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Introduction

NODI is an innate immune receptor that recognizes y-D-
glutamyl-meso-diaminopimelic acid (1IE-DAP), a dipeptide present
in peptidoglycan of bacteria, and activates inflammation and
autophagy in response to bacterial infection [1,2]. Loss of NOD1
function increases susceptibility to severe systemic infections and is
associated with a variety of inflammatory and autoimmune
syndromes in humans [3-8]. NODI1 is composed of three
domains: an N-terminal Caspase Recruitment Domain (CARD),
a central nucleotide-binding oligomerization domain and a C-
terminal ligand-binding domain [9]. Upon ligand binding, NOD1
oligomerizes into a signaling scaffold, which in turn recruits
downstream effector molecules including kinases and ubiquitin
ligases [10].

The N-terminal CARD of NOD1 has been shown to coordinate
interactions with its various effectors. CARDs are part of a larger
family of protein interaction motifs known as Death Domains
(DD). In addition to CARDs, the DD superfamily includes Death
Domains, Death Effector Domains and Pyrin Domains. These
domains are typically around 100 amino acid residues in length
and share a common six-helical bundle structural fold. They are
involved in almost all aspects of immune and apoptotic signaling,
and are found on various receptors, such as NODI1, as well as
downstream signaling molecules such as RIP2, the effector kinase
for NOD1 [11]. The majority of these domains have yet to be
characterized structurally, and there are even fewer data
describing how DDs complex with effector proteins. Like other
DD subfamilies, CARDs were thought to engage almost exclu-
sively in homotypic interactions with other CARDs [11]. Recently,
however, Ub has been found to bind the CARDs of the innate
immune receptors NODI, NOD2, RIG-1 and MDAS5 and
regulate their activity [12-14].
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Ub functions when covalently attached to substrate proteins as
either a single mono-Ub or as a poly-Ub chain where distal Ubs
are linked by their C-termini to one of seven lysine residue
sidechains or the N-terminus of a proximal Ub moiety. Lys48-
linked poly-Ub targets substrates to the proteasome for degrada-
tion, and this process plays an important role in immune signaling
through destruction of IxB, which is required to release the
cytosol-bound NF-kB transcription factor to activate genes
involved in the immune response [15]. In contrast, linear Metl-
linked or Lys63-linked poly-Ub chains form platforms assembling
Ub-binding kinases and other effectors that activate signaling
pathways (reviewed by [16-19]). In some pathways, Lys63-linked
poly-Ub chains alone are sufficient to nucleate effector complexes
and activate signaling [20].

The interactions between Ub and its effectors are complex and
only a relatively small proportion of them have been characterized
structurally. Here we report the crystal structure of a complex of
NODI1 CARD and Ub. NOD1 CARD is present as a domain-
swapped homodimer, similar to previously reported structures
[21,22], while two Ub monomers interact in a conformation
similar to that of Lys48-linked di-Ub [23]. We discuss the
implications of this structure with regard to how NOD1 and other
Ub-binding proteins may recognize Ub in vivo.

Results

Both subunits of the NOD1 CARD dimer interact with a
single Ub moiety

The asymmetric unit of the crystal structure contains one
NODI1 CARD and one Ub, while symmetry-related molecules
reveal that both NODI CARD and Ub form homodimers
(Figure 1A). As observed in two previous crystal structures, NOD1
CARD formed a homodimer that involved swapping of the sixth
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helix of each subunit [21,22]. Consistent with the previous
structure determined by Coussens et al, the two Cys39 sidechains
at the dimer interface in our structure remained reduced
(Figure 1B). Superposition of the NODI CARD dimer deter-
mined in this structure with those previously determined shows
close similarity with RMSD values of 1.21 A and 1.79 A over the
Co chain for 2NSN [22] and 2NZ7 [21], respectively.

