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SUMMARY
Mouse p202 containing two HIN domains antagonizes AIM2 inflammasome signaling and
potentially modifies lupus susceptibility. We found only HIN1 of p202 binds dsDNA, while HIN2
forms a homo-tetramer. Crystal structures of HIN1 revealed that dsDNA is bound on the opposite
face to the site used in AIM2 and IFI16. The structure of HIN2 revealed a dimer of dimers, with
the face analogous to the HIN1 dsDNA binding site being a dimerization interface. Electron
microscopy imaging showed that HIN1 is flexibly linked to HIN2 in p202, and tetramerization
provided enhanced avidity for dsDNA. Surprisingly, HIN2 of p202 interacts with AIM HIN
domain. We propose this results in spatial separation of AIM2 pyrin domains, and indeed p202
prevented dsDNA-dependent clustering of ASC and AIM2 inflammasome activation. We
hypothesize that while p202 was evolutionarily selected to limit AIM2-mediated inflammation in
some mouse strains, the same mechanism contributes to increased interferon production and lupus
susceptibility.
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INTRODUCTION
The innate immune system directly recognizes pathogen molecules to alert the host of
infection. Viral and bacterial nucleic acids can elicit innate immune responses due to unique
structural features not found in the host, or due to an abnormal location in the cell. Within
the endosomal system, Toll-like receptors 3, 7, 8 and 9 recognize dsRNA, ssRNA, G-rich
oligonucleotides, and DNA containing unmethylated CpG dinucleotides, respectively
[reviewed in (Kawai and Akira, 2010)]. In the cytosol, while the helicase domain-containing
RIG-I like receptors sense cytosolic RNAs and induce type I interferon [reviewed in (Loo
and Gale, 2011)], cytosolic DNA recognition leads to both inflammasome activation and
interferon induction. Although a number of candidates have been proposed (Ablasser and
Hornung, 2013), recent work suggested a novel protein, cyclic GMP-AMP synthase (cGAS),
to be the DNA sensor leading to interferon-β induction via production of a cyclic
dinucleotide second messenger (Sun et al., 2013; Wu et al., 2013). On the other hand,
activation of inflammasome function by cytosolic DNA depends on recognition by absent in
melanoma 2 (AIM2), a member of the pyrin and HIN200 domain-containing protein family
(PYHIN, also known as p200 or HIN200 proteins) (Burckstummer et al., 2009; Fernandes-
Alnemri et al., 2009; Hornung et al., 2009; Roberts et al., 2009)

Most PYHIN proteins contain an N-terminal pyrin domain (PYD), and the C-terminal region
is comprised of one or two HIN domains (Cridland et al., 2012). The PYD belongs to the
death domain fold superfamily (Park et al., 2007) that mediates homotypic interactions in
assembly of oligomeric complexes important in both cell death and innate immune
signalling pathways (Ferrao and Wu, 2012). HIN domains are unique to mammals (Cridland
et al., 2012) and consist of tandem oligonucleotide /oligosaccharide binding-folds (OB-
folds) known to interact with nucleic acids (Albrecht et al., 2005). The AIM2 HIN domain
binds to cytosolic DNA, and the PYD mediates nucleation of an inflammasome by
recruitment of ASC through a PYD/PYD interaction. ASC in turn recruits and activates
procaspase-1 through a CARD/CARD interaction (Hornung and Latz, 2010; Rathinam et al.,
2012; Schroder and Tschopp, 2010). Activated caspase-1 cleaves prointerleukin-1β (pro-
IL-1β) and pro-IL-18 to generate mature proinflammatory cytokines IL-1β and IL-18.
Caspase-1 activation can also induce rapid lytic cell death known as pyroptosis (Miao et al.,
2011). Recent work showed that, in addition, ASC can recruit and activate procaspase-8,
leading to apoptotic responses (Pierini et al., 2012; Sagulenko et al., 2013).

The mammalian PYHIN gene family is highly variable between species, with four members
in human, one in cow and at least fourteen in mice, all clustered on chromosome 1 (Cridland
et al., 2012). Apart from AIM2, the role of most other PYHIN proteins is not clearly
defined. Human IFI16 and mouse p204 were suggested as DNA receptors leading to the
production of type I interferon (Unterholzner et al., 2010). Since cGAS provides a good
candidate for this role, it may be that the PYHIN proteins, which certainly bind to
introduced foreign DNA, can modify or prolong the interferon response. The other PYHIN
protein for which functional data has been obtained is mouse p202, which is an antagonist of
the AIM2 inflammasome (Roberts et al., 2009).

Mouse p202 was the first member of the PYHIN family characterized, and was discovered
as an interferon-inducible protein (Kingsmore et al., 1989). Unlike AIM2 and IFI16, p202
lacks a PYD but consists of two HIN domains. p202 binds rapidly to DNA introduced into
the cytosol, and RNAi-mediated knockdown of p202 showed that it inhibits AIM2
inflammasome signaling (Roberts et al., 2009). Intriguingly, high p202 expression is seen in
three strains of mice (NZB, BXSB and MRL) used as models of systemic lupus
erythematosus (SLE or lupus), and is proposed to potentiate the disease (Choubey and
Panchanathan, 2008; Haywood et al., 2006; Ichii et al., 2010; Rozzo et al., 2001). SLE is an
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autoimmune disease characterized by auto-antibodies directed against DNA and nucleic
acid-associated proteins, and by elevated type I interferon. One of the few characterized
monogenic causes of lupus is mutation in the gene for the DNase, Trex1, which is known to
degrade retroviral cDNA (Crow and Rehwinkel, 2009; Yan et al., 2010). The trex1 knockout
mouse accumulates non-chromosomal DNA, some derived from retroelements, which drives
type I interferon production and autoimmunity (Stetson et al., 2008). Since misplaced DNAs
in the cytosol can be sensed by PYHIN family members, whether p202 plays a role in lupus
via inhibition of AIM2 response to DNA, requires further investigation.

