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Most plant disease resistance (

 

R

 

) genes known today encode proteins with a central nucleotide binding site (NBS) and
a C-terminal Leu-rich repeat (LRR) domain. The NBS contains three ATP/GTP binding motifs known as the kinase-1a or
P-loop, kinase-2, and kinase-3a motifs. In this article, we show that the NBS of R proteins forms a functional nucleotide
binding pocket. The N-terminal halves of two tomato R proteins, I-2 conferring resistance to 

 

Fusarium oxysporum

 

 and
Mi-1 conferring resistance to root-knot nematodes and potato aphids, were produced as glutathione 

 

S

 

-transferase fu-

 

sions in 

 

Escherichia coli

 

. In a filter binding assay, purified I-2 was found to bind ATP rather than other nucleoside triphos-
phates. ATP binding appeared to be fully dependent on the presence of a divalent cation. A mutant I-2 protein contain-
ing a mutation in the P-loop showed a strongly reduced ATP binding capacity. Thin layer chromatography revealed that
both I-2 and Mi-1 exerted ATPase activity. Based on the strong conservation of NBS domains in R proteins of the NBS-
LRR class, we propose that they all are capable of binding and hydrolyzing ATP.

INTRODUCTION

 

Plants have to defend themselves against a wide range of
pathogenic organisms. One way to achieve this is through
the recognition of “nonself” components. The plant’s ability
to recognize different races of the same pathogen involves
the presence of race-specific resistance genes (

 

R

 

 genes).
This 

 

R

 

 gene–mediated resistance can be considered as the
innate immunity of the plant (Fluhr, 2001) and is achieved by
triggering an array of defense responses (Dangl and Jones,
2001). How R proteins trigger the signal transduction path-
way(s) leading to plant defense is not yet understood. The
largest class of 

 

R

 

 genes encodes proteins that have a vari-
able N terminus, a conserved central domain predicted to
function as a nucleotide binding site (NBS), and a variable
number of Leu-rich repeats (LRRs) at the C terminus. This
group of R proteins often is referred to as the NBS-LRR
class. The C-terminal LRR domain is shared by many other
proteins, in which it functions as a region for protein–protein
interactions and peptide-ligand binding (Jones and Jones,
1997). The LRR domain of R proteins might contribute to the
recognition of diverse pathogen-derived ligands.

The NBS contains three peptide motifs that are critical for
nucleotide binding in many ATP/GTP binding proteins
(Traut, 1994). In these proteins, all three motifs function in
the interaction with the nucleotide. The first is the kinase-1a

motif, also known as the P-loop or Walker A motif. It forms a
Gly-rich flexible loop containing an invariant Lys residue in-
volved in binding the phosphates of the nucleotide (Walker
et al., 1982; Saraste et al., 1990; Traut, 1994). Mutation of
this residue frequently results in decreased nucleotide bind-
ing capacity (Hishida et al., 1999, and references therein).
The kinase-2 or Walker B motif has an invariant Asp that co-
ordinates the divalent metal ion required for phosphotrans-

 

fer reactions (e.g., Mg

 

2

 

�

 

 of Mg-ATP). A third, less con-
served, motif is the kinase-3a motif, which is 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 least the predicted P-loop
and kinase-2 motifs are indispensable for their biological
function (Dinesh-Kumar et al., 2000; Tao et al., 2000; Tornero
et al., 2002). However, the question remains whether the pu-
tative nucleotide binding site of R proteins really does form
a functional nucleotide binding pocket.

Regulation in signaling processes often occurs by binding
and hydrolysis of a nucleotide triphosphate. Classic exam-
ples of signal transduction proteins that can bind and hydro-
lyze nucleotides are the members of the GTPase super-
family. These proteins function as molecular switches in
signaling pathways involved in very diverse cellular pro-
cesses (reviewed by Bourne et al., 1990; Macara et al.,
1996). Apaf-1 is an example of a protein that binds adenine
nucleotides for regulatory purposes in signaling and plays a
critical role in the induction of apoptosis in mammals (Zou et
al., 1997). It contains a C-terminal domain with WD-40 re-
peats and a central NBS. In the presence of cytochrome 

 

c

 

,
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binding of ATP or deoxy-ATP (dATP) to the NBS leads to the
formation of a multimolecular aggregate called apoptosome
(Saleh et al., 1999; Jiang and Wang, 2000). CED-4 is a func-
tional homolog of Apaf-1 in the nematode 

 

Caenorhabditis
elegans

 

 and fulfills a similar role in apoptosis. Although it
has been shown that CED-4 is able to bind ATP, it is not
clear whether binding triggers apoptosome formation, as it
does with Apaf-1 (Seiffert et al., 2002). However, because
mutations in the nucleotide binding motifs lead to loss of
function, nucleotide binding to CED-4 is important for the
initiation of apoptosis as well (Chinnaiyan et al., 1997; Yang
et al., 1998).