During refinement, we noticed a large volume of electron
density immediately adjacent to the sidechain of Cys59 on NOD1
CARD that could not be accounted for by a sulthydryl alone
(Figure 1D). Given that NOD1 CARD was maintained in buffer
containing 5 mM D'TT from its initial purification, the likelihood
of oxidative modification of the sulthydryl of Cys59 was quite low.
DTT has been observed to form adducts with Cys sidechains [24],
but in this case the density we observed was not sufficient to
account for that particular addition. The buffer in the crystalli-
zation condition contained cacodylate, which has been shown to
form arsenic (As) adducts with proteins [25-27]. In the presence of
DTT, pentavalent cacodylate can be reduced to a highly reactive
trivalent dimethyl-As-DT'T" intermediate. This intermediate reacts
with surface exposed Clys residues on proteins, leading to addition
of dimethyl-arsenic moieties to the sidechain sulthydryls [28,29].
Thus, the components of the crystallization buffer strongly
suggested the possibility of chemical modification of NODI
CARD with dimethyl-As. Subsequent refinement of the model
with a dimethyl-As moiety on Cys59 resulted in a good fit with the
observed electron density (Figure 1B), and we found no evidence
that either of the other two cysteine sidechains (Cys39 or Cys61)
were similarly modified.

Ub forms a homodimer similar in conformation to Lys48-
linked Di-Ub

Two Ubs were found in the unit cell as a homodimer in a
conformation nearly identical to the structure of covalently linked
Lys48 poly-Ub [23] despite the lack of any covalent bonds
enforcing a particular conformation (Figure 2A). Previous studies
have shown that pH can be a critical factor in determining which
conformations Lys48-linked poly-Ub chains adopt, with acidic
conditions favoring an open state and more neutral environments
favoring a closed state, characterized by the hydrophobic patch of
each Ub (comprised of Ile44, Val70 and Leu8) facing each other
[23,30]. Additionally, the Ub dimer in our structure demonstrates
the chelation of a multivalent anion by the sidechains of Arg42
and Arg72 in a fashion also observed for Lys48 linked poly-Ub
[23] (Figure 2B,C). Since the proportion of basic residues to acidic
ones in the interface is relatively high, chelation of a large anion
through dimerization may serve to mitigate this electrostatic
disparity. At lower pH, protonation of the few acidic residues, as
well as anionic ligands, would be expected to disrupt this chelation
through charge repulsion and favor an open state of the linked Ub
moieties, explaining the pH-dependence of the conformational
change.

Our crystals formed at a pH of ~8.6, significantly higher than
the neutral pH values previously shown to favor inter-Ub
interactions relative to acidic environments for Lys48-linked
chains. Nonetheless, this closed conformation of Ub has not been
observed in the absence of conformational constraint imposed by
Lys48-Gly76 covalent bonds between Ub subunits, and it was a
remarkable finding in our crystal structure. A recent non-covalent
dimeric structure of Ub has been described which chelates
cadmium [31]. However, the Ub homodimer in that structure
does not match any other known poly-Ub conformation, and the
effects of cadmium chelation may explain this idiosyncrasy.
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NOD1 CARD binds a unique interface on Ub

The two common binding sites on Ub are the canonical
hydrophobic pocket recognized by the majority of UBDs (which is
partially buried in the Ub dimer interface in the closed Lys48-
linked conformation — see Figure 1, Ile 44 black spheres) and the
C-terminus, which is critical in the process of conjugation by
ligases and cleavage by deubiquitinating enzymes. In our
structure, NOD1 binds a different surface encompassing about
500 A? that is centered on Phe4 (Figure 3A,B). Here, Thr66 is
completely buried in the interface, and Lys63 and Glu64 make
considerable contributions to binding NOD1 CARD. The side-
chain of Glu64 on Ub, for instance, participates in six hydrogen
bonds with four different residues on NOD1 CARD and also
forms an edgewise intramolecular interaction with the aromatic
ring of Phe4. This latter interaction is seen variably in other Ub
structures (e.g. UEV domain of Vps23/TSG101:Ub (1UZX),
CUE domain of Cue2:Ub (10TR) and Lys48-linked tetra Ub
(206V) display similar contacts, while CUE domain of Vps9p:Ub
(1P3Q)), mono-Ub (1UBQ) and ZnF UBP:Ub (2G45) do not), and
it slightly alters the topology of the B-sheet on Ub by extending the
B4/PB5 loop at the expense of the fifth B-strand. In our structure,
this may serve to better position Lys63 and Glu64 at the interface,
as well as to orient the Phe4 aromatic sidechain for interaction
with the modified Cys59 sidechain in the cleft between the second
and third helices of NOD1 CARD.