Because of their biological importance, extensive efforts have been directed towards
understanding the molecular mechanisms of DNA recognition by PYHIN proteins. Initial
structure examination of both HIN domains from human IFI16 confirmed the OB-fold
architecture of HIN domain (Liao et al., 2011), as proposed previously based on sequence
analysis (Albrecht et al., 2005). Both OB folds in the HIN domain conform to the canonical
OB-fold framework, with five twisted β-strands forming a closed β barrel and an α-helix
connecting β3 and β4 strands (Theobald et al., 2003). The two OB folds are arranged in a
roughly parallel manner and connected to each other by a bridging α-helix. Further
crystallographic studies on AIM2 HIN and IFI16 HIN2 in complex with dsDNA showed
that both OB folds and the linker in between engage in DNA phosphate backbone binding
(Jin et al., 2012). Crystal structure and mutagenesis of mouse AIM2 suggests it binds to
dsDNA similarly (Ru et al., 2013; Sung et al., 2012).

Regulation of cytosolic DNA sensing may be crucial for the balance between physiological
host defense and pathological DNA-induced inflammation. To elucidate the role of p202 in
this function, we performed extensive structural, biochemical and cellular studies.
Unexpectedly, our crystal structures at 2.1Å, 1.9Å, 3.0Å and 3.4Å resolutions revealed that
p202 HIN1 binds to dsDNA using the opposite surface relative to the site used for AIM2
and IFI16, and that HIN2 not only lacks DNA binding capability but also forms a tetrameric
core for full-length p202. While the current manuscript was under revision, a crystal
structure of p202 HIN1 in complex with a 14-mer dsDNA at 3.0Å resolution was also
reported (Ru et al., 2013) and confirmed our observation on HIN1. We found surprisingly
that there is a direct interaction between p202 HIN2 and AIM2 HIN both in vitro and in
cells. Our data support that p202 specifically inhibits AIM2 signaling through direct binding
to AIM2 and disruption of AIM2 clustering induced by recognition of double-stranded
DNA, which may lead to enhanced interferon production and correlate with the role of p202
in lupus.

RESULTS
p202 HIN1 Binds to dsDNA Differently From Other Known HIN Domains

To elucidate the molecular basis of p202 function, we determined four crystal structures of
p202: HIN1 at 2.1 Å resolution, HIN1 in complex with a 20-mer dsDNA and a 12-mer
dsDNA at 1.9 Å and 3.0 Å resolutions, respectively, and HIN2 at 3.4 Å resolution (Figures
1A–1C, 2A, 3A, Table 1 and Figure S1). Although p202 HIN2 enhances dsDNA binding for
full-length p202 (Roberts et al., 2009), HIN2 alone does not have measurable DNA-binding
activity (Figure S1F). Surprisingly, despite the similar structure of p202 HIN1 to other HIN
domains (Jin et al., 2012; Liao et al., 2011) (Table S1), the dsDNA binding surface is
opposite to those in AIM2 HIN and IFI16 HIN2 (Jin et al., 2012) (Figure 1D).

Because the HIN1/20-mer dsDNA structure is of much higher resolution, our discussion will
be based on this structure. The p202 HIN1 contacts a footprint of about 12 base pairs (bp) on
nearly ideal B-form dsDNA (Figures 1E and 2A). In OB1, the N-terminal residues and the
loop between β1 and β2 (L12) interact with edges of the dsDNA minor groove. The N-
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terminal residues provide key contacts using positively charged side chains and main chain
amides (Figures 1F, 2A and 2B). The loop preceding β0 inserts itself into the minor groove
and slightly pries it open (Figure 1E). In L12, two Lys residues interact with the other edge
of the minor groove (Figure 2A). In OB2, the topologically equivalent L12 loop and the
region around the loop between β4 and β5 (L45) protrude out to clasp the DNA duplex
between them at the major groove. The most extensive interactions are from the L45 region,
with intimate and extensive contacts to five consecutive backbone phosphates at phosphoryl
oxygen atoms, utilizing both side chain atoms and main chain amides (Figures 1F, 2A and
2C). In fact, L45 region of OB2 and L12 of OB1 form an almost continuous surface (Figures
1F and 2A). The L12 loop interacts with three consecutive phosphate groups at the opposing
edge of the major groove (Figures 1F, 2A and 2D). Overall, the interactions mediated by N-
terminal residues and OB2 L12 are more electrostatic than those mediated by OB2 L45 and
OB1 L12 (Figures 1C and 1F). Only minor structural perturbations in the OB2 L45 loop are
observed in the HIN domain upon DNA binding (Figure 1G).

The HIN1 of p202 mainly interacts with backbone phosphates of the dsDNA (Figures 2A–
D), explaining its indiscriminate binding to dsDNA (Roberts et al., 2009). We did not
observe any clashes if the 2’ hydrogen atoms in the deoxyribose groups are replaced by
hydroxyls as in dsRNA. However, dsRNA usually assumes an A-form double helix
conformation, which has a helical pitch much shorter than the B-form dsDNA. Since HIN1
recognizes both major and minor grooves on dsDNA, the change in pitch will preclude
simultaneous binding of both sites. Similarly, ssDNA does not provide a double helical
structure for HIN1 recognition, explaining the lack of observed binding to either dsRNA or
ssDNA (Roberts et al., 2009).