The NBS region of Apaf-1 is highly similar to the nucle-
otide binding domain of CED-4 and, strikingly, also to the
NBS region of many plant R proteins. The region of homol-
ogy contains not only the three motifs involved in nucleotide
binding but additional motifs as well (van der Biezen and
Jones, 1998; Aravind et al., 1999). This extended region of
homology is referred to as the NB-ARC domain. The strong
conservation of this domain suggests similarity of function.
As a first step in our investigation, we addressed the ques-
tions of whether the NBS of R proteins represents a genuine
nucleotide binding pocket and whether bound nucleotides
can be hydrolyzed. For this purpose, NBS-containing parts
of the tomato 

 

R

 

 genes 

 

I-2

 

 and 

 

Mi-1

 

 were cloned into an ex-
pression vector to produce recombinant proteins in 

 

Esche-
richia coli

 

. 

 

I-2

 

 confers resistance against race 2 isolates of
the soil-borne pathogenic fungus 

 

Fusarium oxysporum

 

 f.
sp. 

 

lycopersici

 

 (Simons et al., 1998), and 

 

Mi-1

 

 confers resis-
tance to both the root-knot nematode 

 

Meloidogyne incog-
nita

 

 and the potato aphid 

 

Macrosiphum euphorbiae

 

 (Milligan
et al., 1998; Rossi et al., 1998; Vos et al., 1998). Purification
of recombinant R proteins from 

 

E. coli

 

 allowed us to exam-
ine nucleotide binding capacity and ATPase activity in vitro.

 

RESULTS

Production of I-2 in 

 

E. coli

 

Based on amino acid sequence homology, the I-2 protein
has the potential to bind nucleotides. To investigate its nu-
cleotide binding capacity, we set out to purify I-2. In tomato,

 

I-2

 

 is expressed predominantly at low levels in xylem paren-
chyma cells. In addition to 

 

I-2

 

 itself, several homologs also
are expressed in these plants (Mes et al., 2000). Therefore,
wild-type plants are inappropriate as source material for the
purification of endogenous I-2. Attempts to constitutively
express tagged I-2 under the control of the 35S promoter of

 

Cauliflower mosaic virus 

 

in transgenic tomato were unsuc-
cessful because plants showing high 

 

I-2

 

 expression levels
were never obtained (data not shown). Likewise, constitutive
and inducible expression of tagged I-2 in a tomato cell sus-
pension did not result in the production of detectable levels
of I-2 (data not shown). Therefore, we chose to produce re-

combinant I-2 protein in heterologous expression systems.
In 

 

Saccharomyces cerevisiae

 

, full-length I-2 protein could be
produced (data not shown), but expression levels were in-
sufficient for purification. This prompted us to switch to a
bacterial expression system. Full-length 

 

I-2

 

 coding se-
quence was cloned into expression vector pGEX-KG as a
translational fusion with glutathione 

 

S

 

-transferase (GST) and
transformed into 

 

E. coli

 

 strain BL21 (referred to as I-2F; Fig-
ure 1A). Transformants were grown and protein production
was induced as described in Methods. Total lysates of 

 

E.
coli

 

 expressing either I-2F or GST only were analyzed by
SDS-PAGE. No obvious differences in the protein patterns
of the two lysates were observed, except for the GST band
in the empty vector control (Figure 2A, lanes 1 and 2). Upon
immunostaining with anti-GST antibodies (Figure 2A, lanes
5 and 6), very little full-length fusion protein of 172 kD was
detected. To exclude the possibility that the GST tag was
removed post-translationally from the recombinant I-2F pro-
tein, blots were probed with antibodies raised against a syn-
thetic peptide corresponding to amino acids 137 to 145 of I-2.
The lack of cross-reactivity of these antibodies with endoge-
nous 

 

E. coli

 

 proteins (Figure 2A, lane 10) indicates that the
antibodies are specific for I-2. Immunostaining with both the
GST- and I-2–specific antibodies (Figure 2A, lanes 5 and 9)
detected predominantly polypeptides that were smaller than
full-length I-2 product, suggesting instability of the full-
length product or premature translation termination.

