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ABSTRACT 

 

Plant resistance (R) proteins mediate race-specific immunity. R proteins recognize pathogen 

delivered effector-proteins and initiate host defenses, often accompanied by a localized cell-

death response. Most R proteins belong to the NB-LRR protein family and they carry a 

central NB-ARC domain fused to an LRR domain. The CC domain at the N-terminus of some 

Solanaceous NB-LRR proteins is extended with a domain referred to as the solanaceae 

domain (SD) of which the function is largely unknown. Tomato Mi-1.2, which confers 

resistance against nematodes, white flies, psyllids and aphids encodes a typical SD-CNL 

protein. Here, we analyze the role the extended N-terminus has for Mi-1.2 activation using 

over-expression and functional trans-complementation studies. We show that removal of the 

first part of the N-terminal region (Nt1) induced Mi-1.2-mediated cell death upon 

agroinfiltration in N. benthamiana leaves. This cell death can be suppressed by over-

expression of the second half of the N-terminal region (Nt2), suggesting a role for both parts 

in negative regulating Mi-1.2 activity. Yet, to induce cell death, autoactivating NB-ARC-LRR 

mutants require in trans co-expression of an intact N-terminal region consisting of both the 

SD and CC domain. These results indicate that the N-terminus not only functions as a 

negative regulator, but also acts as a positive regulator required for Mi-1.2 mediated cell 

death. Based on secondary structure predictions we could link both regulatory functions to 

particular subdomains in the extended N-terminus and we propose an updated model for Mi-

1.2 activation. 
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INTRODUCTION 

 

Besides a basal immune system that can be triggered by a wide variety of potential pathogens, 

plants also evolved a specific immune mechanism that is activated only by particular races of 

specialized pathogens. This second type of immunity, called effector triggered immunity 

(ETI), is initiated after recognition of pathogen-produced effectors proteins by matching host 

resistance proteins (R proteins) (Jones and Dangl, 2006). In order to restrict invading 

pathogens activated R proteins induce defense responses that are often accompanied by a 

hypersensitive response (HR). This HR can often be visualized by the occurrence of local 

cell-death around the infection zone (Heath, 2000). Since R proteins can trigger host cell 

death, their activities must be tightly controlled; a process mediated by inter- and 

intramolecular interactions (Lukasik and Takken, 2009).  

The majority of R proteins belong to the intracellular multidomain NB-LRR protein family. 

The role of the distinct domains for NB-LRR functioning has been studied by analyzing their 

interaction patterns and via structure-function analyses (reviewed in: (van Ooijen et al., 2007; 

Lukasik and Takken, 2009). The most conserved domain among NB-LRR proteins is the 

nucleotide-binding domain, which is shared by human Apaf-1, plant R proteins and the 

C.elegans Ced-4 protein and is called the NB-ARC domain. The crystal structures of the NB-

ARC domains from Apaf-1 and Ced-4 have been resolved allowing modeling of the 

homologous NB-ARC domain of plant R proteins (Riedl et al., 2005; Yan et al., 2005; 

Takken et al., 2006). This 3D model revealed that plant NB-ARC domains are actually 

subdivided into three subdomains; the NB, ARC1 and ARC2 that together form the 

nucleotide-binding pocket (Albrecht and Takken, 2006; Takken et al., 2006). For I-2 and Mi-

1.2 it was experimentally shown that this domain binds and hydrolyzes nucleotides in vitro. 

Subsequently, in planta analyses using autoactivating and loss-of-function mutants linked this 

biochemical activity to protein function and formed the basis of a molecular “switch” model. 

This model proposes that the nucleotide-binding state of the NB-ARC determines the switch 

between a resting and an activated state of R proteins (Tameling et al., 2002; Takken et al., 

2006; Tameling et al., 2006). 

 The NB-ARC is involved in intramolecular interactions with its neighboring domains 

(reviewed in (Lukasik and Takken, 2009)). At the C-terminus the NB-ARC domain is fused 
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to a Leucine-Rich Repeat domain (LRR). The LRR domain is proposed to form a horseshoe-

shaped structure forming a potential interaction surface (Padmanabhan et al., 2009). Due to its 

highly polymorphic nature and its ability to interact with a subset of effectors, it has been 

proposed to determine recognition specificity of NB-LRR proteins (reviewed in 

(Padmanabhan et al., 2009)). Besides pathogen recognition, the LRR domain negatively 

modulates NB-LRR protein activity in the absence of a pathogen (Tao et al., 2000; Rairdan 

and Moffett, 2006; Weaver et al., 2006; Ade et al., 2007; van Ooijen et al., 2008 a).  

Most variability within the NB-LRR protein family is observed at their N-termini. Actually, 

the type of N-terminal domain divides the NB-LRR proteins into two distinct classes; a) those 

carrying a TIR domain (toll and human interleukin-1 receptor) called the TIR-NB-ARC-LRR 

or TNL class and b) the others, often carrying a domain with predicted coiled coil (CC) 

structures. The latter are classified as CC-NB-ARC-LRR or CNL proteins (Pan et al., 2000). 

Recently, the crystal structures of a TIR and a CC domain of a plant TNL and CNL have been 

resolved (Bernoux et al., 2011; Maekawa et al. 2011). Notably, both domains were found to 

form homo-dimers for which over-expression in planta is sufficient to induce HR (Frost et al., 

2004; Swiderski et al., 2009; Krasileva et al. 2010; Bernoux et al., 2011; Collier et al., 2011; 

Maekawa et al. 2011). Based on this property, the N-terminus of these proteins was proposed 

to be the smallest functional module required for induction of host defense. This observation 

is surprising as earlier it was shown for the potato R protein Rx that over-expression of its NB 

domain is required and sufficient to induce HR (Rairdan et al., 2008). Either NB-LRR 

proteins rely on different subdomains to transduce downstream HR signaling or alternatively 

they form heteromeric complexes in which over-expression of a single domain triggers 

activation of an intact, but inactive NB-LRR.  N-terminal domains have also been shown to 

be involved in pathogen perception by interacting with plant proteins that are targeted and/or 

modified by pathogens (reviewed in (Lukasik and Takken, 2009)).  

Whereas most N-termini of CNL proteins are relatively short, in some CNLs they are 

extended with extra domains or regions (Tameling and Takken, 2008). A domain frequently 

present at extended N-termini is the solanaceae domain (SD), called after its presence in a 

subset of solanaceae CNL proteins ((Mucyn et al., 2006)). The significance of an extended N-

terminus for SD-CNL proteins function has so far mainly been studied for the tomato Prf 

protein, which carries besides an SD domain an additional N-terminal extension. Although, 
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this additional extension was shown to be required for oligomerization and interaction with 

signaling components like the kinase Pto and effector protein, the function of the SD domain 

remains elusive (Mucyn et al., 2006; Gutierrez et al.).  