Structure-based mutagenesis of OB1 N-terminal residues (Lys48 and Lys53) for minor
groove interaction and of OB2 residues (Arg224) for major groove recognition showed that
these positively charged residues are crucial for HIN1/dsDNA interaction (Figure 2E,
Figures S2A, S2B and S2D). In contrast, mutation of conserved positive residues on the
opposite side of the molecule that are involved in AIM2 DNA binding (Jin et al., 2012) did
not significantly affect DNA binding (Figures S2C and S2D). Mutation of Asn236 had
minimal effects, suggesting the major contribution to the HIN1/DNA interaction may be
electrostatic, consistent with the DNA sequence-independent nature of the interaction
(Roberts et al., 2009). Interestingly, like the OB2 of p202 HIN1, L12 and L45 loops of an
OB-fold are used for recognition of ssDNA (Raghunathan et al., 2000) such as by RPA and
BRCA2 (Bochkarev et al., 1997; Yang et al., 2002) (Figure 2F). However, in p202, the L12
and the L45 loops are positioned remarkably more outward to accommodate the wider
dsDNA (Figure 2F).

p202 HIN2 Forms a Tetramer in Solution and Crystal
Unlike IFI16, in which both HIN domains bind to dsDNA, albeit with different affinities
(Unterholzner et al., 2010), p202 HIN2 not only lacks the ability to bind dsDNA (Figure
S1F) but also unexpectedly forms a tetramer in solution (Figure S3A). Multi-angle light
scattering measurement (MALS) determined the experimental molecular mass to be 98.1
kDa (3% error), in good agreement with a tetramer when compared to the calculated
molecular mass of 23.2 kDa for monomeric HIN2. In the crystal structure of p202 HIN2
(Figure 3A), there are four molecules in each asymmetric unit (A, B, C and D), forming a
dimer of dimers (Figure 3B). A nine-residue stretch connecting the two OB
folds, 340KEDSSSSDE348, only has poorly defined main chain density and is not included in
the structure. Two HIN2 molecules form a parallel dimer (A and B, or C and D), with a
buried surface area of 1,683 Å2, and two such dimers further dimerize tail-to-tail. All four
N-termini point outwards, consistent with their connection to HIN1 in full-length p202.
Strikingly, the interface within the parallel dimer overlaps almost completely with the
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dsDNA binding surface in p202 HIN1, but is opposite of the dsDNA binding surface of the
AIM2 HIN domain (Figure 3C).

The symmetrical parallel dimer interface contains a mixture of hydrophobic, hydrogen
bonding and salt bridge interactions. It can be further divided into OB2-OB2 interface
(Figure 3D) and OB1-OB1 interface which also contains contributions from OB2-OB1
“cross” interaction (Figure 3E). OB2-OB2 interface is the larger of the two. It consists of
regions around loop L45 and residues preceding β1 from one protomer and loop L12 and
residues connecting β5 and β5’ (L5-5’) of the other. L45 loop of one protomer is positioned
between L12 and L45 loops of the neighboring protomer. An intermolecular hydrogen bond
between Asn424 in L45 and Lys396 likely stabilizes the conformation of L45 loop. The
stretch of residues preceding β1 in OB2, Gln362 and Thr363, form hydrogen bonds with
Asn382 in L12 in the neighboring protomer. Glu420 on the short β4’ strand and Arg431 on
L5-5’ protrude out, forming intermolecular salt bridges with Arg431 and Glu420 (Figure
3D). The OB1-OB1 interface is smaller and involves interaction between loops L45 in both
protomers and the loop preceding β1 in one protomer and loop L12 in the other. Carboxylate
group of Asp253 can form hydrogen bonds simultaneously with Tyr273 and Lys279 of the
other molecule, while Tyr321 in L45 contacts its equivalent in the other molecule via
hydrophobic and possibly aromatic interaction. Arg434 and Tyr435 from OB2 L5-5’ loop
point towards OB1, forming hydrogen bonds and salt bridges with Asp253 and Tyr321 as
well (Figure 3E). The tail-to-tail dimer interface is composed of OB2 exclusively, involving
L23 and L45 loops in one protomer and the C-terminal half of β1 and the L23 loop in the
other (Figure 3F). L23 loop interaction is more hydrophobic while the interaction between
the C-terminal β1 and L45 loop contains more hydrogen bonds.

We have generated a number of mutations on the tetramerization interface of p202 HIN2.
Most of the mutants at the extensive parallel dimer interface were compromised in protein
structural integrity as shown by the tendency to precipitate, wide distribution in gel filtration
chromatography, lower solubility and aggregation (Figure 3G). These data are consistent
with the largely hydrophobic nature of this interface. A mutation at the smaller tail-to-tail
interface, R376E, however, was well behaved and shown to be a dimer by MALS (Figure
3H)

Full-length p202 is Tetrameric in Solution and in Cells
Full-length p202 is also a tetramer in solution, measured by gel filtration and MALS (Figure
4A). Results from protein cross-linking within cells are consistent with a tetramer form of
p202 existing in vivo (Figure 4B). To obtain structural information on full-length p202, we
carried out electron microscopy (EM) studies on HIN2 and full-length p202. Class averages
of EM images on negatively stained HIN2 showed the similar elongated molecule as the
crystal structure (Figure S3B). However, EM images of full-length p202 were heterogeneous
(Figure S4A), and in the class averages, only the central HIN2 structures are consistently
visible despite the very large number of particles (>34,000) and classes (400) (Figure 4C,
S4B). The data suggest HIN1 domains are flexibly attached to the HIN2 core, which
accounts for additional surrounding densities in the class averages. There is a linker of 14
residues in the primary sequence of p202 between the HIN1 and the HIN2 structures (Figure
S1A). As expected from deletion of HIN2 in reducing p202/DNA interaction (Roberts et al.,
2009), we found that full-length p202 exhibits ~10-fold and ~5-fold enhanced affinity for
DNA relative to p202 HIN1 and AIM2 HIN respectively (Figures 4D and 4E), suggesting
that full-length p202 may compete favorably with AIM2 for limited dsDNA in the cytosol.
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Direct Interaction Between p202 and AIM2 Underlies Specific Inhibition of AIM2 Activation
by p202

