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Background: Nucleotide binding and oligomerization domain-containing protein 2 (NOD?2) is a protein involved in the
recognition of bacterial pathogens through detection of muramyl dipeptide.

Results: Purified recombinant NOD2 was found to bind ATP and muramyl dipeptide.

Conclusion: NOD2 is an intracellular signaling receptor for muramyl dipeptide.

Significance: These results help to define the molecular events involved in NOD2 signaling.

Nucleotide binding and oligomerization domain-containing
protein 2 (NOD2/Card15) is an intracellular protein that is
involved in the recognition of bacterial cell wall-derived
muramyl dipeptide. Mutations in the gene encoding NOD?2 are
associated with inherited inflammatory disorders, including
Crohn disease and Blau syndrome. NOD2 is a member of the
nucleotide-binding domain and leucine-rich repeat-containing
protein gene (NLR) family. Nucleotide binding is thought to play
acritical role in signaling by NLR family members. However, the
molecular mechanisms underlying signal transduction by these
proteins remain largely unknown. Mutations in the nucleotide-
binding domain of NOD2 have been shown to alter its signal
transduction properties in response to muramyl dipeptide in
cellular assays. Using purified recombinant protein, we now
demonstrate that NOD2 binds and hydrolyzes ATP. Addition-
ally, we have found that the purified recombinant protein is able
to bind directly to muramyl dipeptide and can associate with
known NOD2-interacting proteins iz vitro. Binding of NOD2 to
muramyl dipeptide and homo-oligomerization of NOD2 are
enhanced by ATP binding, suggesting a model of the molecular
mechanism for signal transduction that involves binding of
nucleotide followed by binding of muramyl dipeptide and olig-
omerization of NOD2 into a signaling complex. These findings
set the stage for further studies into the molecular mechanisms
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that underlie detection of muramyl dipeptide and assembly of
NOD2-containing signaling complexes.

Nucleotide-binding domain and leucine-rich region-con-
taining proteins (NLRs)* are a family of intracellular proteins
involved in innate immune signaling (1-3). These proteins
share structural similarities to a subfamily of proteins encoded
by plant disease resistance genes (R genes) and the mammalian
apoptotic protease-activating factor-1 (APAF-1). These pro-
teins all contain a central, presumed nucleotide-binding
domain with homology to the AAA-ATPase superfamily,
which is believed to regulate the signaling activity of these pro-
teins. Additionally, members of this family of proteins contain a
variable number of C-terminal leucine-rich repeats and an
N-terminal effector domain (usually a pyrin domain or caspase
activation and recruitment domain (CARD)), which are
thought to mediate additional protein-protein interactions.
Mutations in several NLR protein-encoding genes are associ-
ated with human immunologic disorders (4). For example,
mutations in nucleotide oligomerization domain-containing
protein 2 (NOD2), a member of the NLR family, are strongly
associated with inherited inflammatory diseases, particularly
Blau syndrome and Crohn disease (5-9).

NOD2 is involved in detection of muramyl dipeptide (MDP),
a component of bacterial cell walls. Cytoplasmic exposure to
muramyl dipeptide results in NOD2-dependent activation of
NE-kB (10, 11). This signaling event is mediated by the associ-
ation of NOD2 and the kinase, RIP2K (12, 13). In addition to
activation of the transcription factor NF-kB, it has recently
been recognized that stimulation of NOD2 by intracytoplasmic

“The abbreviations used are: NLR, nucleotide-binding domain and leucine-
rich repeat-containing protein; CARD, caspase activation and recruitment
domain; MDP, muramyl dipeptide; CIITA, class Il transcriptional activator;
TEV, tobacco etch virus; ATPvS, adenosine 5'-O-(thiotriphosphate); tri-
DAP, L-alanyl-y-p-glutamyl-meso-diaminopimelic acid; NBD, nucleotide-
binding domain; LRR, leucine-rich repeat.

JOURNAL OF BIOLOGICAL CHEMISTRY 23057


http://www.jbc.org/cgi/content/full/M112.344283/DC1

NOD?2 Is a Muramyl Dipeptide-binding ATPase

bacterial pathogens induces formation of autophagosomes
through interactions between NOD2 and the autophagy pro-
tein ATG16L1 (14-16). Mutations in NOD2 associated with
Blau syndrome appear to cause constitutive, dysregulated
NF-«B activation (17). Mutations associated with Crohn dis-
ease result in reduced NF-«B activity and are less responsive to
muramyl dipeptide (10, 11, 18). Crohn disease-associated
mutant NOD2 proteins also fail to initiate MDP-induced
autophagy (14 -16). The molecular mechanisms by which MDP
exposure controls NOD2-mediated signaling and by which
missense mutations lead to dysregulated signaling in human
diseases have not been discerned.

