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Resistance (R) proteins in plants confer specificity to the innate immune system. Most R proteins have a centrally located NB-
ARC (nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4) domain. For two tomato (Lycopersicon esculentum)
R proteins, I-2 and Mi-1, we have previously shown that this domain acts as an ATPase module that can hydrolyze ATP in
vitro. To investigate the role of nucleotide binding and hydrolysis for the function of I-2 in planta, specific mutations were
introduced in conserved motifs of the NB-ARC domain. Two mutations resulted in autoactivating proteins that induce a
pathogen-independent hypersensitive response upon expression in planta. These mutant forms of I-2 were found to be
impaired in ATP hydrolysis, but not in ATP binding, suggesting that the ATP- rather than the ADP-bound state of I-2 is the
active form that triggers defense signaling. In addition, upon ADP binding, the protein displayed an increased affinity for ADP
suggestive of a change of conformation. Based on these data, we propose that the NB-ARC domain of I-2, and likely of related
R proteins, functions as a molecular switch whose state (on/off) depends on the nucleotide bound (ATP/ADP).

To survive,multicellularorganismshad to evolveways
to defend themselves against pathogens. This has led to
the evolution of passive and active immune responses of
which the latter can be divided in adaptive and innate
immunity.Whereas the adaptive system is only found in
vertebrates, innate immunity seems to be more ancient
because it is widely spread across kingdoms (ranging
fromhumans,flies,andnematodestoplants).For induc-
tion of the innate immune response, the host first has to
perceive pathogen attack. Recognition of pathogen-
derived elicitors is mediated by specialized receptors;
in animals, these are representedbypattern recognition

receptors (Inohara and Nunez, 2003) and in plants by
resistance (R) proteins (Dangl and Jones, 2001). Follow-
ing recognition, there is an activation of downstream-
signaling pathways leading to disease resistance and
often a hypersensitive response (HR) that is manifested
as cell death (Dangl and Jones, 2001).

Most R genes encode proteins with a predicted
trimodular structure (Inohara and Nunez, 2003; Martin
et al., 2003). At their carboxy terminus, these trimod-
ular proteins carry a Leu-rich repeat (LRR) domain
believed to be the initial recognition domain for the
following reasons: (1) This domain is highly variable
and under divergent selection (Meyers et al., 2002);
and (2) functional analysis has indicated that specific
recognition of pathogens resides in this domain (Ellis
et al., 2000). The trimodular R proteins have either an
amino-terminal domain that contains coiled-coil (CC)
motifs or a domain that shares homology to the Toll/
interleukin-1 receptor (Pan et al., 2000b). Since the
amino-terminal domain appears to determine the re-
quirement for certain signaling components, such as
EDS1 or NDR1, it is generally believed that this part is
important for downstream signaling (Feys and Parker,
2000). At the center of the R protein, we find the NB-
ARC (nucleotide-binding adaptor shared by APAF-1,
R proteins, and CED-4) domain (van der Biezen and
Jones, 1998; Aravind et al., 2004; Leipe et al., 2004)
giving these proteins their name: NB-LRR proteins.

The NB-ARC domain itself consists of three sub-
domains: a nucleotide-binding (NB) domain and a
C-terminal extension that forms a four-helix bundle
(ARC1) and a winged-helix fold (ARC2; Albrecht and
Takken, 2006). Mutations in the NB-ARC domain often
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abolish R-protein function, signifying the functional
relevance of this domain (Dinesh-Kumar et al., 2000;
Tao et al., 2000; Tornero et al., 2002a). We have shown
that the NB-ARC domains for tomato (Lycopersicon
esculentum) R proteins I-2 and Mi-1 are functional
ATPase modules that specifically bind and hydrolyze
ATP in vitro (Tameling et al., 2002).

Besides R proteins, the NB-ARC domain is found in
animal ATPases APAF-1 and CED-4, which are both
involved in apoptosis, various bacterial transcription
factors, andmanyuncharacterized proteins (Leipe et al.,
2004). Together, these proteins represent a clade of the
signal transduction ATPases with numerous domains
(STAND) proteins (Leipe et al., 2004). The NB domain
of these STAND proteins has the so-called P-loop
NTPase fold. Two well-conserved motifs in the NB site
of P-loopNTPases can be distinguished: the P-loop (also
called the Walker A or kinase 1a motif) and the Walker
B (kinase 2) motif (Walker et al., 1982; Saraste et al.,
1990; Traut, 1994). The Walker A motif has the general
consensus sequence GX4GK[T/S], wherein the invari-
ant Lys residue is involved in coordination of the
b- and g-phosphates of the bound NTP. Mutation of
this Lys of I-2 into an Arg (K207R) greatly reduced the
ability of the protein to bind ATP (Tameling et al.,
2002). The Walker B motif is less conserved; hhhhD
and, in R proteins, hhhhDD (where h stands for hydro-
phobic residue). The first Asp in this motif is invariant
and involved in coordination of the Mg21 ion in the
catalytic site. The second acidic residue, which is fre-
quently present in this motif, is believed to act as the
catalytic base for ATP hydrolysis (Muneyuki et al.,
2000). Besides the Walker A and B motifs, the NB-ARC
domain of R proteins contains three other conserved
motifs with unknown function: resistance nucleotide-
binding site (RNBS)-A, RNBS-D, and MHD (for Met,
His, Asp; van der Biezen and Jones, 1998; Meyers et al.,
1999, 2003; Pan et al., 2000a).

To further our understanding of the role of nucleo-
tide binding and hydrolysis for R-protein function, we
introducedmutations in the conservedmotifs of the NB
subdomain of the NB-ARC of I-2. The tomato R protein
I-2 confers resistance to the fungal pathogen Fusarium
oxysporum (Ori et al., 1997; Simons et al., 1998). Two
mutations were identified that lead to HR in the
absence of an elicitor (the elicitor for I-2 has not been
identified yet). Biochemical analysis of the mutant pro-
teins revealed that they were disturbed in their ATPase
activity. Three-dimensional (3D) modeling of the ATP-
ase domain showed that both mutations map near the
predicted active site of the NB subdomain. To deter-
mine whether these mutants are affected in ATP
binding or in ATP hydrolysis, their reaction kinetics
were studied. These data indicate that, for R-protein
activation, ATP binding, but not hydrolysis, is re-
quired. Although ATP hydrolysis appears not to be
needed for induction of signaling, our data suggest
that it plays an important role in keeping R-protein
activity in check in the absence of plant pathogens.
Furthermore, our experiments show that the NB-ARC

domain adopts different conformations depending on
the nucleotide bound (ATP or ADP), providing novel
insight into the role this domain plays as a molecular
switch for R-protein activation.

