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Abstract

Nod-like receptors (NLRs), Nod1 and Nod?2 are cytosolic detectors of pathogen-associated molecular patterns (PAMPs). Nodl1 is a
three-domain protein, consisting of a caspase activation and recruitment domain (CARD), a nucleotide-binding oligomerization domain
(NOD), and a leucine-rich repeat domain (LRR). The binding of PAMPs to the LRR results in the activation of signaling through hom-
ophilic CARD-CARD interactions. Several CARD structures have been determined, including a recent NMR structure of Nodl
CARD. In contrast to the reported NMR structure, the crystal structure reported here is a dimer, where the sixth helix is swapped
between two monomers. While the overall structure is very similar to the known CARD structures, this is the first report of a homodi-
meric CARD structure. The ability of the CARD to exist in monomeric and dimeric forms suggests another level of regulation in the

activation of NLR proteins.
© 2006 Elsevier Inc. All rights reserved.
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Innate immunity is essential for the long-term survival
of all multicellular organisms. It provides a maximal,
non-specific host response following pathogen detection.
In vertebrates, it also plays a crucial role in triggering the
adaptive immune response against invading pathogens.
The system relies on a limited number of nuclear encoded
pattern recognition receptors (PRRs), which are specific
for pathogen-associated molecular patterns (PAMPs) that
are highly conserved across microbes of the same class
[1]. Both cell-surface and cytosolic innate immune recep-
tors have been identified. The human Toll-like receptors
are transmembrane proteins localized to both the cell sur-
face and lysosome/endosome compartment [2]. Recently,
the proteins Nodl and Nod2 have been identified as recep-
tors required for the detection of enteroinvasive bacteria in
the cytoplasm [3].
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Nodl and Nod2 belong to a larger NOD-like receptor
(NLR) family of proteins with over 20 homologues in
humans [3]. The NLR proteins contain three types of
domains. The N-terminal domain is a variable effector-
binding domain, which is involved in downstream signaling
following activation. This domain can be of a variety of
different types: a caspase activation and recruitment
domain (CARD), a pyrin domain, a baculoviral inhibitor
of apoptosis (IAP) repeat domain or a Toll/IL-1 receptor
(TIR) domain. Two conserved domains include a centrally
located nucleotide-binding oligomerization domain
(NOD), which acts as a nucleotide-dependent oligomeriza-
tion region, and a C-terminal leucine-rich repeat (LRR),
which is required for ligand recognition [3].

The Nodl1 receptor is a soluble, intracellular protein that
is expressed in nearly all adult tissues [4,5]. Nod1 is activat-
ed by di- or tripeptide structures with meso-diaminopimelic
acid as the terminal amino acid [6,7]. This unusual amino
acid is present in the peptidoglycan from all Gram-negative
and a few Gram-positive bacteria, such as Bacillus subtilis
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and Listeria monocytogenes. Following ligand recognition,
Nodl1 activates NF-kB through a CARD-CARD interac-
tion with RICK (receptor interacting serine/threonine
kinase) [4,5,8]. Ligand-activated Nod1 has also been shown
to enhance the processing of procaspase-9 to produce
active caspase-9, resulting in cellular apoptosis [4]. In addi-
tion, Nodl was shown to interact with procaspase-1,
enhancing the caspase-1-induced secretion of the pro-in-
flammatory cytokine, interleukin-1f [9]. Mutations affect-
ing the CARD of Nodl prevented the activation of
RICK [4], procaspase-9 [4], and procaspase-1 [9]. There-
fore, the Nodl CARD is thought to be essential for the
downstream activation of inflammatory and apoptotic
pathways.

The family of CARDs belongs to the death domain
superfamily, which includes the death domain (DD) and
death effector domain (DED) families [10]. The domains
are all characterized by a Greek key motif of 6a helicies.
Several structures have been determined for isolated
CARDs: RAIDD [11], ICEBERG [12], and Nodl [13] by
NMR and APAF-1 by X-ray crystallography [14,15] and
NMR [16,17]. A crystal structure was also determined for
the heterodimeric complex of APAF-1 and procaspase-9
CARDs [15]. The CARD structures determined so far are
very similar. However, a primary sequence alignment
reveals very low identity (<20%). So far, structural studies
have only investigated CARDs involved in apoptotic path-
ways. Nod1 CARD is the first pro-inflammatory CARD to
be studied in atomic detail.

