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AIM2 Inflammasome Assembly oo
and Signaling

Bing Wang, Yuan Tian and Qian Yin

Abstract AIM?2 (absent in melanoma 2) is a cytoplasmic sensor of double-stranded
DNA from pathogens or damaged cellular organelles. It recruits ASC (apoptosis-
associated specklike protein containing a CARD) and caspase-1 to form the AIM2
inflammasome, activate caspase-1, and elicit inflammatory responses via cytokine
maturation and pyroptotic cell death. Structural studies from X-ray crystallography,
NMR, and cryo-EM have revealed many details in AIM2 inflammasome activation,
assembly, and regulation. Many principles learned from AIM?2 inflammasome also
apply to other inflammasomes. In this chapter, we discuss the interactions between
dsDNA and AIM2-like receptors, between AIM2 and adaptor protein ASC, and
between ASC and caspase-1 with the focus on helical filament assembly formed by
PYD and CARD domains.
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7.1 Introduction

Cells face external and internal assaults every day. The first step for cells to initiate
protective responses is to detect pathogen- or danger derived signals, the so-called
PAMPs (pathogen-associated molecular patterns) or DAMPs (danger-associated
molecular patterns). An arsenal of pattern recognition receptors senses the presence
of PAMPs or DAMPs both on cell surface and in the cytoplasm. Nucleic acids are

B. Wang - Y. Tian (X)) - Q. Yin (X))
Department of Biological Science, Florida State University, Tallahassee, FL. 32306, USA
e-mail: ytian3 @fsu.edu

Q. Yin
e-mail: yin@bio.fsu.edu

Q. Yin
Institute of Molecular Biophysics, Florida State University, Tallahassee, FL. 32306, USA

© Springer Nature Singapore Pte Ltd. 2019 143
T. Jin and Q. Yin (eds.), Structural Immunology, Advances in Experimental Medicine
and Biology 1172, https://doi.org/10.1007/978-981-13-9367-9_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9367-9_7&domain=pdf
mailto:ytian3@fsu.edu
mailto:yin@bio.fsu.edu
https://doi.org/10.1007/978-981-13-9367-9_7

144 B. Wang et al.

Fig. 7.1 Domain Sensor AIM2 .—-
organization of AIM2
inflammasome components IFI16 [ &

Adaptor ASC O

Effector Caspase-1 {— @D
Regulator p202 —

POPs O

COPs O
000 @B L4 A% -
PYD HIN CARD Caspase

prominent PAMPs as they are ubiquitous in living organisms, their presence, espe-
cially the presence of double-stranded DNA in cytoplasm, signals pathogen invasion
or cellular damage.

AIM2 (absent in melanoma 2) is the prototype and best characterized member
of the AIM2-like receptors (ALRs). Upon dsDNA recognition, AIM2 recruits an
adaptor protein ASC (apoptosis-associated specklike protein containing a CARD),
which in turn activates caspase-1 to form the multicomponent AIM2 inflamma-
some [1]. AIM2 inflammasome activates caspase-1 to process cytokines into mature
form. ALRs are characterized by the N-terminal PYD domain and one or two C-
terminal HIN domains (hematopoietic, interferon-inducible, and nuclear localiza-
tion) (Fig. 7.1). Mouse p202 is the only known ALR that does not contain an
N-terminal PYD domain. PYD domain belongs to the death domain superfamily
known for homotypic interactions via three types of interfaces [2]. The main func-
tion of HIN domain is to mediate interaction with DNA, but it also participates in
homo- and hetero-oligomerization [3].

As the first structurally elucidated inflammasome [4], AIM?2 inflammasome serves
as a prototype for our understanding of inflammasome assembly and regulation in
general.