To study the role of an extended N-terminus of an SD-CNL protein we here focus on the 

tomato Mi-1.2 protein that confers resistance to root-knot nematodes (Meloidogyne spp.), 

potato aphid (Macrosiphum euphorbiae), and the sweetpotato whitefly (Bemisia tabaci) 

(Milligan et al., 1998; Rossi et al., 1998; Vos et al., 1998; Nombela et al., 2003; Casteel et al., 

2006). Many aspects of Mi-1.2 activation regulation have been addressed before using 

biochemical and genetic approaches (Hwang et al., 2000; Tameling et al., 2002; Hwang and 

Williamson, 2003; van Ooijen et al., 2008 a). The N-terminal half of Mi-1.2, e.g. lacking the 

LRR domain, has been produced and purified from E. coli and this fragment was 

demonstrated to bind and hydrolyse ATP in vitro (Tameling et al., 2002; Gutierrez et al., 

2010). To link biochemical properties to activations states of Mi-1.2, specific point mutations 

were made in the NB-ARC domain and these where found to confer either autoactivity or 

loss-of-function in full-length Mi-1.2 (van Ooijen et al., 2008 a, 2008a). The same mutants 

were subsequently used to examine physical and functional interactions between the CC-NB-

ARC and the C-terminal LRR domain. To this end both parts were co-expressed in N. 

benthamiana leaves using agroinfiltration (van Ooijen et al., 2008 a). Whereas a physical 

interaction between LRR domain and the rest of the protein was found for all tested (mutant) 

NB-ARC domains, in trans autoactivity was only restored for specific combinations 

indicating that Mi-1.2 activation is a multistep process. Besides these experiments, domain-

swapping experiments between Mi-1.2 and a non-functional homolog Mi-1.1 have been 

performed to identify the role specific Mi-1.2 domains have. LRR domain swaps revealed that 

this domain is mainly involved in pathogen recognition specificity and signal transduction 

(Hwang et al., 2000; Hwang and Williamson, 2003). To analyze the extended Mi-1.2 N-

terminus, it was divided into two regions; the Nt1, which covers the first 161 amino acids of 

the N-terminus, and the Nt2 that extends from amino acid 162 to the start of the NB-ARC 

domain. The chimaeras in which these regions have been exchanged between Mi-1.2 and Mi-

1.1 revealed that negative regulation of HR is mediated by interplay of the Nt1 region and 

residue 961 of LRR domain (Hwang et al., 2000; Hwang and Williamson, 2003).  
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This extensive body of data and the availability of tools makes Mi-1.2 a good model to study 

at the molecular level how HR signaling is regulated. To identify the minimal unit required to 

induce HR we analyzed a large series of Mi-1.2 deletion constructs. To study the proposed 

role of the extended N-terminal domain in regulating Mi-1.2 activity we performed over-

expression and trans-complementation assays in N. benthamiana leaves using agroinfiltration. 

In contrast to other CNL proteins, we did not observe cell death upon over-expression of the 

NB or N-terminal domain alone, but we found that the extended N-terminus of Mi-1.2 has a 

dual regulatory role on Mi-1.2 activity. Furthermore, we could link the negative and positive 

regulatory abilities to specific N-terminal (sub)domains. Secondary structure predictions 

revealed that similar subdomains could be distinguished in other solanaceae CNL resistance 

proteins with extended N-termini, suggesting that they might play a similar role in R protein 

activation.  

 

RESULTS 

 

The N-terminus as negative regulator of Mi-1.2 function  

To explore further the proposed regulatory role of the N-terminus of Mi-1.2 on its function 

(Hwang et al., 2000; Hwang and Williamson, 2003), constructs encoding wild-type protein as 

well as truncated versions were over-expressed transiently by agroinfiltration in Nicotiana 

benthamiana leaves. All proteins, except Nt1-Nt2, were equipped with either a TAP or an HA 

tag (Material and Methods), to aid their detection on Western blots. As expected in the 

absence of an elicitor, expression of wild-type protein (Nt1-Nt2-NB-ARC-LRR, encoded by 

construct 1; Fig. 1A) gave no necrotic response, nor could cell death be visualized by trypan 

blue staining (Fig. 1B). In contrast, the protein lacking the Nt1 domain (Nt2-NB-ARC-LRR, 

construct 2) induced a hypersensitive response (HR) 48 hr post infiltration (Fig. 1B). On a 

Western blot of total protein lysates of agroinfiltrated leaf material the truncated protein, 

along with many degradation products, is readily detected (Fig. 1C, lane 2) using Mi-1.2 

antibodies (van Ooijen et al., 2008 b), whereas full-length Mi-1.2 protein is not visible (Fig 

1C, lane 1b). However, upon prolonged exposure a clear band was detected at the predicted 

size of Mi-1.2 (145kDa) (Fig. 1C, lane 1a), excluding the possibility that the absence of a 

response for the full-length protein is explained by lack of expression. This observation 
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confirms the hypothesis that Nt1 has an inhibitory effect on the autoactivity of full-length Mi-

1.2 (Hwang et al., 2000; Hwang and Williamson, 2003). Next, we tested in the same way a 

number of additional truncated versions of Mi-1.2 (Fig.1A), notably the LRR domain alone 

(LRR, encoded by construct 3), NB-ARC-LRR (construct 4), the NB domain (construct 5), 

NB-ARC (construct 6), Nt1-Nt2-NB-ARC (construct 7), Nt1-Nt2 (construct 8), and both Nt1 

(construct 9) and Nt2 (construct 10) alone. None of the constructs 3 to 9 induced a visible HR 

or cell death as would be visible upon trypan blue staining (Fig. 1B). Over-expressed proteins 

were detected on a Western blot probed with Mi-1.2 antibody raised against the NT2-NB-

ARC part of Mi-1.2 (van Ooijen et al., 2008 b) (Fig. 1C, lanes 3-8). Recognition of the TAP 

tagged LRR domain was mediated by the generic IgG-binding property of the ProtA domain 

in the TAP tag. For the Nt1 domain, a HA-tag was (N-terminally) attached to enable detection 

of the tagged protein using an HA antibody (Fig. 1C, lane 9). For Nt2 and HA-tagged Nt2 

infiltrations neither resulted in a visible reaction in leaves nor could protein be detected on 

Western blots (data not shown).   