Next, the 

 

I-2

 

 sequence encoding amino acids 1 to 519,
containing the entire NB-ARC domain (referred to as I-2N;
Figure 1A), was cloned into pGEX-KG and expressed in 

 

E.
coli

 

. A strong accumulation of a fusion protein of the pre-
dicted molecular mass of 88 kD was observed upon induc-
tion by isopropylthio-

 

�

 

-galactoside (Figure 2A, lane 3). In a
control lysate, a protein of this size was absent (Figure 2A,
lane 2). Immunoblot analysis of the lysates with either anti-
GST antibodies (Figure 2A, lane 7) or anti-I-2 antiserum (Fig-
ure 2A, lane 11) confirmed that the 88-kD protein band rep-
resents the I-2–GST fusion product.

A third construct was made encoding the same GST fu-
sion except for the substitution of the Lys residue at position
207 with an Arg residue (referred to as I-2N

 

K207R

 

; Figure 1A).
This Lys residue is located in the P-loop motif (Figure 1C),
and substitution of this residue usually results in a loss of
function. The mutant I-2N

 

K207R

 

 protein accumulated in a
manner similar to the wild-type I-2N protein in 

 

E. coli

 

 (Figure
2A, lanes 4, 8, and 12).

Both fusion proteins were found to accumulate in inclusion
bodies. Therefore, an inclusion body purification method was
applied in which the aggregates were washed several times
with a buffer containing 1% Triton X-100. Finally, inclusion
bodies were solubilized at room temperature in buffer con-
taining 8 M urea. The denaturant was removed by stepwise
dialysis in the presence of 20% glycerol, promoting the re-
folding of I-2N and I-2N

 

K207R

 

. Figure 2B shows the samples
after purification and refolding of I-2N (lanes 1, 3, and 5) and
I-2N

 

K207R

 

 (lanes 2, 4, and 6) on a stained SDS–polyacryl-
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amide gel (left panel) or visualized by immunostaining with
either anti-GST antibodies (middle panel) or anti-I-2 antise-
rum (right panel). As can be observed, smaller fusion protein–
derived polypeptides were copurified. The banding patterns
of immunoreactive proteins were similar in samples derived
from 

 

E. coli

 

 expressing wild-type and mutant 

 

I-2

 

 constructs.

 

I-2 Contains a Functional Nucleotide Binding Pocket

 

A filter binding assay was developed using refolded I-2N
and I-2N

 

K207R

 

 to investigate the nucleotide binding activity of

I-2. Proteins were incubated on ice in the presence of 

 

�

 

-

 

32

 

P-
ATP. After 15 min, the incubation mixtures were spotted
onto polyvinylidene difluoride filters and washed extensively
with ice-cold buffer, and the radioactivity retained on the fil-
ters by I-2 was measured. Figure 3 shows that wild-type
I-2N retained radioactivity on filters, suggesting that the pro-
tein binds ATP. By contrast, I-2N

 

K207R

 

 containing the P-loop
mutation retained little radioactivity (3% of I-2N). This result
strongly suggests that I-2 contains a functional nucleotide
triphosphate binding pocket able to bind ATP. The low
amount of radioactivity retained by I-2N

 

K207R

 

 reflects a resid-
ual binding capacity rather than aspecific binding (see below).

Figure 1. Scheme of I-2 and Mi-1 Recombinant Proteins Used in This Study.

(A) For expression in E. coli, full-length I-2 (amino acids 1 to 1266) and the N-terminal part of I-2 (amino acids 1 to 519) were fused N terminally
to GST (I-2F and I-2N, respectively). I-2NK207R contains a substitution of Lys-207 to Arg in the P-loop. CC, coiled-coil domain.
(B) Mi-(161-900), the part of Mi-1 containing the NB-ARC, fused N terminally to GST.
(C) Comparison of P-loop regions of R proteins and apoptosis-related proteins discussed in the text. Numbers in parentheses indicate the posi-
tions in the full-length proteins of the first residues shown for each protein.
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The binding assays described above were performed in
buffer containing 50 mM NaCl and 5 mM MgCl

 

2

 

 at pH 7.5.
Changing the NaCl concentration in a range between 20
and 95 mM did not affect ATP binding drastically (Figure
4A), nor did changing the pH in the range 5.5 to 8.5 (Figure
4B). Because of the presence of a kinase-2 motif in the NBS
of I-2, nucleotide binding is expected to be dependent on
the presence of divalent cations. Indeed, ATP binding was
found to be affected by the Mg

 

2

 

�

 

 concentration. Omitting

Mg

 

2

 

�

 

 from the incubation mixture reduced ATP binding to
background levels (Figure 4C). With increasing Mg

 

2

 

�

 

 con-
centrations, an increase in binding activity was observed,
reaching a maximum at 

 

�

 

5 mM (Figure 4C). Mg

 

2

 

�

 

 could be
replaced by other divalent cations, such as Mn

 

2

 

�

 

 or Ca

 

2

 

�

 

(Figure 4D). In the presence of Mn

 

2

 

�

 

, ATP binding was ap-
proximately four times higher relative to the binding in the
presence of Mg

 

2

 

�

 

, whereas binding was reduced approxi-
mately twofold in the presence of Ca

 

2

 

�

 

 (Figure 4D). This re-

Figure 2. Production and Purification of GST–I-2 Fusion Proteins.