Additional amphipathic residues from the first and second B-
strands of Ub participate in the interactions, most notably the
sidechains of GIn2, Thr14 and Glul6. Furthermore, the involve-
ment of Lys6 extends the hydrophilic patch toward the traditional
hydrophobic pocket, being in close proximity to the functionally
mmportant Leu8 residue. The remainder of the interface partici-
pates in relatively weak van der Waals interactions with NODI
CARD. Interestingly, this surface of Ub overlaps with residues
(e.g. Phe4) previously found to be functionally important for
endocytosis [32], as well as with interaction sites used by other Ub-
binding domains, including the UEV domain of TSG101/Vps23
[33], the NZF domain of HOIL-1L [34] and NEMO [35]; the first
of these uses this patch to bind mono-Ub, while the latter two use
the 144 hydrophobic patch simultaneously to bind linear poly-Ub
(Figure 3C,D,E).

Ubiquitin binds a novel site on NOD1 CARD

The Ub interface on NOD1 CARD is localized primarily to an
apical region of the molecule where the second, third and fourth
helices converge (Figure 1, Figure 4A,B). The interaction is
anchored in large part by the al/a2 loop region and the fourth
helix of NOD1 CARD, with the sidechains of Asn36, Thr37 and
GIn64 hydrogen bonding with the sidechain of Glu64 from Ub.
GIn64 of NOD1 CARD also hydrogen bonds with the functionally
significant Lys63 sidechain of Ub. A second hub in the interface is
centered on the third and fourth helices and the intervening loop
region of NOD1 CARD, which bind to Thr66 of Ub. Two
noteworthy contributions to the NOD1 CARD:Ub interaction
arise from the third helix. First, Glub6 of NODI CARD is
involved in a salt bridge with Lys6 of Ub, which is the only salt
bridge found at the NOD1 CARD:Ub interface. Perhaps most
interesting is the interaction between the sidechain of Phe4 of Ub
and the chemically modified sidechain of Cys59 on NOD1 CARD
(Figure 4).

Overall, the NOD1 CARD:Ub interface in our structure is
small, and thus the affinity for the interaction would be expected to
be weak. Indeed, in previously reported NMR solution studies of
the interaction of NOD1 CARD with Ub, titrations of '’N-labeled
NODI1 CARD with poly-Ub did not reveal an interaction surface
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Figure 1. Cartoon view of the NOD1 CARD-Ub complex. A) NOD1 CARD and Ub crystallized as a dimer of dimers. NOD1 CARD A (cyan) and Ub
C (mauve taupe) are in the asymmetric unit. Symmetry-related subunits NOD1 CARD B (blue) and Ub D (yellow) complete the full complex. The NOD1
CARD homodimer demonstrates swapping of the sixth helices, similar to other reported NOD1 CARD dimers (2NSN and 2NZ7). The ubiquitin dimer
chelates a phosphate anion (shown as spheres), similar to chelation of sulfate seen in another structure of Lys48-linked tetra-Ub (206V). Phe4 of Ub
(green spheres) and the modified Cys59 of NOD1 CARD (orange spheres) are key residues mediating the NOD1 CARD-Ub interaction. The Lys48
residues of both Ub molecules are shown as magenta spheres. The N- and C- termini are highlighted as blue and red spheres, respectively. B) Close-
up view of the dimethyl-arsenic adduct on NOD1 CARD. The Cys59 sidechain of NOD1 CARD (cyan) is shown in isolation. The adduct is within ~3.5 A
of the aromatic Phe4 sidechain on Ub (mauve taupe), also shown in isolation. Electron density contoured at 2.0 sigma and carved at 2.3 A shows the
Cys59 sidechain is modified (left), while the nearby solvent-exposed Cys61 is not.

