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Abstract. The caspase recruitment domain (CARD), a
well-known protein interaction module, belongs to the death
domain (DD) superfamily, which includes DDs, death effector
domains, and pyrin domains. The DD superfamily mediates
the protein interactions necessary for apoptosis and immune
cell signaling pathways. Among these domains, the CARD
has been studied extensively as it mediates important cellular
signaling events that are associated with various human diseases
including cancer, neuro-degenerative diseases and immune
disorders. Homo-type and hetero-type CARD-CARD inter-
actions mediate the formation of large signaling complexes,
including caspase-activating complexes and downstream
signaling complexes. The present review summarizes and
discusses the results of structural studies of various CARDs
and their complexes. These studies shed light on the mecha-
nisms that control the assembly and disassembly of signaling
complexes and provide an improved understanding of cellular
signaling processes.
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1. Introduction

A small protein interaction domain composed of ~90 amino
acids, the caspase recruitment domain (CARD) functions in
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the protein-protein interactions in apoptosis, inflammation
and innate cell signaling (1-3). The CARD with the death
domain (DD), the death effector domain (DED) and the pyrin
domain (PYD) is known as the DD superfamily, which is one
of the largest families of protein interaction modules (4-6). The
CARD and disruption of CARD-mediated protein interactions
have been considered therapeutic targets for cancer (7). In
mammals, ~33 CARD-containing proteins encoded by various
genes have been identified, including several members of the
caspase family, and various intracellular signaling proteins that
function in the apoptosis, necrosis, innate immunity and inflam-
mation signaling pathways (Fig. 1A) (5,8). The representative
CARD-containing proteins in apoptosis signaling are apoptotic
protease activating factor-1 (Apaf-1) and receptor-interacting
serine/threonine-protein kinase (RIP)-associated protein with
a DD (RAIDD) (9-11). They mediate the activation of caspase,
and CARDs of Apaf-1 and RAIDDD are critical for the forma-
tion of caspase-activating complexes (12,13). Among the two
different classes of caspases, the initiator caspases (including
caspase-2, -8, -9 and -10) and effector caspases (including
caspase-3, -6 and -7), initiator caspases are activated via a
proximity-mediated self-activation process. The proximity of
initiator caspases is induced by formation of huge molecular
complexes (14-16). The apoptosome, which is molecular
complex required for the activation of caspase-9, is formed by
Apaf-1, which contains a CARD (17,18). The Apaf-1 CARD
interacts with the caspase-9 CARD in the formation of an
apoptosome (19,20). For the formation of the tumor protein p53
(p53)-induced protein with a DD (PIDD)osome, which is known
as the caspase-2 activation platform, CARD-containing RAIDD
interacts with CARD-containing caspase-2 viaa CARD-CARD
interaction (21,22). Following DNA damage-induced apoptosis,
caspase-2 is recruited to PIDD, which is DD-containing stress
indicator, by RAIDD (9,23). In summary, the PIDDosome is
formed by DD superfamily mediated interaction of PIDD,
RAIDD and caspase-2 (23,24). Similar with apoptosis-asso-
ciated CARD-containing proteins, several CARD-containing
proteins functions in the immune systems. Those include retinoic
acid-inducible gene I (RIG-I),RIP2, CARD-containing protein 9
(CARDY), caspase recruitment domain family member 11
(CARMAL), and B-cell lymphoma/leukemia 10 (BCL10) (25).
For the proper function of B and T cells during innate and adap-
tive immunity, nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activation via T-cell receptor (TCR)
and B-cell receptor (BCR) signaling events are critical. In the
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Figure 1. CARD-containing proteins and the structure of the CARD. (A) Domain boundary of representative CARD-containing proteins. (B) Sequence
alignment of selective CARDs. The secondary structures of the CARDs are demonstrated above the corresponding sequence. (C) Representative structure
of the CARD formed by 6 helical bundles. Ribbon diagram of Apaf-1 CARD. The chain from the N- to C-termini is colored blue to red. Helices are labeled.
(D) Atypical structure of the CARD formed by 5 helical bundles. Ribbon diagram of the ARC CARD. CARD, caspase recruitment domain; DD, death
domain; PYD, Pyrin domain; Apaf-1, apoptotic protease activating factor-1; ARC, apoptosis repressor with CARD; DARK, Drosophila Apaf-1-related killer;
NOD1/2, nucleotide-binding oligomerization domain-contain protein 1/2; CED-3/4, cell death protein 3/4; RIG-I, retinoic acid-inducible gene I; MDAS,
interferon-induced helicase C domain-containing protein 1; ASC, apoptosis-associated speck-like protein containing a CARD; NALP1, NACHT, leucine-rich
repeat and PYD domains-containing protein 1; CARMALI, caspase recruitment domain family member 11; Casp-9, caspase 9; MAVS, mitochondrial anti-
viral-signaling protein; ICEBERG, CARDIS8; RIP2, receptor-interacting serine/threonine-protein kinase 2; BCL-10, B cell lymphoma/leukemia 10.