7.2 HIN Domain and Its Interaction with DNA

A HIN domain consists of two OB (oligonucleotide/oligosaccharide binding) folds
which are known to recognize nucleic acids, especially single-stranded nucleic acids
[5]. Despite low sequence similarity, OB folds adopt similar three-dimensional struc-
tures: a central twisted B barrel composed of five antiparallel § strands capped by
an o helix at one end. The loops between § strands are highly variable in terms
of length and composition, often contributing to ligand specificity. The first HIN
domain structure comes from human AIM2. In hAIM2HN the two OB folds are
connected by arigid o helix (Fig. 7.2a). HIN domain framework is highly conserved.
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Fig. 7.2 Structures of HIN domains. a Cartoon representation of human AIM2 HIN domain show-
ing the tandem OB-fold structure; o helices are colored in red, § strands in yellow, and loops in
green. OB1, OB2, and the connecting a-helical linker are labeled. b Superposition of HIN structures
of human AIM2 (orange), human IFI16 HIN2 (yellow), mouse AIM2 (green), mouse p202 HIN1
(blue), and mouse p202 HIN2 (cyan). ¢ Different dsDNA-binding surfaces of HIN domains. The
superposed HIN domain structure is colored in gray. dsDNA in complex with human AIM2HIN,
human IFT16"™N2 mouse AIM2HIN, and mouse p202HIN1 are colored in orange, yellow, green, and
blue, respectively. d and e Surface charge distribution of human AIM2HN (d) and mouse p202HN!
(e) DNA-binding surfaces. The DNAs are shown as ribbons and colored in gray. f Tetramer struc-
ture of mouse p202 HIN shown as a transparent surface. One subunit is also shown as a cartoon
representation and colored in cyan. Superposition of p202 HIN1 and HIN2 places dsDNA at HIN2
dimerization interface. HIN domains in (a), (b), (c), and (f) are in the same orientation

All known HIN domain structures, free or in complex with DNA, superimpose well
with each other with pairwise Ca RMSD ranging from 0.3 to 2.5 A [3, 6, 7, 8, 9]
(Fig. 7.2b). The most divergent regions are L.12 and L45 loops that connect § strands
in both OB folds. OB1 and OB2 function as one unit as well. In all known HIN:
dsDNA structures, the DNA-binding surface is formed by both OB folds [3, 6, 7, 9]
(Fig. 7.2c). The HIN domain contacts both strands in the dsDNA, explaining why
dsDNA is preferred over ssDNA [10, 11]. The nature of the interaction is mostly
electrostatic, but polar and hydrophobic interactions contribute as well (Fig. 7.2d, e).
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Positively charged patches formed by arginines and lysines in both OB folds make
contact to the backbone phosphates and riboses on DNA molecules. No significant
interaction with bases is observed. This interaction with backbone phosphates and
riboses is consistent with the sequence-independent binding [6] and in stark contrast
to ssDNA-binding OB folds where bases make intimate contacts with OB folds [12,
13]. The overall architecture of HIN domains is highly conserved, but their ways to
engage DNA are astonishingly different. AIM2H™N domain binds to dsDNA using
both OB folds and the connecting a helix [6] (Fig. 7.2c). IFI16"™2? domain binds to
dsDNA in a similar manner, with contributions from both OB folds and the o helix
in between, but the overall surface is slightly tilted [6] (Fig. 7.2c). A similar situation
has been observed for a different crystal form of hAIM2H!N: dsDNA complex and
mouse AIM2H™N: dsDNA complex [6, 9], suggesting the DNA-binding surface is
rather plastic, probably to better accommodate a variety of DNA species. In contrast,
the p202 HIN1 (p202H™1) use a completely opposite surface to bind dsDNA [9, 3]
(Fig. 7.2¢). In p202HIN! | the DNA-binding interface is formed by loops between p
strands in both OB folds, especially the loop between p1 and $2 (L12) and f4 and
BS5 (L45). OB1 contacts the minor groove while L12 and L45 in OB2 clamp the
major groove in the almost ideal B-form dsDNA. This binding mode is reminiscent
of ssDNA recognition by OB folds in RPA or BRCA?2 [12, 13]. The structural diver-
sity of HIN domains goes further. The HIN2 domain of p202 (p202H™2) completely
sheds DNA-binding capacity, instead, it acquires the capability to tetramerize, form-
ing an oligomeric core for p202H™N! to append to, increasing DNA-binding affinity
in full-length p202 through avidity [3]. The extensive and intimate tetramerization
interface is formed by L12 and L45 loops, the equivalents of DNA-binding regions
in p202HMN! (Fig. 7.2f).