RESULTS

Point Mutations in the NB-ARC Domain of I-2 Result
in Autoactivating Proteins

Little is knownabout themodeof actionof theNB-ARC
domain in plant R proteins. The NB-ARC domain of the
tomato R protein I-2 contains five conserved motifs (i.e.
the P-loop, the RNBS-A, the Walker B, the RNBS-D, and
theMHD; van der Biezen and Jones, 1998; Meyers et al.,
1999, 2003; Pan et al., 2000a; Fig. 1A). The first three
motifs are present in the NB subdomain, whereas the
latter two are located in the helical extension. Previ-
ously, we have shown that the NB-ARC domain com-
prises a functional ATPase module (Tameling et al.,
2002). Here, we study the role of NB and hydrolysis
activity of this domain for I-2 protein function; there-
fore, we introducedmutations at specific residues in the
three conserved motifs (Table I) in the NB subdomain.
These mutations were designed such that they could
potentially negatively affect nucleotide binding and/or
nucleotide hydrolysis. Two contiguous mutations were
made in the P-loop; that is, the invariant Lys was substi-
tuted by Arg (K207R) and a highly conserved Thr was
substituted by a Ser (T208S). In theRNBS-Amotif, S233F
was introduced because of themutation S207F in theNB
domain of the enhancer-binding protein NtrC from
Escherichia coli. This S207F mutation in NtrC affected
ATP hydrolysis, but did not affect nucleotide binding
(Rombel et al., 1999). However, subsequent bioinformat-
ics studies using sequence alignments revealed that this
mutation in NtrC does not really correspond to S233F in
I-2 as thought initially (data not shown). Furthermore,
the Walker B motif was disrupted by mutating the two
conserved Asp residues (i.e. D282C and D283E).

For I-2 and related R proteins (e.g. Rx and Mi-1), it
has been shown previously that certain mutations can
give autoactivation of the HR (a hallmark of plant
disease resistance) upon expression in planta in the
absenceof the correspondingelicitor (Hwangetal., 2000;
Bendahmane et al., 2002). In I-2, for example, the muta-
tion D495V in the MHD motif gives an HR when
transiently expressed in Nicotiana benthamiana (De la
Fuente van Bentem et al., 2005; Table I; Fig. 1C), whereas
expression of the wild-type I-2 protein does not trigger
an HR (Fig. 1B). The ability of the D495V mutant to
induce an HR is dependent on Hsp90, RAR1, and SGT1
(De la Fuente van Bentem et al., 2005). The SGTI depen-
dence of the cell death phenotype is one of the charac-
teristics of R-protein-mediated responses (Peart et al.,
2002). Similarly, we transiently expressed each of the
above-mentioned mutations (Table I) inN. benthamiana
using agroinfiltration. The mutations K207R, T208S,
and D282C did not give autoactivation of the defense
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response resulting in macroscopically visible HR (Fig.
1F; data not shown), whereas both the S233F (RNBS-A
motif) and D283E (Walker B motif) substitutions did
(Fig. 1, D andE). LikeD495V, the S233Fmutant requires
SGT1 to induce an HR (S. De la Fuente van Bentem,
unpublished data). Compared to D495V, the onset of
cell death was slower in S233F and D283E by 2 and 3 d,
respectively.
Previously, we have shown that the invariant Lys

(K207) in the P-loop of I-2 is essential for nucleotide
binding (Tameling et al., 2002). The corresponding res-
idue had also been shown to be required for resistance
mediated by the R protein N of tobacco (Nicotiana
tabacum) and the resistance to Pseudomonas syringae 2
(RPS2) and resistance to Pseudomonas syringae pv mac-
ulicola 1 (RPM1) R proteins of Arabidopsis (Arabidopsis
thaliana; Dinesh-Kumar et al., 2000; Tao et al., 2000;
Tornero et al., 2002a) and for autoactivation of Rx-MHV
and L-MHVmutants (Bendahmane et al., 2002; Howles
et al., 2005). To test whether an intact P-loop is required
for HR triggered by the autoactivating mutations, dou-
ble mutations were introduced in I-2 in which K207R

was combined with either one of the three autoactivat-
ing substitutions. When transiently expressed in
N. benthamiana, all three double mutants (K207R/
D495V, K207R/S233F, and K207R/D283E), similar to
the single K207Rmutant, failed to induce anHR (Fig. 1,
F–I). This result indicates that the ability of all three

Figure 1. Selection of autoactivating mutations in I-2. A, Schematic representation of the tripartite modular structure of I-2,
which consists of an N-terminal CC, a central NB-ARC, and a C-terminal LRR. In the indicated motifs, specific amino acids were
subjected to mutational analysis to identify autoactivating proteins. Numbers indicate amino acid positions. B to I, Transient
expression of wild type and a subset of mutant forms of I-2 in N. benthamiana leaves via agroinfiltration. In B, the response to
wild-type I-2 is depicted. Autoactivating mutants I-2D495V, I-2S233F, and I-2D283E (C–E) induce a cell death response that is
abolished when combined with the K207R mutation in the P-loop (F–I). Leaves were photographed 9 d after infiltration.

Table I. Motifs targeted for mutation and their effect in a transient
expression assay

Substitution Motif HRa

K207R P-loop 2

T208S P-loop 2

S233F RNBS-A 1

D282C Walker B 2

D283E Walker B 1

D495Vb MHD 1

aHR, Hypersensitive response in N. benthamiana leaves upon agro-
infiltration. HR was scored 9 d after infiltration. bPositive control for
HR induction, mutation is described before (De la Fuente van Bentem
et al., 2005).

Role of Nucleotide Binding for I-2 Protein Function
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autoactivating mutants to trigger HR depends on a
functional P-loop able to bind nucleotides.

Two Autoactivating Mutants Display Reduced
ATP Hydrolysis

Both autoactivating mutations, D283E and S233F, in
the NB subdomain were subsequently subjected to a
biochemical study to explore the role of nucleotide
binding and ATP hydrolysis for I-2 function in acti-
vating an HR. Since full-length I-2 is unstable in E. coli
and yields are extremely low, truncated forms of I-2
(I-2N, I-2NS233F, and I-2ND283E) were produced in E. coli
that encompass the amino-terminal part of the protein
(i.e. the CC and NB-ARC domains, but not the LRR
domain; Tameling et al., 2002). Equal purity and sim-
ilar yields were obtained for wild-type and mutant
proteins (data not shown).We then quantified the intrin-
sic ATP-binding and ATPase activity of wild-type
(average of two independently purified batches) and
mutant proteins. For measuring ATPase activity, puri-
fied proteins were incubated at 25�Cwith varying con-
centrations of [a32P]ATP. To measure the conversion of
[a32P]ATP into [a32P]ADP in time, samples were taken
at different time points and [a32P]ATP and [a32P]ADP
were resolved by thin-layer chromatography (TLC). The
conversion rate at each of the [a32P]ATP concentrations
was used to calculate the maximal initial hydrolysis
rate (Vmax) using standard Lineweaver-Burk plots. The
Vmax of wild-type I-2N was determined to be 6.2 6
1.5 pmol ATP hydrolyzed min21 mg21 protein (Fig. 2A).
The Vmax values of I-2NS233F and I-2ND283E (Fig. 2A)
were found to be 4.5- and 5-fold lower (1.4 6 0.4 and
1.2 6 0.2 pmol min21 mg21), respectively, indicating
that the mutants are impaired in their ATPase activity.