Analysis of NOD2 function in cells after transfection with
mutant cDNA-expressing constructs suggests that nucleotide
binding and hydrolysis are important in the activation and
deactivation of signaling by NOD2 (19, 20). Molecular model-
ing based on homology of NOD2 with the NLR related protein
APAF-1 indicates that mutations predicted to disrupt ATP
binding prevent activation of NOD2 signaling (21, 22). Further,
mutations that modeling predicts may be involved in ATP
hydrolysis result in constitutive activation of NOD2 signaling,
suggesting that ATP hydrolysis may drive inactivation of
NOD2 (20). A similar mechanism of activation has been noted
in a plant R protein involved in pathogen resistance, tomato I-2,
which has a domain structure similar to that of mammalian
NLR proteins. Mutations that abolish biochemical ATP bind-
ing do not signal in vivo, and mutations that allow ATP binding
but abolish ATP hydrolysis signal constitutively (23, 24).
Although these published studies strongly support a role for
nucleotide binding by NOD2 in controlling signal transduction,
formal evidence for NOD2 nucleotide binding has remained
elusive. Six NLR proteins have been shown to bind nucleotides.
Full-length NLRP3, full-length NOD1, and isolated recombi-
nant nucleotide-binding domains from NLRP12 and NLRC4 all
bind to ATP (25-28). The MHC class II transcriptional activa-
tor (CIITA), which was the first described member of the NLR
family, binds to GTP (29). Interestingly, NLRP1 has been shown
to bind all nucleotide triphosphates with similar affinities (30).
Additionally, NLRP1 has been shown to assemble into an
inflammasome, a macromolecular complex containing NLRP1
and procaspase-1, in vitro in response to MDP and triphosphate
nucleotide (30). This in vitro inflammasome formation by
NLRP1 bears remarkable semblance to the assembly of the
caspase-3-activating apoptosome structure by APAF-1, which
requires the APAF-1 ligands cytochrome ¢ and ATP (31).
NLRP3 and NLRC4 are both thought to form similar inflam-
masome structures in a manner dependent on ATP binding by
the NLR protein. GTP binding by CIITA is required for nuclear
translocation and localization to the MHC class II promoter but
not for assembly with the transcriptional activation factors
required for CIITA-induced transcription (32).

We now show the successful isolation of recombinant NOD2
from eukaryotic cells. This full-length protein binds and hydro-
lyzes ATP. The purified recombinant protein can also bind to a
biotinylated muramyl dipeptide, suggesting that NOD?2 is
indeed a MDP receptor. Recombinant NOD2 also homo-oli-
gomerizes and hetero-oligomerizes with RIP2K. Finally, the
homo-oligomerization, hetero-oligomerization, and MDP
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binding are enhanced by ATP binding. These data further illu-
minate the NOD2 signaling pathway and provide a path for
further studies into the molecular dysfunction of NOD2 in
human disease processes.

EXPERIMENTAL PROCEDURES

Construction of NOD2 Expression Plasmids—Standard tech-
niques of DNA manipulation were utilized (33). The NOD2-
encoding cDNA was amplified with high fidelity Pfx DNA
polymerase (Invitrogen) with primers that generated flanking
Pmel and Sgfl sites (for primer sequences, see supplemental
Table 1). The resulting DNA fragment was digested by Pmel
and Sgfl and ligated with pFN21A vector (Promega), creating a
gene encoding a NOD2 fusion protein with an N-terminal
HaloTag. We designated this plasmid as pFN21A-NOD?2. The
following primers were used to amplify the HaloTag-NOD2
DNA fragment by PCR: 5-TCGAATCTAGAATGGCA-
GAAATCGGTACTGG-3" and 5'-AAGCAAGAGTCTGGT-
GTCCCT-3'. HaloTag-NOD2-His, DNA fragment was then
ligated with pFastBac/CT-TOPO vector (Invitrogen), which
generated a C-terminal hexahistidine tag. DNA sequencing was
performed to confirm that there was not mutation in the Halo-
NOD2-His coding sequence. pFastBac-Halo-NOD2 plasmid
was used to transform DH10Bac competent cell to generate
recombinant bacmid virus DNA. The NOD2-encoding cDNA
and truncations of the NOD2-encoding cDNA were inserted in
the mammalian expression vector, pcDNA™™3.1/V5-His
TOPO® (Invitrogen) or pFN21A (Promega) for HaloTag fusion
proteins, using the manufacturers’ recommendations. As
described above, DNA fragments were amplified with high
fidelity Pfx DNA polymerase (Invitrogen), and all plasmids and
cloning intermediates were confirmed using both restriction
digest and sequencing. The primer sequences used to generate
these mammalian expression plasmids are noted in supplemen-
tal Table 1.

Baculovirus and Insect Cell Culture—Recombinant baculo-
virus expressing Halo-NOD2-His, was generated using the Bac
to Bac system (Invitrogen). Insect cell culture and baculovirus
infection were performed according to the manufacturer’s
protocols.

Purification of Recombinant NOD2, NOD2 CARDs, and GST—
Sf9 cells infected with Halo-NOD2-His.-expressing baculovirus
were collected by centrifugation and washed with phos-
phate-buffered saline (PBS). The cell pellet was then resuspended
in binding buffer (50 mm sodium phosphate, 300 mm NaCl, pH 8.0,
supplemented with 0.1% CHAPS and Complete™ proteinase
inhibitor mixture (Roche Applied Science)), and homogenized
using one pass through a French press. The solubilized lysate
was prepared by centrifugation at 15,000 X g for 30 min and
applied to an immobilized nickel column (Sepharose 6 Fast
Flow, GE Healthcare). The column was washed with 5 column
volumes of binding buffer, and the recombinant protein was
eluted with binding buffer supplemented with 500 mMm imidaz-
ole. The eluted recombinant protein was applied to HaloLink
(Promega), washed, and eluted with His,-tagged tobacco etch
virus (TEV) protease. The proteins eluted from HaloLink resin
were subsequently applied to immobilized nickel resin to
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remove His-tagged TEV protease, and the flow-through was
collected.