 

Fig. 1. Deleting the Nt1 region of Mi-1.2 results in induction of a hypersensitive response (HR)  
A) Schematic representation of the constructs: 1. Nt1-Nt2-NB-ARC-LRR-TAP (1-1258aa); 2. TAP-Nt2-NB-
ARC-LRR (162-1258aa); 3. TAP-LRR (900-1258aa); 4. TAP-NB-ARC-LRR (513-1258aa); 5. TAP-NB (513-
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678aa); 6. TAP-NB-ARC (513-899aa); 7. Nt1-Nt2-NB-ARC-TAP (1-899aa); 8. Nt1-Nt2 (1-539aa); 9. HA-Nt1 
(1-161aa); 10. Nt2 (162-539aa). The different domains in the Mi-1.2 protein are indicated using different colors: 
Nt1 (yellow); Nt2 (orange); NB (red); ARC1 (pink); ARC2 (blue); LRR (green). The sizes of each part are 
approximately scaled. The lines are spaced every ~10kDa, and every 50 kDa is marked with a dotted line. The 
ability to induce (+) or not induce (-) HR is indicated for each 10 construct.  
B) N. benthamiana leaves were agroinfiltrated to express the nine constructs corresponding to the proteins listed 
in A). Five-days-post-agroinfiltration (5dpi) a representative leaf was photographed (left panel) and stained with 
trypan blue to visualize cell-death (right panel).  
C) N. benthamiana leaves agroinfiltrated to express constructs corresponding to proteins 1-9 listed above (A), 
were harvested 1-day-post–infiltration (1dpi). Protein extracts were subjected to immunoblotting and detection 
was done either with anti- Mi-1.2 (van Ooijen et al., 2008) for proteins 1- 8 (lane 1a, 1b, 2-8) or anti-HA for Nt1 
(lane 9). Lane 1a is a prolonged exposure (30 min) of lane 1b (5 min). Construct 3 (TAP-LRR) is detected by the 
intrinsic IgG-binding property of the protA domain in the TAP-tag. Equal protein loading of the blots was 
confirmed by Ponceau-S staining of Rubisco (lower panel). Apparent molecular masses (kDa) are indicated at 
the left. 
 

 
Fig. 2. The hypersensitive response triggered by expression of the Nt2-NB-ARC-LRR can be suppressed 
by co-expression of either the Nt1-Nt2 or the Nt2 alone  
The constructs indicated in the schematic figures (1st panel) were agroinfiltrated as overlapping circles. Two-
days-post-infiltration representative N. benthamiana leaves were photographed (2nd panel) and stained with 
trypan blue to visualize cell-death (3th panel). For A) also an additional leaf was photographed 3 dpi (the 4th 
panel). The bottom circles reflect the areas expressing TAP-Nt2-NB-ARC-LRR, while the upper circles 
represents infiltration regions of: A) HA:Nt1 (left) and TAP:GUS (right); B) Nt1-Nt2 (left) and TAP:GUS 
(right); C) HA:Nt1 (left) and Nt2 (right); D) HA:Nt1 (left) and HA:Nt2 (right).  
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To investigate whether the negative regulatory function of the Nt1 can be exerted in trans as 

well, Nt2-NB-ARC-LRR and Nt1 were expressed in overlapping circles on N. benthamiana 

leaves. In this way the effect of expression of the separate constructs, and combination of the 

two, can be compared on a single leaf. Co-expression of GUS and Nt2-NB-ARC-LRR 

constructs served as control. Figure 2A shows that expression of neither Nt1 or GUS (upper 

circles) did induce visible cell death on the leaves 2 days after infiltration, nor could cell death 

be detected upon trypan blue staining; expression of Nt2-NB-ARC-LRR (lower circles) did 

induce HR and cell death. Co-expression (overlapping areas) of either Nt1 or GUS with Nt2-

NB-ARC-LRR did not reduce or prevent HR and cell death. Also 3 days after infiltration no 

effect of the Nt1 on the auto-activity of Nt2-NB-ARC-LRR was observed (Fig. 2A, most right 

panel). In contrast, when Nt1-Nt2 is used instead of Nt1, a clear suppression of Nt2-NB-

ARC-LRR induced HR and cell death was observed (Fig. 2B). This observation prompted us 

to test the Nt2 alone as well, despite the fact that we were unable to detect expression of this 

subdomain before. Surprisingly, expression of Nt2 together with Nt2-NB-ARC-LRR resulted 

in suppression of the autoactivity of Nt2-NB-ARC-LRR (Fig. 2C), indicating that the 

expression level of Nt2, although too low to be detected on Western blot, was sufficient to 

down-regulate induction of an HR and cell death. The same results were obtained when we 

used HA-tagged Nt2 (Fig. 1D). Taken together, these results suggest that Nt1 in cis and Nt2 

in trans act as negative regulators of HR induced by an autoactive Nt2-NB-ARC-LRR 

protein. Furthermore, the observation that Nt2-NB-ARC-LRR induced a necrotic response 

whereas NB-ARC-LRR did not (Fig. 1B), suggests that the Nt2 is required as a positive 

regulator for induction of HR.  

 

The N-terminus as positive regulator of Mi-1.2 function 

Previously, we identified three specific, single amino acid substitutions in the NB-ARC 

domain of full-length Mi-1.2 that render the protein autoactive ((van Ooijen et al., 2008 a); 

Fig. S1). In the NB-subdomain both substitution of the T at position 557 by an S (T557S) or 

the D at position 360 by an E (D360E), in the P-loop and the Walker B motif respectively, are 

predicted to impair hydrolysis activity of the protein conferring autoactivity to the protein. 
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Fig. 3. The autoactive phenotype of the T557S mutant can be reconstituted by co-expression of the Nt1-
Nt2 and NB-ARC-LRR parts in trans 
N. benthamiana leaves were agroinfiltrated to express genes encoding for proteins, according to the scheme 
indicated in the left panels (1st panels). Representative leaves were photographed three days after agroinfiltration 
(3dpi) (2nd panels). Cell-death was visualized by trypan blue staining of the same leaf (3rd panels). The top 
circles mark the regions of Nt1-Nt2 infiltration and bottom circles of the NB-ARC-LRR variants: A) NB-ARC-
LRR (left side) and TAP-NB-ARC-LRR (right side); B) NB-ARC-LRR T557S (left side) and TAP-NB-ARC-
LRR T557S (right side); C) NB-ARC-LRR D630E (left side) and TAP-NB-ARC-LRR D630E (right side); D) 
NB-ARC-LRR H840A (left side) and TAP-NB-ARC-LRR H840A (right side); E) TAP-NB-ARC-LRR R961D 
(both sides). F) Protein expression levels of TAP-tagged NB-ARC-LRR variants and Nt1-Nt2 are shown on the 
immunoblot of total protein extracts as detected using anti- Mi-1.2 antibody (van Ooijen et al., 2008). 
 