I-2F, I-2N, and I-2NK207R were produced as GST fusion proteins in E. coli and purified as described in Methods.
(A) Total protein of isopropylthio-�-galactoside–induced E. coli lysates containing I-2F (lanes 1, 5, and 9), vector-only control (lanes 2, 6 and 10),
I-2N (lanes 3, 7, and 11), and I-2NK207R (lanes 4, 8, and 12) on SDS–polyacrylamide gels stained with Coomassie blue (left panel) or visualized by
immunoblotting with either anti-GST antibodies (middle panel) or anti-I-2 antiserum (right panel).
(B) Purified and refolded fractions of I-2N (lanes 1, 3, and 5) and I-2NK207R (lanes 2, 4, and 6) on SDS–polyacrylamide gels stained with Coo-
massie blue (left panel) or visualized by immunoblotting with either anti-GST antibodies (middle panel) or anti-I-2 antiserum (right panel).
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sult shows that the presence of a divalent cation is abso-
lutely required for the nucleotide binding of I-2, as has been
found for other ATP binding proteins (Traut, 1994).

 

I-2 Binds Specifically to Adenosine Nucleotides

 

To determine whether I-2 shows specificity in nucleotide
binding, competition experiments were performed. First,

 

�

 

-

 

32

 

P-ATP was mixed with increasing amounts of a cold
competitor, nucleoside triphosphate. Figure 5A shows that
ATP competed much more effectively for 

 

�

 

-

 

32

 

P-ATP binding
than GTP, CTP, and UTP. Quantitation of the signal revealed
that in the presence of 10 

 

�

 

M ATP, binding of 

 

�

 

-

 

32

 

P-ATP
was reduced by 

 

�

 

90%, whereas binding was reduced very
little in the presence of 10 

 

�

 

M CTP, GTP, or UTP. These ex-
periments demonstrate a clear binding specificity of the I-2
protein for ATP in vitro. When 

 

�

 

-

 

32

 

P-ATP was mixed with
increasing amounts of ADP, dATP, or dADP, strong com-
petition in binding was observed in all cases. At 10 

 

�

 

M,
these nucleotides reduced the binding of 

 

�

 

-

 

32

 

P-ATP to I2-N
by 70 to 90%, whereas the presence of GTP at the same
concentration had little effect (Figure 5B). This finding dem-
onstrates that I-2 has affinity not only for ATP but for ADP,
dATP, and dADP as well.

To quantify the affinity of the nucleotide binding pocket of
I-2 for ATP, we performed a filter binding assay with I-2N and
increasing amounts of 

 

�

 

-

 

32

 

P-ATP. After plotting the amount
of ATP bound against the ATP concentration, a clear satura-
tion curve was obtained (Figure 6). From these data, a 

 

K

 

d

 

value of 2.2 

 

�

 

M was calculated using a Scatchard plot.

 

I-2 Exerts ATPase Activity

 

To determine whether I-2 is capable of hydrolyzing ATP,
I-2N and I-2N

 

K207R

 

 were incubated with 

 

�

 

-

 

32

 

P-ATP at room
temperature. Samples were taken at different time points
and analyzed by thin layer chromatography to separate

 

�

 

-

 

32

 

P-ADP and 

 

�

 

-

 

32

 

P-AMP from 

 

�

 

-

 

32

 

P-ATP. A thin layer
chromatography autoradiogram (Figure 7A) shows that in
the presence of I2-N, the amount of 

 

�

 

-

 

32

 

P-ADP increased in
time at the cost of the amount of 

 

�

 

-

 

32

 

P-ATP. In the absence
of I-2, no 

 

�

 

-

 

32

 

P-ADP was generated. In the presence of
I-2N

 

K207R

 

, ATP hydrolysis occurred to a lesser extent (30%
of the wild type level). From these results, we conclude that
the ADP formed in the reaction with wild-type I-2 is attribut-
able to specific hydrolysis of ATP by I-2N. The detection of
ATPase activity in I-2N

 

K207R

 

 suggests that the mutated NBS
still has residual binding activity (Figure 3).