doi:10.1371/journal.pone.0104017.g001
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Figure 2. Mono-Ub in our structure formed dimers similar in conformation to other structures of K48-linked di-Ub. A) Ribbon
representation of an alignment of K48-linked diubiquitin structures. The proximal di-Ub (206V-1, green) and distal di-Ub (206V-2, magenta) from
tetra-Ub and di-Ub from 1AAR (blue) were aligned to thg Ub dimer structure reported in this study (Ub C, mauve taupe and Ub D, yellow). Main chain
RMSD:s for this alignment were 1.309, 0.892 and 0.737 A, respectively. B) Loop representation of the Ub dimer from our structure shown chelating a
phosphate anion. This chelation is mediated mainly by Arg42 and Arg72 from each subunit. C) Loop representation of the proximal di-Ub moiety
from K48-linked tetra-Ub (206V-1). In this case, Arg42 and Arg72 mediate chelation of a sulfate anion. In both structures, the Arg residues, which are
located at the periphery of the hydrophobic pocket and often participate in interactions with UBDs, are engaged instead through these chelation
interactions. This may serve as a mechanism by which UBDs discriminate between K48-linked poly-Ub and other forms of poly-Ub. K48 of the distal
Ub moiety and the N-terminus (NT) of the proximal Ub moiety of each dimer are shown, demonstrating the close proximity in the dimer relative to
the covalently linked chain.

doi:10.1371/journal.pone.0104017.g002
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Figure 3. Identified UBD binding sites in Ub. Ub is colored in mauve taupe. A) Cartoon representation of Ub. Residues mediating interaction
with NOD1 CARD are shown as sticks and are colored red. The canonical hydrophobic pocket residues are shown as sticks and colored black. B)
Surface views of the NOD1 CARD interaction site on Ub. C) Surface views of the Phe4 hydrophobic patch (F4 patch) on Ub alone (green) and merged
with the NOD1 CARD site (yellow). D) Surface views of one site on Ub recognized by the NZF domain of HOIL-1L alone (green) and merged with the
NOD1 CARD site (yellow). This domain specifically recognizes linear chains of Ub by binding to the hydrophobic pocket of the distal Ub and to an
area surrounding Phe4 of the proximal Ub of a linear di-Ub moiety. Residues on the proximal Ub interacting within 3.6 A of the NZF domain in a
crystal structure of its complex with linear di-Ub (PDB ID: 3B08) are shown. E) Surface views of a second site on Ub recognized by the Vps23 UEV
domain (Vps23 site) alone (green) and merged with the NOD1 CARD site (yellow). The Vps23 UEV domain binds both the hydrophobic pocket and
this second site on Ub. Residues on Ub interacting within 3.6 A of the UEV domain in a crystal structure of its complex with mono-Ub (PDB ID: 1UZX)
are shown.

doi:10.1371/journal.pone.0104017.g003
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Figure 4. Ub interaction sites on NOD1 CARD. A) The NOD1 CARD dimer from our crystal structure (CARD A, cyan and CARD B, blue) is depicted
in cartoon view. Residues mediating interaction with Ub (red) are shown as sticks. The asterisk on Pro62 indicates that only the main chain of this
residue is involved in the interaction. The Cys59 sulfhydryl is modified with a dimethyl-As adduct (C59-mod - see figure 4). The green box around
Tyr88 signifies that this residue is also involved in the previously identified NMR Ub-binding site. B) Surface views of the NOD1 CARD dimer showing
the Ub binding site in the crystal. The majority of the binding site is on CARD A in the asymmetric unit, however Tyr88 from the CARD B subunit of
the dimer is also involved in the interaction. The symmetrical binding site on the opposite side of the dimer is shown (pink) on the rotated view. C)
Surface views of the NOD1 CARD dimer showing the Ub binding site previously identified by NMR (green and light green). This site is located
primarily on helix o5, which is on a different surface of NOD1 CARD than the one in the crystal structure. In the dimer, the two sites occupy the same
overall surface formed from both subunits, while in the monomer they are on different surfaces (see D). Due to helix swapping in the dimer, the
Leu104 sidechain is derived from helix 6 on the opposite subunit. The red box around Tyr88 signifies that it is also involved in the Ub-binding site
observed in the crystal. D) Surface views of the NOD1 CARD monomer (PDB ID: 2DBD) with both Ub-binding sites mapped onto it. This demonstrates
that the sites occupy different surfaces on the monomer, with the implication that the full interaction observed in the crystal could not occur with the
monomeric form of NOD1 CARD unless Tyr88 was not involved. This arrangement of two different binding sites on two different surfaces is similar to

that seen in the structure of the HOIL-1L NZF domain bound to linear di-Ub [34].