Substitution H840 to an A in the MHD-motif of subdomain ARC2 has been proposed to 

affect the interaction with the nucleotide resulting to a more open conformation thereby 

activating the protein (van Ooijen et al., 2008 b). Hwang et al. found that replacement of 

R961 with a D in the LRR also confers autoactivity, possibly due to a disturbed interaction 

between the LRR and the Nt1 (Hwang and Williamson, 2003).  
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To elaborate on the positive regulatory role exerted by the N-terminal domain on 

autoactivation, the Nt1-Nt2 and NB-ARC-LRR were co-expressed in N. benthamiana leaves. 

Both non-tagged (Fig. 3 A-D, left leaf halves) and N-terminally TAP-tagged (Fig. 3A-D, right 

leaf halves; Fig. 3E both leaf halves) proteins were tested. Neither wild-type nor the mutated 

NB-ARC-LRR constructs induced an HR when expressed alone (Fig. 3A-E, lower circles). 

Likewise, Nt1-Nt2 alone did not induce cell death either (upper circles). Co-expression of 

Nt1-Nt2 with NB-ARC-LRR constructs restored autoactivity only for mutant T557S as 

judged from the observed HR and trypan blue stained dead cells in the overlapping co-

infiltrated area (Fig. 3B). The presence of the N-terminal TAP-tag did not affect this trans-

complementation (Fig. 3B, right leaf half). For the other mutants, when co-expressed in trans 

with Nt1-Nt2, no restoration of the autoactive HR-inducing phenotype was observed (Fig. 

3C-E). Western blot analysis of protein lysates of agroinfiltrated leaf material shows that all 

construct were expressed (Fig. 3F). From this we conclude that the autoactive mutants tested 

require the Nt1-Nt2 domain in cis to induce HR signaling, except for the P-loop mutant 

(T557S) where autoactivity could be restored when Nt1-Nt2 was co-expressed in trans. This 

indicates that Nt1-Nt2 is essential for Mi-1.2 mediated HR activation.  

Next, we co-expressed NB-ARC-LRRT557S (Fig. 4A-C, lower circles) with subdomains Nt1 

and Nt2, both separately and together (Fig. 4A-C, upper circles, left leaf halves), next to Nt1-

Nt2 as positive control (Fig. 4A-C, upper circles right leaf halves). Except for the controls 

(Fig. 4A-C, right leaf halves), none of the combinations tested resulted in induction of an HR 

or cell death, suggesting that an intact Nt1-Nt2 domain is required for restoration of the 

T557S autoactive mutant phenotype. The Nt2 region contains the sequence KDVID, 

representing the conserved EDVID motif (Rairdan et al., 2008; Mazourek et al., 2009). This 

motif is found in most CC-NB-LRR proteins, where it is located ~110 to 130 residues N-

terminal to the P-loop. To examine a possible role for this conserved motif in the regulatory 

function exerted by the Mi-1.2 N-terminus, the lysine (K) and the two asparagines (D) 

residues were replaced by alanines (A). In contrast to the wild-type Nt1-Nt2 domain, Nt1-

Nt2AAVIA did not restore the autoactive mutant phenotype when co-expressed with NB-ARC-

LRRT557S (Fig. 4D); Nt1-Nt2AAVIA was expressed as shown by Western blot analysis (Fig. 

S2). Thus the KDVID motif in Nt2 region is required for the positive regulatory function of 

the Mi-1.2 N-terminus (Nt1-Nt2) when expressed in trans.  
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The autoactivating P-loop mutation (T557S) is localized in the NB subdomain, showing the 

importance of this domain for induction of HR. Next, we analyzed whether this domain itself 

can induce HR when expressed alone or in trans with Nt1-Nt2. Although expressed (Fig. S2), 

neither the NB-ARC (T557S) nor the NB (T557S) proteins alone did induce cell-death (Fig. 5 

A-B; lower circles, left half of the leaves). Also, co-expression of these domains with Nt1-Nt2 

in a trans-complementation assay did not result in HR (Fig. 5 A-B; overlapping area, left half 

of the leaves). From this we conclude that the presence of both the ARC and LRR domains is 

required for the Nt1-Nt2 to reconstitute in trans the autoactive phenotype of a T557S mutant.  

 

 

 
Fig. 4. The entire Nt1-Nt2 domain carrying an intact KDVID motif is required for trans-complementing 
the T557S Mi-1 mutant  
N. benthamiana leaves were agroinfiltrated with the constructs indicated in the left panels (1st panels). Three 
days post infiltration (3dpi) representative leaves were photographed (2nd panels) and subsequently stained to 
visualize cell death with trypan blue (3rd panels). On the right half of each leaf Nt1-Nt2 (upper circles) and TAP-
NB-ARC-LRR T557S (lower circles) were co-expressed as a positive control. On the left half of the leaf the 
TAP-NB-ARC-LRR T557S (bottom circle) was co-expressed in trans with: A) Nt1 (top circle); B) Nt2 (top 
circle); C) Nt1 together with Nt2 (top circle); D) Nt1-Nt2AAVIA mutant (top circle). 
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Fig.  5. Autoactivation of the T557S mutant in trans requires a complete NB-ARC-LRR together with an 
intact Nt1-Nt2  
N. benthamiana leaves were agroinfiltrated as shown on in the schematic illustration (1st panels). Three days post 
infiltration representative leaves were photographed (2nd panels) and stained to visualize cell death with trypan 
blue (3rd panels). As a positive control, Nt1-Nt2 (upper circles) and TAP-NB-ARC-LRR T557S (lower circles) 
were co-expressed on the right half of each leaf. On the left half of the leaf the Nt1-Nt2 (top circle) was co-
expressed in trans with either A) TAP-NB T557S (bottom circle) or B) TAP-NB-ARC T557S (bottom circle).  
 
 

 
 
 
Fig. 6. Secondary structure prediction for several N-termini of resistance proteins  
The secondary structures of the N-termini or tomato I-2, potato Gpa2, barley MLA10 and several resistance 
proteins carrying Solanaceae domain (SD): Mi-1.2, Mi-1.1, Rpi-blb2, Hero and Prf  (aa493-1131) were predicted 
using Phyre prediction server. The locations of predicted α- helixes (red), β- strands (dark blue) and loops 
(green) are indicated in the figure. The conserved WLxxVRELAYDAEDVLDx motif is depicted in gray. 
Predicted borders dividing the various (sub)domains: SD1, SD2, CC and NB are illustrated with thick gray lines. 
The border between the Mi-1.2 Nt1 and Nt2 regions is indicated with a black arrow (Nt1/Nt2). The length of 
particular regions or (sub)domains can be estimated using the aminoacids scale (aa Mi-1.2). The lower panel 
represents the disorder prediction (blue) for the N-termini of the depicted  proteins. 
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Prediction of N-termini secondary structure reveals two distinct subdomains  

The extended N-terminal domain of Mi-1.2 was found to exert both positive- and negative 

regulation on Mi-1.2 induced HR. The division of the N-terminal domain at amino acid 

position 161 into the regions Nt1 and Nt2, revealed that these (arbitrary) segments play 

different roles in regulation of the Mi-1.2 HR signaling (Fig. 1-5). To obtain a better insight in 

the structure of the extended N-terminus of Mi-1.2, and to see if distinct subdomains could be 

delineated, we performed secondary structure predictions for the Nt1-Nt2 domain.  