 

ATPase Activity of Another NBS-LRR Protein, Mi-1

To investigate whether, in analogy with I-2, other R proteins
of the NBS-LRR class have ATPase activity as well, we ex-

amined another tomato R protein with a structure similar to
that of I-2, Mi-1 (Figure 1B). A translational GST fusion con-
struct encoding the complete NB-ARC domain of Mi-1 was
used for protein production in E. coli [referred to as Mi-(161-
900); Figure 1B]. The fusion protein was purified from inclu-
sion bodies and refolded using the same procedures used
for I-2. Refolded Mi-(161-900) was used in the ATPase as-
say with �-32P-ATP. Figure 7B shows that, like I-2, Mi-1 is a
functional ATPase.

DISCUSSION

Most R genes known today encode proteins with a central
region containing peptide motifs typical of the NBS found in
many ATP/GTP binding proteins. Here, we show that the
putative NBS of two of these R proteins, I-2 and Mi-1, are
able to bind ATP and exert ATPase activity. Based on the
conservation of the NBS domain in other functional R pro-
teins of the NBS-LRR class (Meyers et al., 1999; Pan et al.,
2000), it is very likely that ATP binding and ATPase activity
are general features of this group of proteins. Mutational
analysis of the R genes N, RPS2, and RPM1 have shown
that the predicted P-loop (Figure 1C) and kinase-2 motifs
are essential for their function in plant defense signaling
(Dinesh-Kumar et al., 2000; Tao et al., 2000; Tornero et al.,
2002). We have shown that substitution of the invariant Lys
in the P-loop motif of I-2 (Figure 1C) strongly reduces both
ATP binding and hydrolysis. Because such an effect has
been reported for many other nucleotide binding proteins
containing a P-loop motif (Rivas et al., 1997; Mizushima et
al., 1998; Hishida et al., 1999, and references therein), it is

Figure 3. Binding of ATP to I-2N and I-2NK207R.

I-2N and I-2NK207R (1.5 �M) were incubated with 0.1 �M �-32P-ATP
(4.4 � 105 cpm/pmol). The radioactivity bound to the proteins was
measured in a filter binding assay as described in Methods.
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likely that substitution of this residue in RPS2 and N leads to
loss-of-function alleles as a result of reduced nucleotide
binding capacity. Whether the P-loop mutation (K207R) in I-2
will result in a loss of biological function is not known.

Meyers and co-workers (1999) analyzed the NBS of 14
known R proteins and �400 homologs. They noted that the
so-called G-4 region, which is characteristic of the GTPase
superfamily, was absent in all sequences. Therefore, they
suggested that R proteins would bind ATP rather than GTP.
Our analysis of the nucleotide preference of recombinant I-2
shows that �-32P-ATP binding can be competed for effi-
ciently by ATP but not by GTP or other nucleoside triphos-
phates (Figure 5A). This finding confirms the hypothesis that
R proteins are ATP binding proteins. With most ATP/GTP

binding proteins, the omission of divalent cations from the
reaction not only abolishes hydrolysis but results in a de-
creased nucleotide binding capacity as well (Hishida et al.,
1999; Rombel et al., 1999). Moreover, Mn2� can substitute
for Mg2� in the function of several ATPases. In some cases,
it even causes an increase in ATPase activity compared with
Mg2� (Koronakis et al., 1993). We observed similar behavior
in recombinant I-2: both binding (Figure 4C) and ATPase ac-
tivity (data not shown) were dependent on divalent cations.
Also, Mn2� could substitute for Mg2� in the ATP binding as-
say (Figure 4D), giving rise to an approximately fourfold in-
crease in ATP binding capacity. However, because the con-
centration of Mg2� in the cytosol is much higher than that of
Mn2�, it is likely that I-2 binds Mg-ATP in vivo.

Figure 4. Influence of Ion Concentrations and pH on ATP Binding of I-2N.