doi:10.1371/journal.pone.0104017.g004

similar to that observed in our structure, even at millimolar
concentrations [14]. The chemical shift perturbations on labeled
NODI1 CARD caused by poly-Ub were relatively weak, however,
which necessitated rather stringent cutoffs that may have masked
more minor interactions. A notable overlap in Ub-binding sites
between our structure and the previous study centers on Tyr88 of
NOD1 CARD, which was reported as the most perturbed residue
in the presence of poly-Ub and which blocked Ub-binding when
mutated. While almost the entirety of the NOD1 CARD:Ub
interaction in our structure is mediated by the NOD1 CARD A
and Ub C moieties in the asymmetric unit (Figure 1), the sidechain
of Tyr88 from the opposing dimer subunit (NOD1 CARD B) also
interacts with Ub G (Figure 4A,B,C). Its sidechain hydroxyl
initiates a hydrogen bond network that interacts sequentially
through the sidechains of Glul6 and GIn2 of Ub to terminate at
the e-NH2 of GIn38 on the opposite NODI CARD subunit.
Although this interaction only buries an additional 75 A% of
surface area, this represents a 15% increase over the roughly
500 A? at the primary interface.

Discussion

Here we show the first crystal structure of the NOD1 CARD
with Ub. The finding that Ub monomers crystallized as dimers
similar in conformation to Lys48-linked dimers is presented here
as an interesting finding mostly because it reveals a new interface
between Ub and NODI that we did not predict from our previous
studies using NMR. Importantly, this structure does not necessar-
ily support the idea that NOD1 CARD has specificity to Lys48-
linked poly-Ub. Rather, the interaction between NODI and Ub
can happen through multiple interfaces and that particular
combinations may work together to mediate binding of different
poly-Ub chain topologies. It is tempting to speculate that NOD1
interactions with different poly-Ub chains could result in distinct
conformations of the NODI:Ub complex that could mediate
distinct biological effects. In general, UBDs that show specificity
for particular poly-Ub chains are composed of two binding-
surfaces arranged so that two Ubs in a chain have simultaneous
access to these sites. Often, this involves binding of one Ub via its
Leu8, Ile44, V70 hydrophobic surface combined with binding to a
second Ub moiety through a similar or distinct surface. Although
this second surface of Ub can be quite small and have negligible
affinity on its own, it can contribute substantially to the overall
strength of binding in the context of a poly-Ub chain. The
interaction we found in the crystal could represent such an
auxiliary binding site and might provide a mechanism to explain
how NOD1 CARD favors binding to Lys63 and linear poly-Ub.
This model would also be consistent and complementary to our
previous studies examining how the NODI CARD binds
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monomeric Ub in solution through surfaces in both the CARD
and Ub that are distinct from those identified in the current crystal
structure [14].

Our previous NMR studies mapped the major binding interface
of NODI1 onto the canonical hydrophobic patch of Ub centered
on Ile44, Val70 and Leu8, which in the current structure is used to
mediate binding to another Ub molecule. Mutagenesis experi-
ments in previous work showed that mutations of residues in
NODI at this interface dramatically diminished binding of Ub,
supporting the hypothesis that this previously determined binding
mode was valid. Our previous data and the crystal structure
presented here are best reconciled with Ub binding in two modes:
a major mode which is required for measurable binding and which
dominates in solution where monomeric NOD1 and monomeric
Ub exist; and a minor mode, which was captured here in the
crystal structure. These two interfaces could work together to
impart better binding to poly-Ub or to guide specificity for binding
poly-Ub chains linked via specific lysines.