The extended N-terminal domains of a subset of R proteins (Mi-1.2, Mi-1.1, Rpi-blb2, Hero, 

and Prf (starting from 493aa)) and three selected CC-NB-LRR proteins lacking an extended 

N-terminus (I-2, Gpa2, MLA10) were aligned using ClustalW. The alignment shows that the 

C-terminal part of the N-terminal domain is homologous to the classical CC domain that is 

also found in other CNL proteins (Fig. 6). In the five R proteins carrying the extended N-

terminal domains the conserved EDVID motif (Mazourek et al., 2009) was present in the 

segment homologous to the CC (Fig. 6). The protein domain prediction program DomPred 

(http://bioinf.cs.ucl.ac.uk/dompred) confirms that the SD domain and the conserved CC are 

likely separate subdomains.  

The secondary structure of all N-termini was determined using the Phyre prediction server 

(http://www.sbg.bio.ic.ac.uk/phyre/) (Bennett-Lovsey et al., 2008; Kelley and Sternberg, 

2009). Phyre applies three independent high accuracy secondary structure predictors (Psi-

Pred, SSPro and Jnet2 (Jones, 1999; Cuff and Barton, 2000; Pollastri et al., 2002; Cole et al., 

2008)) to create a consensus secondary structure in which each residue is assigned one of 

three possible states; H (alpha helix), E (Beta strand) or C (coil) (Bennett-Lovsey et al., 2008; 

Kelley and Sternberg, 2009). In the alignment (Fig. 6) the predicted state (H in red, E in dark 

blue, C in green) is shown where the averaged confidence value is higher than 5. Like the 

classical CC domain, the extended N-terminal domains are predicted to consist predominantly 

of alpha-helices separated by short coil regions. Longer coil regions separate the classical CC 

domain from the NB subdomain and the CC from the SD. In the middle of the SD (around aa 

200 in Mi-1.2) a relatively long coil region is predicted close to the division between Nt1 and 

Nt2 (aa161). The Disopred software (Ward et al., 2004) predicts that these coil regions are 
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natively disordered, which could indicate that they form flexible linkers between the more 

structured regions (Fig. 6).  

The secondary structure and disorder of MLA10 shown in the alignment are not based on 

predictions, but are derived from the recently published crystal structure of the MLA10 CC 

(pdb 3QFL, (Maekawa et al., 2011)). The division in three alpha-helices that was found in the 

MLA10 CC domain can also be seen in the predicted secondary structure of Mi-1.2 (382-510 

aa) and the other R proteins in the alignment. For most of the sequences a propensity to form 

a coiled coil structure is predicted in the sequence homologous to the classical CC. However, 

both halves of the SD domain also contain sequences predicted to form coiled coils (not 

shown) (COILS: http://www.ch.embnet.org/software/COILS_form.html (Lupas et al., 1991) 

and Paircoil2 (McDonnell et al., 2006)).  

To conclude, the secondary structure prediction for R proteins with extended N-termini 

reveals a clear separation between the SD domain and the classical CC domain, which suggest 

a similar structure and comparable functions for N-terminal domains of this class of proteins. 

Furthermore, the position where the N-terminal domain of Mi-1.2 was divided in Nt1 and Nt2 

is close to a predicted flexible loop region, indicating that in the SD domain two functionally 

distinct subdomains can be distinguished.  
 

DISCUSSION  

 

Induction of a hypersensitive response (HR), often visible as localized cell-death, is a 

common mechanism exploited by plant NB-LRR resistance proteins to ward-off pathogen 

attack. Here we set out to identify the minimal domain of Mi-1.2 that is required to induce 

HR. Despite extensive dissection of the Mi-1.2 protein, we were unable to identify a single 

domain of which in planta over-expression resulted in cell-death. The smallest unit triggering 

HR is the Nt2-NB-ARC-LRR region, an almost full length Mi-1.2 protein of which only the 

Nt1 region is deleted. This part contains the NB subdomain, which is for Rx sufficient to 

trigger HR upon over-expression (Rairdan et al., 2008). Although we over-expressed the Mi-

1.2 NB subdomain and boosted its accumulation by fusing it to a TAP tag, we did not observe 

HR. So even though NB accumulation was relatively high, this domain alone is apparently 

insufficient to induce HR under the conditions tested (Fig. 1). Alternatively, analogous as 
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shown for MLA10, HR could be mediated via the CC domain (Maekawa et al. 2011). 

Unfortunately, due to poor expression of the Nt2 region carrying the CC domain, we could 

not test whether its over-expression induces HR (data not shown). However, over-expression 

of the combined Nt1-Nt2 domain did not trigger HR despite readily detectable protein levels 

(Fig. 1). Thus, unlike the N-terminus of MLA10 and the TIR domains of three TIR-NB-LRR 

resistance proteins from Arabidopsis, flax and tobacco (Frost et al., 2004; Weaver et al., 2006; 

Swiderski et al., 2009; Krasileva et al. 2010; Maekawa et al. 2011), the N-terminus of Mi-1.2 

alone is unable to trigger cell-death upon over-expression in planta. The smallest functional 

Mi-1.2 fragment is the Nt2-NB-ARC-LRR, which indicates that except for the Nt1 region all 

other domains are required to trigger HR.  

Autoactivity of Mi-1.2 triggered by deletion of its Nt1 region, implies that this region has a 

negative regulatory function. Based on domains-swapping experiments this region, together 

with the LRR domain, has been proposed before to be involved in autoinhibition of Mi-1.2 

activity (Hwang et al., 2000; Hwang and Williamson, 2003). Similar to the deletion of the Nt1 

region (Fig. 1), the exchange of the Mi-1.2 Nt1 region with the corresponding region from the 

non-functional homolog Mi-1.1 (MiDS3) induces autoactivity (Hwang et al., 2000). 