NOD2 CARDs (residues Met**~Arg**’) were inserted using
a Gateway cloning system into the vector pDest-HisMBP. The
recombinant protein was expressed in Rosetta 2 Escherichia
coli cells as an N-terminal His-MBP and C-terminal FLAG
fusion. The protein was purified via nickel-NTA affinity chro-
matography, followed by removal of the N-terminal fusion tags
with TEV protease. The protein was passed over a 1-ml His-
Trap column (GE Healthcare) to remove the cleaved tag, resid-
ual full-length protein, and His-tagged TEV protease.

GST was expressed in BL21 E. coli cells from the plasmid
pGEX-4T1(GE Healthcare). The protein was purified using
glutathione-Sepharose 4B (GE Healthcare) as per the manufac-
turer’s instructions.

ATPvyS Binding and ATP Hydrolysis Assays—Nucleotide
binding was assayed by a nitrocellulose filter binding assay (34).
Nucleotide hydrolysis assays were carried out utilizing a mod-
ified acidified charcoal precipitation (35).

Cell Culture and Transfection—THP-1 and HEK293 (ATCC)
were cultured under the recommended conditions. Fugene 6
(Promega) was used for transfection of HEK293 cells according
to the manufacturer’s protocol.

Immunoprecipitation and Immunoblot Analysis—Immuno-
precipitations were carried out in 50 mm Tris-HCI (pH 8.0), 150
mM NaCl, 1 mm MgCl,, and 0.5% Nonidet P-40 supplemented
with Complete™ protease inhibitor mixture (Roche Applied
Science) and 1 mm ATP. Lysates from 5 X 107 cells were incu-
bated for 30 min at 30 °C prior to immunoprecipitation with
agarose-conjugated anti-FLAG (M2) (Sigma-Aldrich) followed
by SDS-PAGE. Anti-V5 antibody was from Invitrogen. Anti-
hexahistidine antibody (GenScript, Piscataway, NJ) and anti-
NOD2 (NOD2-15) were from Biolegend (San Diego, CA). Elec-
trophoresis was carried out using the NuPAGE gel system
(Invitrogen), and separated proteins were transferred to nitro-
cellulose using the iBlot dry blotting system (Invitrogen).
Immunoblots were imaged with horseradish peroxidase-conju-
gated secondary antibodies (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and SuperSignal West chemiluminescent sub-
strate products (Pierce) using the FluorChem E CCD-based
imaging system (Protein Simple).

Biotinylated MDP Binding Assay—Purified NOD2 was incu-
bated with biotinylated MDP at 24 °C for 1 h in 50 mm Tris-HCl
(pH 7.0), 150 mm NaCl, and 0.1% CHAPS in the absence or
presence of 10 um ATP or ATPvS. 100 pl of Streptavidin
microbeads (Miltenyi Biotec, Auburn, CA) was added to the
reaction mix after a 1-h incubation. To assess MDP binding by
NOD2 and truncated NOD2 proteins in cellular extracts,
HEK293T cells were plated in 12-well culture plates and trans-
fected with vectors expressing the indicated V5-tagged NOD2
proteins. After 24 h, cells were washed with PBS and lysed with
radioimmune precipitation assay buffer (50 mm Tris-HCI (pH
8.0), 150 mm NaCl, 1% Igepal Co-630, 0.5% deoxycholate, and
0.1% SDS) containing proteinase inhibitors. Lysates were cen-
trifuged to remove cell debris. Biotinylated MDP was added to
lysates and rotated at 4 °C overnight. After 1-h or overnight
incubation, 100 ul of Streptavidin microbeads was mixed with
the proteins. MDP-bound protein was isolated by magnetic iso-
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lation using u columns (Miltenyi Biotec, Auburn, CA) accord-
ing to the manufacturer’s protocol. The eluate was subjected to
SDS-PAGE followed by immunoblot blot analysis using anti-
NOD?2 antibody or anti-V5 antibody, as indicated.

Surface Plasmon Resonance—Surface plasmon resonance
experiments were performed on a Biacore T100 at 25 °C. Full-
length NOD2 was diluted 10-fold in pH 4.0 acetate buffer and
immobilized onto the surface of a CM5 sensor chip to a level of
~3,500 response units. Recombinant NOD2 CARDs and GST
proteins were buffer-exchanged into 10 mm sodium phosphate,
pH 6.0, 150 mm NaCl, 50 um EDTA, 0.01% Tween 20 and
passed over the chip surface at a flow rate of 15 wl/min and
concentrations of 0, 6.25, 12.5, 25, 50, and 100 um. Background
subtraction from a protein-free reference surface was per-
formed, and the data were analyzed using BiaEvaluation soft-
ware and GraphPad Prism 5.0.

