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Abstract

The NLRP1 inflammasome responds to microbial challenges such as Bacillus anthracis infection
and is implicated in autoimmune disease such as vitiligo. Human NLRP1 contains both an N-
terminal pyrin domain (PYD) and a C-terminal caspase recruitment domain (CARD), with the
latter being essential for its association with the downstream effector procaspase-1. Here we report
a 2.0 Å crystal structure of the human NLRP1 CARD as a fusion with the maltose-binding protein.
The structure reveals the six-helix bundle fold of the NLRP1 CARD, typical of the death domain
superfamily. The charge surface of the NLRP1 CARD structure and a procaspase-1 CARD model
suggests potential mechanisms for their association through electrostatic attraction.
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INTRODUCTION

The NOD-like receptors or nucleotide-binding domain leucine-rich repeat-containing
receptors (NLRs) are a family of intracellular receptors that respond to microbial infections
as well as host-derived danger signals.1 These receptor proteins are characterized by a
tripartite domain structure, with N-terminal caspase recruitment domains (CARDs) or pyrin
domains (PYDs), central nucleotide-binding and oligomerization domains (NODs), and C-
terminal leucine-rich repeats (LRRs). NLRP1 is one of the founding members of the NLR
family, with its many variants implicated in susceptibility to vitiligo associated autoimmune
and autoinflammatory diseases.2 In addition, polymorphisms in mouse NLRP1b and rat
NLRP1 were linked to susceptibility to anthrax lethal toxin-induced pyroptosis.1,3 The
human NLRP1 is unique among the NLRP proteins in that it contains both an N-terminal
PYD and a C-terminal CARD, two domains of the six-helix bundle death domain fold
implicated in homotypic interactions. In contrast to other NLRP proteins, the CARD rather
than the PYD of NLRP1 appears to be essential for its recruitment of procaspase-1 and
formation of a large oligomeric signaling platform known as the inflammasome,4 as both
mouse and rat NLRP1 proteins lack the N-terminal PYD. In agreement, NLRP1 directly
associates with procaspase-1 through their respective CARDs in the absence of the adapter
ASC.2,5 On the other hand, the PYD of NLRP1 mediates its association with ASC, which
can enhance hNLRP1 inflammasome activation.5
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The CARD was first described as a domain involved in apoptotic signaling through
homotypic associations.6 Structural studies of the CARDs from vertebrate proteins7,8

revealed a six-helix bundle fold similar to other members of the death domain superfamily.
The only reported structure of a CARD:CARD complex at atomic resolution is that of the
Apaf-1 CARD and procaspase-9 CARD, which is critically important for the assembly of
the Apaf-1 apoptosome.7 This structure illustrates electrostatic charge complementarity
between the acidic α2-α3 helices of the Apaf-1 CARD and the basic α1 and α4 helices of
the procaspase-9 CARD. In addition to electrostatic interactions, hydrogen bonds and van
der Waals interactions also play important roles in mediating this CARD complex
formation.7 Structural studies of the IPS-1 CARD also suggested that electrostatic
attractions may play a role in mediating the IPS-1 CARD and RIG-I CARD association.8

To examine the structure of the NLRP1 CARD and the potential mechanism of its
association with the procaspase-1 CARD during inflammasome assembly, we determined
the crystal structure of the NLRP1 CARD using a maltose-binding protein (MBP) fusion
strategy. The structure reveals a six-helix bundle fold with prominent charged surface
patches. Comparison with a procaspase-1 CARD model and the Apaf-1/procaspase-9 CARD
complex suggests that electrostatic attractions may play a role in mediating the association
of the NLRP1 and procaspase-1 CARDs.

MATERIALS AND METHODS

Protein expression and purification

The human NLRP1 CARD (NCBI accession #NP_127497, residues 1379–1462) was cloned
into a pET30a-derived vector with a non-cleavable N-terminal MBP tag and a C-terminal
hexa-Histidine tag. The MBP tag harbors mutations (D82A/K83A/E172A/N173A/K239A)
designed to enhance its crystallization propensity. Transformed BL21 (DE3) Codon Plus
RIPL cells (Stratagene, Santa Clara, CA) were grown at 37°C and induced with 0.3 mM
IPTG at 18°C for 4 h. The cells were lysed by sonication in buffer A (20 mM Tris-HCl, pH
8.0, 100 mM NaCl) plus 5 mM imidazole, DNase (Biomatik, Wilmington, DE) and protease
inhibitors (Roche Applied Science, Indianapolis, IN). Soluble protein was purified from the
cell lysate by Hisprep IMAC column (GE Healthcare Bio-Sciences, Piscataway, NJ). The
IMAC eluted MBP-CARD protein was further purified using a XK26/60 Superdex 200 size-
exclusion column (GE Healthcare Bio-Sciences, Piscataway, NJ) in buffer A supplemented
with 5 mM maltose (Research Products International Corp, Mount Prospect, IL).

