without a severe reduction in ATP binding activity remains
aa question for future research. It would confirm our model that these biochemical
characteristicss lead to constitutively active R proteins. Moreover it would be
interestingg to investigate whether other R proteins become constitutively active upon
introductionn of the analogous mutations. This experiment would indicate whether
conservationn in protein structure is translated in conservation of the mechanism by
whichh R proteins are activated.

Methods s
Constructs s
AA 8.9 kb fragment was excised from the cosmid <pKG26IO) containing the genomic sequence of Mi-1
fromm tomato with BamHI and Kpnl. This fragment contained the Mi-1 gene flanked by
6 kb of its
promoterr region and
4 kb of its terminator. This fragment was ligated into the binary vector
pGreenIIKan+{JIC>> (Hellens et al.. 2000) digested with BamHI and Kpnl. resulting in pSc23. Mutations
weree introduced by overlap extension PCR (Higuchi et al.. 1988) using Mi-1 as template. For each
mutationn these two flanking primers (sense) S'-eatgccatggccgagctagatgaggatgaacO' (anti-sense) 5'ggggtacccggctatttctttaccgacatc-3'' were used and the following set of mismatch primers: for T557S.
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(sense)) 5'-ggttcaggtaaatctactttggc-3' and (anti-sense) 5~-gccaaagtagatl-taectgaacc-3'. and for D630E.
(sense)) 5'-gtcttagatgaAgtgtgggatac-3' and (anti-sense) 5"-gtatcccacacTtcatctaagac-3'. The generated
fragmentss were digested with Age! and Xhol to replace the corresponding fragment in pSe23. All
mutationss were confirmed by sequence analysis. The pGreen IK. derived binary vectors, containing 1-2
andd l-2l):s11 arc described in (Tameling et al., 2004; chapter 3) and the one containing 1-2L)+M in (de la
Fuentcc van Bcntcm ct al.. 2004). The binary vector with RxrMW,v was kindly provided by D. Baulcombc.
thee Sainsbury Laboratory, UK and described in (Bendahmane et al., 2002). The binary vectors containing
Cf44 or Avr4 were kindly provided by Rcnicr van der Hoorn, Laboratory of Phytopathology.Wageningen
University,, The Netherlands and are described in (Van der Hoorn et al., 2000).

Agroinn filtration
Agroinfiltrationn was performed as described in (Van der Hoorn et al., 2000).
Thee harvested cells from the cultures were resuspended to OD^m of 2. N. benlhamiana plants used for
infiltrationn were 3-4 weeks old.
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Chapterr 5
Generall Discussion

Innatee immunity 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 repeatdomainn (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 Apaf11 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 immunity
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 NACHT domain show structural similarity 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 yphosphatee 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 fulfils 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 fulfils 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 Cterminuss of the helix upstream of (3-strand 5 of the core NTPase structure, directed

(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 Cterminuss 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.
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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. ahelicess 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 Ploopp (GXiGK[S.T]) and the Walker B (xxxxD-D/E) motif, respectively and are coloured grey. The Ploopp 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 13andd 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.

GeneralGeneral Discussion
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 elicitorindependentt 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 rereplication.. 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 I22 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 NBARCC 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 Cterminall 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 CCNBS 134 ^^ 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 nonfunctionall 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 LDLmotiff 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, intramolecularr 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 ATPbinding?? 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 NBARCC 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
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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 13sheett (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.