RESULTS

Recombinant NOD2 Can Be Purified to Homogeneity by
Sequential Affinity Chromatography—Biochemical character-
ization of the NLR protein functions remains largely unstudied
more than 10 years after the discovery of these proteins. Gen-
eration of functional purified protein from recombinant
sources has been a major challenge in this field. Portions of both
NLRP12 and NLRC4 containing the central nucleotide-binding
domain have been expressed, purified, and characterized (27,
28). To date, only NLRP1, NOD1, and NLRP3 have been char-
acterized as full-length proteins (25, 26, 30). We have previ-
ously expressed and purified a dually tagged recombinant
NLRP3 with an N-terminal hexahistidine tag and a C-terminal
FLAG™ tag expressed using recombinant baculovirus in
insect cells (26). This strategy did not yield purified recombi-
nant NOD2 in a quantify sufficient for biochemical analysis
(data not shown). We evaluated numerous additional expres-
sion systems and fusion protein partners in an attempt to iso-
late purified NOD2. Ultimately, we generated a recombinant
baculovirus expressing an N-terminal HaloTag"™ and C-ter-
minal hexahistidine-tagged form of NOD2 in which both tags
could be removed using recombinant TEV protease (Fig. 14).
The majority of NOD2 expressed in Sf9 cells infected with this
recombinant baculovirus can be solubilized in CHAPS deter-
gent (Fig. 1B). However, most of this solubilized protein fails to
bind to immobilized nickel. Immunoblot analysis with antibod-
ies directed to the hexahistidine tag indicates that the NOD2
protein that fails to bind nickel-containing chromatography
resins does indeed contain the hexahistidine tag. This is prob-
ably the result of the protein folding (or misfolding) in a way
that prevents access of this tag to the resin. The recombinant
NOD2 protein that can be eluted from immobilized nickel can
be purified to near homogeneity using HaloTag-ligand chro-
matography, removal of the tags using hexahistidine-tagged
TEV protease, and subsequent reapplication to immobilized
nickel (Fig. 1C). The final protein is immunoreactive with a
monoclonal antibody directed against NOD2 and is not reac-
tive with antibodies against the HaloTag"™ or hexahistidine tag
(Fig. 1D). This procedure yields between 100 and 300 ug of
purified NOD2 for each liter of Sf9 culture.
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FIGURE 1. Recombinant NOD2 expressed in insect cell culture can be puri-
fied to near homogeneity. A, the purification strategy for recombinant Halo-
NOD2-Hisg protein is detailed with the linear structure of the protein at each
step provided to the right of the step. B, recombinant NOD2 was purified from
Sf9insect cells infected with Halo-NOD2-Hisg-expressing baculovirus, as indi-
cated under “Experimental Procedures” (and outlined in A). Proteins from the
indicated stages of purification were separated by SDS-PAGE electrophoresis
and visualized using staining with Coomassie Blue. Lanes 1-3, 20 g of pro-
tein; lane 4, 5 pg of protein; lane 5, 1 ug of protein; lanes 6 and 7, 700 ng of
protein. C, proteins from the Halo-NOD2-His, purification strategy were sep-
arated by SDS-PAGE as in B, the proteins were transferred to nitrocellulose,
and NOD2 was visualized using immunoblot with antibodies directed against
NOD?2. D, proteins from the lysate (Lys; 5 ug), first nickel column elution
(Ni(1)E; 1.2 ng), and second nickel column flow-through (Ni(2)FT; 100 ng) were
separated using SDS-PAGE, transferred to nitrocellulose, and detected using
antibodies directed against HaloTag (left) and Hisg tag (right).

NOD?2 Binds Non-hydrolyzable ATP Analogs and Exhibits
ATPase Activity—Purified NOD2 protein exhibited binding
activity toward ATPvS, a non-hydrolyzable ATP analog. NLR
proteins contain conserved putative nucleotide-binding
domains that fall into the structural superfamily known as
AAA-ATPases (2). The Walker A motif, which contains the
conserved sequence, GK(S/T), is involved in coordinating the
y-phosphate of bound ATP in many proteins with this motif
(36). The Walker B motif, which contains the sequence D,
is predicted to be a critical element for nucleotide binding and
y-phosphate hydrolysis. A mutant NOD2-encoding cDNA was
constructed in which the Walker A motif amino acids Gly*°%,
Lys®®, and Ser®*® (GKS — AAA) and Walker B motif amino
acids Thr*”7, Phe®”®, and Asp®”® (TFD — AAA), were mutated
to alanine. This mutant NOD2 designated (NOD2 WAB) pro-
tein was purified to near homogeneity, as described for the wild
type protein, but contained an additional protein contaminant
(Fig. 2, A and B). WT and WAB mutant NOD2 were assayed for
ATPyS binding; the mutant NOD2 had diminished binding
compared with WT protein (Fig. 2C). Because contaminating
proteins were more abundant in the WAB mutant NOD2 pro-
tein preparation than in the WT NOD?2 protein preparation,
these data indicate that the ATP binding in the preparation is
attributable to the recombinant NOD2 and not other contam-
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inants in the preparations. To further demonstrate that NOD2
was responsible for ATPvyS binding activity in the protein prep-
arations, the preparations were incubated with a nonhydrolyz-
able, biotin-labeled, photoactivatable ATP analog (8-azido-
ATPvy-biotinpentylamine) and exposed to UV radiation.
Analysis of ATP analog-linked proteins using SDS-PAGE and
detection of biotin with streptavidin HRP indicated that virtu-
ally all of the detectable ATP-bound protein appears to be
NOD?2 (Fig. 2D). Purified NOD2 also exhibited ATPase activity,
as shown by the release of [**P]PO,, from [y->*P]ATP incubated
with purified NOD2 (Fig. 2E). Partially purified NOD2 WAB
had diminished ATPase activity when compared with the wild
type protein (Fig. 2E). The NOD2 WAB protein was found to
label with 8-azido-ATP+y-biotinpentylamine, although with
less intensity than WT NOD2 (supplemental Fig. S1A4). Con-
sistent with markedly diminished, but not completely extin-
guished, ATP binding and hydrolysis in vitro, cells transfected
with cDNA encoding the NOD2 WAB mutant had minimally
increased NF-kB-dependent reporter gene activity that was sig-
nificantly less than that observed in cells transfected with
¢DNA encoding WT NOD2 and was not responsive to MDP
stimulation (supplemental Fig. S1, B—D). Hence, the NOD2
WAB mutant protein retains some residual ATPyS binding
activity, ATPase activity, and biological activity. Thus highly
purified, recombinant NOD2 has both ATP binding and
hydrolysis activities that depend on intact Walker A and
Walker B motifs for full activity.

