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Autoinhibition and Inflammasome Assembly™
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Background: AIM2 binds dsDNA and associates with ASC through their PYDs to form an inflammasome.

Results: The AIM2 PYD structure illustrates distinct charge distribution and a unique hydrophobic patch.

Conclusion: The AIM2 PYD may bind the ASC PYD and the AIM2 HIN domain through overlapping surface.
Significance: These findings provide insights into the mechanisms of AIM2 autoinhibition and inflammasome assembly.

Absent in melanoma 2 (AIM2) is a cytosolic double-stranded
(dsDNA) sensor essential for innate immune responses against
DNA viruses and bacteria such as Francisella and Listeria. Upon
dsDNA engagement, the AIM2 amino-terminal pyrin domain
(PYD) is responsible for downstream signaling to the adapter
protein apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC) through homotypic PYD-
PYD interactions and the assembly of an inflammasome.
Toward a better understanding of the AIM2 signaling mecha-
nism, we determined the crystal structure of the human AIM2
PYD. The structure reveals a death domain fold with a short a3
helix that is buttressed by a highly conserved lysine residue at
the a2 helix, which may stabilize the a3 helix for potential inter-
action with partner domains. The surface of the AIM2 PYD
exhibits distinct charge distribution with highly acidic al-a2
helices and highly basic a5-a6 helices. A prominent solvent-
exposed hydrophobic patch formed by residues Phe-27 and
Phe-28 at the a2 helix resembles a similar surface involved in the
death effector domain homotypic interactions. Docking studies
suggest that the AIM2 PYD may bind the AIM2 hematopoietic
interferon-inducible nuclear (HIN) domain or ASC PYD using
overlapping surface near the a2 helix. This may ensure that
AIM2 interacts with the downstream adapter ASC only upon
release of the autoinhibition by the dsDNA ligand. Our work
thus unveils novel structural features of the AIM2 PYD and pro-
vides insights into the potential mechanisms of the PYD-HIN
and PYD-PYD interactions important for AIM2 autoinhibition
and inflammasome assembly.

AIM2? is a major cytosolic dsDNA sensor that forms an
inflammasome with the adapter ASC and procaspase-1 to acti-

* This work was supported, in whole or in part, by a National Institutes of
Health grant from the Division of Intramural Research, NIAID (to T. S. X.).

1 This article contains supplemental Figs. 1-4.

The atomic coordinates and structure factors (code 3VD8) have been deposited in
the Protein Data Bank (http://wwpdb.org/).

"To whom correspondence should be addressed. E-mail: xiaot@niaid.
nih.gov.

2The abbreviations used are: AIM2, absent in melanoma 2; PYD, pyrin
domain; ASC, apoptosis-associated speck-like protein containing a CARD;
CARD, caspase recruitment domain; HIN, hematopoietic interferon-inducible

MAY 10,2013 +VOLUME 288+-NUMBER 19

vate proinflammatory cytokine processing (1-4). The AIM2
inflammasome is essential for immune responses against DNA
viruses such as vaccinia virus and mouse cytomegalovirus and
bacteria such as Francisella tularensis and Listeria monocyto-
genes (5-9). AIM2 was also reported to play a role in autoim-
mune disorders such as psoriasis through recognition of host
DNA (10). It belongs to the pyrin and HIN protein (PYHIN)
family of proteins that includes interferon y-inducible protein
16 (11), IFN-inducible protein X/PYHINI, and myeloid cell
nuclear differentiation antigen in the human genome (12, 13).
AIM2 contains a carboxyl-terminal HIN domain that binds
dsDNA and an amino-terminal PYD that is responsible for
downstream signaling to the adapter protein ASC. Previous
phylogenetic analysis of the PYD sequences revealed two sepa-
rate clades among the mammalian PYHIN proteins, one con-
taining the AIM2 orthologs and the other containing all other
PYHIN proteins (14). In agreement with its distinct sequence,
the AIM2 PYD was shown to be the only PYHIN PYD that
associates with ASC to form an inflammasome (1, 2). However,
it remains unclear how the distinct sequence of the AIM2 PYD
contributes to this unique function.

The pyrin domains were found in both PYHIN proteins
and Nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) as signal transduction modules that adopt the
six-helix bundle fold typical of the death domain superfamily
(15-19). Besides PYD, the death domain superfamily includes
the death domain (DD), death effector domain (DED), and
caspase recruitment domain (CARD). Many of them are
involved in the assembly of oligomeric multiprotein signaling
complexes such as the PIDDosome (DD) (20), MyDDosome
(DD) (21), apoptosomes (CARD) (22, 23), and inflammasomes
(PYD) (24). Despite progress in the structural characterization
of the DD, DED, and CARD signaling complexes, the molecular
mechanisms of PYD-mediated signaling events remain poorly
understood largely because of the lack of structural information
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NOD-like receptor; NOD, nucleotide-binding oligomerization domain; DD,
death domain; DED, death effector domain; MBP, maltose-binding protein;
ITC, isothermal titration calorimetry; POP, PYD-only protein; FADD, Fas-
associated via death domain.
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on PYD-PYD complexes. To date, the structures of eight
human PYDs and two mouse PYDs have been experimentally
characterized, largely through nuclear magnetic resonance
(NMR) spectroscopy. These include the PYDs from human
ASC (Protein Data Bank codes 1UCP (25) and 2KN6 (26)),
NLRP1 (Protein Data Bank code 1PN5) (27), NLRP3 (Protein
Data Bank code 3QF2) (28), NLRP4 (Protein Data Bank code
4EWTI) (29), NLRP7 (Protein Data Bank code 2KM6) (30),
NLRP12 (Protein Data Bank code 2L6A) (31), and POP1/ASC2
(Protein Data Bank code 2HM2) (32) and mouse NLRP10 (Pro-
tein Data Bank code 2D09) as well as the PYHIN family mem-
bers myeloid cell nuclear differentiation antigen (Protein Data
Bank code 2DBG; human) and p205b (Protein Data Bank code
2YUO; mouse). Interestingly, all known PYD structures have a
uniquely short a3 helix compared with other DD superfamily
members (33).