Lookingg 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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Byy far the most plant resistance (R) proteins involved in resistance to specific plant
pathogenss belong to the nucleotide bindings site-leucine rich repeat (NBS-LRR)
class.. Since cloning of the first R gene from this class, it was already predicted that
thee NBS might be involved in nucleotide binding. In Chapter 2 of this thesis,
evidencee for the functionality of the NBS in nucleotide binding is provided for two
RR proteins, 1-2 and Mi. Nucleotide binding experiments with 1-2 showed that its
NBSS specifically binds ATP rather than other NTPs (CTP, GTP or UTP). Besides
ATPP binding, both 1-2 and Mi were also shown to exert ATPase activity, which
couldd be a general feature for R proteins because of the high level of sequence
conservationn of the NBS in these proteins. The NBS is part of a larger region of
homologyy called the NB-ARC (Nucleotide Blinding adapter shared by Apaf-1, R
proteinss and CED4) or AP-ATPase domain. This domain is closely related to the
NACHTT (NAIP, CIITA, HET-E, TP-1) domain found in the majority of nucleotidebindingg and oligomerization domain (NOD) proteins. Structure-based sequence
alignmentt and structural 3D modeling of selected R proteins and human NOD
proteinss showed that the predicted secondary structure of the N-terminal part of the
NB-ARCC and NACHT domain matches very well with the experimentally
determinedd secondary structure of the core nucleotide triphosphate hydrolase
(NTPase)) fold (domain I) of the crystalized AAA+ ATPase protein, Cdc6 (Chapter
3).. The C-terminal part of the NB-ARC and NACHT domain was predicted to
predominantlyy comprise a-helices, just like domain II of Cdc6 which also forms a
partt of the active site (AAA+ module). However, the homology with the template
structuress was to low to align this region correctly. Because clear primary and
secondaryy sequence conservation exists in this region we have called this region the
NB-ARC/NACHTT associated domain extension (NAD) (Chapter 3).
Inn the NTPase fold of 1-2, two mutations were identified that result in a
constitutivelyy active protein. Transient expression of such a protein in Nicotiana
benthamianabenthamiana results in an elicitor independent cell death phenotype (Chapter 3).
Thiss is a form of programmed cell death, also known as the hypersensitive response
(HR),, that is often associated with the activation of R proteins. The first mutation is
locatedd in the RNBS-A motif that is predicted to be situated at the end of the second
(i-strandd in the core structure of the NBS. The second mutation maps at the end of
thee third p-strand where it is part of the Walker B motif Purification from E. coli of
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thee mutant proteins, lacking the LRR domain, enabled us to analyze their
biochemicall characteristics in vitro. It appeared that these mutants are specifically
impairedd in ATP hydrolysis, but not binding. Analysis of the ratio between the ATPandd ADP state suggested that the reduction in hydrolysis leads to an accumulation of
thee ATP state. Based on these data, it is proposed that this accumulation is
responsiblee for the constitutive activity of the mutant proteins. Moreover, it implies
thatt the ATP state of 1-2 is the active conformation that triggers defense signaling.
Yeast-two-hybridd experiments with truncated forms of 1-2 (either without the LRR
domainn or containing the first four LRRs) indicated that these mutations affect the
interactionn pattern with two of the N-terminal 1-2 interactors. These interactors had
beenn isolated in a cDNA-library screen using 1-2 as bait. The altered interaction
patternn indicates a conformational change of the N-terminus, that is apparently
controlledd by the nucleotide state of the NBS. Furthermore, it was evident that the
presencee of the four LLRs also influenced the conformation of the N-terminus.
Basedd on these findings, a model is proposed in which the NB-ARC domain
operatess as a molecular switch (Chapter 3). Its nucleotide binding state controls the
confonnationn of the N-terminus and thereby the ability to induce the defense
response.. This model is elaborated on the model proposed by P. Moffett and coworkerss (Moffett et al., 2002), the latter being based on the observed intra-molecular
interactionss in Rx. Our more refined model can function as a good framework to
investigatee how R proteins function in plant disease resistance and might even be
extrapolatedd to orthologs (NOD proteins) found in the animal kingdom.

Too validate and generalize the work-hypo thesis presented above, another R
proteinn was subjected to mutational analysis. The prediction was that upon transient
expressionn of an R protein that is disturbed in ATP hydrolysis HR would be
triggered.. As model we used the Mi-1 gene from tomato that confers resistance to
roott knot nematodes, aphids and whiteflies. Based on sequence alignment and the
3DD model of the core nucleotide binding fold of 1-2, presented in Chapter 3, we
selectedd two specific residues for mutagenesis that are predicted to affect ATP
hydrolysiss and not binding (Chapter 4). One of those is analogous to the mutation in
thee Walker B motif of 1-2, which in this R protein, apart from constitutive activity,
resultss in impaired ATP hydrolysis without a reduction in ATP binding. The second
mutationn substitutes a P-loop residue that is highly conserved in the P-loop
containingg nucleotide triphosphate hydrolases (NTPases). Since this residue is
knownn to be involved in the coordination of the Mg~ ion required for hydrolysis, it
iss expected that this mutation will also specifically impair ATP hydrolysis. So,
similarr as for the 1-2 mutants, it is predicted that these mutations in Mi-1 lead to
accumulationn of the ATP state, thereby exceeding a threshold level required for
inductionn of the HR. Transient expression of these two mutant proteins in Nicotiana
benthamianabenthamiana did indeed trigger an HR in absence of the elicitor (Chapter 4),
104 4

Summan* Summan*
indicatingg that our work-hypothesis might be extended to other R proteins than 1-2
andd suggests that the function of the NB-ARC domain as a molecular switch could
bee a general feature of R proteins.