We report here the crystal structure of the human Nodl
CARD. A comparison of this structure with the structures
of other known CARDs and with the NMR structure of
Nodl CARD [13] reveals differences that are possibly
important for its function.

Materials and methods

Expression and purification of Nodl CARD. The CARD of human
Nodl, from residues serine 16 to glycine 108, was amplified by polymerase
chain reaction (PCR) using the following oligonucleotide primers: 5'-GCG
CCT TCC ATA TGT CTC ACC CCC ACA TT-3' and 5'-GAT TAT
CGC TCG AGG CCG ATC TCC AGC-3'. The resulting PCR product
was digested with restriction enzymes Ndel and Xhol for ligation into a
pET-21a vector (Novagen). The cloning was designed to include a
C-terminal poly-histidine (6-His) tag, however, amino acids leucine and
glutamic acid were inserted between glycine 108 and the poly-histidine tag,
due to the Xhol restriction site. The resulting plasmid was used to trans-
form the Escherichia coli strain BL21(DE3) (Invitrogen). Transformed
cells were grown at 37 °C in LB medium, supplemented with ampicillin
(100 pg/mL). At mid-log phase (ODgyy ~0.5), overexpression of Nodl
CARD was induced with 1 mM isopropyl-p-thiogalactoside (Research
Products International Corp.). The culture was harvested 4 h after
induction by centrifugation for 30 min at 7280g and 4 °C. The cells were
resuspended in 45 mL of buffer A (50 mM sodium phosphate, 150 mM
NacCl, and 5 mM imidazole, pH 7.0) per 1 L of culture, and lysed using a
French press at 16,000 psi. The lysate was spun for 45 minutes at 186,010g
and 4 °C to separate the soluble and insoluble fractions. The resulting
supernatant was separated from the pellet and mixed with TALON metal
affinity resin (BD Biosciences) pre-equilibrated in buffer A. The mixture
was allowed to incubate on a rotating platform at 4 °C for 5 h, followed by
centrifugation at 700g and 4 °C for 5 min to pellet the resin. The super-

natant was removed and the resin was washed 4 times with 30 batch
volumes of buffer A. Afterwards, the resin was washed once with 30 batch
volumes of high-salt buffer A (50 mM sodium phosphate, 1| M NaCl, and
5 mM imidazole, pH 7.0) before elution buffer (50 mM sodium phosphate,
150 mM NacCl, and 500 mM imidazole, pH 7.0) was used to elute the
Nodl CARD protein. The eluted protein was dialyzed against buffer B
(20 mM Tris, 10 mM NaCl, 5SmM DTT, pH 8.0) and loaded onto a
DEAE Sepharose Fast Flow column (XK 16, Amersham Biosciences)
equilibrated with buffer B. After the protein was loaded, the column was
washed with 55 mL of buffer B. To elute the protein, a linear gradient of
buffer B containing 10-500 mM NaCl, with a total volume of 130 mL, was
used. The flow rate was 0.5 mL/min. Nod1 CARD eluted between 200 and
250 mM NaCl. The Nodl CARD fractions were pooled and further
purified to homogeneity using gel-filtration chromatography. Gel-filtra-
tion was performed with a Superdex G-75 column (Amersham Pharmacia)
equilibrated in buffer B. A total volume of 133 mL was used and the flow
rate was 0.5 mL/min. The Nodl CARD eluted as a peak centered at
80 mL. The peak fractions were pooled and concentrated to 20 mg/mL
(estimated by A,go using an extinction coefficient of 10,095 M~ cm™).

Crystallization of Nodl CARD. The initial crystallization conditions
for Nodl CARD were obtained from the Wizard I screen (Emerald Bio-
Systems), using the hanging-drop, vapor-diffusion method. Diffraction
quality crystals were grown from drops consisting of a mixture of equal
volumes of protein (20 mg/mL) and reservoir solution, containing
100 mM acetate buffer, pH 4.7, and 12-20% (w/v) PEG 3000, after 16 h at
4°C.

Data collection and structure determination. Nod1 CARD crystals were
flash frozen in mother liquor containing 10% (v/v) glycerol. The crystals
were mounted in loops and used for data collection at 100 K from the
GM/CA CAT beamline at the Advanced Photon Source (APS), Argonne,
IL, USA. The data were collected on a MAR-CCD detector with a crystal
to detector distance of 250 mm. The crystals belong to the tetragonal
system. The data were processed and scaled using D*trek [18]. Systematic
absences revealed that the space group was either P4,2,2 or P432,2.