Previously, we reported the crystal structure of the AIM2
HIN domain in complex with dsDNA and found that the HIN
domain binds dsDNA through electrostatic attraction, and the
AIM2 PYD and HIN domain interaction maintains the receptor
in an autoinhibited state in the absence of dsDNA (34). To
examine the structure and function of the AIM2 PYD, we car-
ried out crystallographic studies of the AIM2 PYD. The AIM2
PYD was crystallized as a fusion with maltose-binding protein
(MBP). The structure reveals a typical death domain fold for the
PYD with distinct surface charges and hydrophobic patches.
We identify a highly conserved lysine residue at the 2 helix
that stabilizes the short a3 helix, a common feature for all
known PYD structures that has not been described previously.
Our docking and binding studies suggest potential modes of the
PYD-PYD and PYD-HIN associations through overlapping
surface at the AIM2 PYD such that the AIM2 receptor signal
transduction only occurs upon ligand engagement.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The pyrin domain of
human AIM2 (NCBI accession number NP_004824; residues
1-107) was cloned into a pET30a-derived vector with a non-
cleavable amino-terminal MBP tag and a carboxyl-terminal
hexahistidine tag. The MBP tag harbors mutations (D82A/
K83A/E172A/N173A/K239A) designed to enhance its crystal-
lization propensity (35, 36). Transformed BL21(DE3) Codon
Plus RIPL cells (Stratagene, Santa Clara, CA) were grown at
37 °C, induced with 0.3 mwm isopropyl 1-thio-B-p-galactopy-
ranoside at 18 °C for 4 h, harvested, and lysed in buffer A (20 mm
Tris-HCI, pH 8.0, 100 mMm NaCl) plus 5 mm imidazole, DNase
(Biomatik, Wilmington, DE), and protease inhibitors (Roche
Applied Science). Soluble protein from the cell lysate was puri-
fied by Hisprep IMAC column (GE Healthcare) and further
purified using a XK26/60 Superdex 200 size exclusion column
in buffer A supplemented with 5 mm maltose (Research Prod-
ucts International Corp., Mount Prospect, IL). The mutant
AIM?2 PYD constructs were produced using the Phusion site-
directed mutagenesis kit (Thermo Scientific, Waltham, MA),
and the expression and purification were carried essentially the
same as for the wild type protein. The human ASC PYD (resi-
dues 1-91) coding sequence was cloned into a pET30a-derived
vector with a tobacco etch virus protease cleavable amino-ter-
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minal GB1 tag. Expression and purification were carried out
similarly to the AIM2 PYD except that the GB1 tag was
removed by tobacco etch virus cleavage.

Crystallization—Purified MBP-PYD protein was concen-
trated to 20 mg/ml before setting up hanging drops for vapor
diffusion crystallization. Multiple commercial crystallization
screens were tested using the Mosquito crystallization robot
(TTP Labtech, UK). Rod-shaped crystals grew at room temper-
ature in 1 week using a well solution containing 20% polyethyl-
ene glycol (PEG) 3350 and 0.1 M potassium acetate at pH 4.0.
20% ethylene glycol (v/v) was added to the reservoir solution as
the cryoprotectant to freeze 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 General Medical
Sciences and Cancer Institutes Collaborative Access Team
(GM/CA-CAT) of the Advanced Photon Source, Argonne
National Laboratory. Data were processed with the HKL2000
program suite (37). The solvent content was 53.2% for one mol-
ecule of the fusion protein per asymmetric unit. The structure
was determined by molecular replacement with Phaser (38)
from the CCP4 program suite (39). An MBP structure from the
Protein Data Bank (code 3DMO0) was used as the search model
(35). Electron density maps calculated with phases from the
MBP search model clearly showed positive densities for the
AIM2 PYD. The PYD model was manually built with Coot (40)
and refined with Phenix.refine (41). The final structure con-
tains 467 residues of which residues Met-371 to Lys-467 corre-
spond to the first 97 residues of the AIM2 receptor (NCBI
accession number NP_004824). Validation by the MolProbity
server (42) and Research Collaboratory for Structural Bioinfor-
matics ADIT validation server (43) showed that 97.5% of all
protein residues were in the favored regions of the Ramachan-
dran plot with no outliers. Electrostatic surfaces were calcu-
lated with program Delphi (v4) (44) and displayed with PyMOL
(Schrodinger, LLC). Calculation of the solvent-accessible area
was performed with the program Areaimol from the CCP4 pro-
gram suite (39, 45).

Sequence Alignment and Calculation of Conservation Scores—
Sequence alignment of the PYDs was performed with the pro-
gram MEGAS5 (46) with minor adjustments. The phylogenic
tree was calculated using the maximum likelihood method in
MEGAS, and the reliability of the tree was tested with boot-
strapping for 1000 replications. The sequence conservation
scores were calculated by the ConSurf server (47) using the
sequence alignment in Fig. 1.