7.3 AIM2 PYD Structures and Filament Formation

All ALRs contain one PYD domain at their N-termini except p202 (Fig. 7.1). PYD
belongs to the DD (death domain) superfamily that also includes DD, DED (death
effector domain), and CARD (caspase recruitment domain) families [2]. Death
domains are widely found in proteins mediating inflammation and cell death. Despite
low sequence similarity, death domain superfamily is characterized by a six-helix
bundle conformation. Both the helices and connecting loops contribute to homotypic
interactions. The interfaces can be roughly classified as type I, II, and III surfaces [ 14,
2]. As another chapter in this book is going to examine death domain interactions
in detail, this chapter will focus on general assembly features. The high tendency
to self-association makes PYD domains difficulty to study. So far, the monomeric
structures obtained for AIM2 PYD domain (AIM2PYP) are through fusion with MBP
(maltose-binding protein) [15], surface engineering [16], or in low pH [17]. The long
loop connecting a2 and o3 is characteristic of PYD family proteins [18]. a2-a3 loop,
together with its neighboring helical regions, is also highly flexible (Fig. 7.3a), indi-
cating structural plasticity that may be important for homotypic interactions. Indeed,
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Fig. 7.3 AIM2PYP structures. a Superposition of human AIM2PYP fused with MBP (blue), human
AIM2PYP with F27G mutation (pink), and mouse AIM2FYP (yellow). For clarity, the MBP portion
is not shown. N- and C-termini and the six a helices are labeled. Red arrow: a2-a3 loop. b Side
and top views of hAIM2PYP filament structure. In red frame is one subunit in the filament shown
in the same orientation as in (a). The vertical arrow at left denotes helical axis

a single mutation on a2 abolishes AIM2FPYP self-association [16]. The C-terminus
of a6 also displays structural divergence. NMR and molecular dynamics simulations
suggest AIM2PYP adopts multiple conformations in solution, and the distribution of
conformations may shift upon AIM2 oligomerization [19].

Recent developments in cryo-electron microscopy enabled high-resolution struc-
tural studies of self-associated AIM2PYP, AIM2PYP spontaneously assembles into
helical filaments in solution [4, 20]. Reconstruction of GFP-AIM2FYP filament
revealed a right-handed one-start helical tube with AIM2PYP forming the core and
GFP moieties packing outside. Reconstruction of the inner AIM2FPYP core to 5.0 A
yielded a hollow tube with the inner diameter of ~20 A and an outer diameter of
~90 A (Fig. 7.3b). The rotation and axial rise between adjacent subunits are 138.9°
and 6.0 A, respectively. In comparison to AIM2PYP crystal structures, AIM2PYP in
filament shows little conformational change except for the a2-a3 loop [21].

It is not clear how dsDNA: AIM2H™N interaction leads to AIM2PYP helical fila-
ment formation. One hypothesis is that AIM?2 exists in an autoinhibitory state with
intramolecular interactions between PYD and HIN domains. Binding of dsDNA to
HIN domain releases PYD domain from autoinhibition to interact with ASC [6].
A second, non-exclusive hypothesis notes that AIM2 is capable of self-association
when protein concentration reaches a certain threshold, even in the absence of dsDNA
[20]. It is plausible that regardless of free AIM2 conformation, its concentration in
DNA free environment is below the self-association threshold. Presence of dsDNA
from microbial infection or cell damage reduces the threshold to induce efficient
AIM2 self-association and AIM2 inflammasome assembly. A recent publication is
in agreement with such a unifying hypothesis [22].