The alternative interface we discover in the crystal structure
could potentially mediate di-Ub binding even for Ubs linked by
chains other than Lys48, such as Lys63 and linear linked Ub
chains that are known to have important signal transduction roles
in innate immunity. The recent structure of the HOIL-1L NZF

Proximal Ub v =
Distal Ub

Figure 5. Cartoon view of a model for how monomeric NOD1
CARD could bind linear di-Ub generated by the ZDOCK server
(see Materials and Methods). The sidechains of Phe4 (purple) and
lle44 (black) from Ub and Cys59 (red) and Tyr88 (green) are shown as
spheres. The combination of the previously identified NMR Ub-binding
site (Tyr88:lle44) with the new Ub-binding site observed in our crystal
structure (Cys59:Phe4) may explain the mechanism by which NOD1
CARD preferentially binds linear and Lys63-linked poly-Ub.
doi:10.1371/journal.pone.0104017.g005
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Table 1. X-ray data collection and refinement statistics.
Data Collection
Wavelength (A) 1.000
Space group P4,2,2
Cell dimensions (A) a=b=61.69, c=86.87
Cell Angles (°) a=p=y=90
Resolution range (A) 38.98 - 2.90 (3.00 - 2.90)
Total reflections 54090
Unique reflections 4048 (395)
Completeness (%) 99.88 (100.0)
Multiplicity 13.35 (13.92)
Rmerge 0.05 (0.21)
/o (1) 28.40 (11.40)
Refinement
Resolution range A) 38.98 - 2.90
Number of reflections in working set 3642
Number of reflections in test set 406
Rwork 0.226
Riree 0.270
R.M.S.D.

Bond lengths (A) 0.003

Bond angles (°) 0.704
No. protein atoms

Chain A 751

Chain B 582
No. ligand atoms 5
Average B factor (A% 57.40
Ramachandran favored (%) 98
Ramachandran outliers (%) 1.2
Values for the highest resolution shell are given in parentheses.
doi:10.1371/journal.pone.0104017.t001

domain in a complex with poly-Ub is instructive with regard to our
proposed model for NOD1 binding. HOIL-1L. NZF binds two
surfaces on Ub, one centered on the Phe4 patch and the other on
the Ile44 hydrophobic pocket [34]. These two small surface
patches of ~400 A? cach combine to yicld a much greater affinity
for poly-Ub chains when the NZF domain engages both as it
“wedges” between two Ub moieties in a linear poly-Ub chain.
Perhaps CARDs similarly engage two Ub surfaces, which would
explain how both NODI CARD and RIG-I CARD [13] prefer
binding to poly-Ub chains. Such a model is shown in Figure 5.
Here, docking experiments were used to rationalize both the
CARD:Ub interaction found in the crystal structure and the
interaction earlier identified between the Glu84 and Tyr88 surface
of NOD1 CARD and the canonical hydrophobic pocket of Ub
(Leu8, Ile44, and Val70). These computations reveal that it is
possible for the conformation of linear di-Ub observed in the
HOIL-1L NZF:di-Ub structure (PDB ID: 3B08) to engage both
surfaces of monomeric NOD1 CARD as it wedges between the
two Ub moieties. While this model is purely speculative, it provides
the basis for additional studies not only into the role of Ub in
NODI1 signaling, but also in other systems where Ub is known to
modulate the signaling of pathways containing various DD
superfamily members.

PLOS ONE | www.plosone.org

NOD1-UQ Complex Structure

An additional aspect of this interface is that it includes two
residues of NOD1 (Asn36 and Glu56) that are highly conserved
across evolution, supporting the idea that it may be used for
important protein interactions such as that of Ub described here
[36]. Moreover, mutation of GIn56 compromises the ability of
NODI1 to activate its downstream effector kinase RIP2 [37],
through a yet unknown mechanism. This interface also includes
Ser65 of Ub, which was recently found to undergo phosphory-
lation by PINK to create a form of Ub that could act allosterically
to activate the Parkin Ub ligase [38—40]. Thus, it may be that the
binding surface on Ub described here could operate for other Ub
interactions and have the capacity to be regulated.

As in any crystal structure, there exists the possibility that the
unique milieu of the crystal itself produced an artifactual
interaction. Although this binding interaction was not definitively
observed in our prior NMR experiments, it was not definitively
excluded either, given the low signal to noise of experiments
performed in the range of low binding affinities expected for this
interaction. Bosanac et al [41] reported a crystal structure of the
zinc-finger domain of the protein A20 bound to three separate
mono-Ubs with each site having progressively lower binding
affinities. Our structure may represent even further progression to
beyond the limit of detection by NMR or traditional pull-downs,
where the majority of the binding events in solution represent the
dominant interaction previously identified. Additionally, the exact
binding mode and stoichiometry of protein complexes is not
always in agreement between rigorous studies by NMR vs
crystallography, as exemplified by the studies of the NEMO:linear
di-Ub interaction [35,42].