Interestingly, co-expression of the Mi-1.2 Nt1 region could suppress the autoactive response 

of the MiDS-3 variant in trans (Hwang et al., 2000), but not the autoactivity of the truncated 

Nt2-NB-ARC-LRR protein (Fig. 2). These different results might be attributable to technical 

differences in conducting the experiments. In both experiments the Nt1 was expressed using a 

35S promoter, whereas the Nt2-NB-ARC-LRR was expressed from a 35S promoter and MiDS-

3 from its native promoter (Hwang et al., 2000). Possibly, the expression level of the 

autoactive variants in relation to that of the Nt1 region determines whether HR was 

suppressed. Alternatively, the Mi-1.2 Nt1 truncation might induce a stronger HR that cannot 

be suppressed by in trans co-expression of the Nt1 region or the truncated construct might 

lack a Nt1 binding place that is still present in the swap construct.  

Interestingly, extended N-terminal truncations of the autoactive Nt2-NB-ARC-LRR protein 

abolished its ability to trigger cell-death (Fig. 1). This strongly suggests that the Nt2 region is 

required for positive regulation of Mi-1.2 activity. To further explore the regulatory potential 

of the Mi-1.2 N-terminus region, we performed trans-complementation assays of the Nt1-Nt2 

domain in combination with NB-ARC-LRR variants carrying autoactivating mutations (Fig. 
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3). Out of the four mutants analyzed, only the T557S substitution in the NB subdomain was 

able to trans-complement with the intact N-terminus (Fig. 3). This trans-complementation 

pattern is similar to that observed for Nt1-Nt2-NB-ARC fragments co-expressed with the C-

terminal LRR domain where the T557S was also the strongest autoactivator (van Ooijen et 

al., 2008 a). In that study the D630E substitution in the NB subdomain was identified as a 

weak activator, whereas we did not observe cell death for the Nt1-Nt2 and NB-ARC-LRR 

D630E combination. Mutations in the ARC2 (H840A) domain did not functionally trans-

complement in either study, while the LRR domain mutant (R961D) has not been analyzed 

before (Fig. 3; (van Ooijen et al., 2008 a)). Notably, for Rx co-expression of its CC N-

terminus with autoactivating NB-ARC-LRR variants carrying mutations in either ARC or 

LRR domain did not result in autoactivation either, but restored its normal elicitor-depended 

HR activity (Rairdan et al., 2008). Unfortunately, we cannot test whether the non-HR 

inducing combinations would induce elicitor-mediated HR as the Mi-1.2 elicitor remains 

unknown. Nevertheless, the autoactivity of Mi-1.2 T557S is restored when the NB-ARC-LRR 

is co-expressed in trans with the N-terminal domain. Apparently positive regulation exerted 

by the Mi-1.2 N-terminus is required to trigger autoactivity in trans (Fig. 3 and 4). These 

findings indicate distinct functions for the particular Mi-1.2 domains in activation of Mi-1.2 

and imply that Mi-1.2 activation is a multistep process of which some steps require the Nt1-

Nt2 and others do not.  

Our deletion studies suggest that the positive regulation by the Mi-1.2 N-terminus is 

associated with its Nt2 region (Fig. 1). Poor expression of the Nt2 region might explain the 

lack of trans-complementation when co-expressed with the NB-ARC-LRR T557S construct 

(Fig. 4). To pinpoint the positive regulatory role to the Nt2 region, we mutated the conserved 

EDVID motif located in the Nt2. The triple KDVID mutant (AAVIA) abolished the ability of 

the Nt1-Nt2 domain to trans-complement the NB-ARC-LRR T557S mutant (Fig. 4). The 

conserved EDVID motif was shown before to be required for function and intramolecular 

interactions of Rx (Rairdan et al., 2008). Here, we demonstrate that the EDVID motif is also 

important for the function of CNL resistance proteins with extended N-termini. Based on 

functional conservation of this motif it is tempting to speculate that the Mi-1.2 CC domain 

present in the Nt2 region exerts its positive regulatory function by interacting with the NB-

ARC-LRR like the Rx CC does (Rairdan et al., 2008).    
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Apparently, the Nt2 region is required for HR induction (Fig. 1, 3 and 4), yet its over-

expression in a trans-complementation assays suppressed Nt2-NB-ARC-LRR induced HR 

(Fig. 2). So, even though the Nt2-NB-ARC-LRR protein requires the Nt2 in cis to mediate 

HR, it is unable to do so when the Nt2 is present in excess in trans. Excess amounts of Nt2 

might affect Mi-1.2-mediated HR by competing for downstream signaling components. 

Furthermore, the negative regulation of the Mi-1.2 activity by Nt2 seems to be subsequent to 

Nt1-mediated negative regulation as autoactivation induced by removal of Nt1, can be 

suppressed by over-expression of Nt2. These findings are in agreement with those obtained 

from Mi-1.2 and Mi-1.1 swapping experiments (Hwang et al., 2000; Hwang and Williamson, 

2003). Firstly, induction of HR by expression of Mi-DS5 (Nt2-NB-ARC of Mi-1.1 swapped 

in an Mi-1.2 background) suggests that either the Nt2 and/ or NB-ARC domains have a 

negative regulatory role on Mi-1.2 activation. Secondly, HR induced by expression of Mi-

DS3 (only Nt-1 of Mi-1.1 swapped in an Mi-1.2 background) or Mi-DS5 (Nt2-NB-ARC of 

Mi-1.1 swapped in an Mi-1.2 background) developed slower than that mediated by expression 

of Mi-DS4 (Nt1-Nt2-NB-ARC of Mi-1.1 swapped in an Mi-1.2 background). Possibly, the 

faster development of HR caused by expression of Mi-DS4 is due to the cumulative effect of 

removal of a two-step negative regulation process mediated by the Nt1 and the Nt2, 

respectively. Perhaps, this two-step negative regulation might be functionally related with 

structural SD domain division into two subdomains: SD1 and SD2 (Fig. 6).  

Secondary structure predictions of the Mi-1.2 N-terminus signify two distinct domains, the 

Solanaceae domain (SD) and a Coiled coil domain (CC). These predictions reveal that the Nt1 

covers only half of the SD domain (Fig. 6). Hence, the Solanaceae domain (SD), 

characteristic of CNLs with an extended N-terminus, contains both the Nt1 and part of the 

Nt2 region (Fig. 6). We observed that both regions are required for autoinhibition of Mi-1.2 

protein, where Nt1 might function upstream of Nt2. It is imaginable that it is actually the 

shared SD domain that confers negative regulation on Mi-1.2 activity, whereas the CC 

domain with its functional EDVID motif is involved in positive regulation, like the CC of Rx 

(Rairdan et al., 2008). Our data are consistent with a model in which activation of SD-CNL 

class R-proteins is a multi-step process controlled by both the N-terminus and the LRR. Upon 

pathogen recognition by the LRR domain, the inhibition conferred by the SD domain on the 