The activity of the AIM2 inflammasome can be observed following transfection of bone
marrow macrophages (BMM) with dsDNA, by appearance of cleaved forms of caspase-1
and caspase-3, and cell death (Figure 5A). The processed caspases are split between the cell
lysate and medium due to rapid caspase-1-dependent pyroptotic death. p202 expression is
elevated in lupus-susceptible mouse strains, including NZB, in comparison with the C57BL/
6 strain (Choubey and Panchanathan, 2008; Roberts et al., 2009; Rozzo et al., 2001), and
AIM2 inflammasome function is low in NZB macrophages (Roberts et al., 2009).
Knockdown of p202 in NZB BMM significantly enhanced DNA-dependent caspase-1 and
caspase-3 cleavage and cell death (Figure 5A, Figures S5A and S5B). Under these
conditions, cell death is entirely dependent on AIM2 and ASC (Figure S5C), and
consequently we conclude that the knockdown of p202 alleviates inhibition of the AIM2
response to DNA in NZB cells. Results for C57BL/6 cells are shown to illustrate the level of
response in a strain fully competent for AIM2 inflammasome function. Due to the
undoubted genetic variability at many loci, we do not infer that the difference between these
strains is necessarily solely due to p202. However the effect of p202 within the NZB strain
is clearly seen from the effect of knockdown. To eliminate the possibility of some broad
effect of p202 on general inflammasome function, we demonstrated that there was little or
no effect of p202 knockdown on the NLRC4-mediated response to infection of BMM with
Salmonella enterica serovar Typhimurium (Figure 5B). A small increase in caspase-1
cleavage with p202siRNA#2 was not corroborated by the other siRNA; any effect is likely
insignificant compared to that seen on the AIM2-mediated response to DNA in the same
experiment (Figure 5B). While the higher dsDNA-binding affinity of p202 suggests it could
act to sequester cytosolic DNA from AIM2, such a model does not explain why p202
selectively inhibits AIM2-mediated caspase-1 activation, but not the induction of interferon-
β (Figures S5D and S5E), which also requires receptor recognition of DNA.

To address the specific inhibition of AIM2 responses by p202, we examined by
immunoprecipitation whether p202 could directly interact with AIM2. Following co-
expression in HEK293 cells, V5-tagged p202 co-immunoprecipitated with FLAG-tagged
AIM2, but not with the control protein FLAG-UNQ (Figure 5C). Reversal of the tags
confirmed the specific association, and this interaction was not destroyed by treatment of the
bead-bound complex with DNaseI (Figure 5D). This indicates that the two proteins are not
merely co-precipitating due to binding to the same piece of DNA. Coexpression of FLAG-
p202 with the V5-tagged mouse p204 showed a small degree of coimmunoprecipitation, but
this was lost with DNaseI treatment (Figure 5D). Using purified recombinant mouse AIM2
HIN and p202 HIN2, we further mapped and measured the interaction by isothermal
titration calorimetry (ITC) as exhibiting a dissociation constant of 12.6 µM and a
stoichiometry of 2 AIM2: 4 p202 (Figure 5E). p202 HIN2 interacted with human AIM2 HIN
as well, but did not bind IFI16 HIN1 or HIN2 (Figure S5F). These results show a specific
interaction between AIM2 and p202 rather than a general affinity between HIN domains.
Although an AIM2/p202 interaction has been proposed previously (Choubey et al., 2000),
the interaction was thought to be mediated by a motif MFHATVAT (Choubey et al., 2000;
Koul et al., 1998), which is actually buried in the core of HIN domain structures (Figure
S5G).

p202 Prevents AIM2-mediated ASC Clustering
We then investigated whether HIN2 binding to AIM2 prevents its interaction with dsDNA.
DNA binding affinity of mouse AIM2 HIN remained very similar in the absence or presence
of excess p202 HIN2 (Figure S6A), suggesting that the DNA binding surface on AIM2 is
not blocked by HIN2. Disruption of the tail-to-tail dimer interaction in the R376E mutant
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did not significantly change binding affinity and stoichiometry between HIN2 and AIM2
HIN (Figure S6B), suggesting that each HIN2 dimer mediated by the parallel interface binds
to one AIM2 HIN molecule. Computational docking supported this observation in which
AIM2 HIN domains bind at both ends of HIN2 tetramer (Figure S6C).

The generation of the DNA inflammasome response relies on the recruitment and clustering
of ASC mediated by homotypic PYD interactions between AIM2 and ASC. ASC then forms
an oligomeric structure, recruiting procaspase-1 via homotypic caspase recruitment domain
(CARD) interactions. We propose that the interaction of AIM2 with p202 leads to spatial
separation of AIM2 PYDs, preventing ASC clusters from forming (Figure 6A).

ASC recruitment into an inflammasome structure was assessed in C57BL/6 and NZB
macrophages treated with a protein crosslinking reagent after electroporation with DNA. In
control (no DNA) cells, ASC was a monomer in the soluble cellular fraction (Figure 6B).
Following DNA transfection of C57BL/6 cells ASC was found in the 6000g pellet fraction
of cell extracts, however was absent from the similarly treated NZB pellet fraction (Figure
6B). This, together with cross-linking of ASC into dimers and trimers indicated
inflammasome formation in the C57BL/6 cells. Knockdown of p202 led to an increase in
total ASC and cross-linked ASC oligomers in the pellet fraction of DNA-treated NZB cells
(Figure 6C). These results are consistent with the model presented above, where p202
spatially separates AIM2 molecules, and therefore prevents recruitment of ASC into a dense
inflammasome structure.