�-32P-ATP binding was measured in a filter binding assay as described in Methods.
(A) to (C) The maximal amount of �-32P-ATP bound was set to 1.
(A) I-2N (1 �M) was incubated with 0.07 �M �-32P-ATP (6.3 � 105 cpm/pmol) in the standard reaction mixture except for a variable NaCl con-
centration.
(B) I-2N (1.5 �M) was incubated with 0.1 �M �-32P-ATP (4.3 � 105 cpm/pmol) in the standard reaction mixture except for a variable pH.
(C) I-2N (0.8 �M) was incubated with 0.2 �M �-32P-ATP (2.1 � 105 cpm/pmol) in the standard reaction mixture except for a variable MgCl2 con-
centration and the absence of DTT and EDTA.
(D) I-2N (0.8 �M) was incubated with 0.2 �M �-32P-ATP (2.1 � 105 cpm/pmol) in the standard reaction mixture except for variable concentra-
tions of the divalent (Div.) cations of MgCl2, MnCl2, or CaCl2. The maximal amount of �-32P-ATP bound in presence of MgCl2 was set to 1.
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The ATP binding capacity of the NBS of I-2 is shared with
the homologous NBS of Apaf-1 and CED-4 (Jiang and
Wang, 2000; Seiffert et al., 2002). However, there are differ-
ences in nucleotide affinity. Apaf-1 has a fivefold higher af-
finity for dATP than for ATP (Jiang and Wang, 2000). Al-
though I-2 has affinity for dATP, it is slightly lower than that
for ATP (Figure 5B). CED-4 also has lower affinity for dATP,
but the difference in this case is �100-fold (Seiffert et al.,
2002). Also, Apaf-1 has absolutely no affinity for dADP, the
hydrolysis product of dATP, whereas I-2 does have affinity
for ADP and even for dADP (Figure 5B). In this respect, I-2
behaves more like CED-4, because the latter has affinity for
ADP as well, although �100-fold less than for ATP. Despite
these differences, it is clear that they all are nucleotide bind-
ing proteins with adenine specificity.

Significantly, we show that I-2 and Mi-1 are capable not
only of ATP binding but also of hydrolyzing the bound nucle-
otide (Figures 7A and 7B). If Apaf-1 contains nucleotidase
activity at all, it is very low. Alternatively, nucleotidase activ-
ity may be stimulated by a factor that has a function similar
to that of GTPase-activating proteins in signaling mediated
by small GTPases. It is not known whether CED-4 exerts
ATPase activity.

The region of homology in the central parts of Apaf-1,
CED-4, and R proteins of the NBS-LRR class is not confined
to the NBS but extends C terminally and is referred to as the
NB-ARC domain (van der Biezen and Jones, 1998; Aravind

Figure 5. I-2N Binds Specifically Adenine Nucleotides.

I-2N (2.5 �M) was incubated with 0.06 �M �-32P-ATP (7.7 � 105

cpm/pmol) as described in Methods. �-32P-ATP was premixed with
various amounts of the indicated cold nucleotides.
(A) Reactions were vacuum filtrated using a slot-blot apparatus and
a polyvinylidene difluoride sheet. Radioactivity was visualized by
phosphorimaging.
(B) The amount of �-32P-ATP bound to I-2N was measured in a filter
binding assay as described in Methods. Figure 6. Kd Measurement of the I-2N–ATP Complex.

I-2N (1.5 �M) was incubated with increasing amounts of �-32P-ATP
(3.4 � 103 to 1.8 � 105 cpm/pmol) in the standard reaction mixture.
The radioactivity of �-32P-ATP bound to I-2N was measured as de-
scribed in Methods. Kd was calculated using a Scatchard plot.



2936 The Plant Cell

et al., 1999). The potential of Apaf-1 to self-associate re-
sides in its NB-ARC domain (Hu et al., 1998). Binding of the
C-terminal repeat (the WD-40 repeat) domain to this region
prevents spontaneous self-association, thereby negatively
regulating the function of Apaf-1 (Hu et al., 1998, 1999). In
the presence of cytochrome c, binding of ATP or dATP re-

sults in a conformational change promoting homooligomer-
ization and subsequent apoptosome formation. It is tempt-
ing to speculate that the C-terminal repeat (LRR) domain of
R proteins also can bind the NB-ARC domain, keeping the
protein in an inactive state. Upon activation by binding of
ATP and possibly other factors, R proteins may recruit addi-

Figure 7. I-2 and Mi-1 Exhibit ATPase Activity.

I-2N (1.9 �M; wild type [wt]) and I-2NK207R (1.9 �M; mutant [mut.]), together with a buffer control (A) or 1.5 �M Mi-(161-900) (B), were incubated
with 5.0 �M �-32P-ATP (4.4 � 104 cpm/pmol). Reactions were subjected to thin layer chromatography to detect the production of �-32P-ADP
with autoradiography and quantitated by phosphorimaging as described in Methods.
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tional proteins and/or self-associate to form a signalosome,
similar to the apoptosome in the case of Apaf-1. In this con-
text, it is interesting that for Rx, an NBS-LRR protein of potato
conferring resistance to Potato virus X, it was shown recently
that coexpression of the NBS containing the N-terminal part
of the protein and the LRR domain results in an elicitor-
dependent hypersensitive response in a transient expres-
sion assay (Moffett et al., 2002). In addition, the two parts of
Rx interact physically in coimmunoprecipitation experiments
(Moffett et al., 2002). Because coexpression of the Potato
virus X elicitor resulted in the disruption of this interaction,
this event might be the initial stimulus that activates Rx.
Similar to Apaf-1, the NB-ARC–LRR interaction of Rx does
not depend on the integrity of the P-loop motif. However, in
addition to all of these similarities, there are important differ-
ences between Apaf-1 and Rx. A truncation mutant of Apaf-1
lacking the WD-40 repeat domain is constitutively active,
whereas a mutant of Rx lacking the LRR domain is not. Re-
sults presented by Jiang and Wang (2000) with Apaf-1 imply
a model in which the cytochrome c–mediated increase of
the nucleotide binding affinity is caused by the disruption of
the NB-ARC–WD-40 repeat interaction. In analogy with this
model, the Potato virus X elicitor could change the nucle-
otide binding capacity of Rx by disrupting the NB-ARC–
LRR interaction, leading to the activation of the R protein.
If the mechanism of repression by the C-terminal repeats
is the same in both Apaf-1 and R proteins, it would be in-
teresting to investigate whether full-length I-2 has a lower
affinity for ATP than I-2N and whether affinity could be
stimulated by other factors, such as cytochrome c in the
case of Apaf-1.