The rates of ATP+S binding and dissociation were also meas-
ured in preparations of wild type NOD2. The association of
ATPvyS was measured over time and demonstrated a rapid
phase with a T, of ~4 min and a second prolonged phase. The
second phase did not reach saturation in a measurable time
frame (Fig. 3A). The rate of dissociation of ATP+yS was also
measured by loading the protein with [**S]JATPyS and then
incubating in a 200-fold excess of unlabeled ATPvyS and meas-
uring the decay of bound radiolabel. The disassociation rate of
nucleotide has not been documented for other NLR proteins.
As with ATPvS association, nucleotide disassociation appeared
to occur in two phases, one with a T, of <1 min and the second
with a Ty, of ~8 min (Fig. 3B). Approximately half of the bound
counts disassociated in the first phase and half in the second.
Both disassociation rates were surprisingly rapid when com-
pared with guanine nucleotide binding signaling proteins,
which bind almost irreversibly to non-hydrolyzable GTP
analogs.

A competition assay for NOD2 ATP+S binding activity was
used to assess the nucleotide binding specificity of NOD2.
Unlabeled ATP and dATP competed for [**S]ATP+S binding
by NOD2 with an IC,, of 57 and 277 nm, respectively. The IC,
for ADP competition with ATPvyS was 2.8 um (Fig. 44). These
data show NOD?2 has a strong binding preference for triphos-
phate containing adenine nucleotides. Competition with non-
adenine nucleotides did not fit one-site competition models
well; however, estimates of the IC,, were generated using this
model. The calculated IC., for UTP, CTP, or GTP ranged from
47 uMm to 24 mu, indicating at least a 1000-fold higher affinity
for adenine-containing triphosphate nucleotides (Fig. 4B).
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proteins were separated using SDS-PAGE and transferred to nitrocellulose. The proteins were visualized using Ponceau S (left). NOD2 was identified using
immunoblot with NOD2-directed antibodies (middle). The analog-bound proteins were visualized using streptavidin HRP with luminescent substrate (right).
E, wild type (H) and WAB mutant (O) NOD2 (1 ug) were incubated with 1 um [y->?P]ATP (2000 cpm/pmol). At the indicated time points, the reaction was
stopped by the addition acidified charcoal, and released [*?Plorthophosphate was measured as described under “Experimental Procedures.” Data points

represent the mean, and error bars represent the S.D. of triplicate measurements. The plots and images are representative of at least three experiments.

Combined, these studies conclusively demonstrate that NOD2
is an adenine nucleotide-binding protein.

Purified Recombinant NOD2 Binds to MDP—Although
NOD?2 signaling is clearly activated by MDP in vivo and NOD2
is commonly referred to as a “receptor” for this bacterial PAMP,
binding of this or other bacterial ligands to NOD2 has not been
demonstrated. We sought to determine whether NOD2 was
able to directly associate with MDP. Purified NOD2 was incu-
bated with biotinylated MDP or biotin (as a negative control).
The biotin-associated material was captured using streptavi-
din-carrying paramagnetic beads, and the associated proteins
were analyzed by immunoblot. Purified NOD2 was found to
associate with biotinylated MDP but not biotin alone (Fig. 5A4).
In this assay, only a small portion (~3%) of the purified NOD2
was recovered from the streptavidin beads, which may result
form poor affinity of NOD2 for the biotinylated MDP or steric
hindrance limiting simultaneous binding of NOD2 and strepta-
vidin to biotinylated MDP. Further experiments using isotope-
labeled MDP would allow us to further address this, but these
reagents are not commercially available at this time. The bind-
ing of MDP by NOD2 was also confirmed using lysates from
cells transfected with cDNA encoding NOD (Fig. 5B). Lysates
prepared from the transfected cells were exposed to biotiny-
lated MDP. Subsequently, the MDP-associated proteins were
isolated using streptavidin paramagnetic isolation. NOD2 was
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found to associate with biotinylated MDP, whereas other con-
trol proteins expressed after transfection, [B-galactosidase,
NLRC4, and NOD1, did not (Fig. 5B). To determine the
domain(s) of NOD?2 that is required for MDP binding, a series
of NOD2 deletion mutants were expressed in HEK293 cells
(Fig. 5C). Interestingly, all NOD2-derived proteins containing
the central NBD were found to associate with MDP (Fig. 5C).
Because the leucine-rich repeat-containing C terminus of
NOD2 had previously been implicated in MDP-responsive sig-
naling, we sought to further test whether this domain might
also associate with MDP (37). Because the LRR domain failed to
express as an isolated V5-tagged fusion protein at reasonable
levels, full-length NOD2 and the LRR domain of NOD2 were
expressed as HaloTag fusion proteins in transfected HEK293
cells. Full-length NOD2 fused to HaloTag associated with bioti-
nylated MDP, as had been observed with other recombinant
full-length NOD2 proteins. However, the HaloTag-NOD2 LRR
fusion protein did not associate with MDP (Fig. 5C). Combined,
these data suggest that NOD2 is a bona fide intracellular MDP
receptor and that the nucleotide-binding domain containing
amino acids 216 — 821 is sufficient to associate with MDP.
Recombinant NOD2 Homo-oligomerizes and Binds RIP2K—
The activation of NOD2 signaling is thought to depend on the
homo-oligomerization of the protein that facilitates the forma-
tion of a signaling complex that includes the kinase RIP2K (12,
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FIGURE 3. Recombinant NOD2 associates and disassociates with ATPyS
with rapid kinetics. A, recombinant NOD2 was incubated with 1 um
[**SIATPYS (7700 cpm/pmol) at 30 °C, aliquots of the reaction were removed
at the indicated times, and [**SIATPvS binding by NOD2 was measured by
filtration over nitrocellulose as described under “Experimental Procedures.” B,
NOD?2 protein was incubated with 5 nm [**S]ATP+S (17,000 cpm/pmol) for 1 h
at 30 °C. A 1000-fold excess of unlabeled ATPvS (5 um) was added to the
binding reaction, aliquots were withdrawn at the indicated times, and
remaining NOD2-bound [**S]ATPyS was determined as described under
“Experimental Procedures.” Error bars, S.D. of ATPys binding assays measured
in triplicate. Curves represent best fitting to two-phase binding (y = Y, (1 —
e + ¥, o(1 — e ¥®) or two-phase disassociation (y = Span1(e” <) +
Span2(e”%*)). A representative experiment of four is shown.