Reduced ATPase activity could be caused by a lower
rate of ATP hydrolysis, including dissociation of pro-
duct ADP, or by diminished ATP binding. Therefore,
the Km of the mutant and wild-type proteins was
measured. Using the same Lineweaver-Burk plots, the
Km value (which represents the ATP concentration at
half-maximal hydrolysis rate) was calculated for each
protein. For wild-type I-2N, a Km of 2.0 6 0.2 mM was
found (Fig. 2B). For I-2NS233F and I-2ND283E, slightly
lower values of 1.3 6 0.2 mM and 1.8 6 0.1 mM were
measured, respectively (Fig. 2B). Such a small decrease
of the Km value fits very well with a lowered rate of the
ATP hydrolysis reaction, but not with a lowered rate of
ATP binding because Km 5 (k-1 1 kcat)/k1, where k1
and k-1 represent the rate constants for binding and
dissociation of ATP, respectively. Thus, the lowered
ATPase activity of the autoactivating mutants is not
due to a lowered affinity of the enzyme for ATP, but to
a diminished rate of ATP hydrolysis.

The S233F Mutation Results in a Compromised kcat

The ATPase cycle consists of the following steps: (1)
ATP binding, (2) ATP hydrolysis, and (3) dissociation
of ADP from the active site:

I-2N1ATP �! �

Km

ðstep1ÞI-2N �ATP

I-2N �ATP/
kcat
ðstep2Þ I-2N�ADP1 Pi

I-2N �ATP����! ����

koff�ADP

ðstep 3Þ I-2N1ADP

As mentioned previously, both wild-type and autoac-
tivating I-2 mutants display similar affinities (Km) for
ATP (step 1 in the cycle). However, unlike thewild type,
these mutants were impaired in ATPase activity
(shown by the lower Vmax). This reduction could be
caused by (1) a decreased hydrolysis rate (kcat; step 2)
or (2) an increased affinity of the mutants for ADP after
hydrolysis (lower koff-ADP; step 3). In the presence of
ATP, a decreased hydrolysis rate will result in an
accumulation of the I-2N�ATP complex, whereas an
increased affinity for ADP (reduced koff-ADP) will result
in an accumulation of the I-2N�ADP complex. To test
which explanation is correct, we determined the re-

Figure 2. Hydrolysis rate (Vmax) and affinity (Km) of I-2N and its mutants
for ATP. Purified I-2N and mutant forms of this protein (S233F and
D283E) were incubated with different concentrations of [a32P]ATP.
Conversion of ATP to ADP was measured in an ATPase assay and
quantified. The conversion rates at each ATP concentration were
plotted in a Lineweaver-Burk graph and used to determine the Vmax

(pmol min21 mg21; A) and Km (mM; B). All reactions were done at least in
duplicate. The Vmax and Km value of I-2N presented is the mean based
on the outcome with two independently purified protein preparations;
error bars indicate the SD.
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lative amounts of ATP and ADP that are bound to
I-2N. Therefore, we incubated on ice wild-type I-2N
and I-2NS233F with 2 mM [a32P]ATP for 15 min. The sam-
ples were then spotted on polyvinylidene difluoride
(PVDF) membranes and, after extensive washing, the
nucleotides bound to the I-2N proteins were extracted
under denaturing conditions. The extracted nucleo-
tides were separated on TLC plates (Fig. 3A) and the
amounts of [a32P]ATP and [a32P]ADP were quantified
(Fig. 3B). For I-2NS233F, the amount of bound ADP was
reduced by approximately 70% compared to wild-type
I-2N (n 5 9, using two independent wild-type protein
isolations). This reduction in the amount of bound ADP
suggests that the reduced ATPase activity in the
I-2NS233F mutant is due to a lower hydrolysis rate (kcat)
rather than to an increased affinity for ADP (reduced
koff-ADP). Moreover, because the wild-type and mutant
protein have similar ATP-binding affinities, this result
implies that, under steady-state conditions, the mutant
is likely to accumulate a relatively higher level of the
I-2N�ATP state.
However, to our surprise, our analysis revealed only

small amounts of ATP bound to both I-2N and I-2NS233F

(Fig. 3, A and B). Because similar (trace) amounts
of ATP were found in the no-protein controls, the
detected amounts of ATP are most likely due to non-
specific binding of ATP to the membrane rather than
specific binding to the protein. This means that, under
our experimental conditions in which the I-2N�ADP
complex can readily be visualized, we are unable to
detect the I-2N�ATP complex. This could be explained
in two ways: (1) The bound ATP is hydrolyzed during
the extraction procedure; or (2) in contrast to the

I-2N�ADP complex, the I-2N�ATP complex is unstable,
preventing its retention on the filter. To distinguish
between these two options, we used a nonhydrolyz-
able ATP analog (ATP-g-S), allowing us to measure
solely the I-2N�ATP complex. Because this nucleotide
analog has a slightly different structure, we first ana-
lyzed the affinity of I-2N for ATP-g-S. Wild-type I-2N
was added to mixtures of [a32P]ATP with increasing
amounts of either ATP or its nonhydrolyzable analog
ATP-g-S and these samples were subsequently ana-
lyzed in a filter-binding assay. Both nucleotides were
able to compete for [a32P]ATP binding with similar
efficiencies (Fig. 4A), indicating identical affinities for
both nucleotides and that ATP-g-[35S] can be used as a
genuine I-2N substrate. However, after incubating
I-2N with ATP-g-[35S] and subsequent washing in the
filter-binding assay, we were unable to detect the
I-2N�ATP-g-[35S] complex on the filters using liquid
scintillation counting (data not shown). Also, nucleo-
tide extraction from these filters revealed only back-
ground levels of radioactivity. These results support
the second explanation that, in contrast to the
I-2N�ADP complex, the I-2N�ATP complex is unstable
and does not survive the washing procedure.

The relative ease at which the stable I-2N�ADP
complex can be detected, as opposed to the I-2N�ATP
complex, suggests a higher affinity of the wild-type
I-2N protein for ADP than for ATP. However, when
premixed with [a32P]ATP, both ATP and ADP are able
to compete for binding of [a32P]ATP to I-2N with
similar efficiency (Tameling et al., 2002), showing that
ATP and ADP have similar initial binding affinities for
the empty I-2N. The observed 70% reduction in the
amount of ADP bound to the S233F mutant (Fig. 3B),
together with the reduction in the kcat, suggests that in
the mutant the ADP/ATP equilibrium has relatively
shifted to the ATP-bound state.