early events of TCR and the BCR-mediated NF-kB activationin  interactions. The scaffolding protein CARMAI1, a member of
the immune cells,a CARMAL signalosome, which is composed ~ the membrane-associated guanylate kinase family, contains a
of CARD-containing CARMALI, mucosa-associated lymphoid =~ CARD (25,26). BCL10 also contains a CARD at the N-terminus.
tissue lymphoma translocation protein 1 and an additional =~ The CARD-CARD interaction between CARMAI and BCL10is
CARD-containing BCL10, is formed via CARD-mediated critical for CARMALI signalosome assembly (27). An additional
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signalosome, the CARD? signalosome, is the primary signaling
molecular complex that performs pivotal roles inimmune cells, in
particular in NF-kB activation in myeloid cells (28-30). CARD9
is a CARD-containing protein. The structure of the N-terminus
of CARD? is similar to that of CARMALI. For CARD9 signalo-
some assembly, the adaptor protein BCL10, which contains
a CARD at the N-terminus, interacts with CARD9 via a
CARD-CARD interaction (30-33). Upon activation of myeloid
cells, immunoreceptor-tyrosine-based activation motif-coupled
receptors, including dectin-1, triggering receptor expressed on
myeloid cells and Fc receptors, which are able to sense danger
signals then transfer the signal to form a stable CARD9 signalo-
some complex, which activates NF-kB and MAPKs (28,30).
CARD-only protein (COPs) have been identified as regulators
of innate immunity and inflammation signaling (34). These
proteins may inhibit the assembly of nucleotide-binding oligo-
merization domain (NOD)-like receptor complexes, including
the inflammasome and the NODosome, which are critical
molecular complexes for caspase-1 activation (35-37). COPs
are known to interact with either the caspase-1 CARD or the
RIP2 CARD via a CARD-CARD interaction (38,39). A total
of 3 COPs, Pseudo interleukin-1 beta converting enzyme,
inhibitory CARD and CARDI8 (ICEBERG), have been iden-
tified in the human genome (34). Several apoptosis inhibitors,
including apoptosis repressor with CARD (ARC), also contain
CARDs (40,41). ARC may inhibit death-inducing signaling
complex assembly followed by caspase activation by binding
to the Fas-associated protein with DD (FADD) DD, Fas DD
and caspase-8 DED using its CARD (42-44). This protein also
inhibits p53 tetramerization and the function of p53 (45). ARC
is a molecular target for therapeutic intervention against cancer
and hepatocellular necrosis (46-48).

Given that the DD superfamily, in particular the CARD,
mediates important cellular signaling pathways that are
associated with various human diseases including cancer,
neuro-degenerative diseases and immune disorders, studies of
CARD-mediated protein interactions and signal transduction
are of great biological significance. Structural studies of the
CARD and its hetero- and homo-typic complexes have been
performed over the previous decade to understand the role of
the CARD and how it mediates cellular signaling. As a result,
the structures of several CARDs and their complexes have
been elucidated, including a recently described filament-like
structure (49). The present review summarizes and discusses
the current understanding of the structure and function of
CARDs in the apoptosis and immune signaling pathways.