Molecular replacement was carried out with various known models of
CARD domains in the PDB, for both space groups, using the program
PHASER [19]. A solution was obtained with the ICEBERG CARD
(PDB-ID IDGN) in the space group P4,2,2. There is one CARD molecule
in the asymmetric unit. Model building was carried out using the program
Coot [20] and refinement was carried out using the program REFMACS
from the CCP4 package [21]. In the refined map, two residues that link the
C-terminal poly-histidine tag to the protein were also observed. The
quality of the structure was assessed using the programs PROCHECK [22]
and WHATIF [23]. All indicators suggest that the quality of the structure
is good. The details of the crystallographic data collection and refinement
are presented in Table 1. The structure has been deposited in the Protein
Data Bank and the Accession Code is 2NSN.

Results and discussion

The overall structure of the Nodl CARD was expected
to be similar to the other CARD structures, as well as to
the recently published NMR structure of the Nodl CARD
[13]. However, as we started building the electron density it
became apparent that, while the first five helices were sim-
ilar, the sixth helix was different. The sixth helix in our
structure is an extension of the fifth helix, with a kink. In
order to confirm this, we calculated several difference elec-
tron density maps. Fig. la shows the (2F, — F) electron
density map, at one sigma level, in the region where the
loop exists in other CARD structures. There is no obvious
break in the density and the helix was the only possible way
to trace the chain in the electron density map. This cannot
be attributed to model bias from molecular replacement, as
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Table 1
Data collection and refinement statistics

(A) Data collection statistics

Resolution (10\0) 28-2.0
Wavelength (A) 0.979
Space group P4,2,2

Cell (A) a=b=404; c=150.7
Completeness (%) (last shell) 98.2 (2.07-2.0:99.5)*
Redundancy 13.38 (13.1)*
/oy 21.3 (4.8)*
Rinerge (%0)° 5.9 (35.5)
(B) Refinement statistics
Resolution range (A) 11-2.0
R (%)° 22.05
Riyee (O/U)d 26.2
rms bonds (A) 0.012
rms angles (°) 1.34
Number of water molecules 37
Number of protein atoms 1563
Ramachandran analysis (%)
Most favored 95.4
Allowed 4.6

# Values in parentheses relate to the highest resolution shell.

° Ruerge = 3. |1|| — (I)/ S°1, where I is the observed intensity and (I} is
the average intensity obtained from multiple observations of symmetry-
related reflections after rejections.

S R=>|Fo|l — |Fcll/ > |Fol, where F, and F,. are the observed and
calculated structure factors, respectively.

9 Rpree defined in Brunger [26].

this is different from the starting model. Fig. 1b shows a
cartoon representation of the molecule in the asymmetric
unit. Interestingly, the helical kink observed in the NMR
structure is also observed in the crystal structure, at posi-
tion 100. This suggests that the kink in the sixth helix is
independent of the two possible orientations for this helix.

When the neighboring molecules related by crystal pack-
ing were generated, it was immediately noticed that the
sixth helix from another molecule occupies the approxi-
mate position of the sixth helix seen in all other CARD
structures (Fig. 2a and b). Therefore, the molecule
observed in the crystal structure is a dimer. The dimer is
formed by a swapping of the sixth helices between two mol-
ecules. Dynamic light scattering experiments of the purified
protein also suggested a dimer (data not shown). There are
a number of interactions between helix six of one molecule
and residues of the other. The sixth helix of one molecule
interacts with helices one and five as well as with residues
from the loop region connecting helices one and two. As
one would expect, the interactions are symmetrical between
the two dimers. They consist of van der Waal’s, hydrogen
bonding, and ionic interactions. Both the main-chain and
side-chain atoms of N36 (present in the C-terminal end
of helix one) interact with residues Q92 and Y97. Arginine
35 makes hydrogen bonds with the main-chain and side-
chain of D95 along with the side-chain of D99. The
main-chain nitrogen of A96 and the main-chain carbonyl
oxygen of R35 are involved in a hydrogen bond. There
are also a number of hydrophobic interactions that stabi-
lize this interface. Leucines 29 and 30 are involved in