148 B. Wang et al.

7.4 ASC PYD Structures in Isolation and Filaments

ASC is the common adaptor protein of several inflammasomes including AIM2 and
NLRP3 (Fig. 7.1). Formation of micron-sized ASC “speck” is a hallmark of inflam-
masome assembly in cells [23]. With its bipartite domain organization, ASC bridges
upstream sensors to downstream effector caspases via homotypic PYD-PYD and
CARD-CARD interactions. Like AIM2PYP and many other death domain super-
family members, ASCPYP and ASCARP are also prone to self-association. Human
ASCPYP (hASCPYP) and full-length ASC (hASC) structures have been determined
by NMR at low pH that presumably prefers and stabilizes monomers [24, 25]. A
recent study determined the crystal structure of zebrafish ASCFYP (zASCPYP) with
an N-terminal MBP fusion tag [26]. Both hASCPYP and zASCPYP conform to the
canonical six-helix bundle structure of DD family (Fig. 7.4a). Under more physi-
ological conditions, ASCPYP spontaneously forms long filaments, a process that is
greatly accelerated by oligomerized AIM2 or NLRP3 [4]. Cryo-EM reconstruction
of human ASCPYP filament at 3.8 A yielded a distinct right-handed three start heli-
cal assembly with C3 point group symmetry. Like hAIM2PYP filament, hASCPYP
filament is hollow with outer and inner diameters of ~90 and ~20 A, respectively
(Fig. 7.4b). ASCPYP filaments bear a rotation of ~52.9° and an axial rise of 13.9 A per
subunit along each of the three-start strands. The 4—4.5 A cryo-EM reconstruction of
mouse ASCPYP displayed very similar helical assembly. Mouse ASCFYP filament is
right-handed, of C3 symmetry, and with 53° rotation and 14.2 A axial rise per subunit
[27]. Monomeric ASCPYP structure is largely maintained in filaments, suggesting the
PYD domain undergoes minimal conformational change when incorporated into the
filament. Human and mouse ASCPYP structures in filaments superpose well with each
other with a 1.1 A backbone RMSD. Interestingly, although hASCPYP and zASCPYP
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Fig.7.4 ASCPYP structures. a Superposition of human ASCPYP NMR structure (teal) and zebrafish
AIM2PYP fused with MBP (pink). For clarity, the MBP portion is not shown. N- and C-termini and
the six o helices are labeled. b Side and top views of hASCPYP filament structure. In red frame
is one subunit in the filament shown in the same orientation as in (a). C-termini of three subunits
in the hASCPYP filaments are labeled to show that they point outwards. The vertical arrow at left
denotes helical axis
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monomer structures are well conserved, the interfaces used for filament assembly
are overlapping but notably different [26, 4], exemplifying functional adaptability as
well as conservation.

The close resemblance between AIM2PYP and ASCPYP filaments may be the
structural basis of AIM2-induced ASC speck formation as one would assume AIM2
filaments may seamlessly morph into ASC filaments. Experimental data support
such a nucleation model. When AIM2FYP and ASCFYP are co-expressed, AIM2PYP
is found only at the ends of ASCYYP filaments [4]. However, subunit packing is ~30%
denser in ASCPYP filaments than in GFP-AIM2PYP filaments, probably due to steric
hindrance introduced by GFP moiety. Nevertheless, GFP-AIM2PYP is still capable
of nucleating the filament formation of ASCFYP, albeit to a lesser degree than tag
free AIM2PYP, suggesting the intrinsic plasticity and structural tolerance in helical
filament assembly [21].