2. Structure of CARDs

There are two types of CARD-containing proteins: Caspases
that contain a CARD as a pro-domain at the N-terminus,
and scaffolding adapter proteins required for the assembly
of signaling complexes (1,5). At present, the nuclear
magnetic resonance (NMR) and crystal structures of 5 and
10 CARD-containing proteins, respectively, representing
each of these two types, have been determined. The NMR
structures include apoptosis-associated speck-like protein
containing a CARD (ASC) CARD (50), BCL10 CARD (27),
cellular inhibitor of apoptosis protein 1 CARD (51), RAIDD
CARD (24), and ICEBERG (39). Crystal structures are
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available for Apaf-1 CARD (52,53), BCL10-interacting
CARD protein (BinCARD) (54), CARDS (55), caspase-9 (53),
mitochondrial antiviral-signaling protein (MAVS) CARD (56),
nucleotide-binding domain, leucine-rich repeat family pyrin
domain-containing 1 (NLRP1) CARD (57), NOD-contain
protein 1 (NOD1) CARD (58),RIG-I CARD (59), CARD11 (60)
and ARC CARD (61). Sequence identity among CARDs is
13-25% (Fig. 1B).

CARDs adopt a conserved 6-helix bundle fold, which is
a common structural feature of the DD superfamily (2,5).
Although the CARD exhibits a conserved 6-helix bundle
fold, a bent or broken helix H1 is a unique feature of the
CARD structure (8). Notably, the recently elucidated ARC
CARD structure exhibited an altered form of the typical DD
fold (60). The ARC CARD contains a 5-helix bundle fold
(H1-HS) instead of a 6-helix bundle (Fig. 1C and D) (42,61),
with helix H6 being disordered and not present in the struc-
ture. This indicates that H6 in the CARD is not necessary
for its function, and even for the function of the DD super-
family (Fig. 1D). Based on a secondary structure prediction
program, the amino acid sequence of the H6 region of the
ARC CARD is not predicted to be a typical helix sequence,
supporting the current structure, in which H6 does not exist
in the ARC CARD and is replaced by a loop instead. This
atypical structure of the ARC CARD is the first case of this
to be identified among the DD superfamily. Conversely,
structural study of the ARC CARD also indicated the
typical structural features of a CARD: It contains a short
helix H3, and the helix bundle from H1 to H5 is packed by a
central hydrophobic core, making the structure compact and
stable (61). Compared with other DD superfamily domains,
structural rigidity, as a result of the formation of a hydro-
phobic cluster in the core of the ARC CARD, and a shorter
H3 are common features of the CARD (61). These specific
features of the ARC CARD may be critical for the functions
of ARC. The association between the missing H6 in the ARC
CARD and the capacity of ARC to accommodate various
binding partners, including FADD, caspase-8 and Bcl-2
associated X protein, should be investigated in future studies.

3. Structural comparison with other CARDs

A search of Dali (62), a structural homology search server,
indicates that the representative ARC CARD is highly
homologous to other CARDs. NODI, BinCARD, NLRPI,
Apaf-1, ICEBERG, CARMAI, RIG-I and RAIDD have
been identified as structurally homologous proteins. Clear
structural differences, and similarities between ARC CARDs
and these other CARDs have been detected by structural
comparison using pair-wise structural alignments (Fig. 2A-I).
The NODI CARD was identified as the being the CARD that
may be best superimposed onto the ARC CARD. Notably,
the NOD1 CARD also exhibits an atypical structure, in that
H6 is associated with H5 and forms one extended long helix
(H5-H6). This atypical H6 helix, which exhibits the dynamic
nature of H6, is a noteworthy feature of the ARC and NODI1
CARDs (Fig. 2B). A relatively longer H1 helix is also identi-
fied in the ARC CARD. A structural alignment also exhibited
a bent H1 helix in all of the CARDs, indicating that a bent H1
helix is a common feature. Although all the CARDs are well
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Figure 2. Structural comparison between CARDs. (A) Structures of all CARDs superimposed. Pairwise structural comparisons of (B) NODI, (C) BinCARD,
(D) NLRP1, (E) Apaf-1, (F) ICEBERG, (G) CARMALI, (H) RIG-1 and (I) RAIDD with ARC. CARD, caspase recruitment domain; NODI, nucleotide-binding
oligomerization domain-contain protein 1; BinCARD, B-cell lymphoma/leukemia 10-interacting CARD protein; NLRP1, nucleotide-binding domain,
leucine-rich repeat family pyrin domain-containing 1; Apafl, apoptotic protease activating factor-1; ICEBERG, CARDI8; CARMALI, caspase recruitment
domain family member 11; RIG-I, retinoic acid-inducible gene I; RAIDD, receptor-interacting serine/threonine-protein kinase-associated protein with a DD;

ARC, apoptosis repressor with CARD.

superimposed for H1 to HS, superimposition of all 9 CARDs
indicated that the lengths and orientations of several helices
differ among the different domains (Fig. 2A-1).