Given the suggested role of p202 as a murine lupus susceptibility modifier, it is relevant to
ask whether interference with AIM2 inflammasome function by p202 could have a causal
role in lupus. p202 could hamper the clearance of microorganisms which are detected via the
AIM2 inflammasome, by reducing the production of IL-1β and IL-18. An inflammatory
environment promoted by the resulting prolonged infections could promote lupus.
Alternatively, p202 could prevent the appropriate cell death of macrophages when they
encounter cytosolic DNA. In the latter scenario, surviving cells would synthesize elevated
levels of cytokines such as type I interferon, which is induced by cytosolic DNA, and
increased serum levels of which are associated with the development of lupus (Agrawal et
al., 2009; Elkon and Stone, 2011). Consistent with this proposal, NZB BMMs were more
viable than C57BL/6, and secreted greater levels of interferon-β following DNA transfection
(Figure 6D). This is likely due to the increased cell survival, as NZB and C57BL/6 cells
produce similar levels of interferon-β mRNA in response to cytosolic DNA (Figures S6D
and S6E).

DISCUSSION
Here we have shown that the p202 HIN1 interacts with dsDNA in a manner that is
completely different from those of AIM2 HIN and IFI16 HIN2 (Jin et al., 2012). In fact, the
DNA binding surface is on the opposite side of these previously reported HIN/dsDNA
structures. This finding is quite unexpected as the HIN domain structures themselves
superimpose well (Table S1). While the current manuscript was under revision, a crystal
structure of p202 HIN1 in complex with a 14-mer dsDNA at 3.0Å resolution was reported
(Ru et al., 2013), confirming our observation.

HIN domains fall into three sequence subtypes, HIN-A, -B and -C, although no functional
difference has been ascribed to these (Cridland et al., 2012; Ludlow et al., 2005). While the
previous structures of AIM2 HIN/dsDNA and IFI16 HIN2/dsDNA are from HIN-C and -B
family, respectively, p202 HIN1 belongs to the HIN-A family. Although some DNA binding
residues in AIM2 HIN-C or IFI16 HIN-B are conserved in p202 HIN-A, mutations on these
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residues did not affect p202/dsDNA interaction. Conversely, p202 residues that contact
DNA backbone are not all conserved in AIM2 HIN-C or IFI16 HIN-B (Cridland et al.,
2012). The interactions between these three HIN domains and dsDNA are mostly
electrostatic in nature, consistent with sequence-independent recognition. It appears then
that the dsDNA-binding abilities of HIN-A in p202 must have evolved separately from the
HIN-B and -C domains in AIM2 and IFI16. HIN-C domains are the most basal in
phylogenetic analysis, with HIN-A and -B evolving later (Cridland et al., 2012). There is
thus no simple explanation for the similarity of the DNA binding face used in p202 HIN-A
and related OB-fold proteins such as RPA and BRCA2. It also remains to be determined
whether other HIN-A domains bind similarly, or whether p202 alone uses this DNA binding
mode.

On the other hand, HIN2 of p202 not only lacks dsDNA binding ability, but exists as a
tetramer in solution, which was shown to be a dimer of dimers in the crystal. HIN2 first
dimerizes in a parallel way with both OB1 and OB2 participating. Two such dimers then
organize tail-to-tail, using only OB2 to complete tetramerization. The parallel dimer
interface largely overlaps with the dsDNA binding interface in p202 HIN1. The full-length
p202 is also a tetramer both in cells and as the purified protein in vitro. The tetrameric HIN2
serves as the central platform for HIN1 to append to and increases the avidity of dsDNA
binding of HIN1. Although p202 HIN2 belongs to the HIN-B subtype, there is a remarkable
divergence of its sequence from other HIN-B domains observed in a phylogenetic analysis
(Cridland et al., 2012), consistent with evolution of a new function for the p202 HIN-B
domain. Homo-oligomerization may be a desired attribute, since p204 HIN2 displayed a
tendency to dimerize in solution (unpublished data).

Recent work speculated that p202 inhibits the function of AIM2 by effective competition for
DNA (Ru et al., 2013). We have previously shown that upon introduction of DNA, all the
p202 in a cell colocalizes with the DNA (Roberts et al., 2009). This suggests that p202 is not
present in excess and is therefore unlikely to completely coat the DNA. In addition, p202
does not inhibit the induction of interferon-β, showing that it is not inhibiting access of all
proteins to DNA. We showed instead that AIM2 HIN and p202 HIN2 directly interact. This
interaction cannot be mediated by the highly conserved MFHATVAT motif proposed
previously to mediate HIN domain homo- or hetero-dimerization (Choubey et al., 2000)
because the motif is buried in the core of the structure. Regardless of the site of contact,
p202 reduced AIM2-mediated ASC clustering in cells. This supports the hypothesis that
p202 binds and spatially separates AIM2 such that its pyrin domains cannot nucleate the
ASC speck formation.