7.5 ASC CARD Structures in Isolation and Filaments

The ASC PYD and CARD domains (ASCFYP and ASCCARD) are linked together
by a ~20 amino acid linker. In ASC solution structure the linker adopts an extended
conformation with no apparent interactions between ASCYYP and ASCCARP sug-
gesting each domain may freely self-associate without interference from the other
(Fig. 7.5a). In both human and mouse ASCFYP filaments, the C-termini of ASCPYP
subunits points outward, leaving ample space to accommodate ASC®*RP and poten-
tially other downstream molecules such as caspase-1 (Fig. 7.4b). The six-helix bun-
dle fold is conserved in both human ASCCARP (hASCCARD) and zebrafish ASCCARD
(zASCCARD) stryuctures. The two CARD structures superpose with a 3.07 A RMSD
value despite low sequence identity (Fig. 7.5b). The hASCCARP filament refined at
3.2 A is slightly slimmer than hASCPYP filament. The inner and outer diameters are
~10 and ~80 A, respectively (Fig. 7.5¢). Helical assembly and subunit packing, on
the other hand, are very distinct. hASC®ARP filaments adopt a left-handed one-start
helical symmetry, with —100.6° rotation and 5.0 A axial rise for each subunit [28].
ASCCARD jp jsolation and in filament superpose well with each other with an RMSD
of 2.3 A.

In theory, full-length ASC may form filaments through its PYD or CARD domains.
In cells, it seems the core of ASC speck is made up of ASCPYP while ASCCARP
crosslinking ASCPYP filaments into a speck [29]. This finding is corroborated by
studies on zASC that shows zZASCPYP forms the core of filaments in vitro [26].

7.6 Caspase-1 CARD Helical Assembly

Caspase-1 is recruited to AIM2 inflammasome via CARD: CARD homotypic inter-
action with ASC. It may be recruited to other CARD containing inflammasomes
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Fig. 7.5 ASCCARD and CasplCARP structures. a Human full-length ASC structure with PYD
domain colored in teal and CARD domain colored in red. The flexible linker is in gray. N- and C-
termini and the six o helices of ASCCARP are labeled. b Superposition of human ASCCARP NMR
structure (red), zebrafish ASCARD fused with MBP (pink), and human ASC®ARP in complex with
VHHasc (yellow). For clarity, the MBP and VHH are not shown. ¢ and d Side and top views of
hASCCARD (¢) and hCasplCARD (d) filament structures. In red frame is one subunit in the filament
shown in the same orientation as in (b). The vertical arrows at left denote helical axis

such as NLRC4 inflammasome. Reconstituted AIM2PYP: ASC: GFP-Casp1CARP
ternary complex displays a star shape with ASC residing in the center and Casp1“ARP
detected all along the arms [4]. Like ASCPYP filament formation is nucleated by
AIM2PYP | Casp1CARD forms helical assembly with nucleation provided by ASCCARP
or NLRC4CARP [30]. Cryo-EM reconstitution of Casp1“ARP filament at 4.8 A showed
a hollow tube with an outer diameter of ~80 A and an inner diameter of <20 A [30].
It assumes left-handed, one-start symmetry with —100.2° rotation and 5.1 A axial
rise per subunit (Fig. 7.5d), strikingly similar to that of ASC®ARP and NLRC4CARD
filaments [28, 31]. When a single layer of Casp1“ARP is examined as an entity, its
“top” and “bottom” charge distribution patterns are complementary to each other,
again very similar to those of ASC®ARP and NLRC4®ARP filaments, indicating a
recruitment mechanism of caspase-1 to elongating ASC®RP and NLRC4ARP fi]a-
ments.
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7.7 Regulators of AIM2 Inflammasome

7.7.1 HIN Regulators

p202 is amouse ALR protein with tandem HIN domains but noPYD (Fig. 7.1). While
p202H™NT hinds to dsDNA using the opposite surface when compared to AIM2HIN
(Fig. 7.2¢), p202H™2 mediates tetramerization but does not bind dsDNA at all [3]
(Fig. 7.2f). In addition to competing with AIM2 for dsDNA, p202 specifically inter-
acts with AIM2 and disrupts its clustering on dsDNA [3]. p202H™2 binds to AIM2HN
in a 4:2 stoichiometry, hinting a dimer interface is required for AIM2HN interaction.
Regulation of AIM2 inflammasome activation by p202 was once believed to be
unique in mouse, as human genome does not contain HIN domain-only proteins, but
a recent study identified a HIN domain-only IFI16 transcript form in human cells,
suggesting such regulation mechanism may be more prevalent than initially thought
[32].