I-2N Bound to ADP Has a Different Conformation
Than I-2N Bound to ATP

The instability of the I-2N�ATP complex (and the
I-2N�ATP-g-S complex) versus the stability of the mea-
sured I-2N�ADP complex suggests a conformational
change of the protein resulting in an increased binding
affinity for ADP. To investigate the I-2N�ADP complex
further, its stability was measured. To this end, a filter-
binding experiment was performed in which I-2N was
incubated on ice with [a32P]ATP. After 15 min, an
excess of cold ATP was added and the mixture was
further incubated for different periods of time. The
relative amount of radioactivity retained on the filter
([a32P]ADP) was plotted against the incubation time
(Fig. 4B). Using this plot, the time at which 50% of the
radioactivity had dissociated from the I-2N�ADP com-
plex was calculated to be approximately 30 min (t1/2 5
30 min). This extraordinarily long t1/2 corresponds to a
dissociation rate constant (koff) of 3.9 3 1024 s21 (koff 5
ln 2/t1/2) for I-2N�ADP. Such a low dissociation rate
constant for the I-2N�ADP complex is not compatible

Figure 3. TLC of nucleotides bound to I-2N. [a32P]ATP was incubated
in duplicate either without protein (no prot.), with I-2N, or with the
I-2NS233F mutant. The nucleotides retained by I-2N on the filters were
extracted and separated by TLC. Radioactivity of [a32P]ATP and
[a32P]ADP was visualized by phosphor imaging (A) and quantified
(B). The prevalent nucleotide bound by I-2N or I-2NS233F is ADP. M,
Marker of [a32P]-labeled ATP and ADP.

Role of Nucleotide Binding for I-2 Protein Function
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with the previously measured affinity for ATP (Kd 5
2 mM) for the empty I-2N protein (Tameling et al., 2002)
because it would imply an association rate constant
(kon; kon 5 koff/Kd) of 1.91 3 102 M

21 s21. Such a low kon
value is not in agreement with the observed binding
kinetics of ATP or ADP to I-2N and the experimental
findings can only be explained when the protein has
two distinct conformations having different affinities
and koff values for ADP: an empty and ATP/ADP-
bound state having a Kd of 2 mM with a relatively high
koff and a stable I-2N�ADP state with a much lower Kd
and a very low koff (3.9 3 1024 s21). Unfortunately, the
Kd value of the latter complex cannot be measured
directly because release of ADP causes the protein to
return into its initial low-affinity state. Only indirect
evidence for the existence of the stable complex, as
determined by the low koff value, can be obtained.

To answer the question of whether the formation of
the stable I-2N�ADP complex requires ATP hydrolysis
or whether direct ADP binding is also sufficient, filter-
binding assays in which I-2N was incubated with
either [a32P]ADP or [a32P]ATP were performed. In
both cases, similar amounts of ADP were retained by
I-2N, showing that ADP binding itself is sufficient for
the formation of a stable I-2N�ADP complex and that
ATP hydrolysis is not required (data not shown). To
firmly establish that the complex formed by ADP
binding is similar to the one that is formedbyATPhydro-
lysis, we repeated the filter-binding experiment as
described above, but using [a32P]ADP and cold ADP
as competitor instead of [a32P]ATP and cold ATP. From
this experiment, the t1/2 for ADP dissociation was
calculated to be approximately 34 min (Fig. 4C). This

value is similar to the 30 min found with [a32P]ATP
(Fig. 4B), confirming that ATP hydrolysis activity is not
required for the formation of a stable I-2N�ADP com-
plex per se, as direct ADP binding to the empty site
also results in this stable complex.

Previously, we have shown that I-2, like other P-loop
ATPases, requiresMg21 as a cofactor for the hydrolysis
of ATP (Tameling et al., 2002). To test whether Mg21 is
also required for the formation of the stable I-2N�ADP
complex, a filter-binding assay with [a32P]ADP was
performed in the absence of Mg21. When Mg21 was
omitted from the reaction mixture, no radioactivity
was retained on the filters (Fig. 4D), which indicates
that Mg21 is not only required for ATP hydrolysis
(Tameling et al., 2002), but also for the formation of the
stable I-2N�ADP complex. Based on these data, it is not
possible to distinguish whether Mg21 is required for
initial binding of ADP or for the conformational
change leading to the stable complex or both.

Autoactivating Mutations Cluster Together in a 3D
Model of the NB Domain

To reveal the relative position of Ser-233 and Asp-
283 in the 3D structure of I-2, closely related NB-ARC
and NACHT domains of plant and human proteins
were assembled into a structure-based multiple se-
quence alignment (Fig. 5A). The inclusion of both
plant and human proteins allowed us to modify our
previous alignment of human NACHT and NB-ARC
domain proteins (Albrecht et al., 2003a). Based on struc-
ture prediction results from the BioInfo.PL metaserver
and the associated 3D-Jury evaluation, including sec-

Figure 4. Stability of the I-2N�ADP complex. In filter-
binding assays, radioactivity bound to wild-type I-2N
was quantified and expressed as relative cpm. A, In a
competition experiment, [a32P]ATP was premixed
with an increasing amount of either cold ATP or
ATP-g-S. This graph shows that both nucleotides
compete equally well for binding. B, Determination
of koff. I-2N was incubated with [a32P]ATP (for
15 min) and, after addition of an excess of cold
ATP, samples were taken at different time points.
From this graph, the half life of the I-2�ADP complex
was estimated to be approximately 30 min. C, The
same competition experiment as in B, but using
[a32P]ADP and an excess of cold ADP. This graph
shows that ATP hydrolysis is not required to obtain a
stable I-2N�ADP complex. D, The formation of the
stable I-2N�ADP complex depends on Mg21. I-2N
was incubated with [a32P]ADP in the presence or
absence of MgCl2, and radioactivity bound to the
protein was quantified.
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ondary structure predictions, the x-ray crystal struc-
ture of the ATPase domain of the cell division control
protein Cdc6 (Protein Data Bank [PDB] identifier
1fnnA; Liu et al., 2000) was chosen as the best mod-
eling template for the NB domain of I-2 (Fig. 5A). This
template structure was also used to model the ATPase
domains of the NACHT domain proteins Nod2 and
Pypaf1 (Albrecht et al., 2003a), which shows that NB-
ARC and NACHT domains share very similar struc-
tures. Based on the alignment with Cdc6, a 3D model
of the NB domain structure of I-2 bound to ADP could
be constructed (Fig. 5B). In this model, Lys-207, Ser-
233, and Asp-283 (marked yellow) cluster together in
close proximity to the phosphates of ADP, suggesting
that these residues could indeed be directly involved
in ATP binding and/or hydrolysis. Our autoactivation
mutations might indirectly affect hydrolysis by dis-
rupting the binding pocket (S233F) or directly by pre-
venting correct bonding to the catalytic water required
for the nucleophilic attack,which is essential for hydro-
lysis of the b-g phosphate bond (D283E). It might also
directly interfere with nucleotide binding (K207R).