The apparent rapid evolution of p202 suggests a significant selective pressure to limit
AIM2-mediated functions. Indeed during mammalian evolution the AIM2 gene has been
independently lost from several lineages (Cridland et al., 2012), suggesting that its function
is not always advantageous. In addition to evolution of the gene sequence encoding p202,
high expression of p202 in the NZB mouse strain may be due to gene amplification
(unpublished data) and promoter variation (Choubey and Panchanathan, 2008). A relevant
selective pressure driving increased expression could have been the need to limit AIM2-
mediated IL-1β production and macrophage cell death in response to endogenous
retroviruses. Lupus-prone mouse strains NZB, BXSB, and MRL, but not control strains, all
express full length mRNA for an endogenous modified polytropic retrovirus in the thymus
from birth (Krieg and Steinberg, 1990), and the same strains have elevated gene expression
for p202 (Haywood et al., 2006; Ichii et al., 2010; Rozzo et al., 2001). A link between
endogenous retroviruses and autoimmunity, particularly murine and human lupus, has long
been suggested (Balada et al., 2010; Baudino et al., 2010; Perl et al., 2010). Trex1, which
participates in degradation of retroviral cDNA, is mutated in a subset of lupus patients, and
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this suggests a causal role for aberrant cytosolic DNA in this disease through induction of
type I interferon (Crow and Rehwinkel, 2009; Stetson et al., 2008; Yan et al., 2010).

With either endogenous retroviral expression or infection, p202 could specifically inhibit
AIM2-mediated cell death, allowing increased production of type I interferon in response to
cytosolic DNA, promoting murine lupus. Low AIM2 function would also reduce DNA-
dependent release of IL-1β and IL-18. This could reduce clearance of certain pathogens or
alter interaction with commensals, possibly contributing to lupus triggering. However, we
do not infer that these cytokines are never elevated in established lupus, as there may be
chronic inflammasome stimuli. In addition, IL-1β promoted disease in an induced model of
murine lupus (Voronov et al., 2006). Although there is no human ortholog to p202, there are
other ways in which the AIM2 inflammasome could be inhibited. Consequently, limited
AIM2 function should be considered as a potential causal correlate in human SLE as well.

EXPERIMENTAL PROCEDURES
Cloning and Protein Purification

Mouse p202 cDNA was purchased from OpenBiosystems and was found to be consistent
with BC018233.1. Sequences encoding T46-E243 (HIN1) and K244-K445 (HIN2) were
cloned into pSMT3 vector using standard PCR protocols. Proteins were expressed in BL21
DE3 Codon-Plus RIPL cells, and purified by affinity column, heparin column and size-
exclusion chromatography.

Crystallization, Data Collection, Structure Determination and Refinement
All crystals were crystallized using the hanging drop vapor diffusion method. Free HIN1
and HIN1/dsDNA diffraction data were collected at NSLS beamlines X25 and X29, while
HIN2 diffraction data were collected at APS beamline 24-ID-C. HIN1 structure was
determined by single-wavelength anomalous dispersion and the initial model was built using
PHENIX (Adams et al., 2010). Both HIN1/dsDNA complexes were solved by molecular
replacement using free HIN1 structure as search model using PHENIX (Adams et al., 2010).
HIN2 structure was determined by molecular replacement. The templates used for molecular
replacement are themselves generated by modeling using Swiss-Model (http://
swissmodel.expasy.org/) with IFI16 HIN1 (PDB ID 2OQ0) and HIN2 (PDB ID 3B6Y) as
templates. Iterative model building and refinement were carried out using Coot (Emsley and
Cowtan, 2004), CNS (Brunger et al., 1998) and PHENIX (Adams et al., 2010).

Salmonella Infection
siRNA transfected BMM were primed with 10ng/ml LPS for 4 hours, then infected with
Salmonella enterica Typhimurium SL1334 by centrifugation at 700g for 10min. After
incubation for 30 min to facilitate invasion, medium was replaced with
gentamycincontaining serum-free medium.

Immunoprecipitation
HEK293 cells were chemically transfected with expression constructs for p202, p204,
AIM2, or UNQ tagged with either FLAG or V5 epitope tags using Lipofectamine2K as per
manufacturer’s instructions. After 24 hours cells were lysed in RIPA buffer and
immunoprecipitated with anti-FLAG(M2) (F3165, Sigma) and protein G dynabeads. Beads
were washed three times with 10mM HEPES pH7.4, 1.5mM MgCl2, 10mM KCl, 150mM
NaCl. Where DNaseI was used, it was added to wash solutions. Control reactions showed
the DNaseI used in these conditions was sufficient to completely degrade 6 µg plasmid
within 3 minutes. Pulldown of proteins was assessed by western blot using anti-V5 tag-HRP
(ab1325, AbD Serotec) or anti-FLAG(M2)-HRP (A8592, Sigma).
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Cellular Protein Cross-linking
Unless otherwise stated cells were incubated for 30 minutes with 0.1mM cell-permeable
amine-reactive cross-linker DSS (Thermo-Fisher Scientific). Following lysis in 20mM
HEPES, 150mM KCl, 1% IGEPAL CA-630 (Sigma), supplemented with complete-mini
protease inhibitors (Roche Applied Science, Indianapolis, IN), samples were pelleted at
6000g. Protein was precipitated from the supernatant by addition of 4 volumes of acetone,
and both pellet and supernatant proteins were analyzed by western blot.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• p202 HIN1 uses a surface for DNA binding distinct from that used by AIM2 and
IFI16

