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Chapterr  2 

Thee Tomato R gene Products 1-2 
andd Mi-1 Are Functional ATP Binding Proteins 

withh ATPase Avtivit y 

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 P-
loop,, 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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Introductio n 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 WD-
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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 fulfill s 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-of-
function,, 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 NB-
ARCC 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 
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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-2NK: 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. N-

tcnninallyy 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), vector-
onlyy 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, 
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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). Immuno-
blott 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/GST-
fusionn 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 I-
2NK207RR 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 immuno-
stainingg 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 



AA TP binding and hydrolysis by R proleins 

retainedd by I-2N "' reflects a residual binding capacity rather than aspecific 
bindingg (see below). 

200 -i 

SS 1 5-
o o 
o o 

aa 10 H 

E E a a 
oo 5

I-2N N l-2N> > 

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,2P]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 Mg2\ 
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 
[aï: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,2P]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). 

nucleotidee (mM) 

1 0 0 11 oo 
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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-li s 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 

KdKd = 2.2 pM 
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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 P-
loopp 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 R-
proteinss 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 homo-
oligomerizationn 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 co-
expressionn 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 co-
expressionn 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 I-
2N,, 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 161-
9000 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. Affinit y 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/2-

ethoxyethanol/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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