7.7.2 DD-only Regulators

The human genome encodes several PYD-only proteins (POPs) and CARD-only
proteins (COPs) that interfere with inflammasome assembly and activation [33].
Structural information exists for human POP1 (also known as ASC2) [18] and ICE-
BERG, a CARD-only protein [34]. POP1 and ICEBERG both assume the canonical
six-helix bundle structure, POP1 even features the characteristic loop between a2
and a3 of PYD family (Fig. 7.6a, b). POP3 interacts with AIM2PYP and IF116°YP
while POP1 and POP2 interact with ASCPYP [35]. On the COP side, INCA and
ICEBERG have both been shown to disrupt inflammasome activation by engaging
Casp1©ARD byt the mechanisms are distinct. While ICEBERG is filamentous, INCA
is monomeric in solution. INCA does not associate with ASC®ARP but preferentially
caps Casp1“ARP filaments, thus terminating caspase- 1 polymerization and activation
[30]. It is postulated that two surfaces critical for Casp1“ARP filament formation are
defective in INCA, therefore INCA may interact with Casp1“ARP filament but is
incapable of elongation. ICEBERG does not interact with ASC®ARP either, but it
can be incorporated into Casp1“ARP filaments [30], potentially reducing caspase-1
catalytic domain dimerization. High-resolution interactions between POPs or COPs
with their counterparts in inflammasome are yet to be structurally captured. Viruses
also encode POPs and COPs but their structural and mechanistic information is even
less known.
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Fig. 7.6 Structures of death
domain regulators. a Human
POP1 structure (green). Red
arrow: a2-a.3 loop. b Human
ICEBERG NMR structure
(sand). ¢ Human ASCCARD:
VHHasc complex structure
with ASCCARD colored in
yellow and VHH colored in
gray. 06 and a1 of ASCCARD
make contact with VHHAsc

7.7.3 Single-Chain Antibody Regulator

Aside from naturally occurring cellular and viral POPs and COPs, antibodies may
be engineered to interfere with inflammasome assembly and activation. Indeed, a
single-chain antibody generated from alpaca (VHHagsc) has been shown to selec-
tively interact with ASCARP and blocks its polymerization [36]. VHH4sc binds to
a composite surface formed by a6 and al of ASCERP and causes steric hindrance
to preclude filament elongation (Fig. 7.6c).

7.8 Conclusions

Polymerization is prevalent in AIM2 inflammasome assembly, whether it requires
DNA as a platform or stems solely from an intrinsic property of PYD or CARD
domains. In AIM?2 inflammasome assembly polymerization takes the form of heli-
cal assemblies. Upstream proteins often “nucleate” unidirectional polymerization of
downstream proteins via homotypic interactions between PYD or CARD domains.
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Structurally, downstream helical assemblies often follow the symmetry, subunit pack-
ing, and charge distribution patterns of their upstream nucleating filaments, but cer-
tain degree of deviation is allowed. The nucleated helical assembly mechanism is
found in RIG-I-MAV S-mediated intracellular double-stranded RNA sensing as well
as in other inflammasomes [30, 21, 4, 37], but the helical assembly symmetry may
not always pass from upstream to downstream proteins [28, 31]. Helical filament
formation provides an effective way to mobilize numerous proteins in a short period
of time for rapid and robust activation of signaling, for signal amplification, and for
reduction of stochastic activation.
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