13). We sought to determine whether recombinant purified
NOD2 was able to form this signaling complex. Recombinant
Halo-NOD2-His,, enriched by immobilized nickel chromatog-
raphy, was immobilized by incubation with HaloLink resin.
Lysates from cells transfected with plasmids that express either
V5-tagged NOD2 or RIP2K were incubated with immobilized
NOD?2 or control resin in which NOD2 was removed using TEV
protease. The association of NOD2 or RIP2K from the trans-
fected cell lysates with immobilized Halo-NOD2 and control
resin was assayed by immunoblot analysis. Both NOD2 and
RIP2K were found to associate with Halo-NOD2-His,, whereas
V5-tagged B-galactosidase did not (Fig. 6, A and B). Weak asso-
ciation of NOD2 and RIP2K with control resin was noted and
may be the result of incomplete removal of NOD2 or nonspe-
cific interactions with the resin (Fig. 6, A and B). Yeast two-
hybrid studies have previously shown the CARDs of NOD2 to
undergo homotypic interactions (38). To further assess the
functionality of the full-length NOD2, we sought to repeat
these observations using surface plasmon resonance. Full-
length NOD2 was immobilized, and increasing concentrations
of recombinant NOD2 CARDs or GST were used as analyte.
Specific binding was only observed to the NOD2 CARDs (Fig.
6C) with a measurable K, of 12.37 = 0.58 uM. Non-linear
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regression using a specific binding model with Hill slope pro-
duced a value of the Hill slope of 1.6 = 0.13, indicative of mul-
tiple binding sites and potential cooperativity consistent with a
tandem CARD interaction process (Fig. 6C). These data suggest
that recombinant purified NOD2 not only binds ATP and MDP
but also is capable of supporting protein-protein interactions
important in in vivo NOD2 signaling.

ATP Binding Modulates MDP Binding and Homo-oligomer-
ization by Recombinant NOD2—We sought to determine
whether ATP binding by NOD2 could alter biologically rele-
vant activities of the recombinant protein. The association of
purified NOD2 with MDP was assessed as described above after
NOD2 was incubated with ATP, ATP+S, or no nucleotide.
MDP binding by NOD2 was enhanced by incubation with non-
hydrolyzable ATP analog but not with ATP (Fig. 7, A and B).
Interestingly, the NOD2 WAB protein binding to biotinylated
MDP was dramatically reduced when compared with WT
NOD2 (Fig. 7C), further supporting the concept that MDP
binding by NOD2 is modulated by association of the protein
with ATP. The homo-oligomerization of NOD2 was also
assessed by assaying interaction between V5-tagged NOD2 in
transfected cell lysates and HaloLink, resin-bound, recombi-
nant Halo-NOD2-His, incubated with ATP, ATPvS, or no
nucleotide. As with association between NOD2 and MDP,
NOD2 homo-oligomerization was increased by binding to
ATP~S (Fig. 7D).

DISCUSSION

This work shows that highly purified, recombinant full-
length NOD2 binds to and hydrolyzes ATP. Similar to related
proteins NOD1, NLRP3, and NLRP12, NOD2 favors ATP bind-
ing over other nucleotides (25-28). Unlike purified NOD1,
which does not bind dATP, NOD2 appears to have some affin-
ity for dATP (25). NLRP1 and CIITA do not share this nucleo-
tide preference, and it is not clear what selective pressures may
have led to the alterations in nucleotide specificity by different
NLR proteins (29, 30). Some intracellular bacteria produce
ecto-ATPases and ecto-NTPDases that might affect host intra-
cellular nucleotide triphosphate levels (39). Additionally, phys-
iologic stressors, such as starvation or hypoxia, may also alter
the intracellular nucleotide triphosphate pools. It may be that
signaling activities of some NLR family members are beneficial
to the host under these conditions, whereas others are not.