DISCUSSION

Downstream Signaling of I-2 Requires ATP Binding

Previously,we have shown that theNB-ARCdomain
of I-2 functions as an ATPase (Tameling et al., 2002)
allowing the protein to go through an ATP hydrolysis
cycle. In this cycle, the protein binds and hydrolyzes
ATP and subsequently releases ADP, allowing it to
return to its empty state. Here, we provided data that
ATP binding and not necessarilyATP hydrolysis by the
NB-ARC domain may be the crucial step for R-protein
activation. Mutagenesis of conserved motifs that to-
gether form the ATP-binding fold of the NB-ARC
domain resulted in the identification of two mutations
that lead to autoactivation of the defense response as
manifested by a macroscopic HR, similar to I-2D495V

reported earlier (De la Fuente van Bentem et al., 2005).
Both mutants, S233F and D283E, were affected in ATP
hydrolysis but not inATPbinding (I-2D495V has not been
subjected to biochemical analysis because themutation
lies outside the NB subdomain). When we combined
mutations S233F and D283E with a mutation in the
P-loop that strongly reduces ATP binding (K207R;
Tameling et al., 2002), HR was not induced in

Figure 5. Structure-based multiple sequence alignment of the NB
subdomain and structural model of this subdomain in I-2. A, Structure-
based multiple sequence alignment of the NB subdomain of NB-ARC
and NACHT domain proteins including the PDB structures 1fnnA,
1e32A, and 1bmfF. The DSSP secondary structure and the correspond-
ing predictions by the PSIPRED server are depicted in the top and
bottom part of each alignment row (a-helices are represented by curled
lines, b-strands by horizontal arrows). Alignment columns with iden-
tical residues are highlighted in dark-gray boxes, those in which more
than 60% of the residues are physicochemically conserved are shown

in light-gray boxes. Mutations in I-2 and disease-associated mutations
in Nod2 and Pypaf1 are denoted. Residues important in ATP binding
and/or hydrolysis as well as the putative nucleotide sensor-1 residues
(analogous to AAA1 proteins) are also annotated. B, Structural 3D
model of the NB subdomain of I-2 (based on the template 1fnnA).
a-Helices are colored in red and b-strands in blue; the locations of
mutations are annotated in yellow and are shown as sticks together with
the bound ADP and magnesium ion (Mg). a-Helices and b-strands are
numbered according to the order in which they occur in the multiple
sequence alignment.
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N. benthamiana. From this, we conclude that activation
of I-2 requires nucleotide binding to theNB subdomain
prior to activation of downstream signaling. Moreover,
because the two autoactivating mutants are disturbed
in ATP hydrolysis (and hence likely accumulate in the
ATP-bound state), the active conformation of I-2 able to
initiate an HR might be the ATP-bound state. Such a
model, inwhich theNTP-bound state of a protein is the
active state, is analogous to that for other NB-signaling
proteins such as the distantly related G-proteins, in
which the GTP-bound state is the active state (Sprang,
1997).

We favor a model for I-2 function in which the
resting or off state of the NB-ARC domain is repre-
sented by the ADP-bound state. The ATPase activity of
I-2 would reset the protein from the ATP or on state to
its off state, trapping ADP in the binding pocket. This
idea agrees with the high stability of the I-2N�ADP
complex compared to the instability of the I-2N�ATP
complex (Fig. 3). The high stability is probably caused
by a conformational change upon nucleotide binding
because the initial NB affinities are equal for ATP
and ADP as measured in competition assays (see
‘‘Results;’’ Tameling et al., 2002). This finding is rem-
iniscent of the apparently highly stable ADP-bound
state of APAF-1 (Riedl et al., 2005). Because direct ADP
binding to the empty protein could also induce this
conformational change, resulting in a stable I-2�ADP
complex, hydrolysis is not required per se. However,
in the cell, this change will probably rely on hydrolysis
of ATP because ATP is by far the most prevalent
nucleotide in vivo. Our data suggest that ATP binding
is sufficient to switch the I-2 protein into the active
conformation that triggers defense signaling.

This reaction scheme differs from that for the struc-
turally related NB-ARC protein APAF-1. Binding
cytochrome c to the WD-40 repeat domain of APAF-1
results in hydrolysis of bound dATP and subsequent
exchange of the produced dADP by dATP/ATP (Kim
et al., 2005). Both dATP hydrolysis and nucleotide ex-
change are essential for formation of the activated state
of APAF-1 that is able to form the apoptosome (Kim
et al., 2005). Recently, the crystal structure of CED-4,
the Caenorhabditis elegans homolog of APAF-1, has been
solved (Yan et al., 2005). Like APAF-1, CED-4 requires
ATP binding for function; however, it has been reported
that CED-4 is unable to hydrolyze or exchange the
nucleotide, suggesting that in this protein ATP binding
could merely have a structural role (Yan et al., 2005).
Pop and Salvesen (2005) suggested that these data could
mean either that evidence for hydrolysis or nucleotide
exchange has been missed for CED-4 or that indeed
conformational cycling of this NB-ARC protein differs
from that of APAF-1. In the latter case, this would
imply that, although the NB-ARC domains of I-2,
APAF-1, and CED-4 are structurally related, they seem
to regulate the activity of the complete protein in dif-
ferent ways. However, the common theme in the reg-
ulation would be that their active state requires a NB
pocket that is bound to ATP.

Autoactivating Mutations Inhibit ATPase Activity,

Locking I-2 in the On State

To gain insight into how the autoactivating muta-
tions may affect ATP hydrolysis, an alignment of the
I-2 NB-ARC domain was assembled with related pro-
teins of the NB-ARC and NACHT clade, both belong-
ing to the STAND family. The NB-ARC domain consists
of three subdomains: the two C-terminal subdomains
called ARC1 and ARC2 (Albrecht and Takken, 2006)
and the N-terminal ATPase domain that forms a 3D
structure consisting of a parallel b-sheet flanked by
a-helices (Albrecht et al., 2003a; Fig. 5B). The proposed
model is very similar to the crystal structure of APAF-1
bound to ADP (Riedl et al., 2005). The ATPase fold of
I-2 corresponds to the core structure of P-loop-
containing NTPases (Vetter and Wittinghofer, 1999).
Our 3D model of the ATPase domain of I-2 predicts
that the mutations leading to constitutive activity,
S233F and D283E, cluster together at the surface near
the bound nucleotide (Fig. 5B).