Protein Structure Docking—Docking of the AIM2 PYD (Pro-
tein Data Bank code 3VDS8) with the ASC PYD (Protein Data
Bank code 1UCP) or the AIM2 HIN domain (Protein Data Bank
code 3RN2) was performed with the web server ClusPro (48),
taking into account both shape complementarity and electro-
static charge interactions. An interactive docking program, Hex
(v6.3) (49), was also used for comparison. No preidentification
of residues within or outside the contact surface was specified.
The choice of either domain as the stationary receptor resulted
in a similar mode of interactions for the AIM2 PYD (see Figs. 5
and 6): the top docking models consistently placed the a2 helix
of the AIM2 PYD at the PYD-PYD and PYD-HIN interfaces.
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ol a2
AIM2 [NP_004824 (3VD8) 1 MEs kY KE [ L T[c[LBIn 1 7 BIEE]LBr F <[EFL sH 44
IFI16 |[NP_005522 1 MGKK[YKIN 1|V[LLK/GILEV INDYHFRMVKSLLSN - - - - - «------- DLKLNLKMREEYD 44
IFIX [NP_945147 1 MANN|YK|K I[VIL LK|GILEV INDYHFRIVKSLLSN - - - -« «------- DLKLNPKMKEEYD 44
MNDA |NP_002423 (2DBG) 1 MVNE|YKIK I|L|L LKIGIFELMDDYHFTS IKSLLAY - -« -« «------- DLGLTTKMQEEYN 44
NLRP1 [NP_127497 (1PN5) 1 MAGGAWGRLACYLEFLKKEELKEFQLLLANKAHS - - - - - - - RSSSGETPAQPEKTS 49
NLRP2 |NP_001167553 1 MVSSAQMGFNLQALLEQLSQDELSKFKYL ITTFSLA--- - - - - HELQKIPHKEVDKAD 51
NLRP3 [NP_001073289 (3QF2) 1 MKMASTRCKLARYLEDLEDVDLKKFKMHLEDYPPQ- - - - - - - KGCIPLPRGQTEKAD 50
NLRP4 [NP_604393 (4EWI) 1 MAASFFSDFGLMWYLEELKKEEFRKFKEHLKQMTLQ- -~ - - - - LELKQIPWTEVKKAS 51
NLRP5 |NP_703148 52 MGDKSLTFSSYGLQWCLYELDKEEFQTFKELLKKKSSE------ - STTCSIPQFEIENAN 105
NLRP6 [NP_612202 10 STGPRLAVARELLLAALEELSQEQLKRFRHKLRDVG- - - - - - - - - PDGRS IPWGRLERAD 60
NLRP7 [NP_001120727 (2KM6) 1 MTSPQLEWTLQTLLEQLNEDELKSFKSLLWAFPLE - --- - - - DVLQKTPWSEVEEAD 50
NLRP8 [NP_789781 29 FSCYPGSPCENGVMLYMRNVSHEELQRFKQLLLTELS - ------ - TGTMP I TWDQVETAS 80
NLRP9 [NP_789790 1 MAESFFSDFGLLWYLKELRKEEFWKFKELLKQPLEK - -- - - - - FELKPIPWAELKKAS 51
NLRP10 |[NP_789791 1 MAMAKARKPREALLWALSDLEENDFKKLKFYLRDMTLS - - - - - - - EGQPPLARGELEGL I 53
NLRP11 [NP_659444 1 MAESDSTDFDLLWYLENLSDKEFQSFKKYLARK-- - ------ - ILDFKLPQFPLIQMT 48
NLRP12 |[NP_653288 (2L6A) 1 MLRTAGRDGLCRLSTYLEELEAVELKKFKLYLGTATE------- - LGEGKIPWGSMEKAG 52
NLRP13 |[NP_789780 5 VITCPNGGTNQGLLPYLMALDQYQLEEFKLCLEPQQLMDFWSAPQGHFPRIPWANLRAAD 64
NLRP14 [NP_789792 3 DSSSSSFFPDFGLLLYLEELNKEELNTFKLFLKETME - - - - - - - - PEHGLTPWNEVKKAR 54
Pyrin [NP_000234 1 MAKTPSDHLLSTLEELVPYDFEKFKFKLQNTSVQ- ---- - - KEHSRIPRSQIQRAR 49
ASC [NP_037390 (1UCP) 1 MGRARIEA | LIBA LENL TABBLKKFKLKLLSVPLR- - - - - - - EcYcRIPRGALLsMEB 4
POP1 |NP_690865 (2HM2) 1 MGTKREAILKVLENLTPEELKKFKMKLGTVPLR- - - - - - - EGFERIPRGALGQLD 48
POP2 |NP_001076777 1 MASSAELDFNLQALLEQLSQDELSKFKSLIRTISLG- -~ - - - - KELQTVPQTEVDKAN 51
¢
od b
AIM2 |NP_004824 (3VD8) s rRi1avaTiLMmiaNAlcavsavmMKT IR Fa[KL 103
IF116 |NP_005522 45 KIQIADLMEEKFRGDAGLG|K|L IKIFED I LAETLKKEKILKVKGPALSRKRKKEVDA 104
IFIX [NP_945147 45 KIQIADLMEEKFPGDAGLG|K|L IEFFKE I LAETLKREK[ILKVANKIESIPVKGI IPS 104
MNDA |NP_002423 (2DBG) 45 RIKITDLMEKKFQGVACLD|K|L IELAKDM LYNNLRKEKISKVAKKIKTQEKAPVKK I 104
NLRP1 [NP_127497 (1PN5) 50 GMEVASYLVAQYGEQRAWDLALHTWEQM-GLRSLCAQAQEGAGHSPSFPYSPSEPHLGSP 108
NLRP2 [NP_001167553 52 GKQLVEILTTHCDSYWVEMASLQVFEKM-HRMDLSERAKDEVREAALKSFNKRKPLSLGI 110
NLRP3 [NP_001073289 (3QF2) 51 HVDLATLMIDFNGEEKAWAMAVWIFAAI-NRRDLYEKAKRDEPKWGSDNARVSNPTVICQ 109
NLRP4 [NP_604393 (4EWI) 52 REELANLLIKHYEEQQAWNITLRIFQKM-DRKDLCMKVMRERTGYTKTYQAHAKQKFSRL 110
NLRP5 |NP_703148 106 VECLALLLHEYYGASLAWATSI|SIFENM-NLRTLSEKARDDMKRHSPEDPEATMTDQGPS 164
NLRP6 [NP_612202 61 AVDLAEQLAQFYGPEPALEVARKTLKRA-DARDVAAQLQERRLQRLGLGSGTLLSVSEYK 119
NLRP7 [NP_001120727 (2KM6) 51 GKKLAE | LVNTSSENW IRNATVNILEEM-NLTELCKMAKAEMMEDGQVQE IDNPELGDAE 109
NLRP8 [NP_789781 81 WAEVVHLLIERFPGRRAWDVTSNIFAIM-NCDKMCVVVRREINAILPTLEPEDLNVGETQ 139
NLRP9 |NP_789790 52 KEDVAKLLDKHYPGKQAWEVTLNLFLQI-NRKDLWTKAQEEMRNKLNPYRKHMKETFQL I 110
NLRP10 |[NP_789791 54 PVDLAELLISKYGEKEAVKVVLKGLKVM-NLLELVDQLSHICLHDYREVYREHVRCLEEW 112
NLRP11 [NP_659444 49 KEELANVLPISYEGQY IWNMLFSI|FSMMRKEDLCRKIIGRRNRNQEACKAVMRRKFMLQW 108
NLRP12|NP_653288 (2L6A) 53 PLEMAQLL ITHFGPEEAWRLALSTFERI-NRKDLWERGQREDLVRDTPPGGPSSLGNQST 111
NLRP13 |NP_789780 65 PLNLSFLLDEHFPKGQAWKVVLGIFQTM-NLTSLCEKVRAEMKENVQTQELQDPTQEDLE 123
NLRP14 [NP_789792 55 REDLANLMKKYYPGEKAWSVSLKIFGKM-NLKDLCERAKEE INWSAQTIGPDDAKAGETQ 113
Pyrin [NP_000234 50 PVKMATLLVTYYGEEYAVQLTLQVLRAINQRLLAEELHRAAIQEYSTQENGTDDSAASSS 109
ASC [NP_037390 (1UCP) 49 ALBLTEBKLVSFYLETYGAELTANVLRDM-GLQEMAGQLQAATHQGSGAAPAGIQAPPQSA 107
POP1 |NP_690865 (2HM2) 49 I VDLTDKLVASYYEDYAAELVVAVLRDM-RMLEEAARLQRAA 89
POP2 |NP_001076777 52 GKQLVEIFTSHSCSYWAGMAAIQVFEKM-NQTHLSGRADEHCVMPPP 97