Crystallization

Purified MBP-CARD protein was concentrated using Amicon centrifugal concentrators
(Millipore, Billerica, MA) to 50 mg mL−1 before setting up hanging drops for vapor
diffusion crystallization using the Mosquito crystallization robot (TTP Labtech, United
Kingdom). Multiple crystallization conditions were readily indentified using ammonium
sulfate, potassium citrate, or sodium malonate as the primary precipitant. X-ray diffraction
to high resolution was obtained from crystals grown with a well solution containing 1.4M
sodium malonate and 0.1M HEPES-Na, pH 7.4. 20% sucrose (w/v) was added to the
reservoir solution as the cryoprotectant to flash-cool the crystals in liquid nitrogen for X-ray
diffraction data collection.

X-ray diffraction, structure determination, and refinement

X-ray diffraction data were collected at the GM/CA-CAT of the Advanced Photon Source,
Argonne National Laboratory. Data were processed with the HKL2000 program suite9

(Table I). The structure was determined by molecular replacement with Phaser10 from the
CCP4 program suite.11 A structure of the MBP from the protein data bank (PDB) (3VD8)
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was used as the search model. Electron density maps calculated with phases from the MBP
search model clearly showed excellent densities for the NLRP1 CARD. While the structural
determination was in progress, a 3.1 Å resolution crystal structure of the NLRP1 CARD was
deposited and released at the PDB (3KAT), which aided our model building efforts. Model
building was carried out with Coot12 and refined with Phenix.refine.13 The final structure
contains 458 residues, of which residues L372 to K455 correspond to residues L1379 to
K1462 of the NLRP1 receptor (NP_127497). A strong positive density at the carbohydrate-
binding site of MBP was interpreted as a maltose. Validation of the structure by the
Molprobity server14 showed that 98.0% of all protein residues were in the favored regions of
the Ramachandran plot with no outliers. Electrostatic surfaces were calculated with program
Delphi (v4)15 and displayed with Pymol (Delano Scientific LLC, San Carlos, CA).

Modeling of the caspase-1 CARD structure

A model of the human procaspase-1 CARD was produced with the I-TASSER server (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/),16 using the structure of ICEBERG (1DGN) as
a template, which has a 54% sequence identity with the procaspase-1 CARD. The model
from the I-TASSER server has 94% of residues in the most favored region of the
Ramachandran plot according to evaluation by the Molprobity server (http://
molprobity.biochem.duke.edu/).14

RESULTS AND DISCUSSION

The NLRP1 CARD adopts a six-helix bundle fold

Our initial efforts in crystallizing the human NLRP1 CARD were unsuccessful, as the
overexpressed CARD had low solubility. We employed the MBP as a fusion tag with the
NLRP1 CARD and succeeded in purifying soluble, monomeric fusion proteins. The MBP
tag is not only a common expression/purification tag for recombinant proteins, but it is also
amongst the most successful crystallization chaperones that facilitate crystallization of
challenging protein targets, including the IPS-1 CARD.8 Our MBP-CARD fusion protein
was readily crystallized and the structure was determined to 2.0 Å resolution using a
structure of the MBP (3VD8) as a molecular replacement search model [Fig. 1(A) and Table
I]. The interface between MBP and NLRP1 CARD is hydrophilic, with three direct
hydrogen bonds and three water-mediated hydrogen bonds between the MBP and the α1 and
α4 helices of the NLRP1 CARD [Fig. 1(B)]. The structure of the NLRP1 CARD is unlikely
distorted by the MBP fusion tag, as evidenced by the excellent agreement between our
structure and a deposited NLRP1 CARD structure 3KAT (rmsd 0.712 Å) [Fig. 1(C)]. The
higher resolution and more complete diffraction data reported here likely contributed to the
improved quality of our structure (Supporting Information Table SI). Representative
electron density maps for the two NLRP1 CARD structures are shown in the Supporting
Information Figure 1(A,B).

The NLRP1 CARD contains six anti-parallel α helices folded in a greek key arrangement,
similar to other members of the death domain fold [Fig. 1(D)]. Superposition of its structure
with other known CARD structures reveal a general agreement on the location of the six
helices, with variations on the length and orientation of each helix [Fig. 1(D,E)]. The α6
helix of the NLRP1 CARD is involved in a crystal lattice contact, with residue W1460 at
this helix in contact with its symmetry mate [Supporting Information Fig. 1(C)].
Interestingly, this same lattice contact is also present for the other NLRP1 CARD structure
(3KAT) [Supporting Information Fig. 1(D)]. The physiological significance of this interface
is currently unclear. Consistent with previous observations,17 most of the conserved residues
among the CARDs are hydrophobic residues involved in the packing of the hydrophobic
core [Fig. 1(E)]. Structural homology search using the Dali server18 demonstrated high
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structural similarity between the NLRP1 CARD and those from Apaf-1, NOD1,
procaspase-9 and ICEBERG (Supporting Information Table SII).