The rapid disassociation of ATP+S from purified NOD2 sug-
gests that the ATP-bound enzyme is likely to associate with
other cellular factors that slow the rate of ATP disassociation
during signaling or, alternatively, that ATP hydrolysis and not
ATP binding alone is important in the signaling activities of
NOD2. Our observation that non-hydrolyzable ATP analogs
seem to promote NOD2 activation, as measured by homo-oli-
gomerization, in vitro suggests that NOD2-ATP may be stabi-
lized during signal transduction. In addition to the effector
pathways of RIP2K and ATG16L, numerous proteins have been
found to bind to NOD2 and regulate MDP-induced signaling in
cell-based assays of NOD2 signaling. These include 1) proteins
that regulate small GTP-binding protein function (ERBIN and
GEF-H1); 2) CARD domain-containing proteins (CARDS8 and
caspase-12); and 3) proteins involved in ubiquitination of sig-
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FIGURE 4. NOD2 demonstrates a binding preference for ATP over other nucleotides. A, NOD2 was incubated with 5 nm [*>SJATP+S (17,000 cpm/
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FIGURE 5. NOD2 directly associates with muramyl dipeptide. A, purified NOD2 was mixed with biotin or biotinylated MDP and then isolated using uMACS
streptavidin beads as detailed under “Experimental Procedures.” The MDP-bound proteins were analyzed by SDS-PAGE and immunoblot analysis with
anti-NOD2 antibodies. The lanes were loaded as follows. Control, uMACS streptavidin bead-associated NOD?2 after incubation of NOD2 with biotin; Input, the
amount of NOD2 incubated with wMACS streptavidin beads; Biotin-MDP, uMACS streptavidin bead-associated NOD2 after incubation of NOD2 with biotiny-
lated MDP. B, HEK293T cells were transfected with plasmids encoding V5-tagged B-galactosidase, NOD2, NLRC4, or FLAG-tagged NOD1. Cell lysates were
prepared from the transfected cells, and MDP-binding proteins were isolated using biotinylated MDP and wMACS streptavidin beads as described in A. The
MDP-bound proteins were resolved using SDS-polyacrylamide gel and immunoblot analysis with anti-V5 antibody or anti-FLAG antibody as indicated. C, cells
were transfected with plasmids encoding full-length NOD2 or the indicated NOD2 truncation tagged with V5 epitope or HaloTag as indicated. Cell lysates were
prepared from the transfected cells,and MDP-binding proteins were isolated using biotinylated MDP and detected as described in B. Cell lysates were prepared
from the transfected cells, and MDP-binding proteins were isolated using biotinylated MDP and detected as described in B. The protein and domain trunca-
tions are indicated as follows. LacZ, E. coli B-galactosidase; NOD2, full-length NOD2 (amino acids 1-1040); N-NBD, NOD2 amino acids 1-821; NBD, NOD2 amino
acids 216-821; NBD-LRR, NOD2 amino acids 216 -1040; N-term, NOD2 amino acids 1-215; Halo-NOD2, full-length NOD2 (NOD2 amino acids 1-215); Halo-LRR,
NOD2 amino acids 705-1040.
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FIGURE 6. Recombinant NOD2 binds to NOD2 and RIP2K. A, HEK293T cells
were transfected with B-galactosidase (LacZ) or RIP2K, as indicated. Immobi-
lized NOD2 was generated by incubation of Halo-NOD2-His, expressed in Sf9
cells (as described in the legend to Fig. 1) with HaloLink resin. Control resin
was prepared by removal of the NOD2 fusion protein using TEV protease
cleavage prior to incubation with the cellular lysates. Lysates from the trans-
fected cells were incubated with immobilized NOD2 or the control resin as
indicated. The bound proteins were subjected to SDS-PAGE and immunoblot
analysis with anti-V5 antibody. B, HEK293T cells were transfected with B-ga-
lactosidase or NOD2, as indicated, and NOD2 binding of transfected proteins
was determined as described in A. C, recombinant NOD2 binds to NOD2
CARD domain. Recombinant NOD2 CARDs and GST proteins at concentra-
tions of 0, 6.25, 12.5, 25, 50, and 100 um were passed over full-length NOD2
immobilized on a CM5 chip. Background subtraction from a protein-free
reference surface was performed, and the data were analyzed using Bia-
Evaluation software and GraphPad Prism 5.0.

naling proteins (TRAF4, A20, and SGT1) (40—47). Itis possible
that these proteins or post-translational modifications result-
ing from the activity of these may act to inhibit ATP disassoci-
ation or slow ATP hydrolysis in order to promote NOD2 sig-
naling. In studies of transfected cells, NOD2 E383K has a high
level of NF-«kB activation in the absence of MDP stimulation
that is not further activated by MDP exposure (20). Structural
predictions suggest that this mutant might have intact ATP
binding but impaired ATP hydrolysis, which supports our in
vitro findings with non-hydrolyzable ATP+S. Other mutations
in the Walker A or Walker B motif that are predicted to disrupt
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ATP binding lead to decreased signaling base line and MDP-
stimulated NF-«B activation. Thus, analysis of the in vivo func-
tion of rationally designed mutant NOD2 and our biochemical
analysis of purified NOD2 suggest that ATP binding is impor-
tant for assembly of the signaling complex and that hydrolysis is
required for deactivation. In vivo analysis of similar mutations
in NOD1 indicates that ATP binding and hydrolysis are impor-
tant in NOD1 signaling (20). However, analysis of ATP binding
and hydrolysis in vitro by NOD1 and mutant NOD1 needs to be
explored to confirm this apparent difference in signaling mech-
anisms by these related proteins. Additionally, dysregulated
NOD2 signaling, resulting from missense mutations, is present
in hereditary inflammatory disorders, including Crohn disease
and Blau syndrome. Many of these mutations actually fall
within the nucleotide-binding domain of NOD2 (5-9). Further
studies of NOD2 nucleotide binding in the setting of these
mutations are needed to better understand how this activity of
the protein regulates inflammatory signaling.