NB-ARC is relieved. Once negative regulation of the SD domain is removed, a liberated CC 
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domain, alone or in association with the NB subdomain, initiates host defenses including cell-

death. To validate this model, it will be essential to test either the CC and CC-NB domain for 

their ability to trigger pathogen-independent cell death. It will be interesting to perform 

similar deletion and trans-complementation studies on CNL proteins with an SD domain as, 

based on the high overall similarity in the predicted secondary structure (Fig. 6), our findings 

show that two Mi-1.2 N-terminal domains have a dual regulatory role on Mi-1.2 protein 

function which might also apply to those proteins. 
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MATERIAL AND METHODS 

 
Table 1. Oligonucleotide sequences 

FP Sequence 

764 AAAAAGCAGGCTCTATGGAAAAACGAAAAGATATT 

766 AGAAAGCTGGGTTCTACTTAAATAAGGGGATATTCTT 

858 AGAAAGCTGGGTTAGAATGCCTTTTCTTATTTGAATCG 

859 AGAAAGCTGGGTTCTAAGAATGCCTTTTCTTATTTGAA 

872 GGGGACAAGTTTGTACAAAAAAGCAGGCT 

873 GGGGACCACTTTGTACAAGAAAGCTGGGT 

976 AAAAAGCAGGCTCTATGGGGTTGATACTGAATGGTTGC 

978 AGAAAGCTGGGTTTTAATGGAAATCTCTTATGTTGCCACA 

1051 AGAAAGCTGGGTTCTATCCACTGGTGAGCTTTCTAAG 

1098 CATTTGAGGTACTTAAGAATTGACACACAAGTTAAATATCTGCC 

1101 GGCAGATATTTAACTTGTGTGTCAATTCTTAAGTACCTCAAATG 

1986 GGACCCGCAGATTTAGATGTC 

2085 AAAAAGCAGGCTCTACCATGGAGAGAAAGTCATTGACAACTG 
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2309 CCTCCACTAGTCACCACTT 

2418 GTGGCTTATGAGGCAGCAGCTGTCATAGCTTCAATTATTGTTCG 

2419 CGAACAATAATTGAAGCTATGACAGCTGCTGCCTCATAAGCCAC 

2432 TCCGTCTTTTCCACAAATCC 

2527 AGAAAGCTGGGTTTCACAATCGAAGGTCAAGAGGATCAG 

2683 GCCAACGGTATACAGCGAGT 

 

Construction of binary vectors  

Wild-type Mi-1.2 and mutants T557S, D630E, H840A cloned in the CTAPi binary vector have been described 

before (Gabriels et al., 2007; van Ooijen et al., 2008 b; van Ooijen et al., 2008 a). These constructs, together with 

the Mi-1.2 CC-NB-ARC construct (van Ooijen et al., 2008 a), served as PCR templates to create the new 

constructs described below. All PCR primers (Fpxx; Table 1) used were purchased from MWG (Germany). 

Note, that where a stop codon is incorporated in the reverse primer it prevents translational fusion of the protein 

to any C-terminal tag present in vector. The Nt1-Nt2 (1-539aa) construct was amplified from Mi-1.2 CC-NB-

ARC (van Ooijen et al., 2008 a) using primers FP764 and FP1051. Gateway attB flanks were added in a second 

amplification step using FP872 and FP873. The resulting PCR product was transferred into binary vector CTAPI 

(Rohila et al., 2004) by the gateway one-tube protocol for cloning attB-PCR products directly into destination 

vector (Invitrogen). The construct HA:Nt1 (1-161aa) was made using primer combination FP764 and FP978 

with pG74 (MHD) as template and pGWB415 as destination vector. This fusion resulted in an N-terminal 

protein fusion to an HA tag. To generate Nt2 (162-539aa), FP976 and FP1051 primers were used in combination 

with the Mi-1.2 CC-NB-ARC (van Ooijen et al., 2008 a) template, followed by a second PCR to add the attB 

flanks. The obtained product was recombined into pDONR207 (Invitrogen) and subsequently the plasmid was 

recombined by LR clonase (Invitrogen) into destination vectors. Use of CTAPI as destination vector resulted in 

an un-tagged Nt2 version, whereas recombination into pGWB415 generates an N-terminally HA-fused NT2 

protein. Nt1-Nt2-NB-ARC fused C-terminally to the TAP tag was created using primers FP764 and FP858 on 

pG74 (van Ooijen et al., 2008 b). Again attB flanks were added in second PCR reaction and this product was 

recombined via pDONR into CTAPI vector. To create Nt2-NB-ARC-LRR (162-1258aa) a similar approach was 

followed, but using primers: FP976 and FP766 and destination vector NTAPI (Rohila et al., 2004). In this vector 

the expressed protein is fused to an N-terminal TAP tag. A similar cloning strategy was followed to create the 

NB (513-678aa) (FP2085 and FP2527) and NB-ARC (513-899aa) (FP2085 and FP859) constructs in NTAPI 

(Rohila et al., 2004). Depending on PCR template used, PG54, PG98 (van Ooijen et al. 2008 a) or PG96 

(Gabriels et al., 2007), the wild-type, H840A or the T557S mutant was created. All NB-ARC-LRR constructs 

(513-1258aa), except for the R960D mutant, were generated by two-step Gateway recombination into CTAPI 

(untagged) or NTAPI (TAP tagged) (Rohila et al., 2004) destination vector. The PCR products, used for this 

Gateway cloning, were amplified with FP2085 and FP766 primers on PCR template PG74 or the corresponding 

full-length clones of Mi-1.2 mutants described before (Gabriels et al., 2007; van Ooijen et al., 2008  b; van 

Ooijen et al., 2008 a). The R960D mutant was generated by circular mutagenesis (Hemsley et al., 1989) using 
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template Mi-1.2 NB-ARC-LRR in pGEXT-4 (van Ooijen et al., 2008 b) using FP1098 and FP1101. An 

Eco72I/Bsp119I restriction fragment carrying the mutation was exchanged with the same fragment in pG74 (van 

Ooijen et al., 2008 b) to obtain a full-length Mi-1.2 R961D mutant. To place the NB-ARC-LRR R961D mutant 

in NTAPI (Rohila et al., 2004) a BstXI/ Bsp119I restriction fragment was exchanged between the NB-ARC-

LRR R961D pGEXT-4 construct and the wild-type NB-ARC-LRR in NTAPI (described above).  

The AAVIA mutation in Nt1-Nt2 required several PCR steps. Two PCR products, generated using FP2309 and 

FP2418 and FP976 with FP2419, were mixed and used as template in a PCR with FP976 and FP2309. The last 

amplification step combined both products into one product carrying the AAVIA mutation. Subsequently, an 

EcoR72I/SpeI restriction fragment carrying the mutation was exchanged with the corresponding region in the 

above-described Nt1-Nt2 construct to generate Nt1-Nt2AAVIA.   