FIGURE 1. Sequence alignment of the human PYDs. The six « helices of the PYDs with known structures are underlined and marked. The highly conserved
residues (>80%) are shaded in yellow. The conserved lysine residue at the a2 helix is indicated with a magenta diamond. The acidic residues at the a1, a2, and
a6 helices of the AIM2 PYD are shaded in red, the basic residues at the a5 and a6 helices are shaded in blue, the hydrophobic residues at the a2-a3 helices are
shaded in green. Similarly, the acidic residues at the a1 and a4 helices and the basic residues at the a2 and a3 helices of the ASC PYD are shaded red and blue,
respectively. Conserved residues among the PYHIN-only proteins are marked with orange boxes. The AIM2-specific residues within the PYHIN proteins are

marked with black boxes.

The top ranked docking model for the PYD-HIN complex was
subjected to energy minimization using the relax mode of the
Rosetta (v3.4) program (50).

MBP Pulldown—Purified MBP or MBP-tagged wild type or
mutant AIM2 PYD samples (200 ng) were immobilized with 50
wul of amylose beads (New England Biolabs, Ipswich, MA) in
buffer B (20 mm HEPES-Na, pH 7.4, 100 mm NaCl). After three
washing steps using buffer B, 200 ug of AIM2 HIN protein was
incubated with the beads followed by three washing steps with
buffer B. The bound proteins were eluted with 50 ul of buffer B
plus 10 mM maltose and analyzed by SDS-PAGE.

Yeast Two-hybrid Assay—The GAL4-based Matchmaker
yeast two-hybrid system from Clontech was used to examine
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the interaction between the AIM2 PYD and the ASC PYD. The
PYD coding sequences were cloned into the pGBKT7 plasmid
encoding DNA-binding domain and the pGADT7 plasmid
encoding activation domain. Combinations of DNA-binding
domain and activation domain plasmid pairs were transformed
into yeast strain AH109. The cells were plated on agar plates of
minimum synthetic dropout medium without leucine and tryp-
tophan (—Leu/—Trp) to select for transformants. Single colo-
nies were then picked and replicated onto —His/—Leu/—Trp
plates. Growth of the colonies at 30 °C was recorded 72 h later.

Isothermal Titration Calorimetry (ITC)—The association
between the AIM2 PYD and HIN domain was measured using an
ITC200 calorimeter (Microcal, Piscataway, NJ) at 288 K. All pro-
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tein samples were dialyzed extensively in buffer B. The wild type or
mutant MBP-AIM2 PYD at 0.3 mwm was titrated into ~200 ul of
purified AIM2 HIN domain at 30 um. The binding isotherm data
were analyzed with the program Origin using a single site binding
model after subtracting the buffer dilution background.

Fluorescence Polarization Assay—A 5',6-fluorescein-labeled
20-mer DNA oligo with a sequence of 5'-ccatcaaagagagaaag-
agc-3' (Integrated DNA Technologies, Coralville, IA) was dis-
solved in buffer B and annealed with its reverse complement
DNA oligo. A 4 nm concentration of the probe was mixed with
100 nMm purified AIM2 HIN domain, and increasing concentra-
tions of the wild type or mutant MBP-AIM2 PYD were added to
the above DNA-HIN complex. The mixtures were then ali-
quoted in triplets into black 96-well plates, and the fluorescence
polarization was measured with a Paradigm spectrometer
(Molecular Devices, Sunnyvale, CA). Data were analyzed using
the program Prism (GraphPad, San Diego, CA).