After cloning of a large number of R genes in the last de-
cade, the challenge now lies in elucidating their functions
in defense signaling. Our demonstration that the NBS do-
mains of these proteins can bind and hydrolyze ATP is an
important step in this direction. The combination of a bio-
chemical approach, as described in this study, with genetic
approaches will allow further dissection of the role of these
proteins in signal transduction and will provide new insights
into the mechanisms involved in plant disease resistance.

METHODS

Escherichia coli Expression Constructs

An NcoI-XhoI genomic fragment containing the coding region of I-2
and 1.1-kb downstream sequences (Mes et al., 2000) was ligated
into pGEX-KG (Guan and Dixon, 1991) digested with NcoI and XhoI.
The resulting plasmid codes for full-length I-2 fused N terminally to
glutathione S-transferase (GST) (I-2F). An NcoI-NdeI (blunt) genomic
fragment containing part of the coding region of I-2 (Mes et al., 2000)
was ligated into pACT2 vector (Clontech Laboratories, Palo Alto, CA)
digested with NcoI-SmaI. The I-2 fragment then was transferred to
pGEX-KG as an NcoI-XhoI fragment. This plasmid encodes amino
acids 1 to 519 of I-2 fused N terminally to GST (I-2N). A plasmid en-

coding I-2NK207R was created by substituting the Lys-207 codon
(AAG) in the P-loop motif with an Arg codon (AGG). This was per-
formed by site-specific mutagenesis using overlap extension (Higuchi
et al., 1988) with I-2N as a template. To this end, two vector primers
flanking the I-2 sequence and the following mismatch primers were
used: 5�-GGCGGCCAGGGCAGGACAACACTTGCTAAAG-3� and 5�-
AAGTGTTGTCCTGCCCTGGC-3�. The final PCR fragment was di-
gested with NcoI and XhoI and ligated into pGEX-KG. The entire I-2
sequence and the mutation were verified by DNA sequencing. Plas-
mid pKG6210 containing the Mi-1 gene was obtained from Keygene
(Wageningen, The Netherlands). A NcoI-BsmI fragment of the Mi-1
coding sequence (Vos et al., 1998) was isolated from this plasmid
and ligated into the pAS2-1 vector (Clontech Laboratories) digested
with NcoI and SmaI. The Mi-1 part was transferred as a MscI-SalI
fragment into pGEX-KG digested with SmaI and SalI. The resulting
plasmid encodes amino acids 161 to 900 of Mi-1 fused N terminally
to GST and is referred to as Mi-(161-900).

Isolation of GST Fusion Proteins from E. coli

Expression vectors were transformed into E. coli strain BL21(DE3).
Precultures were grown overnight at 37	C in Luria-Bertani medium.
Samples (10 mL) of these precultures were used to inoculate 100 mL
of fresh Luria-Bertani medium at 37	C. After growing the culture to a
density of OD600 
 0.8 to 1.0, expression was induced with 1 mM
isopropylthio-�-galactoside for 4 h at 37	C. A sample was taken, and
the pelleted cells were boiled in Laemmli buffer for SDS-PAGE fol-
lowed by Coomassie Brilliant Blue G250 staining or immunostaining
with anti-GST monoclonal antibodies (Clontech Laboratories) or anti-
I-2 antiserum (synthetic peptide). The cells of the culture were har-
vested and resuspended in buffer A (50 mM Tris, pH 7.5, 100 mM
NaCl, and 5 mM EDTA) and treated for 40 min with 1 mg/mL lyso-
zyme 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 frozen subsequently at �20	C. The cell suspensions were
thawed at room temperature and sonicated using a sonicator (MSE,
Sanyo Gallenkamp, Loughborough, Leicestershire, UK) with a 3-mm-
diameter probe. The insoluble part of the lysates containing the in-
clusion bodies was collected and washed in two sequential steps
with buffer C (50 mM Tris, pH 8.0, 100 mM NaCl, 5 mM EDTA, and
1% Triton X-100) and buffer A, respectively. Finally, the inclusion
bodies were solubilized in buffer D (50 mM Tris-Cl, pH 9.0, 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, and 8 M urea).