4. Dimer interactions of CARDs.

The hetero-dimeric structure of a CARD:CARD complex,
which indicated the assembly mechanism of the apoptosome
required for the activation of caspase-9, was provided by the
crystal structure of the complex between the Apaf-1 CARD and
the caspase-9 CARD (63) (Fig. 3A). This structure was the first
structure that exhibited the protein interaction interface of a
DD superfamily member. The structure of the CARD complex
indicated that there was a mutual recognition between the
concave surface of the caspase-9 CARD and the convex surface
of the Apaf-1 CARD. The primary force for the interaction is
driven by a massive number of salt bridges formed between the
positively charged H1 and H4 helices in the caspase-9 domain
and the negatively charged H2 and H3 helices in the Apaf-1
domain. A total of 3 positively charged residues, R13, R52
and R56 in the caspase-9 domain interact with 2 negatively
charged residues, D27 and E40. This ionic nature of the Apaf-1
CARD: Caspase-9 CARD interaction was considered to be the
typical DD superfamily interaction, until the new structure of
a DD complex was elucidated: Park er al (64) demonstrated
the first structure of a highly oligomeric DD complex, which
introduced 3 novel types of interactions (types I, II, and III)
at 6 unique interfaces (types Ia, Ib, Ila, IIb, IIIa, and IIIb;
Fig. 3B) (65). Based on this structure, it was then identified
that the caspase-9 CARD/Apaf-1 CARD complex is formed by
a type I interaction (63). The involvement of the Hl and H4

helices in the caspase-9 CARD, a typical Type Ia surface,
and H2 and H3 helices in the Apaf-1 CARD, a typical
Type Ib surface, supports the hypothesis that the caspase-9
CARD/Apaf-1 CARD complex is formed by a type I interaction.
Unlike DDs and DEDs, for which there have been several
studies, it is unclear whether CARDs may also self-associate.
In a full-length structural study using electron microscopy,
the Apaf-1 CARD appeared to form a really interesting new
gene-complex structure near the center of the apoptosome, with
or without full-length caspase-9 (66). However, monomeric
forms of the Apaf-1 CARD have also been described, indicating
that CARDs, or at least those present with an oligomerization
NOD and those in the pro-domains of caspases, do not possess
the ability to stably self-associate, and are instead primarily
involved in the interaction with other CARDs. Jang et al (61)
introduced the first homo-dimeric structure of the CARD
in 2015, with a structural study of the ARC CARD. Prior to
this structural study, dimerization of ARC via the CARD had
been suggested (43). The anti-apoptotic function of ARC is
abolished by CARD-mediated dimerization. Although CARD
dimerization had been suggested inanumber of studies, this ARC
CARD structure was the first structure that demonstrated direct
evidence of a homo-dimeric CARD interaction (4,60,65). The
interaction mode of the ARC homo-dimer was almost identical
with that of the hetero-dimeric complex formed between the
caspase-9 and Apaf-1 CARD:s. Positively charged amino acid
residues from H1 and H4 of one ARC CARD molecule form
charge-charge interactions with negatively charged H2 and H3
in the other CARD molecule (63). Among the 3 different types
of interactions detected in the DD hetero complex between the
RAIDD DD domain and the PIDD DD domain, this mode of
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Figure 3. Typical features of dimeric interface of the CARD. (A) Prototype hetero-dimeric interface of CARD-CARD interaction that was introduced by
the structural study of the complex formed by the caspase-9 and Apaf-1 CARDs. (B) Potential interaction types formed by the DDS. (C) The prototype
homo-dimeric interface of CARD-CARD interaction that was introduced by the structural study of homo-dimeric structure of the ARC CARD. The details
of interface are visualized in close detail. Interface residues that are involved in the formation of interface are represented by sticks and the massive salt
bridges formed are represented by red dashed lines. CARD, caspase recruitment domain; Apaf-1, apoptotic protease activating factor-1; DDS, death domain

superfamily; ARC, apoptosis repressor with CARD.