The NLRP1 CARD exhibits prominent charged surface patches

To investigate the molecular interaction between the CARDs of NLRP1 and caspase-1, we
first produced a homology model of the procaspase-1 CARD based on an NMR structure of
the ICEBERG that has 54% sequence identity with the procaspse-1 CARD. Analysis of the
electrostatic charge surfaces of the NLRP1 and procaspase-1 CARDs revealed that both
domains contain prominent charged surface patches, with a dominant positively charged
patch near their α1 and α4 helices, and a dominant negatively charged patch at their α2-α3
helices [Fig. 2(A,B)]. This is strikingly similar to the surface of the Apaf-1 and procaspase-9
CARDs [Fig. 2(C,D)]. In the Apaf-1:procaspase-9 complex, the acidic α2-α3 helices of
Apaf-1 CARD [Fig. 2(C) right panel] are in contact with the basic α1 and α4 helices of the
procaspase-9 CARD [Fig. 2(D) left panel]. Even though the basic α1 and α4 helices of the
Apaf-1 CARD and the acidic α2-α3 helices of the procaspase-9 also have apparent charge
complementarity, mutations at these regions did not diminish the Apaf-1:procaspase-9
association.7 The Apaf-1:procaspase-9 complex structure illustrates a mechanism of
association mediated by a combination of hydrogen bonds, van der Waals interactions, as
well as salt bridges. By analogy to the Apaf-1:procaspase-9 complex structure, it is possible
that the NLRP1 CARD may associate with the procaspase-1 CARD through complementary
charge surface. A possible model of such a complex is represented in Figure 2(E) (left
panel), with the acidic α2-α3 helices of the NLRP1 CARD binding to the basic α1 and α4
helices of the procaspase-1 CARD, similar to the Apaf-1:procaspase-9 complex [Fig. 2(E)
right panel]. Further experimental evidence is required to validate the details of the
CARD:CARD complex, or whether other modes of interaction besides the charge
complementarity also play a role in this CARD:CARD association.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The NLRP1 CARD adopts a six-helix bundle fold. A. The MBP-NLRP1-CARD structure is
shown as ribbons with the MBP colored gray and the CARD colored magenta. The six α
helices of the CARD are labeled. The bound maltose at the MBP is shown as sticks. B. The
MBP (gray) and NLRP1-CARD (magenta) associate through hydrophilic interface in the
crystal. Hydrogen bonds are shown as gray dotted lines. C. Superposition of the MBP-
NLRP1-CARD (4IFP, magenta) and NLRP1-CARD (3KAT, yellow) structures. D.
Superposition of the CARD structures from NLRP1 (magenta), Apaf-1 (orange),
procaspase-9 (green), and ICEBERG (cyan) with each helix represented as a cylinder. The
view is rotated ~90° along the horizontal axis from that in C. E. Sequence alignment of the
CARDs from NLRP1, procaspase-1, ICEBERG, Apaf-1 and procaspase-9. The six α helices
of the known CARD structures are underlined and marked above the sequences. The
conserved residues are shaded in yellow. The basic and acidic residues at the
procaspase-9:Apaf-1 and procaspase-1:NLRP1 interface [Fig. 2(E)] are colored blue and
red, respectively.
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Figure 2.
Electrostatic charge surface of the CARD structures. The electrostatic charge surfaces of the
CARD structures from NLRP1, procaspase-1 (homology model), Apaf-1, and procaspase-9
are displayed on a scale of −5 kT/e (red) to 5 kT/e (blue) in A–D. The α1 and α4 helices
face the viewer in the left panels, whereas the α2–3 helices face the viewer in the right
panels. E. A model of the procaspase-1:NLRP1 CARD complex is shown on the left with
the charged interface residues displayed as sticks. The procaspase-9:Apaf-1 CARD complex
structure is shown on the right for comparison. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table I

X-Ray Diffraction Data Collection and Structural Refinement Statistics

Data collection

Spacegroup C21

Unit cell (a, b, c) (Å) 187.0, 108.8, 121.3

(α,β,γ) (°) 90, 121, 90

Wavelength (Å) 0.97

Resolution (Å) 50–2.00 (2.03–2.00)

No. of reflections (total/unique) 583,986/139,624

Redundancy 4.2 (4.0)

Completeness (%) 99.5 (99.6)

I/σ(I) 9.4 (2.7)

Rmerge (%) 14.9 (77.5)

Rpim (%) 7.3 (38.7)

Refinement

Resolution (Å) 50-2.00

Number of protein atoms/B-factor (Å2) 10,786/31.4

Number of hetero-atoms/B-factor (Å2) 1628/39.8

Rmsd bond lengths (Å) 0.007

Rmsd bond angles (°) 1.055

Rwork (%) 17.0

Rfree (%) 20.8

Ramachandran plot favored/disallowed 98.0/0.0

PDB code 4IFP

Numbers in parenthesis represent the highest resolution shell.

The quality of the structure was analyzed by the Molprobity server.
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