Creation of a TAP equipped Mi-1.2 LRR domain (van Ooijen et al., 2008 a) and the TAP-tagged GUS protein 

(van Ooijen et al. 2008 b) were described before. During cloning we noted that many of the constructs encoding 

the Mi-1.2 NB subdomain where unstable in E. coli resulting in low transformations frequencies and aberrant 

sizes of the inserts of the obtained transformants. Sequencing of a subset of these clones revealed the presence of 

an E. coli insertion sequence 10 (IS10), or parts of it, in our constructs (data not shown). Although these 

insertions where clearly independent events all IS10 elements inserted in the sequence: ACA ACT CGA GAA 

AAG GAA GTG GCT TTG CAT GGA AAG CTG AAC, which corresponds to amino acids EVAL at position 

661-664 in the NB subdomain. The DNA sequence fits the consensus sequence found for IS10 insertion sites, 

thereby forming a ‘hot-spot’ for integration (Bender and Kleckner, 1992; Kovarik et al., 2001). Nevertheless, 

also unaffected constructs could be obtained and since Agrobacterium strain GV3101 does not carry Tn10, the 

Mi-1.2 clones were stable once transformed to the Agrobacterium. To confirm absence of Tn10 in these 

plasmids, all Agrobacterium transformants were checked using a PCR with a Mi-1.2 forward primer (FP1987) 

and an IS10 specific reverse primer (FP2683). Also the region containing the hot spot was amplified using Mi-

1.2 primers (FP1987 and FP2432) to confirm whether it had the expected size.  

 

Agroinfiltrations: Agrobacterium- mediated transient transformation.  

Agroinfiltrations were performed as described (van Ooijen et al., 2008 b), with modifications reported in (Ma et 

al., 2011). In short, all binary vectors were transformed (Takken et al., 2000) to A. tumefaciens strain GV3101 

(Koncz and Schell, 1986) and grown to OD600 = 0.8 in LB medium (10g/l tryptone, 5g/l yeast extract, 2.5g/l 

NaCl) supplemented with 20µM acetosyringone and 10mM MES pH=5.6. Pelleted cells were resuspended in 

infiltration medium (1xMS salt, 10mM MES pH=5.6; 2% w/v sucrose; 200µM acetosyringone) and syringe-

infiltrated at OD600= 0.4 (for trans-complementation assays) or OD600= 0.8 (for protein extraction) into four-

week-old N. benthamiana leaves. To visualize cell death the infiltrated leaves were photographed and stained 

with trypan blue (van Ooijen et al., 2008 a). Each phenotype was confirmed independently at least three times. 

When no visible HR developed the agroinfiltrated leaf was monitored for a maximum of five days. For protein 

extraction, three agroinfiltrated leaves were harvested 24 hpi and frozen in liquid nitrogen. Protein isolation and 

detection was performed as described (van Ooijen et al., 2008 a; Ma et al., 2011) with small modifications. In 
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short, after grinding in liquid nitrogen 250 mg of tissue was allowed to thaw in 2ml extraction buffer (25mM 

Tris pH=7.5; 1mM EDTA; 150mM NaCl; 5mM DTT; 1x Roche Complete protease inhibitor cocktail; 2% 

PVPP; 2.5% Glycerol and 0.1% NP-40). Extracts were cleared by centrifugation (12 000 krcf, 20 min. at 40C) 

and the supernatant was passed through G25 Sephadex columns. Equal amounts of protein samples (25 µg) were 

mixed with Laemmli sample buffer and loaded on 8% SDS-PAGE gel. Protein gels were semi-dry blotted on 

PVDF membranes and assayed for equal loading by Ponceau S staining. Blots were blocked with 5% skimmed 

milk and Mi-1.2 was detected using either a 1:3000 Mi-1.2 antibody (van Ooijen et al., 2008 b) as first antibody 

followed by a goat-anti-rabbit linked to horseradish peroxidase (Rockland) in 1:4000 dilution or HA antibody in 

dilution 1:4000 followed by goat-anti-rat linked to horseradish peroxidase. Detection was done using ECL plus 

(GE, Healthcare).   

Measuring HR suppression using the trans-complementation assays required extensive optimization of the 

agroinfiltration procedure as the outcome is highly sensitive to the experimental conditions applied. The reason 

for this is that HR development is not fully suppressed by the N-terminus, but merely delayed and can be 

overcome by for instance overexepression of the HR-inducing constructs or a long lag time between the 

subsequent infiltrations. For agroinfiltrations in which two constructs were co-expressed; N-terminal parts, GUS 

or Nt2-NB-ARC-LRR an OD600 of 0.25 was used per clone. A too high OD600 of the strains carrying the 

constructs encoding the Mi-1.2 N-terminus causes a-specific suppression of HR (data not shown). After 

infiltrating the upper circles for expression of N-terminal regions or GUS protein, the leaves were patted dry 

with tissue and left for 6-7 hours to absorb the cell-suspension. Only after this time the lower circles expressing 

Nt2-NB-ARC-LRR protein were infiltrated. Prolonged to over-night time in between infiltration of upper and 

lower circle resulted in a-specific suppression of the Nt2-NB-ARC-LRR autoactivity, triggered already by GUS 

expressing construct (data not shown). Post-infiltration, leaves were harvested when necrosis became visible, 

which normally occurred between 24h to 48h. A delay in harvesting can result in lack of visible suppression of 

Nt2-NB-ARC-LRR mediated HR (data not shown). Since the age of the leaf influences onset and severity of HR 

(Ma et al., 2011), only the second and third fully developed leaves were infiltrated on a plant that carries 4-5 

leaves. A result was considered to be significant when at least one of two infiltrated leaves/plant showed specific 

suppression of Nt2-NB-ARC-LRR mediated HR of four plants analyzed. 

 
SUPPLEMENTARY FIGURES 

 
Fig.  S1.  Autoactive phenotypes of full-length Mi-1.2 mutants.  
N. benthamiana leaves were agroinfiltrated to express full-length mutated proteins: T557S; D630E; H840A 
(Gabriels et al., 2007; van Ooijen et al., 2008 b; van Ooijen et al., 2008 a). 
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Fig.  S2. Expression of TAP:NB-ARC T557S, TAP:NB T557S, Nt1-Nt2AAVIA parts of Mi-1.2.  
One day after agroinfiltration, transformed N. benthamiana leaves were collected. Protein extracts were made 
and subjected to immunoblotting and detection with anti- Mi-1.2 (van Ooijen et al., 2008 b). The Western blots 
represent protein extract of: co-expressed Nt1-Nt2 and TAP-NB T557S (lane 1); co-expressed Nt1-Nt2 and 
TAP-NB-ARC T557S (lane 2) and Nt1-Nt2AAVIA (lane 3).  
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