Thee conservation in domain structure of R proteins and human NOD
proteinss points to a conserved mode of action. A glimpse of this common
mechanismm is beginning to unveil now. Only the future can tell to what extent this
commonalityy goes. Therefore, much more need to be discovered about these
proteins. .
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Verrewegg de meeste resistentie (R) genen uit planten die verantwoordelijk zijn voor
dee afweer tegen specifieke pathogenen behoren tot de "nucleotide binding site[eucine[eucine rich repeat" (NBS-LRR) klasse. Na klonering van het eerste R gen van deze
klassee werd reeds voorspeld dat de NBS van het gecodeerde eiwit betrokken zou
kunnenn zijn bij nucleotide binding. In Hoofdstuk 2 van dit proefschrift wordt voor
tweee verschillende R eiwitten, namelijk 1-2 en Mi-1, de capaciteit om nucleotiden te
bindenn daadwerkelijk aangetoond. Experimenten met 1-2 laten zien dat de NBS
specifiekk ATP bindt en dat de affiniteit voor andere nucleotiden (CTP, GTP of UTP)
veell lager ligt. Behalve ATP-binding is ook aangetoond dat 1-2 en Mi-1 ATPase
activiteitt hebben. Omdat de NBS van R eiwitten een relatief hoge mate van
aminozuur-sequentiee conservering vertoont zouden ATP-binding en -hydrolyse
algemenee eigenschappen van R eiwitten kunnen zijn. De NBS is onderdeel van een
groterr domein welke het NB-ARC (Nucleotide Binding adapter shared by Apaf-L R
proteinsproteins and CED4) of AP-ATPase domein wordt genoemd. Deze is zeer nauw
verwantt aan het NACHT (NAIP, CIITA, HET-E, J_P-1) domein dat in de meeste
nucleotide-bindingg en oligomerisatie domein (NOD) eiwitten voorkomt. Structuur
gebaseerdee aminozuur-sequentie vergelijkingen van R eiwitten en humane NOD
eiwitten,, voorspellen een secundaire structuur voor zowel het NB-ARC als het
NACHTT domein die sterk gelijkend is op de experimenteel bepaalde secundaire
structuurr van het gekristalliseerde AAA+ ATPase, Cdc6. Om deze reden is de
tertiairee structuur van het centrale deel van de nucleotide trifosfaat hydrolase
(NTPase)) vouwing (domein I) van dit eiwit gebruikt voor 3D modellering van het
N-terminall deel van het NB-ARC domein van 1-2 (Hoofdstuk 3). Voor het Cterminalee deel van het NB-ARC en NACHT domein wordt voorspeld dat deze
voornamelijkk uit a-helices bestaat, net als domein II van Cdc6 dat overigens ook
deell uitmaakt van de 'active site' (AAA+ module). Helaas is de homologie van dit
deell met de aminozuur-sequentie van Cdc6 te laag om een correcte alignment te
kunnenn maken en is hierdoor 3D modellering van dit gebied in 1-2 niet mogelijk.
Daarr er echter een duidelijke conservering is, in zowel de primaire als de secundaire
structuur,, wordt voorgesteld om dit gebied de 'NB-ARC/NACHT domein extensie'
(NAD)) te noemen (Hoofdstuk 3).