Our understanding of the role of NOD1 and NOD?2 as pep-
tidoglycan component receptors has evolved over the past dec-
ade. Early studies by Nuiiez and colleagues (48) suggested that
NOD1 and NOD2 conferred responsiveness to bacterial LPS.
These studies were coupled with data indicating that radiola-
beled LPS could co-immunoprecipitate with NOD1 when
added to lysates generated from cells overexpressing NOD1.
This work led to an early hypothesis that NOD1 and NOD2
were the physical receptors for cytoplasmic bacterial products.
Later, NOD2 and NOD1 were found to signal in response to
peptidoglycan-derived molecules, muramyl dipeptide and L-
alanyl-y-p-glutamyl-meso-diaminopimelic acid (tri-DAP),
respectively (10, 11, 49, 50). It remains unclear why LPS was
found in association with NOD1 in these early studies. It is
possible that the observed interaction between NOD1 and LPS
was mediated by cellular proteins that bind LPS and associate
with NOD1 or that the preparations of labeled LPS were also
contaminated with labeled peptidoglycan fragments that bind
to NODI. Although NOD2 has been clearly and repeatedly
implicated as a member of the MDP-sensing signal transduc-
tion pathway, demonstration of its role as the receptor mole-
cule for MDP has remained elusive; in one study of proteins that
bound immobilized muramyl dipeptide, NOD2 did not associ-
ate with MDP, whereas calreticulin did (51, 52). Our current
work clearly demonstrates that highly purified NOD?2 is able to
associate with MDP in vitro. Surprisingly, in cellular lysates
with conditions that are permissive for MDP binding by NOD?2,
we now show that the binding to MDP is dependent on the
nucleotide-binding domain of NOD2 rather than the leucine-
rich repeat domain, where binding had previously been hypoth-
esized to take place. Mutations in the NOD2 LRR domain that
are associated with Crohn disease predisposition and numer-
ous mutations made in the LRR resulting from systematic
mutation of 60 residues predicted to be solvent-exposed confer
diminished MDP responsiveness (10, 11, 19). Additionally, the
substitution of the NOD2 LRR for the NOD1 LRR results in an
MDP-responsive NOD1 molecule in cell-based assays (37).
These data support the hypothesis that MDP-mediated activa-
tion of NOD2 requires the LRR domain of the protein. Cell-
based analysis of mutant NOD1 molecules combined with
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molecular modeling of the LRR domain strongly suggests that - -

the NOD1 activator, tri-DAP, associates with the LRR of NOD1
(37). Additional evidence of a direct interaction between NOD1
and tri-DAP is provided by the demonstration that full-length
recombinant NOD1 purified from lentivirus-transduced mam-
malian cells forms homo-oligomers when incubated with ATP
and tri-DAP (25). A recent study further demonstrated that
full-length recombinant NOD1 covalently coupled to a gold
chip associated with tri-DAP, whereas a truncated NOD1 lack-
ing the NBD and LRR did not (53). However, this study lacks
refined truncations required to differentiate binding of tri-DAP
to the NBD or LRR domains. We cannot rule out the possibility
that the isolated NOD2 LRR protein in our transfected cells is
misfolded when expressed without the remainder of the pro-
tein or that the LRR and nucleotide-binding domain may both
contribute MDP binding properties to the full-length NOD2

protein. Our data raise the possibility that intramolecular inter-
actions between the NOD2 NBD and NOD2 LRR may control
signaling activity of the protein and may be modulated by bind-
ing of MDP to the NBD or an interface of the NBD and LRR. We
have not yet been able to purify the individual domains of
NOD?2, particularly the nucleotide-binding domain alone, to
confirm that NBD domain directly interacts with MDP, and
this remains an important question to be pursued.
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FIGURE 8. Hypothetical model for NOD2 signaling activation. In the basal,
autoinhibited state, NOD2 is monomeric either bound to ADP (three-quarters
circle) or free of nucleotide. Binding of ATP (full circle) promotes an open
conformation that allows for homo-oligomerization and the ability to
respond to MDP (pentagon). Binding of MDP to ATP-NOD2 promotes higher
order oligomerization and/or stabilizes ATP-induced oligomerization to pro-
mote induction of signaling. Hydrolysis of ATP to ADP restores the basal state.
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Based on the biochemical properties of purified NOD2 that
we have presented and the analysis of mutant NOD2 molecules
in cellular assays published by others (20), we propose a model
as a working hypothesis for the role of nucleotide binding in
NOD?2 signaling (Fig. 8). In this model, NOD2 can rapidly cycle
between the ATP-bound and open state while signaling is inac-
tive. However, binding to ATP leads to the formation of a state
that is competent for homo-oligomerization and MDP binding.
Homo-oligomerization is facilitated probably by both CARD-
CARD and NBD-NBD interactions. ATP-binding by NOD2
probably induces conformational changes that are dependent
on intact Walker A and Walker B motifs that facilitate associa-
tion with MDP and assembly of a signaling-competent com-
plex. Our data do not currently distinguish binding of MDP by
ATP-NOD2 monomers or oligomers. Data from the literature
suggest that the binding of MDP then leads to formation of an
active signaling complex that contains both oligomeric ATP-
NOD?2 and other adapter and effector molecules, particularly
binding of RIP2K through CARD-CARD interactions. It is
likely that NOD2 CARD domains can support multiple protein
protein interactions through distinct surface patches, as has
been described for other CARD domains (54). The signaling
complex is shut off by hydrolysis of ATP by NOD2 and disas-
sembly of the oligomer. Although the data presented herein
support the NOD2 interactions with ATP and MDP and the
proposed changes in oligomerization state, further experi-
ments are required to refine this working model and determine
the sites in the ATP hydrolysis cycle that are regulated by (or
regulate) interactions between NOD2 and other cellular pro-
teins involved in this signaling axis.
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