interaction is classified as a type I interaction (6,64). A total
of 2 asymmetric ARC CARD dimers were detected in the
asymmetric unit (Fig. 3C). Residues D13, R56, R59 and R60
from one ARC CARD molecule form massive salt bridges
and hydrogen bonds with residues D32, R37, E46 and D49
from the other ARC CARD molecule (Fig. 3C). An additional
molecular basis for homo-dimerization of CARD was revealed
by structural studies of the CARMA1 CARD interface (60).
Specifically, unlike the ARC CARD, 2 CARMAI CARDs in
the asymmetric unit form a symmetric dimer. Notably, a limited
number of interaction forces are present at the interaction
interface. The primary interaction forces for this homo-dimer
of the CARD were an electrostatic interaction between residue
H31 from one CARMA1 CARD and residue E27 from the other
CARMALI CARD, and a disulfide-bond formed by C28 in each
molecule. The H1 helices in the 2 CARMA1 CARDs were
linked by this disulfide bond (Fig. 4). This was the first study
that demonstrated disulfide bond-mediated homo-dimerization
of a CARD (60).

5. Oligomeric filament-like assembly of CARDs

A notable oligomerization mechanism in hetero CARD
complexes was recently revealed by a structural study of the
RIG-I and MAVS complex (49,67). This structure was the first
to exhibit a helical assembly of the CARD, similar to that of
the previously solved structure of the DD complex. In this
study, 2 oligomeric forms of the CARD were demonstrated,
a homo-tetramer and a filament-like structure formation (67).
The tandem CARDs in RIG-I form a tetramer in solution,
leading to the MAVS CARD interaction and filament forma-
tion (Fig. 5A). A total of 3 known types of interactions, namely
[a:Ib, ITa:IIb, and I11a:I11b, mediate the assembly of the CARD
oligomer. This structural study clearly demonstrated that the
surfaces of one MAVS CARD interact with the surfaces of
the CARD2 domain in the RIG-I tandem CARDs complex,
using all the interaction types that have been identified for
the DD complex, namely type I, type 11, and type II1. Based
on the structure of the RIG-I tandem CARDs and the MAVS
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Figure 4. Unusual homo-dimeric structure of CARD. Atypical homo-dimeric interaction was introduced at the structural study of CARMAI1 CARD. The
details of interface are visualized in close detail. The magnified box demonstrates the residues involved in the contact. CARD, caspase recruitment domain;

CARMAL, caspase recruitment domain family member 11.

CARDs complex, the authors suggested a ‘lock-washer model’,
in which RIG-I forms a tandem CARD tetramer, termed the
‘lock-washer’; this causes the formation of a MAVS CARD
filament, which triggers downstream signaling. Although
several studies have suggested that CARD-containing proteins
may form filament-like structures through CARD-CARD
interactions (27,68), this structure was the first to exhibit
the filament-like structures of the CARD (66). From the
structural study of the MAVS CARD, it was identified that 1
CARD interacts with 2 neighboring MAVS CARDs via type
I, II, and III interactions. The filament-like structure formed
by the MAVS CARD consists of a left-handed single-strand
helix (Fig. 5B and C) (49). Electrostatic and hydrophobic
interactions were identified in the homo-dimeric interactions
within a filament (49). Amino acid residues R37, D40, R41,
A44 and L48 in one MAVS CARD interact with residues
R52, D53, G50 and L48 in a second MAVS CARD, forming
a typical type III interaction. Amino acid residues R43 and
W56 are involved in the type I interaction. Amino acid resi-
dues R37, R41, R65 and R64 in one MAVS CARD and N21,
D23 and E26 in a second MAVS CARD are involved in the
formation of the type II interaction. This type of helical and
filament-like structure was first identified in a structural study
of the DD complex, including the PIDDosome (5,64) (Fig. 5D
and E).