S233F substitutes a Ser that is part of a conserved
region referred to as the RNBS-A motif (Meyers et al.,
1999; Pan et al., 2000b) and maps close to mutations
associated with autoinflammatory disease in the
NACHT domains of Nod2 (R334W/Q) and Pypaf1
(R260W). These latter mutations have been shown to
cause constitutive activation aswell (Chamaillard et al.,
2003; Dowds et al., 2004; Tanabe et al., 2004). Similar
mutations in the b-subunit of the F1-ATPase (E181 and
R182, PDB structure 1bmf, chain F) were also shown to
affect ATP hydrolysis (Senior et al., 2002). Together,
these findings indicate that the S233F mutation dis-
turbs an essential and conserved region required for
ATP hydrolysis in R and possibly in other STAND
proteins. The D283E mutation in I-2 targets the second
Asp of theWalker B motif that, in R proteins, as well as
in AAA1 proteins like Cdc6 (1fnnA; Liu et al., 2000),
ATP-binding cassette (ABC) transporters, and helicases,
has the consensus hhhhD-D/E (where h is mostly a
hydrophobic residue). The second acidic residue is
believed to act as the general catalytic base in ATP
hydrolysis (Muneyuki et al., 2000). In several ATPases
(e.g. Cdc6, helicases, and ABC transporters), this res-
idue was indeed found to be important for hydrolysis
(Herbig et al., 1999; Orelle et al., 2003; for review, see
Geourjon et al., 2001). The strict conservation of this
Asp residue in the NB subdomain of NB-LRR proteins
suggests that this residue may also act as the catalytic
base in ATP hydrolysis in NB-LRR proteins.

The biochemical basis for the autoactivation of the
D495V mutation is not known. The mutation lies close
to the C terminus of the ARC2 subdomain and is part
of the conserved MHD motif. In the structurally re-
lated APAF-1 protein, the imidazol residue from the
analogous His forms a hydrogen bond with the
b-phosphate of the bound ADP (Riedl et al., 2005).
Riedl and coworkers (2005) propose that this residue
not only coordinates the nucleotide, but also connects
the ARC2 subdomain to the binding pocket, thereby
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deeply burying ADP. Because of the significant, but
weak, interaction of ARC2 with ADP, they suggest that
this domain is prone to conformational changes. It is
tempting to speculate that the MHD motif in I-2 has a
similar function. The autoactivation phenotype caused
by the D495V substitution would then be due to desta-
bilization of ADP binding. This would allow the I-2
protein to release ADP, bind ATP, and hence switch to
its active state in the absence of an elicitor. Currently,
we are investigating this possibility.

Novel Intramolecular Interactions

Moffett and coworkers recently proposed a model
for R-protein activation based on intramolecular in-
teractions in the R-protein Rx, also a CC-NB-LRR
(Moffett et al., 2002). They were able to demonstrate
that the NB-ARC domain of Rx interacts with the LRR
domain and likely with the CC domain as well (CC
interacts with the NB-LRR part). The interaction with
the LRR is disrupted upon recognition of the virally
encoded avirulence protein that serves as the elicitor of
the Rx-mediated defense response. So far, our attempts
to perform similar experiments were unsuccessful
because we have not been able to detect full-length I-2
or truncated versions of I-2 produced in planta using
polyclonal antibodies raised against part of the ARC2
subdomain. Also N- or C-terminal versions of epitope-
tagged I-2 expressed in planta could not be detected
upon immunoprecipitations or pull-down assays. Nev-
ertheless,we believe that the role of theNB-ARCdomain
in I-2 is consistent with the observations made for Rx.
We here propose a refined model for R-protein

function in which the NB-ARC plays a pivotal role in
regulating signaling (Fig. 6). As proposed for Rx, the
resting state of the R protein is represented by a
situation where the NB-ARC domain interacts with

both the CC and LRR domain. This interaction requires
a functional P-loop as observed for Rx. Moreover, we
could show that I-2 function also requires an intact
P-loop (K207R mutant). The switch from the off (ADP)
to the on (ATP) state is triggered by either direct or
indirect recognition of the elicitor. For Rx, this results
in dissociation of the LRR from the CC-NB-ARC part
of the protein. Our data would add that elicitor per-
ception by the LRR domain triggers a conformation
change in the NB-ARC domain leading to destabiliza-
tion of the ADP-bound state (step 1), allowing rapid
dissociation of ADP (step 2). A positive regulatory
function of the LRR domain can be deduced from the
observation that deletion of the LRR does not result in
constitutive activity for Rx (Moffett et al., 2002), the I-2
wild type, or the hydrolysis mutants (data not shown).
Also, many truncated and splice variants of R proteins
that lack an LRR are encoded by the plant genome and
these variants do not spontaneously induce a defense
response (Lawrence et al., 1995; Anderson et al., 1997;
Parker et al., 1997; Ayliffe et al., 1999; Dinesh-Kumar
et al., 2000). A positive regulatory function for the LRR
also fits with the finding that the elicitor-independent
HR, triggered by a constitutively active Mi-1 chimera,
could be abolished by numerous independent muta-
tions in this domain (Hwang and Williamson, 2003).
Furthermore, a positive regulatory function for the LRR
can be inferred from our observation that in vitro the
I-2N form, lacking the LRR domain, has a low, instead
of a high, dissociation rate for ADP.

The next step in the ATPase cycle is binding of ATP
(step 3). Our data indicate that the conformation of the
ADP-bound state is different from that of the ATP-
bound state. In the case of Rx, activation by the elicitor
leads to dissociation of the CC domain from the NB-
ARC domain (Moffett et al., 2002). This might be
the key event for activation of downstream defense-

Figure 6. Proposed model of the NB-
ARC domain functioning as a molecular
switch in the regulation of R-protein-
mediated signaling. In the resting (off)
state, theCCand LRRdomains are bound
to the NB-ARC domain. The NB-ARC
tightly binds ADP and this interaction is
stabilized by the LRR domain. (1) Upon
elicitor recognition, the LRR-NB-ARC in-
teraction isdisturbed, resulting in reduced
affinity for ADP. (2) This reduced affinity
results in rapid dissociation of ADP. (3)
The free state binds ATP that triggers a
conformational change, resulting in dis-
ruption of the CC-NB-ARC interaction.
This active (on) state is competent to
activate signaling, leading to induction
of defense responses. (4)Hydrolysis of the
boundATPby the intrinsicATPaseactivity
returns the protein to its resting state. The
steps affected by the mutations in the NB
subdomain are indicated.
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signaling pathways by allowing the R protein to in-
teract with downstream-signaling partners (Belkhadir
et al., 2004).

Hydrolysis of the bound ATP by the intrinsic
ATPase activity (step 4) brings the protein back into
its resting (off) state completing the ATPase cycle. We
propose that this ATPase cycle also runs in vivo, albeit
at a lower speed, in the absence of the pathogen.
Evidence for that is the observation that there is a
certain degree of constitutive activity of R-gene path-
ways in plants in the absence of elicitors (for review,
see Nimchuk et al., 2003), resulting in an overall fitness
penalty (Korves, 2004). A change in the reaction speed
of any of the different steps in the ATPase cycle, either
by pathogen perception or mutations in the NB-ARC
domain, will influence the amount of I-2�ATP. Pre-
sumably, when the concentration of this complex
exceeds a certain threshold, defense signaling will be
initiated. This dynamic behavior of R proteins can
explain why small disturbances in the amount of R
protein in the cell can result in induction of defense
signaling (Jin et al., 2002; Tornero et al., 2002b; Bieri
et al., 2004). The fact that no HR is observed upon
transient expression of wild-type I-2 in N. benthamiana
indicates that, in this case, this threshold is not ex-
ceeded. It agrees with the finding that very low
amounts of I-2 protein are produced in planta because
the levels are below our detection levels. In summary,
it is likely to be of crucial importance to the plant to
tightly regulate the expression levels of R proteins.