• p202 HIN2 mediates tetramerization of p202 and interaction with AIM2 HIN

• p202 inhibits DNA/AIM2-dependent clustering of ASC and inflammasome
activity

• Reduced AIM2 inflammasome activity enhances Type-I IFN and may
contribute to lupus
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Figure 1. p202 HIN1 Binds dsDNA in a Different Mode From Known HIN Domains
(A) Above, domain diagram of p202. Below, free HIN1 structure with secondary structures
labeled.
(B) Cartoon representation of the HIN1/20-mer structure. The two DNA chains are colored
violet and light orange.
(C) HIN1 is shown as surface electrostatics and rotated 90° vertically from the orientation
illustrated in (B).
(D) Superposition of the HIN1/20-mer (gold) and AIM2/DNA (gray) complexes. The HIN
domains are superimposed, showing the opposite locations of the DNA relative to the HIN
domains.
(E) Superposition of HIN1/DNA structure with ideal B-form DNA. HIN1 and 20-mer
dsDNA are colored as in (B). Ideal B-form DNA is shown as a gray ribbon.
(F) Mapping of three interaction regions onto the HIN1/20-mer structure. N-terminal
residues and the L12 loop of OB1 contact the minor groove while the L12 loop and the L45
region contact the major groove.
(G) Superposition of free HIN1 and HIN1 in complex with 20-mer or 12-mer dsDNA. DNA
strands are omitted for clarity. OB1 is used for superposition to accentuate the movement of
OB2 L45 (arrow).
See also Figure S1.
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Figure 2. Detailed Interaction Between p202 HIN1 and dsDNA
(A) Diagram summarizing HIN1/20-mer interactions. Non-interacting nucleotides are
omitted. Three clusters of interaction (N-term, OB2L45 and OB1L12, and OB2L12) are
boxed. Residues from OB1 and OB2 are shown in blue and green, respectively.
(B, C, D) Interaction details at N-terminus (B), OB2L45 and OB1L12 (C) and OB2L12 (D).
Hydrogen bonds are represented by dashed lines.
(E) Summary of KD values of wild-type and mutant HIN1 with 20-mer dsDNA, determined
by fluorescence polarization with fluorescein labeled 20-mer.
(F) Structural superposition of the HIN1/20-mer complex with the RPA/ssDNA complex.
HIN1 and RPA (PDB ID: 1JMC) are superimposed using secondary structure (SSM)
methods (Krissinel and Henrick, 2004). HIN1 is colored as in Figure 1A and dsDNA is in
light orange. RPA is colored in gray and ssDNA in red. Dotted magenta arrows indicate the
different conformations of L12 and L45 loops in HIN1 OB2 and RPA.
See also Figure S2.
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Figure 3. Tetramer Structure of p202 HIN2
(A) Above, domain diagram of p202. Below, HIN2 monomer structure with secondary
structures labeled. Residues without defined density are represented by the dotted line.
(B) HIN2 tetramer (dimer of dimers) structure in two orthogonal views with each monomer
shown in light pink (A), yellow (B), pale cyan (C) and violet (D) , respectively. Locations of
2-old axes are either labeled or shown with a symbol.
(C) Monomer A (in light pink) in HIN2 tetramer is superimposed with the p202 HIN1/DNA
structure (orange) and the AIM2 HIN/DNA structure (gray). While p202 HIN1 uses the
similar interface for DNA interaction as in HIN2 for dimerization, AIM2 HIN uses the
opposite surface for DNA interaction.
(D) Detailed interactions at the OB2-OB2 interface between parallel HIN dimers. Molecules
A and B are colored in light pink or yellow as in (B). Residues mediating OB2-OB2
interaction are shown as sticks and labeled in light pink or black, respectively and secondary
structures are labeled similarly. Hydrogen bonds are represented by dotted lines.
(E) Detailed interactions at the OB1-OB1 and OB2-OB1 interface between parallel HIN2
dimers. Residues and secondary structure motifs are colored and labeled as in (D). Hydrogen
bonds are represented by dotted lines.
(F) Detailed interactions at the tail-to-tail interface of HIN2. Molecules A and C are colored
in light pink or pale cyan as in (B).
(G) A summary of solution behaviors of HIN2 dimeric interface mutants.
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(H) Molecular masses (MW) of wild-type HIN2 (black) and R376E mutant (dark red) were
measured by multi-angle light scattering (MALS) coupled with size-exclusion
chromatography.
See also Figure S3.
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Figure 4. Tetramer Organization of Full-length p202
(A) Molecular mass (MW) of full-length p202 was measured by multi-angle light scattering
(MALS) coupled with size-exclusion chromatography. Elution peak is shown as the solid
line while molecular mass distribution is shown as the dashed line. Calculated molecular
mass with error is labeled on p202 elution peak.
(B) p202 forms oligomers in cells. NZB and C57BL/6 bone marrow-derived macrophages
(BMM) were left untreated, or treated with 4-fold serial dilutions of DSS amine-reactive
crosslinker from 5mM to 26µM, and p202 (monomer = 50 kDa) was analyzed by western
blotting.
(C) Selected class averages of negatively stained full-length p202 revealing the
conformational heterogeneity of the particles. Although the averages show the tetrameric
HIN2 core, none of them show clear density for all four HIN1 domains. The side length of
the individual panels is 21.8 nm.
(D, E) Fluorescence polarization measurement of DNA affinities between AIM2 HIN, p202
fulllength or HIN1 and 45-mer (D) or 20-mer (E) dsDNA.
See also Figure S4.
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Figure 5. p202 Binds Directly to AIM2 and Inhibits its Function
(A) Knockdown of p202 enhances caspase activation and cell death in response to
electroporated DNA. Degree of knockdown is shown by western blot in the middle panel.
The upper panel shows cell death assessed by propidium iodide staining one hour after
electroporation of BMM with or without 20µg calf thymus (CT) DNA. Bars show mean and
SEM for 4 independent experiments (** p<0.01, paired one tailed t test). The lower panel
shows a western blot for cleavage of caspases-1 and −3, at 30 minutes after electroporation
with or without 20µg CT DNA. Proteins are found both in cell extracts and medium, due to
cell death.
(B) Knockdown of p202 has no effect on NLRC4 inflammasome responses to Salmonella.
siRNA-transfected BMM were infected with Salmonella enterica Typhimurium SL1334 at
multiplicity of infection (MOI) 30 and 90 for 5 hours. Combined culture medium and cell
lysate were immunoblotted for caspase-1. Procaspase-1 (p45) and cleaved caspase-1 (p10)
are shown. The asterisk denotes a nonspecific band. Under these conditions we find caspase
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cleavage is almost entirely dependent on NLRC4 (unpublished data). The AIM2-mediated
DNA response measured within the same experiment is shown in the lower panels.
(C) p202 associates with AIM2 in cells. Epitope-tagged proteins were expressed in HEK293
cells, immunoprecipitated (IP) from cell extracts with anti-FLAG and immunoblotted (IB)
as indicated.
(D) DNaseI treatment does not prevent interaction of AIM2 and p202. Epitope-tagged
proteins were expressed in HEK293 cells, immunoprecipitated (IP) from cell extracts with
anti-FLAG, and beads washed in the presence or absence of DNaseI.
(E) p202 HIN2 binds to mouse AIM2 HIN as measured by isothermal titration calorimetry
(ITC).
See also Figure S5.