RESULTS

Sequence Comparison of the Human PYDs—There are a total
of 22 PYD-containing proteins in the human genome (13),
including the PYHIN proteins, the NLR family members
NLRP1-14, the pyrin protein encoded by the Mediterranean
fever gene, the adapter protein ASC, and PYD-only proteins
(POPs) POP1/ASC2 and POP2. A sequence alignment of these
PYDs guided by the known structures reveals that several con-
served residues are shared between the PYHIN PYDs and other
PYDs (Fig. 1). These residues are mostly hydrophobic with the
exception of Lys-26 at the a2 helix (see below). Divergent
sequences outside of these conserved residues place the PYHIN
proteins at a separate clade in a phylogenetic tree (supplemen-
tal Fig. 1). For example, the PYHIN PYDs contain shorter a2-3
loops compared with the other PYDs, and their amino- and
carboxyl-terminal regions harbor conserved residues among
the PYHIN proteins only (Fig. 1, orange boxes). Furthermore,
the AIM2 PYD sequence further diverges from those of the
other PYHIN proteins with the AIM2-specific residues located
throughout the PYD sequence (Fig. 1, black boxes). Notably, the
AIM2-specific residues at the a2 helix contribute to the distinct
pattern of surface charge and hydrophobicity patch at the PYD
as described below. To understand the contribution of these
AIM2-specific residues to its distinct structure and in turn its
unique ability to associate with the adapter ASC, we initiated
structural studies of the AIM2 PYD.

The AIM2 PYD Adopts a Six-helix Bundle Structure—QOur
initial efforts to crystallize the AIM2 PYD were hampered by its
tendency to form severe aggregates upon overexpression, per-
haps partially reflecting its function as a protein-protein inter-
action module. We overcame this challenge using an MBP
fusion strategy reported previously to be successful for other
recalcitrant crystallization targets (35, 36, 51). The MBP-PYD
fusion protein was expressed, purified to high homogeneity,
and crystallized. Crystallographic data collection, model build-
ing, and refinement statistics are presented in Table 1. One
MBP-PYD fusion protein is present in the crystallographic
asymmetric unit (supplemental Fig. 2A). There are four hydro-
gen bonds and 10 van der Waals contacts between the al and
a6 helices of the AIM2 PYD and the MBP-linker region, which
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TABLE 1

X-ray diffraction data collection and structural refinement statistics
r.m.s.d., root mean square deviation.

Unit cell )
a,b,c(A) 61.6,91.9,100.3
a, B,y () 90, 90, 90

Resolution (A)
No. of reflections (total/unique)

50-2.07 (2.10-2.07)
245,865/35,164

Redundancy 7.0 (6.0)*

Completeness (%) 99.0 (97.9)*

Ia(l) 12.4 (2.2)

Ryerge (%)” 11.9 (64.6)"
i (%)° 4.9 (28.9)*

Refinement
Resolution (A) 50-2.07
No. of protein atoms 3,688

No. of solvent/heteroatoms 390

r.m.s.d. bond lengths (A) 0.003
r.m.s.d. bond angles (°) 0.694
Ry (%) 1821
Ry (%)° 22.12
Ramachandran plot favored/disallowed” 97.5/0.0
Protein Data Bank code 3VD8

“ Numbers in parentheses correspond to the last resolution shell.

PRierge = 2 2l1(h) = I(W)|/%,2,1,(h) where I,(h) and I(h) are the ith and mean
measurement of the intensity of reflection /.

Ry = 2h[(1/n — 1)) 3 |1(h) —1(W)|/%,2.1,(h) where I,(h) and I(h) are the ith
and mean measurement of the intensity of reflection /, and # is the redundancy
of reflection /.

? Ryork = ZillFobs ()] = [Feare(MII/Z | Fop ()| where Fop,y() and Fyc(h) are the

observed and calculated structure factors, respectively. No I/ cutoff was
applied.

€ Rpiee is the R value obtained for a test set of reflections consisting of a randomly
selected 5% subset of the data set excluded from refinement.

/Values from MolProbity server.

may stabilize the relative positions of the MBP and PYD, thus
facilitating crystallization (supplemental Fig. 2B).

The AIM2 PYD is well resolved in the electron density maps
(supplemental Fig. 2C). It has a globular structure of a six-helix
bundle similar to other members of the death domain super-
family (Figs. 1 and 2A). Typical of the known PYD structures,
the AIM2 PYD has a short a3 helix (33). This helix and the
connecting loops possess higher temperature factors compared
with the bulk of the domain, suggesting higher static or
dynamic mobility (Fig. 2B). A search of structural homologues
using the Dali server (52) revealed that the AIM2 PYD is most
similar to that from ASC and NLRP3 with Z-scores of 12.4 and
12.3, respectively (Table 2). Superposition of these three PYD
structures illustrates that the six helices from each can be
superimposed well with variations in the orientation and length
of the helices (Fig. 2, C and D). In particular, the a6 helix of the
AIM2 PYD is the longest among the known PYD structures
with the most variable sequences (Figs. 1 and 2, A and C). The
functional significance of this long a6 helix is currently unclear.