Downstream Signaling

How the proposed active, ATP-bound state of I-2 trig-
gers downstream signaling is not known. The related
AAA1 ATPase proteins often rely on oligomerization
for function (for review, see Hanson and Whiteheart,
2005) and oligomerization has also been shown for
several STAND proteins, including MalT, APAF-1,
C2TA, and Nod1 (for review, see Leipe et al., 2004).
Recently, for the tobacco N R protein, a TIR-NB-LRR
protein, it was shown that oligomerization is induced
in the presence of the elicitor (Mestre and Baulcombe,
2006). So far oligomerization has not been shown for
CC-NB-LRR proteins, and an alternative mechanism
could be that the activated, NTP-bound state of the
protein functions as a monomer, similar to G-proteins
(Sprang, 1997).

Future experiments may reveal the molecular mech-
anism through which activated R proteins trigger
downstream signal transduction cascades. In addition,
more direct measurements of changes in protein con-
formation are required to establish how the nucleotide
state controls this conformation and thereby the activ-
ity of the protein. Furthermore, we need to understand
the switch function of the NB-ARC domain in relation
to intramolecular interactions and other factors that
may influence the rate of hydrolysis and nucleotide ex-
change similar to what has been found for G-proteins
(Sprang, 1997).

MATERIALS AND METHODS

Constructs

Mutations were introduced by overlap extension PCR (Higuchi et al., 1988)

using I-2 as a template. For each mutation, two flanking primers and

the following set of mismatch primers were used: T208S (5#-CCAGG-

GCAAGTCTACACTTGC and 5#-GCAAGTGTAGACTTGCCCTGG); S233F

(5#-TGGTATTGCGTTTTTGAAGGATTTGA and 5#-TCAAATCCTTCAAA-

AACGCAATACCA); D282C (5#-TCCTTATTGTTTTGTGTGATGTGTGGA

and 5#-TCCACACATCACACAAAACAATAAGGA); and D283E (5#-TCC-
TTATTGTTTTGGATGAAGTGTGGA and 5#-TCCACACTTCATCCAAAAC-

AATAAGGA) All mutations were confirmed by sequence analysis. All frag-

ments were digested with NcoI and Tth111I to replace the corresponding

fragment in the yeast (Saccharomyces cerevisiae) two-hybrid bait vector pAS2-1

(CLONTECH Laboratories) containing I-2N (1–519; described in De la Fuente

van Bentem et al., 2005; herein referred to as CC-NB-ARC). Restriction

fragments containing the mutation were excised from these vectors with

SalI and BamHI to replace the corresponding fragments in the pGreen 1K-

derived binary vector encoding full-length I-2F (1–1,266; WP42). In this vector,

the gene is under the control of the cauliflower mosaic virus 35S promoter and

a nopaline synthase transcription terminator. WP42 and the binary vector

harboring I-2FD495V (WP45) are described in De la Fuente van Bentem et al.

(2005). The SalI-BamHI fragments containing the sequences coding for the

S233F and D283E mutations were used to replace the corresponding frag-

ments in I-2 present in the Escherichia coli expression vector pGEX-KG

(Tameling et al., 2002). In this article, construction of pGEX-KG containing

the I-2NK207R mutant is described. To construct the binary vector that contains

I-2FK207R/D495V, the SalI-BamHI fragment containing the K207R mutation was

isolated from the pGEX-KG construct containing I-2NK207R, and used to

replace the corresponding fragment in WP45. The pGEX-KG construct was

used as a template for overlap extension PCR, as described above, to gain

DNA fragments containing a second mutation coding for either S233F or

D283E. These fragments were digested with SalI and BamHI and used to

replace the corresponding fragment in WP42. This resulted in pGreen 1K

containing the double mutants I-2FK207R/S233F and I-2FK207R/D283E.

Agroinfiltration

All binary vector (pGreen 1K derived) constructs were transformed to

Agrobacterium tumefaciens GV3101 and agroinfiltration was performed as

described in Van der Hoorn et al. (2000). The cells were spun down and

resuspended to an OD600 of 2.Nicotiana benthamiana plants used for infiltration

were 4 to 5 weeks old. Plants were grown in a greenhouse at 25�C under

supplemental lighting.

Multiple Sequence Alignment and Structural Modeling

Protein sequences were retrieved from the UniProt (Apweiler et al., 2004)

database and protein domain architectures from the Pfam (Bateman et al.,

2004) and SCOP (Andreeva et al., 2004) databases. The synonymous names

of the protein sequences and UniProt accession numbers are as follows:

I-2, Q9XET3; Mi-1, O81137; Rx, Q9XGF5; Prf, Q96485; Rpi-blb1/RGA2,

Q7XBQ9; RPM1, Q39214; RPS2, Q42484; N, Q40392; L6, Q40253; PYPAF1/

CIAS1/CRYOPYRIN/NALP3, Q96P20; NOD1/CARD4, Q9Y23; NOD2/

CARD15/IBD1, Q9HC29; PYPAF2/NALP2/NBS1/PAN1, Q9NX02; PYPA-

F3/NALP7/NOD12, Q8WX94; PYPAF4/NALP4/PAN2, Q96MN2; PYPAF5/

NALP6/PAN3, P59044; PYPAF6/NALP11/NOD17, P59045; PYPAF7/

MONARCH-1/NALP12/PAN6, P59046; PYPAF8/MATER/NALP5, P59047;

DEFCAP/CARD7/NALP1/NAC, Q9C000; CLAN/CARD12/IPAF, Q9NPP4;

and CIITA/MHC2TA, P33076.

Protein structures were obtained from the PDB database (Bourne et al.,

2004). The secondary structure assignments of PDB structures were taken from

the DSSP database (Kabsch and Sander, 1983). A single capital letter appended

to the actual PDB identifier denotes the chosen structure chain. The state-of-

the-art online server PSIPRED (McGuffin et al., 2000) predicted the secondary

structure of NB-ARC and NACHT domain proteins. Because of recent improve-

ments of the PSIPREDmethod, we also recomputed the secondary structure of

NACHT domain proteins discussed in our previous studies (Albrecht et al.,

2003a, 2003b). The structure-based multiple sequence alignment of NB-ARC

and NACHT domain proteins (Fig. 5A) was assembled using precomputed

Pfam domain alignments and T-COFFEE (Poirot et al., 2003). We also im-
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proved them manually by minor adjustments based on structure prediction

results and pairwise superpositions of all PDB structures. The respective

superpositions were computed by the program CE (Shindyalov and Bourne,

1998). For the alignment construction, we used the sequences of the NB-ARC

domain proteins I-2, Mi-1, Rx, Rpi-blb1, Prf, RPS2, RPM1, L6, N, APAF-1, and

CED-4 and the NACHT domain proteins PYPAF1-8, DEFCAP, CLAN, CIITA,

and NOD1/2. In addition, the more distantly related structure of the

b-subunit of the F1-ATPase (PDB identifier 1bmfF) was included because

the role of its functionally relevant amino acids has been investigated in detail.