Renaturation of GST Fusion Proteins

Renaturation of the solubilized inclusion bodies was based on the
method described by Nguyen et al. (1996) with some modifications.
The solubilized inclusion body fractions in buffer D were dialyzed
stepwise against renaturation buffer (50 mM Tris-Cl, pH 9.0, 100 mM
NaCl, 1 mM EDTA, and 1.5 mM DTT) containing 20% glycerol and 6,
4, 2, or 0 M urea at 4	C. This step was followed by dialysis against
renaturation buffer containing 10% glycerol and, finally, against stor-
age buffer (50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 1.5
mM DTT, and 10% glycerol). Renatured fractions were centrifuged
for 45 min at 41,000g. Supernatants were divided into aliquots and
stored at �80	C until use. The protein concentration of each sample
was determined by the method of Bradford (1976) using BSA as a
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standard. Samples were analyzed by SDS-PAGE followed by Coo-
massie Brilliant Blue staining or immunostaining with anti-GST
monoclonal antibodies or anti-I-2 antiserum (synthetic peptide).

ATP Binding Assays

The binding of �-32P-ATP to purified I-2N and I-2NK207R was mea-
sured in a filter binding assay based on the method described by
Rombel et al. (1999). The proteins were incubated with �-32P-ATP at
concentrations ranging from 1 to 2.5 �M. The standard reaction mix-
ture contained 50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 0.1 mM EDTA,
1.5 mM DTT, 5 mM MgCl2, 10% glycerol, 0.06 to 0.2 �M �-32P-ATP
(3 � 103 to 8 � 105 cpm/pmol), and 1.5 �M protein. The mixture was
incubated on ice for 15 to 20 min and then vacuum filtrated through
polyvinylidene difluoride membranes (Immobilon P; 0.45-�m pore
size; 2.5-cm diameter filters were prepared as specified by the man-
ufacturer [Millipore, Bedford, MA]) using a vacuum filtration manifold
(Millipore). Filters were washed immediately with ice-cold buffer con-
taining the same components as the corresponding reaction mixture
except for the nucleotides. Filters were dried, and radioactivity was
counted by either liquid scintillation counting or phosphorimaging
(Storm; Molecular Dynamics, Sunnyvale, CA). Background correc-
tions were performed with the values from reaction mixtures to which
no protein was added. Because MnCl2 can be tested only in buffers
without DTT, this component was omitted from the reaction mixture
in the assays in which the divalent cation concentration was varied.
For this reason also, the storage buffer of the protein was substituted
with the same buffer without DTT and EDTA using Sephadex G-25
columns (Amersham Pharmacia Biotech). Protein concentration was
measured afterward using the method of Bradford (1976). The pH
was varied by adding Tris-Mes of various pH values to the reactions,
resulting in a final concentration of 50 mM Tris-Mes ranging from pH
5.0 to 8.5. Binding assays with cold competitor nucleotides were
performed in the presence of 8 mM MgCl2. �-32P-ATP was mixed
with the cold nucleotides before adding them to the reactions. The
affinity of I-2N for ATP was measured by incubation with increasing
amounts of �-32P-ATP (0 to 128 �M; 3 � 103 to 2 � 105 cpm/pmol).
The Kd was calculated using a Scatchard plot.

ATPase Assay

Reaction 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 �M
�-32P-ATP (4 � 104 cpm/pmol), and different concentrations of the
proteins to be tested (1.5 to 1.9 �M) were incubated at room temper-
ature. Aliquots (2 �L) were taken at the indicated times and frozen
immediately at �20	C. Samples were applied to Silica Gel 60 thin
layer chromatography plates (0.25 � 200 � 200 mm; Merck, Darm-
stadt, Germany) and developed in isobutyl alcohol:isoamyl alcohol:
2-ethoxyethanol:ammonia:water (9:6:18:9:15) (Yegutkin and Burnstock,
1998). Radioactive nucleotides were visualized by autoradiography
using x-ray film (Fuji Photo Film, Tokyo, Japan). Unlabeled standards
were located by UV absorption on thin layer chromatography plates
with Silica Gel F254 (0.25 � 50 � 200 mm; Merck).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.
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