Inn de NTPase pocket van het 1-2 NB-ARC domein zijn twee mutaties
geïdentificeerdd die tot een constitutief actief eiwit leiden (Hoofdstuk 3). Transiënte
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expressiee van deze eiwitten in Nicotiana benthamiana resulteerde in een elicitoronn afhankelijke hypersensiticve respons (HR). Een HR is een goede marker voor
activaticc van R eiwitten. De eerste mutatie, in het RNBS-A motief, ligt aan het einde
vann de tweede p-streng in het hart van de NBS. De tweede mutatie ligt aan het einde
vann de derde p-streng welke onderdeel is van het Walker B motief. Het zuiveren uit
E.E. co//van deze mutanten, als fusie-eiwitten waarbij het LRR domein weggelaten is,
maaktee het mogelijk om in vitro de eiwitten biochemisch te karakteriseren. Hieruit
bleekk dat de mutanten specifiek gestoord zijn in ATP-hydrolyse en niet in ATPbinding.. Analyse van de verhouding tussen de ATP- en ADP-gebonden staat duidde
eropp dat de reductie in hydrolyse leidt tot een accumulatie van de ATP-gebonden
staat.. Gebaseerd op deze data wordt gesuggereerd dat de accumulatie van de 1-2ATPP vorm verantwoordelijk is voor de constitutieve activiteit van de mutant
eiwitten.. Dit betekent dat de ATP-gebonden staat van 1-2 de actieve conformatie is
welkee de signaaltransductiecascade leidend tot de afweer respons kan activeren.
"Yeast-two-hybricT"Yeast-two-hybricT experimenten met twee getrunceerde 1-2 varianten (één
hett LRR domein en de ander met alleen de eerste vier LRRs) tonen aan dat de
mutatiess die een accumulatie van de ATP-gebonden staat teweegbrengen het
interactiepatroonn met twee van de drie N-terminale 1-2 interactoren beïnvloedt. Deze
driee interactoren zijn geïsoleerd uit een tomaten cDNA-bank met 1-2 als aas. Het
veranderdee interactiepatroon wijst op een conformatie verandering van de Niter-minuss van 1-2, die klaarblijkelijk gereguleerd wordt door de nucleotidebindingsstaatt van de NBS. Verder is het duidelijk dat de conformatie van de Nterminuss ook beïnvloed wordt door de aan- of afwezigheid van de vier LRRs. Op
basiss van deze bevindingen is een model voorgesteld waarin het NB-ARC domein
fungeertt als een moleculaire schakelaar {Hoofdstuk 3). De nucleotide-gebonden
staatt van het NB-ARC domein reguleert de conformatie van het N-terminale effector
domeinn dat op zijn beurt de inductie van de HR controleert. Dit model is een
uitbreidingg van het model van P. Moffett en collegae (Moffett et al., 2002) dat
gebaseerdd is op de intra-moleculaire interacties in het R eiwit Rx. Het verfijnde
modell kan dienen als kader voor verder onderzoek naar de functie van R eiwitten in
ziekteresistentiee in planten.
Omm de bovenstaande werkhypothese te generaliseren is gebruik gemaakt
vann het Mi-! gen van tomaat, dat resistentie geeft tegen wortelknobbelaaltjes,
aardappeltopluiss en witte vlieg. De voorspelling was dat transiënte expressie van een
RR eiwit dat gestoord is in ATP hydrolyse leidt tot inductie van de HR. Gebaseerd op
dee sequentie vergelijkingen en het 3D NBS model van 1-2 (Hoofdstuk 3), zijn twee
aminozurenn in de primaire structuur van Mi-t geselecteerd voor mutagenese
(Hoofdstukk 4). De voorspelling was dat deze mutaties alleen ATP hydrolyse en niet
dee ATP binding zouden beïnvloeden. Eén van deze mutaties is analoog aan de
eerderr beschreven mutatie in het Walker B motief in 1-2 die naast een constitutieve
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activiteitt een gestoorde ATP hydrolyse laat zien zonder een reductie van ATP
binding.. De tweede mutatie vervangt een geconserveerd aminozuur van de P-loop.