Furthermore, we investigated the results of all state-of-the-art fold recognition

methods available via the online metaserver BioInfo.PL (Bujnicki et al., 2001),

which contacts a dozen other prediction servers (whose names are listed on

the Web site http://Bioinfo.PL/Meta). The associated 3D-Jury system allows

for the comparison and evaluation of the predicted 3D models in a consensus

view (Ginalski and Rychlewski, 2003). To obtain a 3Dmodel of the NB domain

structure of I-2, we extracted the sequence structure alignment of I-2 to 1fnnA

from the multiple sequence alignment of NB-ARC and NACHT domain pro-

teins (Fig. 5A) and submitted it to the 3Dmodeling serverWHAT IF (Rodriguez

et al., 1998). An alternative modeling template with a very similar structure

despite low sequence identity would have been the vasolin-containing protein

VCP, also known as membrane fusion ATPase p97 (PDB identifier 1e32A;

Zhang et al., 2000). Further possible templates would be the crystal structures

of APAF-1 and CED-4, which were published after the completion of this

study (Riedl et al., 2005; Yan et al., 2005). The sequence alignments depicted in

the figures were prepared in the SEAVIEW editor (Galtier et al., 1996) and

illustrated by the Web service ESPript (Gouet et al., 2003). The protein

structure images were drawn in the Accelrys Discovery Studio ViewerLite.

Purification of Glutathione S-Transferase Fusion
Proteins from E. coli

I-2N, I-2NK207R, I-2NS233F, and I-2NS283E were expressed as glutathione

S-transferase fusions from the pGEX-KG-derived constructs in E. coli. Expres-

sion, purification, and renaturation were performed as described previously

(Tameling et al., 2002). Protein concentration was determined by the Bradford

method using bovine serum albumin as a standard.

ATPase Assay

ATPase assays were performed as described previously (Tameling

et al., 2002). To measure the Vmax and Km at 25�C, either 42 or 118 ng active

I-2N, I-2NK207R, I-2NS233F, and I-2ND283E were incubated with three different

[a32P]ATP concentrations (0.6, 2, and 8 mM with specific activities of 7.4 3 105,

2.2 3 105, and 5.6 3 104 cpm/pmol, respectively) in a reaction volume of

16 mL. Samples were taken 0, 10, 20, and 40 min after starting the reaction. The

amount of [a32P]ADP and [a32P]ATP in each sample was quantified from a

TLC plate by using phosphor imaging (Storm; Molecular Dynamics). Data

points were plotted and the hydrolysis speed (n in pmol min21) for each

reaction was determined by linear curve fitting. The speed values were used

for each protein preparation to create Lineweaver-Burk plots from which the

Vmax (pmol ATP hydrolyzed min21 mg21 active protein) and Km (mM) values

were extracted.

[a32P]ADP Production Using Hexokinase

[a32P]ADP was produced by 5-min incubation at 25�C of [a32P]ATP with

2 units of hexokinase (Sigma-Aldrich) in a reaction volume of 120 mL that

contained 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl2, and 100 mM

Glc. To remove the hexokinase, the reaction was loaded on a microcon YM-10

filter unit (Millipore), centrifuged for 30 min at 13,000 rpm in a micro-

centrifuge, and subsequently washed with 100 mL water. The flow through

was collected and the preparation was heated for 2 min at 100�C. No

hexokinase activity could be detected in this final preparation. Full conversion

to [a32P]ADP was confirmed by TLC and the concentration was quantified

using liquid scintillation counting.

Filter-Binding Assays

Filter-binding assays were performed according to Tameling et al. (2002),

except that the reaction mixtures contained 10 mM MgCl2.

Nucleotide Extraction from Filters

I-2N (0.31 mg active protein in 60 mL) or buffer only were incubated with

2 mM [a32P]ATP (5.8 3 104 cpm/pmol) on ice and subjected to a filter-binding

assay. Glycerol was omitted from the washing buffer, which did not affect

ATP-binding characteristics. Deoxynucleotides were extracted from the filters

by soaking them for 1 h in 700 mL 60% methanol (method adapted from

Palmer and Cox, 1994). After incubation, 550 mL of the extracts were trans-

ferred to clean Eppendorf tubes and the liquid was evaporated using dry,

flowing air. Pellets were dissolved in 10 mL water, of which 6 mLwere used for

TLC similar to that described for the ATPase assay (Tameling et al., 2002).

[a32P]ATP and [a32P]ADP separated on the TLC plate were visualized by

autoradiography using x-ray films (Fuji Photo Film) and the amount of

radioactivity was quantified by using phosphor imaging (Storm; Molecular

Dynamics).

Competition Filter-Binding Experiment

I-2N (0.24 mg active protein) was incubated for 15 min on ice with 0.15 mM

[a32P]ATP (5.8 3 105 cpm/pmol) and varying amounts of either cold ATP or

ATP-g-S (Fermentas and Roche) in 55-mL standard filter-binding reactions.

Fifty microliters of the reactions were spotted on PVDF (Millipore) mem-

branes and radioactivity was measured by liquid scintillation counting.

Nucleotide Dissociation Experiments

I-2N (0.18 mg active protein) was incubated on ice with 2 mM [a32P]ATP

(6.8 3 104 – 1.1 3 105 cpm/pmol) in 35-mL reaction mixtures. After 15 min,

20-mL reaction buffer containing 2.5 mM cold ATP was added (to dilute free

[a32P]ATP). These mixtures were incubated for different time periods prior to

spotting on the PVDF membranes. To measure ADP dissociation, the same

experiment was performed except that 2 mM [a32P]ADP (2.65 3 104 cpm/pmol)

and cold ADP were used.

Because of the apparent high stability of the I-2N�ADP complex, it was

possible to measure the absolute amount of [a32P]ADP bound to I-2N. This

was done in triplicate at the concentration required for half-maximal binding

(2 mM). The amount at saturation was calculated to deduce the amount of

active protein in the preparation.

MgCl2 Dependency of ADP Binding

I-2N (0.29 mg active protein) was incubated on ice with 0.2 mM [a32P]ADP

(7.6 3 104 cpm/pmol) in 55 mL of either standard reaction mixtures or

mixtures without MgCl2 added and in the presence of 10 mM EDTA (to chelate

MgCl2 [0.1 mM] carried over from the [a32P]ADP preparation).
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