Fig. 1. (a) The (2F, — F¢) electron density map, at one sigma level, in the
region beyond helix 5, where a loop is present in the other CARD
structures. This map shows the continuous density from helix 5 to helix 6,
which interacts with a second molecule. (b) A cartoon representation of
the Nodl CARD structure in the asymmetric unit. The structure is colored
as a rainbow from blue (N-terminus) to red (C-terminus). Residues L40,
L44, D48, E53, D54, and E56 from helices 2 and 3 are shown in ball and
stick. These residues either form the acidic patch or have been shown to
play a role in the interaction between Nodl CARD and RICK CARD
[13]. (a) was made using a combination of Coot [20] and RASTER3D [27].
All other figures were made using the program PYMOL [28]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

hydrophobic interactions with L100 and W103 of the other
molecule. Interestingly, interactions found in the mono-
meric NMR structure of Nodl CARD, between W103,
F109, and residues around L22 in helix one [13], are pre-
served in the dimeric structure that we report here. The



4 N.P. Coussens et al. | Biochemical and Biophysical Research Communications 353 (2007) 1-5

b

Fig. 2. (a) A cartoon representation of the dimeric form of the Nodl CARD structure, showing the helix swapping. The two molecules of the dimer are
shown in different colors. It is clear from the figure that helix 6 of the blue molecule interacts with helices 1 and 5 of the red molecule and vice versa. (b) A
view perpendicular to that shown in (a). Helices 1,5,and 6, involved in intersubunit interactions, are labeled H1, HS, and H6. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)

total buried surface area, calculated using surfvol [24], is
about 3000 A? for the dimer, with approximately 1500 A*
of each monomer being buried.

The overall Greek key fold of the CARD domain is con-
served in the dimeric structure of the Nodl CARD. The
hydrophobic core that stabilizes interactions between heli-
ces in other CARD structures is also conserved in this
structure. An acidic patch, formed by residues E53, D54,
and E56 (located on helices two and three (Fig. 1b)), has
been shown to be important for the interaction between
Nodl CARD and the CARD of RICK kinase [13]. This
acidic patch is conserved in APAF-1 CARD and was
shown to be important for its interaction with procas-
pase-9 CARD [15].

We superposed the first five helices of the Nodl CARD
crystal structure with the CARD structures of APAF1 [15],
procaspase-9 [15], RAIDD [11], and ICEBERG [12]. The
best discrimination in our molecular replacement calcula-
tions was obtained using the model of ICEBERG (inhibi-
tor of interleukin-1p generation). The RMS deviation of
the five helices (74 C-a atoms) to ICEBERG was 1.3 A.
The RMS deviation of the five helices to APAF1 CARD
was 1.5 A (for 78 C-a atoms), to procaspase-9 was 1.5 A
(71 C-o atoms), and to RAIDD was 2.0 A (68 C-o atoms).
Fig. 3 shows a superposition of these structures. While
there are small differences in the orientation of the different
helices, the overall structures are very similar, if one were
to consider only the first five helices. Our superposition cal-
culations suggest that the Nodl CARD crystal structure
agrees much better with other CARD structures, compared
to the Nodl CARD NMR structure. However, as seen in
Fig. 3, the sixth helix of the crystal structure points away
compared with the sixth helices of the other CARD:s.

This is the first report of a homodimeric structure for a
CARD. The identification of both monomeric and dimeric

Fig. 3. A cartoon representation showing the superposition of different
CARD structures that are present in the PDB and discussed in this paper.
The molecule shown in black is Nod1 CARD. Helix six is the most flexible
helix in all of the structures; and in the superposition, it points in a
completely different direction compared to the other four structures
shown.

forms of the same domain, suggests a possible mechanism
for regulating interactions between Nodl and the proteins
it associates with, including: RICK, procaspase-9, and pro-
caspase-1 [4,9]. The structure shows that the region pro-
posed to interact with RICK CARD is exposed in the
dimer. Since Nodl activates RICK after ligand recogni-
tion, it is conceivable that this interface is buried while
the receptor is inactive. Burial of the interacting CARD
face by the NOD domain has been proposed as the mech-
anism of APAF1 regulation [25]. Given the evidence that
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the full-length Nod1 receptor co-immunoprecipitates with
itself [4], the crystal structure is probably representative
of a physiologically relevant form of Nodl CARD. Ligand
recognition would result in a change in oligomerization of
the CARD and expose the acidic patch for an interaction
with the RICK CARD, leading to RICK activation. We
hypothesize that this exposure will result from a combina-
tion of conformational rearrangements and change of olig-
omerization state. Further experimental studies are in
progress to test the mechanism of signaling by pro-inflam-
matory CARDs.
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