Daarr dit aminozuur waarschijnlijk betrokken is bij de coördinatie van het Mg~~ ion
datt nodig is voor hydrolyse, is de verwachting dat deze mutatie ook specifiek de
ATPP hydrolyse verstoort. Beide mutaties in Mi-1 zouden dus leiden tot accumulatie
vann de ATP-gebonden staat van Mi-1, waardoor de drempelwaarde nodig voor het
initiërenn van een HR wordt overschreden. Transiênte expressie van deze twee
mutantenn in Nicotiana benthamiana leidde inderdaad tot inductie van een elicitoronafhankelijkee HR (Hoofdstuk 4). Dit resultaat duidt erop dat de functie van het
NB-ARCC domein als moleculaire schakelaar een algemene eigenschap van R
eiwittenn zou kunnen zijn. Mogelijk zou het 'moleculaire schakelaar model'
geëxtrapoleerdd kunnen worden naar homologen (NOD eiwitten) die gevonden zijn
inn dierlijke systemen.
Dee conservering van de domeinstructuur in R eiwitten en humane NOD
eiwittenn suggereert een vergelijkbare wijze van functioneren en een klein deel van
ditt algemene mechanisme begint onthuld te worden. De toekomst zal uit moeten
wijzenn in hoeverre deze gemeenschappelijkheid opgaat. Er moet echter nog veel
onderzoekk verricht worden voordat dat geheel duidelijk is.
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Oké,, een artikel schrijven is lastig, maar een dankwoord schrijven valt ook niet mee.
Omm inspiratie op te doen in ons nieuwe huisje aan de overkant van de plas zet ik de
volleyball groepsfoto voor me waar Mies met z'n mooie roze legging op staat. Zeg
je;; "oh ja, een roze legging!?" Moetje maar eens aan Petra vragen, die kan je zo de
fotoo laten zien. Ja de gedachten beginnen nu goed terug te gaan naar "Fyto-Time".
Waarr zal ik eens beginnen? Het begin,.. .goed idee.
Bijj een Fyto-snuffel sessie (ministage bij Jack) heb ik kennis gemaakt met
dee groep Fytopathologie. Ik vond het een erg leuke groep; leuke sfeer en leuke
mensen.. Toen Jack een seintje gaf dat er twee aio posities ingevuld moesten worden
hebb ik niet lang na hoeven te denken. Beide aio-projecten bleken verlengden te zijn
vann de stages van Roos en Sergio. Het was dan achteraf ook niet verwonderlijk dat
zijj de kandidaten waren die voor die projecten gekozen werden. Gelukkig lag er nog
eenn project op de plank om nog een derde aio-positie in te kunnen vullen. Dit was
zekerr een geval van "wat-in-het-vat-zit-verzuurd-niet project". Vooraf gezien leek
hett me al heel leuk, maar achteraf gezien vind ik dat het een heel mooi en goed
projectt is geweest om aan te werken. Hiervoor wil ik in de eerste plaats Ben
bedanken,, die me de kans heeft gegeven om van dit project iets moois te maken. Ten
tweedee wil ik Jack bedanken, omdat hij dit project geschreven heeft. Je hebt
projectenn en projecten, maar dit project had voor mij een gouden randje. Nu heb ik
hett woord project genoeg genoemd binnen één alinea. Straks gaan jullie nog turven
hoee vaak ik het woord 'project' heb geschreven net als Jack Spijkerman bij Anton
Geesinkk deed ('statuten en reglementen'). Dat moeten we niet hebben. Maar ik vond
hett dus een heel mooi project
Ben,, ik wil je bij deze ontzettend bedanken voor alles! De lijfspreuk: "je
moett gefocust blijven" zal me altijd bij blijven en heeft me overigens goed geholpen
gedurendee mijn aio-schap. Ook in mijn huidige project hier op het Sainsbury
Laboratoryy denk ik nog geregeld aan die woorden terug. In het begin kan ik me nog
herinnerenn dat Hedwich zo'n goede band met jou leek te hebben en dat ik toen
dacht,, zou ik gaande weg ook zo'n goede band krijgen met Ben? Je zat natuurlijk
tochh de meeste tijd in je kantoor. Toen ik, in het tweedejaar, mijn eerste artikel had
geschreven,, dacht ik, ja ik ken hem nu een stuk beter. Dat bespreken van die vele
versiess tekst is een vorm van samenwerking die erg goed was om je op een
persoonlijkk manier te leren kennen. Samen met de "even-wakker-worden" koffie en
anderee gelegenheden heeft het er toe geleid dat we ook een goede band kregen. Dat
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gaff een vertrouwd gevoel dat zeker positief heeft gewerkt voor mijn functioneren. Ik
vondd het heel prettig werken in jouw groep. Vooral de laatste jaren ben je een
enormee steun geweest en hebt alles in goede banen weten te leiden. Uiteindelijk
heeftt dat geresulteerd in twee goede artikelen en dit mooie boekje, waar ik erg trots
opp ben. Thanks!!!!!!