Yin et al. Page 21

Cell Rep. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. p202 Prevents Clustering of ASC and Interferes with AIM2 Signaling
(A) Schematic model of p202 interference with AIM2 signaling. Upon dsDNA stimulation,
multiple AIM2 bind to the same strand of dsDNA, resulting in ASC clustering,
inflammasome formation and signaling. In contrast, the interaction between p202 and AIM2
dilutes AIM2 clustering to inhibit inflammasome formation.
(B) DNA transfection strongly induces ASC clustering in inflammasome structures in
C57BL/6 but not NZB BMM. Cells were electroporated with or without 10µg CT DNA and
at 10 minutes post electroporation, were treated with DSS cross-linker for a further 30
minutes. Cell extracts were pelleted at 6000g, and pellet and supernatant fractions were
assessed by western blot for ASC. Transfer of ASC into the pellet fraction and formation of
multimers are indications of inflammasome formation. ASC monomer, dimer and trimer
bands are marked to the right. The asterisk denotes an unidentified protein which does not
form part of the inflammasome ASC speck.
(C) Knockdown of p202 increases ASC clustering in DNA-transfected NZB cells. Cells
were treated with or without the indicated siRNAs for 48 hours, then electroporated with
10µg CT DNA. Formation of ASC multimers was assessed as per (B).
(D) Rapid death of C57BL/6 BMM correlates with lower production of IFN-β. BMM were
electroporated with or without 20 µg CT DNA, and viability was assessed by MTT cleavage
after 3 hours (left panel). Results are the mean of three independent experiments +/− SEM.
IFN-β was measured by ELISA of culture medium after 6 hours (right panel). Results of the
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three experiments are shown as different shaped symbols, with each data point the average
of triplicate cell treatments.
See also Figure S6.
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Table 1

Crystallographic Statistics of p202 HIN1 and HIN2

HIN1 HIN1/20-mer HIN1/12-mer HIN2

Constructs T46-E243 T46-E243 T46-E243 K244-K445

Structure determination SAD MR MR MR

Data collection

  Beamlines X25 of NSLS X29 of NSLS X29 of NSLS 24-ID-C of APS

  Space group P21212 P21 C2221 P21

  Cell dimensions

    a, b, c (Å) 71.5, 76.2, 45.8 46.4, 86.4, 51.4 111.3, 156.1, 117.6 61.9, 71.9, 95.5

    α, β, γ (°) 90.0, 90.0, 90.0 90.0, 113.3, 90.0 90.0, 90.0, 90.0 90.0, 102.4, 90.0

  Resolution 50–2.1 Å 50–1.9Å 50–3.0 Å 50–3.4 Å

  Rsym 13.7% (70.9%) 9.4% (67.0%) 14.6% (73.9%) 21.0% (87.2%)

  I/σI 9.3 (1.1) 34.0 (1.9) 22.4 (2.4) 14.5 (3.5)

  Completeness 99.7% (97.9%) 98.7% (91.4%) 100% (100%) 99.7% (97.9%)

  Redundancy 3.3 (2.7) 7.1 (5.8) 14.4 (14.7) 6.7 (6.8)

Refinement

  Resolution 50–2.1 Å 25–1.9 Å 50–3.0 Å 50–3.4 Å

  No. Protein 1 1 2 4

  No. DNA - 2 7* -

  No. reflections 21,940 30,294 22,039 21,483

  Rwork / Rfree 19.7% / 24.0% 19.1% / 22.8% 20.4% / 25.5% 21.5% / 27.3%

  No. atoms

    Protein 1604 1590 3180 5922

    DNA - 816 1504 -

    Water and ion 66 179 24 -

  Average B-factors

    Protein 33.9 Å2 36.9 Å2 66.9 Å2 108.0 Å2

    DNA - 54.8 Å2 74.7 Å2 -

    Water and ion 36.2 Å2 46.7 Å2 90.9 Å2 -

  R.m.s deviations

    Bond lengths/angles 0.008 Å / 1.22° 0.006 Å / 1.16° 0.008 Å / 1.49° 0.01 Å / 1.31°

  Ramachandran Plot

    Most favored/allowed 95.4% / 100.0% 96.5% / 100.0% 88.7% / 99.2% 91.3% / 100.0%

†
Highest resolution shell is shown in parenthesis.

*
5 of the 7 DNA molecules form 5 dsDNA chains through crystallographic symmetry. One HIN1 and its symmetry mate interact with 3 DNA

duplexes while the other HIN1 and its symmetry mate interact with 2 DNA duplexes. The remaining 2 DNA molecules form a duplex that does not
interact significantly with HIN1.
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