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Chapterr  4 

Mutation ss 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. 



ChapterChapter 4 

Introductio n 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 P-
loopp 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 NB-
ARCC 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 NB-
ARC/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 in the 
NTPasee fold of Mi-1 were substituted. These residues were selected based on the 
mutagenesiss data of 1-2 (Tameling et al., 2004; chapter 3) and that of other P-loop 
containingg ATPases (discussed in this chapter). The results of the Mi-1 mutant 
analysiss are described here. 

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-l Df>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-1T" 7S 

andd Mi-l DMOh 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 Mi-
l W3ntt mutant (Table 1). 

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

motiff  targeted HRa onset HRb (days) 

++ 7 
++ 7 

++ 6 
++ 3 
++ 1 
++ 1 

"MR.. Hypersensitive response in ,V. henthamiana was scored 10 days after infiltration. 
honsett HR, onset was scored at the time when lesions became easily visable at the upperside of the leaves. 

Ml-11 (wt) 
Mi-1T^7S S 

Mi-l D63or r 

1-22 (wt) 
,_2D2N3F F 

RxIMft0V V 

Cf4/Avr4 4 

P-loop p 
Walkerr B 

Walkerr B 
MHD D 
MHD D 
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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 C-
terminuss 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-I T5?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 lif t the negative- and induce the positive-
regulatoryy 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 I-
2D4',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 
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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 lif t 
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 lif t 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 filtratio n 
Agroinfiltrationn was performed as described in (Van der Hoorn et al., 2000). 
Thee harvested cells from the cultures were resuspended to OD m̂ of 2. N. benlhamiana plants used for 
infiltrationn were 3-4 weeks old. 
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