Jack,, in het begin heb jij me heel goed op weg geholpen. De kneepjes van
hett kloneren heb ik zeker aan jou te danken. Verder ben je door het hele project heen
vann groot belang geweest. Altijd daar om adviezen te geven en om een kritische blik
tee werpen. Ons laatste artikel is het bewijs van een vruchtbare samenwerking. Nu
maarr hopen dat het artikel geaccepteerd wordt bij Plant Cell. Bedankt voor al het
goeds. .
Sandra,, op een gegeven moment heb jij de directe begeleiding op het lab
vann Jack overgenomen. Dat was erg leuk en leerzaam en daar wil ik je voor
bedanken.. Was altijd lachen met jou en je aanwezigheid kwam de labsfeer dan ook
zekerr ten goede.
Enn natuurlijk was jij daar, Michel, als hoofd van de plantengroep. Ik heb
veell van je geleerd! Leiding geven aan een groep lag zeker in je straatje en toen die
kanss daar was om boven (Plantenfysiologie) hoogleraar te worden heb je die
natuurlijkk met beiden handen aangepakt. Een groot verlies voor ons op dat moment,
maarr gelukkig bleef je je in het begin nog een beetje met ons bemoeien. En ook later
konn ik altijd bij je terecht. Je bent nog altijd mijn co-promotor gebleven en dat vind
ikk een eer. Bedankt voor de mooie tijd en ga vooral zo door.
Frank,, jij bent ook van onschatbare waarde geweest! Zonder jou zouden we
ditt boekje nu niet in handen hebben gehad. Je moet vast blij zijn datje nu even van
hett vele correctiewerk af bent. Bedankt voor je enorme inzet!! Niet alleen tijdens het
schrijvenn maar ook in de "pipetteertijd". Je stond altijd klaar om data en hypothesen
tee bespreken en ik wil je daar ook voor bedanken. Je doet het goed als UD! Verder
vondd ik het erg gezellig met jou en ik zal je uitspraken nooit meer vergeten.
Bijvoorbeeldd hoe je mijn plasmiden noemde; 'wuppie 45' voor wp_45 (wladimir
pjasmidd 45). Ook zo'n uitspraak als: "er staat een leuk verhaal in de Plantenkrant"
(Plantt Journal) vond ik altijd grappig. Verder hebben we veel lol gehad, vooral toen
wree samen op het Keystone congres waren, waar we in het ski-resort de '"coole
snowboardd dudes" uithingen. Dat zijn momenten die me lang bij zullen blijven. En
verder,...sorryy Siebc, dat pappa de laatste tijd vaak thuis moest computeren. Nu is
hett allemaal af en heeft hij weer volop tijd om met je te spelen.
Serriee (Sergio), jou wil ik ook bedanken voor de goede tijd bij Fyto. We
warenn altijd eikaars congresmaatjes en dat was super gezellig (oké, een keer vreemd
gegaann met Frank op Keystone, sorry!!). Wc hebben samen de grootste lol gehad op
all die congressen. Het MPMI in Madison, US, is natuurlijk wel één van de leukste
geweest.. Maar ook op het lab was het altijd lol hebben. Het voelde echt een beetje
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alss ons labje. Zo nu en dan (eigenlijk zeer regelmatig) de muziek knetterhard aan,
tussenn de proeven door helemaal uit ons dak gaan, dat was echt lachen!! Op David's
labb zou ik me zoiets niet voor kunnen stellen, dus dat was best wel uniek. Ik vind het
toff dat jij, net als Roos, mijn paranimf wil zijn. We zijn met z'n drieën bijna
tegelijkertijdd als aio begonnen en dat schept meteen zo'n "met-z'n-drieën-in-hetzelfde-schuitje"" band. Enne,
succes met jou promotie!!!!!!