The Highly Conserved Lys-26 Residue Stabilizes the o3
Helix—Among the death domain superfamily members, PYDs
have uniquely short a3 helices connected to flexible loops (33).
We therefore wondered how the conformation of the a3 helices
is stabilized. We noticed that the a2 helices of PYDs contain
highly conserved lysine residues (Figs. 1 and 24). The side chain
of this residue in the AIM2 PYD points toward the 3 helix (Fig.
2A), resulting in exposure of only 8% of its surface to the sol-
vent. The poor surface exposure suggests that Lys-26 may not
be involved in domain-domain interactions. What then is the
function of this conserved lysine residue? Analysis of the PYD
structures from AIM2 (Protein Data Bank code 3VD8), ASC
(Protein Data Bank code 1UCP), NLRP3 (Protein Data Bank
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FIGURE 2. Overall structure of the AIM PYD. A, ribbon diagram of the AIM2 PYD structure colored based on sequence conservation scores calculated by the
ConSurf server (47). The color is from blue (conserved) to red (non-conserved). Residues Lys-26, Phe-27, and Phe-28 at the a2 helix and Lys-87, Lys-90, Lys-93,
and Lys-97 at the a6 helix are shown as ball-and-stick models. The six « helices and both termini are labeled. B, a plot of the temperature factors for the AIM2
PYD residues. The average temperature factor of the domain is indicated as a red dotted line, and the six a helices are marked above the plot. C, superposition
of the PYD structures from AIM2 (orange), ASC (green), and NLRP3 (cyan) with each helix represented as a cylinder. D, a 90° rotation of the view in C.

TABLE 2
Comparison of the AIM2 PYD structure with other PYD structures by
the Dali server

Protein Data Bank codes are in parentheses. r.m.s.d., root mean square deviation;
MNDA, myeloid cell nuclear differentiation antigen.

Aligned
Z-score r.m.s.d. residues Identity
A %
hASC* (1UCP) 12.4 1.6 83 19
hNLRP3“ (3QF2) 12.3 1.8 82 27
hPOP1¢ (2HM2) 122 15 80 23
hMNDA*“ (2BDG) 12.1 3.8 92 28
hNLRP4“ (4EWT) 11.1 16 78 27
hNLRP7“ (2KM6) 10.8 2.4 85 20
mNLRP10? (2DO9) 10.7 3.6 89 24
hNLRP12“ (2L6A) 10.3 1.6 78 23
mP205” (2YUO0) 9.5 4.1 84 24
hNLRP1“ (1PN5) 8.1 2.4 76 20

“ Human protein.
» Mouse protein.

code 3QF2), NLRP4 (Protein Data Bank code 4EWI), NLRP7
(Protein Data Bank code 2KM®6), and POP1 (Protein Data Bank
code 2HM2) reveals that this conserved a2 helix lysine residue
buttresses the a3 helix through hydrogen bonds with two main
chain carbonyl oxygens (i.e. those of Leu-40 and Ala-43 from
AIM2), thereby stabilizing the conformation of a3 and its con-
necting loops (Fig. 3, A—F). In addition, the only non-conserved
residues at this position (Gln in NLRP1 and Arg in NLRP6) are
all capable of forming similar hydrogen bonds. Because the
a2-a3 helices of the DD, DED, and CARD have all been impli-
cated in homotypic interactions (20, 21, 53, 54), it is possible
that the conserved Lys-26 residue may indirectly facilitate
PYD-PYD interactions through stabilizing the a3 helix.
Surface of the AIM2 PYD Exhibits Distinct Pattern of Electro-
static Charges and Hydrophobicity—Besides the Lys-26 residue
that is largely buried, most of the charged AIM2 PYD residues
are exposed and contribute to a bipolar distribution of electro-
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static charges (Fig. 4, A—C) similar to other known PYD struc-
tures. However, the pattern of charge distribution is distinct for
the AIM2 PYD with dominant acidic residues at the a1-a2 heli-
ces including residues Glu-7, Asp-15, Asp-19, Glu-20, Glu-21,
and Asp-23 (Figs. 1 and 4, A and B) and primarily basic residues
Lys-64, Arg-67, Lys-71, Lys-79, Arg-80, Lys-85, Lys-87, Lys-90,
Lys-93, and Lys-97 at the a5-a6 helices (Figs. 24 and 4C). In
agreement with this distinct pattern of charge distribution, resi-
dues Lys-64 and Lys-85 are conserved among the PYHIN proteins
only (Fig. 1), and residues Glu-20 and Glu-21 are AIM2-specific
residues (Fig. 1 and supplemental Fig. 3, A and B). In comparison,
the ASC PYD displays a different charge distribution with acidic
al and o4 helices and basic a2-a3 helices (Fig. 4, D and E).

Adjacent to the acidic residues at the AIM2 PYD «2 helix are
several hydrophobic and non-charged residues that are
exposed to the solvent. These include residues Phe-27, Phe-28,
Phe-33, Ile-35, Thr-37, and Thr-42 (Figs. 1 and 4, B and C).
Similar to the acidic residues Glu-20 and Glu-21 of the a2 helix,
the hydrophobic residues Phe-27 and Phe-28 are conserved
among the AIM2 proteins from different species but not among
the other PYHIN proteins (Fig. 1 and supplemental Fig. 3, A and
B), suggesting that they may contribute to AIM2-specific func-
tions. Intriguingly, similar hydrophobic residues at the a2 helix
of the FADD DED were shown previously to be essential for its
binding of the caspase-8 DED (53, 55), and a recent report on the
NLRP3 PYD structure suggested that hydrophobic and charged
residues may mediate the NLRP3 inflammasome assembly (28).
Could these AIM2-specific hydrophobic and charged residues also
play a role in mediating PYD-PYD interactions?