The biological relevance of this new Ub binding surface and the
ability of NOD1 to bind Ub or other Ub-interacting proteins
remains for future studies.

Materials and Methods

Protein purification

The CARD of human NODI, from residues serine 16 to
glycine 108, was produced in a pET-21a vector (Novagen). Amino
acids leucine and glutamic acid were inserted between glycine 108
and the 6xHis-tag, due to the presence of an Xhol restriction site.
The resulting plasmid was used to transform Escherichia coli strain
BL21(DE3) (Invitrogen), which was grown at 310 K in LB
medium, supplemented with ampicillin (100 pug/mL). At mid-log
phase (ODggp=0.5), overexpression of NODI CARD was
induced with 1 mM isopropyl-D-thiogalactoside (Research Prod-
ucts International Corp.). The culture was harvested 4 hours after
induction by centrifugation for 30 min at 7280 g and 277 K. The
cells were resuspended in 45 mL of buffer A (50 mM sodium
phosphate, 150 mM NaCl, and 5 mM imidazole, pH 7.0) per 1 LL
of culture, and lysed using a French press at 16,000 psi. The lysate
was spun for 45 minutes at 15,000 g and 277 K 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 277 K for
2 hours, followed by addition of the slurry to a gravity flow
column. The supernatant was allowed to flow through and the
resin was washed with 30 batch volumes of buffer A. The NODI
CARD protein was eluted in 50 mM sodium phosphate, 150 mM
NaCl, and 500 mM imidazole, pH 7.0. Eluted protein was
concentrated and further purified by gel filtration over a
preparative Superdex 75 column (GE Healthcare, Piscataway,
NJ) equilibrated with GF buffer (25 mM sodium phosphate,
25 mM NaCl and 5 mM DTT, pH 7.0). Two sequential rounds
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of gel filtration were performed to remove residual NOD1 CARD
dimer and to ensure homogeneity.

Ubiquitin was purified as previously described [43], with an
additional step of gel filtration over a Superdex 75 column
equilibrated in GF buffer.

Crystallization

Purified NOD1 CARD and Ub were separately concentrated to
2 mM, which was determined by absorbance at 280 nm using
respective extinction coefficients of 9970 and 1280 M~ #em ™.
The separate proteins were mixed at a ratio of 1:1 (based on prior
experiments suggesting 1:1 binding stoichiometry [14]) and
incubated on ice for an hour to form complexes at a final
concentration of 1 mM for each component. 2 mM complexes
were created by two-fold concentration of 1 mM complexes after
mixing. Complexes at concentrations less than 1 mM were made
by diluting I mM complexes in appropriate volumes of GF buffer.
Initial 96-well crystal screens utilizing the hanging drop/vapor
diffusion method were set up for complexes at 2 mM or 1 mM
using a TTP LabTech mosquito robot (Cambridge, MA) set to
dispense 400 nL of protein solution plus 400 nL of well solution
for each condition. Duplicate screens were set up and one each
was left at either 277 or 291 K. Hits were obtained in PACT Suite
(Qiagen) conditions #29 and #30. These contained 100 mM
PCB (sodium propionate, sodium cacodylate, bis-tris propane
mixed at a molar ratio of 2:1:2 and pH adjusted with HCI — as
described by the manufacturer) and 25% PEG 1500 at pH 8.0 or
9.0, respectively. No additional DT'T was added to the drops.
Crystals grew overnight at both 277 and 291 K, although growth
was faster at 291 K. Crystals reached a maximum size of ~50 pM
in longest dimension after two to three days. Optimization in a
matrix that varied the concentration of PEG 1500, pH and protein
concentration determined that the initial hit with PACT suite
condition #30 (see above) was best. The crystals used for data
collection were grown in 4 puL drops containing 1 mM NODI
CARD:Ub complex and PACT Suite #30 well solution in a 1:1
ratio.

Data collection
Looped crystals were flash cooled in liquid Nj. Several
cryoprotectants were able to reduce ice formation, but also
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