Roos,, bedankt dat ook jij mijn paranimf wilt zijn. Het was altijd gezellig in
dee aio-kamer met jou. Als jij er niet was leek het net of het halve lab afwezig was,
voorall in het begin met Hedwich. Tussen het werk door lekker thee zetten en dan zei
jee altijd: "geef je mok maar even aan mij, want anders snierk ik over je handen", of
alss je binnen kwam 's ochtends: "hai die haiü!". Dat zijn zo van die dingen waar ik
gelijkk aan denk als ik je in mijn gedachten neem. Je project was erg zwaar en je inzet
enn positiviteit heb ik dan ook altijd erg bewonderd. Nog even volhouden Roos, en
dann sta jij ook je proefschrift te verdedigen!! Heel veel succes met het afronden!!
Jan,, zonder jou was ik niet zo ver in dit project gekomen. Jouw
biochemischh inzicht is van cruciaal belang geweest. Ik ben je daarom ook enorm
dankbaarr voor je steun. Ik heb heel veel van je geleerd. In het begin leek je een
compleett andere taal (biochemische) te spreken, maar later begon ik steeds meer te
begrijpenn waar je het over had. Ik hoop dat het weer een beetje beter gaat met je rug.
Mario,, we've sent thousands of E-mails, but have never met or spoken with
eachh other. Despite of that, we've had a very fruitful co-operation. I really appreciate
thee work you've done on the alignments and 3D modeling of 1-2 for chapter 3 and 5.
Alsoo thank your boss, Thomas, for giving you the time to work on that. Hopefully
ourr paper will be accepted soon by Plant Cell.
Toenn ik afscheid nam van Petra had ik het gevoel op het punt te staan een
tweedee moeder kwijt te raken. Petra, je was een goede "Fyto-moeder" en ik vond het
altijdd erg gezellig met je bij de ochtendkoffie! Je had het nogal druk met het regelen
vann allerlei zaken voor ons, maar gelukkig kreeg je op een gegeven moment
versterkingg van Marianne. Marianne, je bent een goede aanwinst voor het lab. Ik ben
trouwenss nog nooit iemand tegengekomen die zoveel van alle geneugten des levens
geniet.. Bedankt voor alles, jullie tweetjes in het aquarium.
Patricia,, je hebt heel goed werk geleverd tijdens je stage bij mij waar ik
heell blij mee ben. Jouw inzet heeft geresulteerd in het co-auteurschap op mijn eerste
artikel,, omdat je de zuivering van Mi-1 en de ATPase assays met dat eiwit voor je
rekeningg hebt genomen. Bedankt daarvoor!
Martijn,, ook jij bent een hele goede aanwinst voor de groep. Je
concentreerdee je voornamelijk op de Fusarium-groep, maar had toch een belangrijke
inputt in het plantenwerk. Bij de werkbesprekingen kon ik altijd rekenen op kritische
vragenn wat ik heel prettig vond. Ik wil je voornamelijk bedanken voor de scherpe
blikk die je wierp op de laatste versies van mijn artikelen. Succes met alles!
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David.. I'm very grateful for the opportunity to work in your lab and want to
thankk you for your patience while I was finishing my Ph.D. I hope our project will
bee at least as successful as my project in Amsterdam!
Hedwich,, succes met je nieuwe baan en "kleine". Annemarie, dank zij jou
weett ik nu alles over de iepenziekte. Succes bij de provincie! Gerben, nog bedankt
voorr de tips over Norwich en succes met je aio-project! Ringo. ik hoop dat de auto
nogg steeds lekker rijdt. Lotje, ik zal het stripje met de lieveheersbeestjes nooit meer
vergeten.. Ludek en Harold, bedankt voor het verzorgen van de plantjes. Ook
bedankt;; Marjan. Michiel, Klaas-Jan. Wilfried en natuurlijk niet te vergelen alle
Fysio'ss van boven en Kitty. Succes allemaal!
Pappaa en mamma, ook al hebben jullie alles een beetje op afstand beleeft,
julliee vertrouwen in mij deed mij goed.
Annemarie.. je hebt de laatste jaren veel over gehad voor de wetenschap zal
ikk maar zeggen. Ik /ie daarom echt uit naar het moment waarop alles klaar is. zodat
wee er weer lekker samen op uit kunnen trekken. Dikke kus!!!!!!!!!
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