Polar and Hydrophobic Interactions May Mediate the AIM2
PYD-ASC PYD Association—To investigate the potential roles
of the a2 helix residues in mediating AIM2-ASC association,
we performed docking studies of the AIM2 PYD and ASC PYD
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FIGURE 3. The conserved lysine residue at the a2 helix buttresses the a3
helix. The region near the conserved lysine residue and the a3 helix are
shown for the AIM2 PYD in A (orange), ASC PYD in B (green), NLRP3 PYD in C
(cyan), NLRP4 PYD in D (wheat), NLRP7 PYD in E (salmon), and POP1 PYD in F
(yellow). Hydrogen bonds are indicated with gray dotted lines.

using the ClusPro protein-protein docking server V2.0 (48).
The results show that the a2 helix of the AIM2 PYD is indeed
located at the PYD-PYD interface with the a2 helix acidic res-
idues Asp-19, Glu-20, and Asp-23 and hydrophobic residues
Phe-27 and Phe-28 within contact distance of the ASC PYD
(Fig. 5, A and B). This suggests that the a2 helix of the AIM2
PYD may be involved in mixed polar and hydrophobic interac-
tions with the ASC PYD.

To examine the role of the AIM2 PYD o2 helix in mediating
its interaction with the ASC PYD, we performed an MBP pull-
down assay. Although the wild type MBP-AIM2 PYD associ-
ated with the ASC PYD as expected, mutation of either the
hydrophobic residues (F27A and F28A; designated “Mut1”) or
acidic residues (D19A, E20A, E21A, and D23A; “Mut2”) abol-
ished this association (Fig. 5C). This result was further con-
firmed with a yeast two-hybrid assay (Fig. 5D), suggesting that
both hydrophobic and acidic residues at the AIM2 PYD a2
helix are essential for its interaction with the ASC PYD.

Electrostatic Interactions Mediate the PYD-HIN Association—
The AIM2 receptor is composed of a PYD and a HIN domain,
the latter responsible for the recognition of dsDNA in a
sequence-independent manner (34). Our previous work using
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FIGURE 4. Electrostatic surface of the PYDs. A, electrostatic charge surface
of the AIM2 PYD is displayed on a scale of —5 kT/e (red) to 5 kT/e (blue). The
acidic residues are labeled in black. The view is the same as in Fig. 2A with the
a1 helix facing the viewer. B, a 90° rotation of the view in A with the a2-a3
helices facing the viewer. The acidic residues are labeled in black, and the
non-charged residues are labeled in green. C, electrostatic charge surface of
the AIM2 PYD with its &5 helix facing the viewer. The view is rotated ~180°
fromthatin A. D, the electrostatic charge surface of the ASCPYD is shown with
the same view as in A with the a1 helix facing the viewer. The acidic residues
are labeled in black. E, a 90° rotation of the view in D and the same as in Bwith
the a2-a3 helices facing the viewer. The basic residues are labeled in yellow.

an AIM2 PYD model built from the ASC PYD structure sug-
gested that in the absence of the dsDNA ligand the AIM2 recep-
tor resides in an autoinhibited state with its PYD and HIN
domain forming an intramolecular complex. To further char-
acterize this intramolecular domain interaction, we sought to
investigate the PYD-HIN interaction through docking of their
crystal structures using the ClusPro docking server and com-
pare the results with those from the interactive docking pro-
gram Hex (49) that we used previously.

The top 10 solutions from the ClusPro server placed the
AIM2 PYD at the concave surface of the HIN domain overlap-
ping with its DNA-binding surface (Fig. 6, A and B). Most of the
docking models placed the negatively charged a2 helix of PYD
at the center of its interface with the HIN domain, whereas the
positively charged a6 helix was located away from the interface
in agreement with our previous docking and mutagenesis stud-
ies (34). Importantly, such docking models were essentially
recapitulated regardless of whether the HIN or PYD was chosen
as the stationary receptor molecule (Fig. 6, C and D) and further
confirmed using the interactive docking program Hex (supple-
mental Fig. 4). The top ranked docking model from ClusPro
was energy-minimized using the program Rosetta (v3.4) (50).
The resulting structure shows that the PYD-HIN interface is
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FIGURE 5. Analysis of the AIM2 PYD and ASC PYD association. A, superposition of the top 10 docking models of the AIM2 PYD-ASC PYD complex by the
ClusPro server with the AIM2 PYD as the stationary receptor. The AIM2 PYD and ASC PYD are colored orange and green, respectively. The AIM2 residues Asp-19,
Glu-20, Asp-23, Phe-27,and Phe-28 are shown as yellow spheres. B, superposition of the top 10 docking models of the AIM2 PYD-ASC PYD complex with the ASC
PYD as the stationary receptor. The 10 models were superimposed on their AIM2 PYDs. C, MBP pulldown assay for the WT and mutant AIM2 PYD association
with the ASCPYD. “I” denotes input sample, and “E” denotes elution sample. D, yeast two-hybrid analysis of the AIM2 PYD and ASC PYD interaction. Yeast cells
co-expressing GAL4 DNA-binding domain (BD)-ASC PYD fusion and GAL4 activation domain (AD) fusions were grown on agar plates lacking leucine and
tryptophan (—Leu/—Trp) for transformant growth and lacking histidine, leucine, and tryptophan (—His/—Leu/—Trp) for detecting PYD-PYD interaction. Three
individual clones for each combination were plated. — denotes empty vector control.

dominated by electrostatic interactions between basic residues
from the HIN domain DNA-binding surface and acidic residues
from the al-a2 helices of PYD (Fig. 6, E-G). To confirm this
interaction, we performed ITC studies to analyze the interac-
tion of the AIM2 PYD and HIN domain in solution. The wild
type AIM2 PYD binds the AIM2 HIN domain with a dissocia-
tion constant (K,) of 23.5 um (Fig. 7A). Mutation of the hydro-
phobic residues (Mutl) only marginally affected the binding
with a K, 0f 56.8 um (Fig. 7B). In contrast, mutation of the acidic
residues at the a2 helix (Mut2) abolished the interaction (Fig.
7C). In agreement, Mut1 retained its ability to compete for HIN
domain binding by DNA, whereas Mut2 largely lost this inhib-
itory function (Fig. 7B). These data suggest that the acidic res-
idues are essential for the PYD-HIN interaction, whereas the
adjacent hydrophobic residues may not be in direct contact
with the DNA-binding surface of the HIN domain.