6. Future perspectives

In humans, ~33 CARD-containing proteins have been identi-
fied. Due to the importance of their role in various signaling
pathways, these CARD-containing proteins, and the CARD
itself, have been intensively studied. The CARD is the
second largest subfamily among the DD superfamily which
includes DD, DED and PYD. Homo-type and hetero-type
CARD-CARD interactions mediate the formation of huge
signaling complexes, including caspase activating complexes
and downstream signaling complexes, during the cellular
signaling process. Understanding of the structures and func-

tions of CARD-containing proteins has progressed rapidly.
Based on their structures and functions, CARD-containing
proteins may be subdivided into two subgroups; those with a
pro-domain in the caspase, and those in downstream signaling
molecules. Although all CARDs share a low sequence iden-
tity, CARDs adopt the typical structural features of the DD
superfamily, with a 6-helix bundle. The only distinct feature
of the CARD is that helix H1 tends to bend, or be broken
into separate Hla and H1b helices. An additional feature of
the CARD is the formation of a core hydrophobic cluster
that connects all 6 helices. Recently, an atypical CARD
structure was revealed from the structural study of the ARC
CARD (61). Typical homotypic interactions between CARDs
occur through charge-charge interactions, which was first
demonstrated by the structural study of the caspase-9/Apaf-1
complex (63). To understand the relevance of the mechanism
of CARD-mediated complex formation and downstream
signaling pathways, it is important to investigate the oligo-
merization mechanism of CARD-containing proteins. CARD
dimerization is one simple oligomerization method and may
involve hetero- and homo-dimerization. For example, Apaf-1
and caspase-9 form a hetero-dimeric structure through a type
I interface. A total of 2 different methods of homo-dimeriza-
tion have recently been identified from the structural studies
of the CARMALI and ARC CARDs (60,61). Specifically, the
CARMAI1 CARD dimerizes through an intermolecular disul-
fide bond, which has not been observed in any other member
of the DD superfamily. This novel method of oligomerization
requires additional study in more detail to understand the
role of disulfide-bond mediated dimerization in intracel-
lular signaling pathways. The interaction mode of the ARC
homo-dimer is similar to that of the hetero-dimeric complex
formed between the caspase-9 and Apaf-1 CARDs. In each
of these cases, helices H1 and H4 in one CARD molecule
interact with helices H2 and H3 in a second CARD molecule,
primarily via charge-charge interactions.

A recent structural study of the RIG-I and MAVS complex
suggests that the CARDs in RIG-I may form a tetramer that
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Figure 5. Helical filament-like assembly of CARDs. (A) Helical assembly of RIG-I CARD and MAVS CARD. The tandem CARD of RIG-I that formed
tetramer functions as a scaffold for MAVS assembly. (B) Top and (C) side view of the helical assembly of the MAVS CARD. Filament-like assembly
was revealed by the structural study of MAVS CARDs. The left-handed helix filament-like assembly was formed by 3 typical types of DD superfamily
interactions. (D) Top and (E) side view of the first helical assembly of the DD superfamily, which was introduced by the structural study of hetero
oligomeric DD complex of RAIDD DD and PIDD DD. CARDs, caspase recruitment domain; RIG-1, retinoic acid-inducible gene I; MAVS, mitochondrial
antiviral-signaling protein; DD, death domain; RAIDD, receptor-interacting serine/threonine-protein kinase-associated protein with a DD; PIDD, tumor

protein p53-induced protein with a DD.

generates a stage for the MAVS CARD to build a left-handed
single-strand helical filament (67). The interaction between
the first and second CARDs in RIG-I has been demonstrated
to stabilize the tandem CARD tetramer (59,67). This structure
of the MAVS CARD and the tandem RIG-1 CARD complex
indicated that all three types of interactions, namely type I,
type II and type III are used for filament assembly, and the
locations of the type I, I and III surfaces on the CARD are
similar to those on the DD complex. Additionally, surface and
charge complementarity have been indicated to be essential
for binding specificity in PIDDosome formation. The features
of a CARD surface including acidic, basic and hydrophobic
patches, in addition to the shape of the surface may there-
fore be important for specific CARD-CARD interactions.
Homo-filament structures have also been demonstrated using
cryo-electron microscopy structural studies of caspase-1,
ASC and NLRC4 CARDs (69,70). These studies demonstrated
the formation of a canonical helical filament assembly using
typical type I, type II and type III interactions.

The elucidation of the mechanisms that control the
assembly and disassembly of the signaling complexes is
important to gain an understanding of cellular signaling
processes. The present review highlights the versatile roles
of CARDs, the limited structures of CARD complexes,
and the dimeric or helical assembly of CARDs. Whether
other CARD-containing signaling complexes utilize similar
mechanisms for the assembly of complexes is an important
topic for future study.
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