DISCUSSION

The AIM2 receptor is a critical innate immune sensor in the
cytosol that responds to invasion by certain DNA viruses and
bacteria and plays a role in the autoimmune disorder psoriasis.
A fundamental aspect of the AIM2 function is the ability of its
PYD to interact with that of the adapter ASC and form an
inflammasome. In this study, we determined the AIM2 PYD
crystal structure, which reveals a six-helix bundle typical of the
death domain superfamily. The AIM2 PYD features distinct
charge distributions with acidic a1-a2 helices and basic a5-a6
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helices. The a2 helix also contains surface-exposed hydropho-
bic residues Phe-27 and Phe-28 that are unique to AIM2 PYD.
A highly conserved Lys-26 residue at the &2 helix is largely
buried and forms hydrogen bonds with main chain carbonyl
oxygens within and adjacent to the short &3 helix. This may
stabilize the conformation of the a3 helix to facilitate its partic-
ipation in PYD-PYD interactions. Such hydrogen bonding-me-
diated stabilization of the a3 helices appears to be unique for
the PYDs as most of the reported DD, DED, and CARD struc-
tures use hydrophobic contacts between the a2 and a3 helices
(20, 21, 23, 54).

What are the implications of the above structural features for
the AIM2 PYD-ASC PYD interactions? Three types of associa-
tions have been identified for the death domain fold, all of
which involve electrostatic interactions (56). The type I inter-
action has been reported for DD (20, 21), DED (53), and CARD
(54), whereas type II and type III interactions have only been
reported for DD (20, 21, 57). As no PYD-PYD complex struc-
ture has been reported, it is currently unknown which of the
three types or a novel type of interaction may mediate the PYD-
PYD association. One mode of interaction predicted by our
docking studies illustrates that the AIM2 PYD «2 helix binds
the ASC PYD through acidic and hydrophobic residues unique
to the AIM2 PYD, and this was confirmed by our MBP pull-
down and yeast two-hybrid studies. This is also in agreement
with reports that hydrophobic and/or charged residues may
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FIGURE 6. Docking of the AIM2 PYD and HIN domains. A, superposition of the top 10 docking models of the AIM2 PYD-HIN domain complex with the HIN
domain as the stationary receptor by the ClusPro server. The AIM2 PYD and HIN domain are colored orange and cyan, respectively. B, the structure of the AIM2
HIN-DNA complex (Protein Data Bank code 3RN2) is shown for comparison. C, superposition of the top 10 docking models of the AIM2 PYD-HIN complex with
the PYD as the stationary receptor by the ClusPro server. The 10 models were superimposed on their HIN domains. D, the original 10 docking models for C are
superimposed on their PYDs with the AIM2 residues Asp-19, Glu-20, Asp-23, Phe-27, and Phe-28 shown as yellow spheres. E, the top scoring model from A was
energy-minimized with Rosetta and is shown in ribbons. The PYD and HIN domain are colored orange and cyan, respectively. The PYD helices and termini are
labeled. The open book view of the PYD-HIN interface is shown as electrostatic surface in F (HIN) and G (PYD). The basic residues in HIN are labeled in yellow, and

acidic residues in PYD are labeled in black.

mediate FADD DED and caspase-8 DED association as well as
NLRP3 PYD and ASC PYD association (28, 53, 55).

Analysis of the complementary charge distribution between
the AIM2 PYD and ASC PYD suggests other possible modes of
interaction: the acidic al helix of the former (Fig. 44) may
interact with the basic a2-a3 helices of the latter (Fig. 4E), and
the positively charged a5 helix of the AIM2 PYD (Fig. 4C) may
associate with the negatively charged a4 helix of the ASC PYD

13232 JOURNAL OF BIOLOGICAL CHEMISTRY

(Fig. 4D). These predicted types of interactions are not mutually
exclusive: oligomeric death domain signaling platforms such as
the PIDDosome (20) and MyDDosome (21) are assembled
through several binding sites at multiple interfaces. Much of the
details on the oligomeric PYD complexes will require future
experimental characterization of the inflammasome structures.

Structural studies of the AIM2 inflammasome have so far
been focused on its HIN domain (34, 58). Based on the electro-
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static nature of the AIM2 HIN domain association with
dsDNA, we hypothesized that an intramolecular interaction
between the HIN domain and PYD retains the receptor in an
autoinhibited state in the absence of ligand binding (34). The
direct interaction of the PYD and HIN domain was confirmed
by an in vitro pulldown assay (34). In the current work, our
docking studies using the crystal structures of the PYD and HIN
domain clearly demonstrated strong preference of the two
domains to interact through their respective charged surfaces
(Fig. 6). We further validated this autoinhibition model using
ITC studies and fluorescence polarization inhibition assays.
Because the PYD and HIN domain are covalently linked, their
high effective local concentrations may promote the intramo-
lecular association that prevents undesirable activation of
AIM2. Similar autoinhibition mechanisms have been observed
for other multidomain receptors such as retinoic acid-inducible
gene 1 (RIG-I) (59) and Apaf-1 (60). It appears that autoinhibi-
tion is a common regulatory mechanism for multidomain
immune receptors to safeguard against spurious activation of
excessive inflammatory responses. Our docking models of the

MAY 10,2013 +VOLUME 288+-NUMBER 19

AIM2 PYD-ASC PYD and AIM2 PYD-AIM2 HIN complexes
reveal that overlapping negatively charged surface at the AIM2
PYD may be involved in its association with both partner
domains. Such mutually exclusive interactions may serve to
ensure that AIM?2 interacts with the downstream adapter ASC
only upon activation by the dsDNA ligand.
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